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IMMUNITY

The immune system

The human immune system is composed of several organs and many diff erent cell types that 

protect the body against any parti cle that is not part of the body, the non-self. Mostly, these 

will be invading pathogens or cancer cells. The immune system can be divided into two main 

components: an innate component and an adapti ve component (fi gure 1). These two components 

do not operate separately, but are in fact closely linked and depend upon each other. 

When the body is invaded by pathogens, cells of the innate immune system are quickly 

acti vated to limit the infecti on. However, they are not specifi c for one type of anti gen; rather 

they respond to epitopes present on many diff erent pathogens, like pepti doglycans and 

lipopolysaccharides, which have been strongly conserved during evoluti on. Contrary to the 

innate immune system, cells of the adapti ve immune system are highly specifi c for one parti cular 

epitope or anti gen. Development of this specifi c response takes several days, but leads to a 

much stronger and long lasti ng immune response. Furthermore, the high specifi city provides 

the possibility of developing memory cells that will be able to respond more quickly if a similar 

pathogen invades the body again. 

Figure 1. Overview of several cell types involved in the innate and adapti ve immune system and some oft heir 
interacti ons. NK cell = natural killer cell. 

INNATE ADAPTIVE

macrophage

dendritic
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B cell plasma cells
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CELLULAR

HUMORAL
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antibodies
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The innate immune system

The first line of defence against invading pathogens is provided by the epithelial cell surface. 

These cells are tightly packed together to form a mechanical barrier. Some epithelial surfaces 

have small hairs, called cilia, which move mucus across the barrier to remove pathogens. In 

addition, these cell layers often produce fluids containing enzymes that kill pathogens. 

If pathogens do cross the epithelial cell layer, they can be recognized by several cell types 

through pathogen recognition receptors (PRRs), toll-like receptors (TLRs) and many others. 

Macrophages will recognize and phagocytose pathogens, as well as produce signalling molecules, 

called cytokines, to attract other cell types to the site of inflammation. Phagocytosis can also be 

enhanced by activation of the complement system. The complement system has three pathways, 

the classical, the lectin and the alternative pathway. While the lectin and alternative pathways 

play a role in targeting pathogens for phagocytosis, the classical pathway serves to clear apoptotic 

debris or immune complexes (ICs, antibodies bound to their antigen) from the body. 

Dendritic cells (DCs) will respond to an antigen by producing chemokines, cytokines that 

attract other cells like neutrophils and natural killer (NK) cells and allow them to cross the 

blood vessel wall to enter the site of inflammation. In addition, DCs will take up the antigen and 

present it to cells of the adaptive immune system through two different molecules, the major 

histocompatibility complex (MHC) class I or MHC class II. 

The adaptive immune system

B and T lymphocytes are the primary cells of the adaptive immune system. These cells have 

highly specific antigen receptors that are assembled during lymphocyte development. All B and 

T cells express receptors with a single, unique specificity, of which they can express many on 

their membranes. This ensures that the cells only respond to one target and therefore that the 

adaptive immune response can be specifically guided.

The adaptive immune system can be divided into two parts, the cellular and the humoral 

immune response. Key players in the cellular immune response are cytotoxic T cells. These cells 

are characterized by expression of CD8 molecules on their membrane. The cellular immune 

response is required to eliminate infected or damaged cells from the body. When cells are 

infected by a pathogen, e.g. a virus, they will express proteins of this pathogen. Such proteins 

are brought to the surface of an infected cell by the MHC class I (MHC-I) molecule. In the context 

of MHC-I these proteins can be presented to cytotoxic T cells. Specifically those cytotoxic T cells 

that express a T cell receptor (TCR) that recognizes such an antigen expressed on the infected 

cell are activated. CD8 molecules expressed on the T cells act as co-receptors, binding MHC-I 

and enhancing the activation signal. Upon activation, the T cells kill the infected cell, removing 

the intracellular pathogen from the body. This process is facilitated by another T cell subtype, 

the T helper cell. T helper cells are so named because they are able to activate other cells of the 
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immune system. Through cytokine production, T helper cells can activate and stimulate cytotoxic 

T cells and other effector cells involved in cellular immunity. 

The humoral immune response is involved in the clearance of extra-cellular pathogens. The 

two main players in the humoral immune response are T helper cells and B cells. T helper cells 

are characterized by CD4 expression on their membranes. B cells will take up an antigen through 

binding and subsequent internalization of their B cell receptor (BCR). They then present the antigen 

to the T helper cell on MHC class II molecules. The T helper cell recognizes the antigen with its T cell 

receptor and enhances the activation signal through binding of CD4 to MHC class II. B cells will then 

differentiate into plasma cells that produce large amounts of antibodies with the same specificity. 

In fact, antibodies are secreted forms of the B cell receptors (BCRs) secreted by plasma cells. These 

antibodies can bind the surface of pathogens, thereby blocking e.g. cell entry of a viral particle. 

Specific receptors for antibodies, called Fc receptors, are present on phagocytic cells and upon 

antibody binding the pathogens are subsequently destroyed. In addition, antibodies can be bound by 

complement factors, which facilitate phagocytosis by activating phagocytic cells, like macrophages. 

AUTOIMMUNITY

Self-tolerance

Antigen receptors on lymphocytes are highly specific for their target. The development of this 

specificity is a tightly regulated process, involving complex gene rearrangement events at antigen 

receptor loci whereby the resulting specificity is completely random [1]. This ensures the highest 

possible diversity and therefore provides optimal protection against a wide range of pathogens. 

In adult humans, the estimated number of individual B cell receptors circulating through the 

body at any given time is 1011 with 109 new B cells being produced each day. 

Because all possible antigen specificities may arise during lymphocyte development, many 

cells will develop that are specific for a self-antigen. Through a number of selection stages present 

during lymphocyte development and maturation, many of these autoreactive cells will undergo 

programmed cell death, called apoptosis, or change their specificity. In early B cell development 

in the bone marrow, about 75% of B cell receptors are autoreactive, but in healthy individuals 

this is reduced to only 20 % of mature B cells in the circulation [2]. These remaining circulating 

autoreactive cells can subsequently be silenced through signals that render them unsusceptible 

to antigen stimulation, a state called anergy [3]. These mechanisms provide protection against 

immune reactions to a self-antigen, thereby ensuring self-tolerance. 

Loss of self-tolerance may lead to the development of an auto-immune disease. In patients 

with auto-immune diseases, the number of circulating autoreactive cells is increased. For 

example, in rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) patients, around 

45% of circulating B cells is autoreactive [2]. Circulating B and T cells play an important role in 
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the maintenance of tolerance, as subsets of both cells have been described to have regulatory 

functi ons. For example, regulatory T cells can inhibit both B and T cells in the humoral immune 

response to limit the producti on of autoreacti ve anti bodies [4]. 

B cell development

B cells arise from precursor cells in the bone marrow. B cells express a highly specifi c B cell receptor 

(BCR) that is formed during B cell development (fi gure 2). It is composed of an immunoglobulin 

heavy chain (IgH) and a light chain (IgL). In the pro-B cell stage, the variable region of the IgH 

gene locus undergoes a process called V(D)J recombinati on, whereby a random variety (V) 

segment, diversity (D) segment and joining (J) segment are joined [5]. The combinati on of V, D 

and J segments determine the specifi city of the IgH chain. The newly formed IgH chain is then 

expressed on the membrane with a surrogate light chain (SLC), as the IgL has not yet been formed. 

Signaling through this pre-BCR is essenti al for survival and conti nuati on of B cell development [6, 

7]. Also, to ensure that only one specifi c BCR is expressed in the B cells, successful recombinati on 

of one IgH chain allele will downregulate recombinati on on the other allele, which is called allelic 

exclusion [7, 8]. Upon signaling, the pre-BCR is internalized and surrogate light chain expression 

down regulated. The IgL chain locus then undergoes recombinati on, enabling the formati on of 

IgL chain protein, which together with the IgH chain forms the BCR. 
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Figure 2. B cell development and diff erenti ati on. B cells develop in the bone marrow. IgH and IgL chain 
recombinati on and SLC expression are indicated. Immature B cells migrate to the periphery (mostly the spleen and 
lymph nodes), where they await anti gen presentati on. Upon sti mulati on by an anti gen, the cells diff erenti ate into 
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Because V(D)J recombination results in random BCR specificities, several checkpoints exist 

in B cell development to limit the number of autoreactive BCRs that reach the periphery. If in 

immature B cell present in the bone marrow reacts with a self-antigen, it can go into apoptosis. 

Alternatively, additional rearrangement of the IgL chain locus, termed receptor editing, can 

be induced to reduce auto-reactivity [9-11]. However, this can only occur several times, and 

failure to form a non-autoreactive BCR will lead to apoptosis of an immature B cell in the bone 

marrow. Finally, in mature, circulating B cells, binding of an antigen to the BCR in absence of co-

stimulation by T cells induces an inhibitory signal rather than an activation signal, rendering them 

unsusceptible to antigen stimulation. This state is called anergy [3]. 

Defects in developmental checkpoints lead to increased numbers of autoreactive B cells and 

auto-immune disease [2]. In RA patients, mature B cells have been found in the circulation and 

synovium that still express the SLC next to the IgL chain [12]. These cells have an autoreactive 

(pre-)BCR repertoire [13, 14]. Furthermore, autoreactive BCRs can leak into the periphery 

through a process called allelic inclusion, whereby both alleles are recombined and therefore 

multiple BCRs are expressed on one cell [15]. Signaling by the autoreactive BCR is masked by the 

non-autoreactive BCR, allowing the B cell to migrate from the bone marrow. 

B cell differentiation

Immature B cells with a fully formed BCR will migrate from the bone marrow to peripheral 

lymphoid organs such as the spleen and lymph nodes. In a process that is still not very well 

understood, B cells with particular specificities are selected into a long-lived pool of circulating 

mature, naïve B cells. If they are not selected into this pool (e.g. because they are autoreactive), 

they die within several days. Upon activation, naïve, mature B cells can differentiate into antibody 

producing plasma cells or become memory B cells. A rapid humoral immune response to a 

pathogen is accomplished by the formation of IgM plasma cells. However, IgM antibodies have a 

lower affinity for their antigen and have a shorter half-life than antibodies of other isotypes. The 

isotype of a BCR and antibody is determined by the IgH chain, the µ region (forming IgM) being 

the default. Other isotypes arise in germinal centers, highly specialized areas in lymphoid organs 

where B cells can undergo class switch recombination (CSR) to IgG, IgE or IgA [16, 17]. In addition, 

B cells can undergo a process called somatic hypermutation (SHM) in germinal centers. During 

SHM, numerous point mutations are introduced in the V(D)J joining regions that enhance the 

affinity of the antibody for an antigen [16, 18, 19]. Tfh cells play an important role in the germinal 

center reaction, enhancing survival of B cells and inducing antibody production [20]. 

Autoantibodies, immune complexes and complement

Autoantibodies are a hallmark of auto-immune diseases. Often, these autoantibodies deposit 

in small capillaries in target organs, like the kidneys in SLE patients [21]. There, they initiate an 
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immune response causing damage of the surrounding tissue. Antibodies deposit in the form of 

ICs, which are formed when antibodies bind to their antigen or to each other. When an antigen is 

bound by an antibody, this facilitates phagocytosis of the antigen by immune cells by activation 

through Fc receptors. In addition, certain antibody isotypes (IgG1 in humans, IgG2 in mice 

and IgM in both) can activate the complement system. Binding of complement factors to the 

antibodies further targets the pathogen for degradation. 

The importance of the classical complement pathway in clearing ICs and apoptotic debris is 

underlined by the fact that more than 50% of SLE patients have reduced circulating C1q levels 

accompanied by enhanced apoptosis, either because of decreased production of C1q, or of 

suppression of C1q through anti-C1q auto-antibodies [22-24]. Also more than 90% of patients 

with lower C1q levels develop SLE [25, 26]. Decreased C1q leads to continued activation of 

immune cells through the ICs or the persistent availability of auto-antigens from apoptotic 

debris. Furthermore, C1q has an immune modulatory effect on DCs, stimulating production of 

IL-10 and inhibiting IL-12 and IL-23 production [27]. 

In contrast, the other complement pathways are involved in facilitating phagocytosis of 

pathogens and can be pathogenic in SLE, because they can induce local tissue damage. This is 

why a normally functioning complement response can be pathogenic in SLE, whereas specific 

defects in the classical pathway predispose to SLE.

T cell development

Precursor T cells develop from stem cells in the bone marrow and migrate to the thymus. These 

cells enter the thymus at the cortico-medullary junction and move through the cortex during 

development [28]. This is necessary to receive the required signals from stromal cells in the 

thymus that aid proper development. Like B cells, T cells express an antigen receptor that is 

highly specific for a single antigen. This (TCR) is formed in a similar way as the BCR, the different 

TCR loci also undergoing V(D)J recombination (figure 3). TCRs on CD4+ and CD8+ T cells have an 

α and a β subunit. A small but distinct T cell population expresses a γδTCR and remains CD4 and 

CD8 negative [29]. 

The earliest developmental stage that can be distinguished is the CD4-CD8- double negative 

1 (DN1) stage (figure 3). These cells express CD44 but lack CD25 expression. The cells then 

upregulate CD25 (DN2) and commence rearrangement of the γ, δ and β loci. Cells will then either 

express the γδTCR, or a pre-TCR composed of a rearranged TCR β with a precursor TCRα (DN3). 

In this stage CD44 is downregulated. Signaling through the preTCR is essential for progression in 

development and downregulates CD25 (DN4). Subsequently, the TCRα locus is rearranged. The 

resulting αβTCR must be MHC restricted, meaning it must be able to bind an MHC molecule. 

Failure to do so will lead to additional rearrangement of the TCRα locus and ultimately cell death 

[30, 31]. 
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As in B cell development, several checkpoints exist in T cell development to ensure self-

tolerance. During the double positi ve (DP) stage, both CD4 and CD8 are expressed on the T cells 

independent of anti gens. In additi on, low affi  nity selfpepti des are presented to the cells and if 

they bind the newly formed TCR, subsequent signaling will induce survival, positi vely selecti ng 

the T cell for further development [32]. Important transcripti on factors in this process are RORγ 

and TCF-1, which induce expression of the survival factor Bcl-XL [33, 34]. However, if the signal 

is too weak or too strong, the cells will die through ‘death by neglect’ or apoptosis, respecti vely 

[32]. Affi  nity for an anti gen presented on an MHC class I or MHC class II molecule determines 

whether the cell ulti mately becomes a CD8+ or a CD4+ single positi ve (SP) T cell, respecti vely. 

A second checkpoint involves negati ve selecti on, whereby cells that express TCRs with 

affi  nity for anti gens present in the thymus (self-anti gens) are clonally deleted [35]. Expression 

of autoimmune regulator (AIRE) by thymic epithelial cells (TEC) induces the expression of genes 

encoding ti ssue specifi c anti gens, which are presented to the developing T cells [36]. This 

ensures deleti on of self-reacti ve T cells before they enter the periphery. In contrast, CD4(+)

Foxp3(+) regulatory T cells (Treg cells) are largely autoreacti ve yet escape clonal deleti on in the 

thymus. The molecular mechanisms involved are largely unknown, although it was recently 
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Figure 3. T cell development in the thymus. Expression of the pre-α chain, rearrangement of the β, γ, δ and α 
chains and positi ve and negati ve selecti on are indicated. DN double negati ve; DP double positi ve; SP single positi ve; 
TCR T cell receptor. 
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demonstrated that CD27-CD70 co-stimulation involving TECs in dedicated niches in the thymus 

rescues developing Treg cells from apoptosis and thereby promotes Treg cell generation [37]. 

After selection, less than 5% of TCRs remain, indicating that T cell selection is far more stringent 

than B cell selection. In this context, it was recently shown that recent thymic emigrants have an 

increased potential to acquire a FoxP3+ Treg phenotype in the periphery [38]. 

T helper cell differentiation

T helper cells, characterized by CD4 expression, are so named because they assist in the activation 

of other cells. Several different subsets of T helper cells have been identified. Depending on the 

invading pathogen, DCs will direct the differentiation of naïve T helper cells towards the required 

subset. These subsets can be distinguishes based on their cytokine profile, chemokine receptor 

profile and the transcription factors they express. 

In 1986, two T helper subsets were distinguished, the T helper 1 (Th1) and Th2 subsets [39]. 

Th1 cells are involved in the response against intracellular bacteria and protozoa, whereas Th2 

cells play a role in the response against parasites. It was proposed that over-activation of Th1 

cells could lead to autoimmune responses and over-activation of Th2 cells to allergies. In addition 

to these two subsets, recently other subsets have also been described, including Th17 cells, Th22 

cells, follicular Th (Tfh) cells and T regulatory (Treg) cells. Th17 cells are involved in immune 

responses against extracellular bacteria and fungi, Tfh cells play a role in B cell immunity and Treg 

cells are required to limit the immune response. 

Distinct signals from DCs lead to polarization of naïve T cells to different subsets (figure 4). 

IL-27 produced by DCs induces up-regulation of the transcription factor T-bet expression on naïve 

Th cells [40, 41], which induces expression of IL-12 receptor (IL-12R) [41-43]. Subsequent binding 

of IL-12, also produced by DCs, by these receptors initiates the expression of STAT4 [44], which 

promotes the production of IFNγ [45], the signature cytokine of Th1 cells. IFNγ predominantly 

activates macrophages to phagocytose intracellular bacteria [46]. Th1 cells can also be 

distinguished from other Th cells by their expression of CXCR3 [47, 48], a chemokine receptor 

that enables the cells to migrate to the site of inflammation. Th1 cells have been implicated in 

the pathogenesis of several autoimmune diseases, including psoriasis, rheumatoid arthritis (RA) 

and systemic lupus erythematosus (SLE) [49-51]. 

Th2 cells arise after production of IL-4 by DCs [52]. This induces the expression of transcription 

factors STAT6 and GATA3 [53, 54], leading to the expression of IL-4, IL-5 and IL-13. IL-4 stimulates 

mast cells [55] and is involved in class switch recombination [56], a process in B cells during 

plasma cell formation. IL-5 activates eosinophils to attack helminths [57] and enhances histamine 

release by basophils [58]. IL-13 is closely related to IL-4, inducing the production of IgE antibodies 

by plasma cells [59]. Th2 cells also express the chemokine receptor CCR4 [48]. Over-activation of 

Th2 cells can lead to hypersensitivity to non-pathogenic stimuli (allergies) or asthmatic disease 
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[60, 61]. In contrast, Th2 cells have been shown to be protecti ve in auto-immune diseases 

through their capacity to inhibit pathogenic T cell subsets [62-64]. 

In 2005, a new Th subset was described. These cells are characterized by IL-17A producti on 

and were therefore named Th17 cells [65]. In additi on, they also produce IL-17F, IL21, IL-22 

and IL-26 [66-68] and express the chemokine receptor CCR6 [69]. Naïve T cells can diff erenti ate 

towards the Th17 lineage under the infl uence of IL-6 and TGFβ that induce expression of 

transcripti on factors STAT3 and RORC [70]. Stability and expansion of the populati on are 

directed by IL-21 and IL-23, respecti vely [71, 72]. IL-17A and IL-22 produced by Th17 cells are 

involved in the defence against extracellular bacteria [66]. IL-17F induces angiogenesis and 

producti on of several cytokines by epithelial cells and fi broblasts [73]. It has become clear 

that, next to Th1 cells, Th17 cells are also involved in the pathogenesis of many auto-immune 

diseases [74].

Tregs dampen the immune response by limiti ng the eff ector functi on of other cells, including 

T and B cells, but also by limiti ng acti vati on of DCs [75]. Reduced numbers or dysfuncti on of 
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Tregs is associated with autoimmune disease or graft versus host disease [76-79]. Tregs arise 

under the influence of TGFβ and transcription factor FoxP3 expression [80]. Because TGFβ is 

also required for Th17 differentiation, it is thought that local IL-6 levels determine the balance 

between Tregs and Th17 cells. Tregs can be distinguished from other Th cells through high CD25 

on their membrane [81]. Treg cells produce several cytokines that have immune-modulatory 

effects. IL-10 and IL-35 are required for dampening of the immune response at mucosal barriers 

[82, 83]. Furthermore, TGFβ inhibits Th1 and Th2 responses [84]. 

Th22 is a recently described Th subset. These cells express IL-22 and TNFα, but not IL-17 

and are therefore distinct from Th17 cells [85, 86]. The cells also express CCR6, but they can 

be separated from Th17 cells based on the additional expression of CCR10, which is hardly 

expressed by Th17 cells [85, 86]. Th22 cells develop under the influence of TNFα and IL-6, and IL-

22 expression depends on expression of transcription factor RORC and aryl hydrocarbon receptor 

AHR [86]. IL-22 targets non-hematopoietic cells as the IL-22R is expressed in stromal cells but 

not on cells of the immune system [87]. It is involved in tissue repair and maintaining mucosal 

barrier function in the defence against bacteria [88]. The role of IL-22 in auto-immune diseases 

is very heterogeneous, as both a pathogenic role for IL-22 as well as a protective role have been 

described in different diseases [89]. 

Although a role has been described for other Th subsets in B cell immunity, like IL-4 production 

by Th2 cells and IL-17A by Th17 cells, the key Th subset in the activation of B cells appears to 

be the Tfh cell. IL-6 and IL-27 production by DCs upregulates the expression of transcription 

factors Bcl-6 and c-Maf to induce Tfh effector differentiation [90-93]. Tfh cells produce IL-21 and 

IL-10, and express CD40 ligand (CD40L) in a STAT1 and 3 dependent fashion [90, 94]. Binding of 

CD40L with CD40 on B cells rescues B cells from apoptosis and IL-21 induces differentiation of 

B cells and production of antibodies [94, 95]. Furthermore, IL-21 further enhances Tfh function 

[96]. The interaction between Tfh cells and B cells takes place at the borders of B cell follicles 

and in germinal center light zones in lymphoid organs like the spleen or lymph nodes. The Tfh 

cell migrate to this location through expression of the chemokine receptor CXCR5 [97, 98] and 

downregulation of CCR7 [99]. 

AUTOIMMUNE DISEASES

Rheumatoid arthritis

Rheumatoid arthritis (RA) is an autoimmune disease of the joint synovium, leading to joint 

destruction. In Western countries the prevalence of RA is around 1% [100]. Although treatment 

strategies and the outcome of disease have improved markedly over the past years, no cure for 

RA is currently available. This can be attributed to the fact that the cause of RA is still unknown.

The current understanding is that RA is a multifactorial disease with multiple possible events 
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triggering the onset. Many studies have shown that genetic factors contribute to the disease. 

HLA-DRB1 is a known haplotype associated with increased RA susceptibility [101]. Furthermore, 

many single-nucleotide polymorphisms (SNPs) in genes involved in immune regulation have 

been found in RA patients [101]. Several environmental factors, including mucosal barrier stress, 

caused by for example smoking, and gut microbiota, may contribute to the onset of disease 

[102]. In addition molecular mimicry has been proposed as a possible trigger [103]. This is a 

process whereby a cross-reaction occurs after or during an immune response to a pathogen 

epitope that is similar to a self-epitope. EBV and CMV infections have been suggested to lead to 

such a cross-reaction [104, 105]. However, the mechanism by which the auto-immune reaction 

is subsequently transferred to the joints is unknown. 

 The exact sequence of events of synovial inflammation leading to joint destruction is 

unclear. Many different inflammatory processes occur simultaneously in the synovium. During 

inflammation arginine residues in proteins can be converted to citrulline, sometimes significantly 

alters how the protein is folded. Loss of tolerance to citrullinated proteins induces the production 

of anti-citrullinated protein antibodies (ACPA) [106]. The role of ACPA in the pathogenesis of RA 

is not fully understood. ACPA can be found in the blood of some patients years before onset of 

disease [107], and it is clear that ACPA+ patients have a poorer disease outcome than ACPA- 

patients [108]. Eliminating B cells with anti-CD20 treatment is very effective in RA patients [109], 

and also decreases ACPA and rheumatoid factor (RF) (antibodies against the Fc portion of IgG 

antibodies) [110]. ACPA can activate synovial macrophages and fibroblasts to produce pro-

inflammatory cytokines and chemokines that attract other cells to the synovium [111-113]. In 

addition, ACPA can induce osteoclastogenesis and bone loss [114]. Alternatively, macrophages 

can be activated through TLRs by endogenous damage-induced antigens or invading pathogens 

[115]. In addition, synovial fibroblasts and endothelial cells are activated, producing pro-

inflammatory cytokines, chemokines and adhesins, thereby enabling inflammatory cells to 

migrate into the synovium [113, 116]. Amongst these are B and T cells, which can sometimes 

form tertiary lymphoid structures to further promote plasma cell formation [117]. They also 

produce pro-inflammatory cytokines like IL-6 and TNFα to further activate synovial cells. 

Together the influx of cells, interaction of cells and production of pro-inflammatory cytokines 

leads to pro-inflammatory feedback loops and the ultimate destruction of the joint (figure 5). 

T helper cells can activate synovial macrophages and fibroblasts through the production of IL-

17A [118]. This leads to production of IL-6, which in turn stimulates cytokine production by the T 

cells. The synovial cells also produce matrix metalloproteinases (MMPs), proteases that degrade 

extracellular matrix proteins, which in RA induce cartilage damage by breaking down collagen type 

II [119]. In addition, IL-1β and IL-17A reduce the number of chondrocytes that normally regulate 

cartilage regeneration [120]. Furthermore, IL-1β induces the production of GM-CSF, a potent 

growth factor for leucocytes. GM-CSF and RANK-L, a critical factor for normal bone resorption and 

homeostasis, produced by synovial cells enhance osteoclast activation, leading to bone erosion. 
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Treatment of RA is now focussed on dampening the autoimmune response. Disease-

modifying anti -rheumati c drugs (DMARDs), like methotrexate, are the cornerstone of RA 

treatment. However, these therapies limit the immune response in a non-specifi c way and have 

many side eff ects. The introducti on of biologicals, anti bodies directed against cytokines like TNFα 

or the IL-6 receptor, has greatly improved the outcome of disease [121, 122]. However, these 

treatments have many side eff ects, are very costly and do not cure the disease.

Role of Th cells in RA

Before the discovery of Th17 cells, Th1 cells were thought to be the dominant subset in the 

pathogenesis of autoimmune diseases. IFNα treatment, which induces Th1 diff erenti ati on, can 

lead to autoimmunity, including RA symptoms [123]. The number of IFNγ producing CD4+ T 

cells is increased in the synovium of RA pati ents [108, 118]. Furthermore, the number of IFNγ 

producing cells in the circulati on of early RA pati ents correlates with disease severity [107]. 

IFNγ acti vates synovial macrophages, which are major inducers of osteoclast acti vati on and 

diff erenti ati on [124-126]. Apart from IFNγ, Th1 cells also produce TNFα. This pro-infl ammatory 

cytokine can acti vate synovial fi broblasts and chondrocytes [127, 128]. In additi on, TNFα can 

limit the immune regulatory capacity of Tregs [106]. However, it has also been shown that IFNγ 

can limit osteoclastogenesis [129].

Despite these lines of evidence supporti ng a role for Th1 cells, to date a growing body 

of research shows that Th17 cells are the most pathogenic Th cells in RA. Upon entering the 

synovium, Th17 cells engage in a pro-infl ammatory feedback loop with synovial fi broblasts [118]. 

Figure 5. Pathogenesis of RA. Several cells and their interacti ons (arrows) as well as cytokines produced are 
depicted. SF synovial fi broblast.
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IL-17A produced by the Th17 cells enhances survival and proliferation of synovial fibroblasts 

[130]. Furthermore, IL-17A induces IL-6 production by the fibroblasts, which in turn enhances 

IL-17 production by the T cells. IL-17A also synergizes with TNFα to induce fibroblast and 

chondrocyte activation [131, 132]. Furthermore, IL-17A, IL-6, IL-1 and TNFα induce activation 

of osteoclasts, leading to bone destruction [133-135]. In addition to Th17 cells, Th22 cells and 

IL-22 have also been implicated in RA. Increased numbers of IL-22 producing cells have been 

found in the circulation of RA patients [136, 137], and IL-22 serum levels correlate with disease 

severity [138, 139]. Several studies have shown a role for IL-22 in osteoclastogenesis and bone 

degradation [140, 141]. 

Tregs limit Th1 and Th17 responses by TGFβ production and inhibition of IL-6 production by 

DCs [142]. However, the inhibitory capacity of Tregs can be suppressed by IL-6, which can even 

induce IL-17A production by the Tregs, giving them a pro-inflammatory phenotype [143]. 

Apart from Tregs, Th2 cells also have a protective function in RA. RA patients who also have 

allergies, which is associated with Th2 activity, have lower disease severity [110]. A combination 

of IL-4 with IL-10 has been shown to reduce synovial infiltrates and cartilage damage in collagen 

induced arthritis, a mouse model for RA [109]. In addition, IL-4 reduces bone resorption by 

inhibiting osteoclasts [144].

Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease affecting many different 

organs. Symptoms include butterfly rash, arthritis, sun sensitivity, Raynaud phenomenon, 

pleuritis and nephritis [145, 146]. Genetic predisposition plays an important role in the disease, 

which more commonly affects young Afro-American and Asian females [146]. The disease is 

characterized by the production of auto-antibodies mostly directed against nuclear structures 

like DNA. These auto-antibodies form immune complexes that can deposit in capillaries in organs 

such as the kidneys. There, they activate innate immune cells through Fc receptors and the 

complement system, leading to the production of pro-inflammatory cytokines and chemokines 

[145]. This induces influx of more immune cells, including IL-17 producing T cells, which have 

been found in the kidneys of patients with lupus nephritis [123]. 

Exactly which trigger initiates the production of auto-antibodies against nuclear structures in 

SLE is unknown. It is possible that reduced clearance of apoptotic cells in SLE patients provides 

an increased load of nuclear antigens to the immune system, but normally these antigens should 

not induce an immune response [147]. However, apoptosis induced modifications to chromatin, 

like acetylation or binding of HMGB1, may induce maturation of myeloid derived DCs (mDCs) 

through TLRs [148, 149]. Upon activation by nuclear antigens, the mDCs can induce T helper cell 

differentiation [150]. 

Recent studies also suggest a role for neutrophils. Upon activation, neutrophils undergo a 
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special form of cell death called NETosis, which is disti nct from apoptosis and necrosis [151, 

152]. Chromati n and granular proteins are excreted from the dying cells in the form of neutrophil 

extracellular traps (NETs) that facilitate the killing of bacteria [152]. However, these NETs can also 

acti vate plasmacytoid DCs (pDCs). These cells play an important role in the defense against viral 

infecti ons by sensing virus derived nucleic acids [153, 154]. Upon apoptosis or NETosis, sensing 

of extracellular DNA through TLR 9 induces producti on of interferon (IFN) type I [155-157]. 

Producti on of IFN type I is regulated by interferon regulatory factors (IRFs) [158]. Anti bodies 

directed against Ro52, a factor that induces the degradati on of IRFs and thereby limits the IFN 

type I response [159], are oft en found in SLE pati ents. High IFN type I levels induce maturati on 

of mDCs and mDC driven T helper cell diff erenti ati on [160]. In additi on, mDCs produce BAFF, a 

cytokine that enhances B cell survival [161]. This leads to the producti on of more auto-anti bodies, 

which can further induce IFN type I producti on by pDCs through binding of Fc receptors, thereby 

forming a pro-infl ammatory loop (fi gure 6).

Treatment of SLE is limited to reducing the symptoms and ti ssue damage caused by 

infl ammati on. Pati ents are treated with corti costeroids and immune suppressive medicati on 

Figure 6. Pathogenesis of SLE. Several cell types and their interacti ons (arrows) as well as cytokines produced are 
depicted. pDC plasmacytoid DC; mDC myeloid derived DC, IC immune complex.
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to limit inflammation, and additional medication is based on the clinical manifestation of the 

disease in the individual patient [146].

Role of Th cells in SLE

Many defects in Th cell signalling have been found in SLE patients. T cells have been found to 

be hyper-responsive to T cell receptor (TCR) signalling due to alterations in the TCR complex 

expressed on the membrane [162]. This complex recruits alternative downstream signalling 

molecules that enhance the signal strength >100 fold [163]. Th cells provide help to B cells 

through binding of CD40 ligand expressed on the T cell with CD40 expressed on the B cell. In SLE 

patients, CD40 expression on Th cells was found to be higher at baseline than healthy controls, 

and increased and prolonged on activated cells [164, 165]. 

Both Th1 and Th2 cytokines are implicated in the pathogenesis of SLE. IL-4 induces class 

switch recombination in B cells to isotypes that activate complement. In a mouse model of SLE, 

IFNγ is essential for lupus nephritis development [166]. Increased levels of IFNγ have also been 

found in the serum of SLE patients [167]. 

Recent studies have suggested a role for Th17 cells in SLE. IL-17A levels were increased in SLE 

patients and correlated with disease severity [168]. Also, the number of IL-17A producing PBMCs 

in SLE patients is higher compared to healthy controls [169, 170]. In mouse studies, lack of IL-23R 

signalling protected mice from SLE development, and blocking of IL-23 cytokine ameliorated the 

disease [171]. Furthermore, IL-17A producing cells have been found in infiltrates in the kidneys 

of lupus nephritis patients, although these are not CD4+ cells, but rather double negative T cells 

(expressing CD3, but not CD4 or CD8) [123]. 

The increased number of Th17 cells in SLE is accompanied by a decrease in Treg cell numbers 

[170]. This could be caused by an increased amount of IL-6, which shifts Th differentiation towards 

the Th17 lineage. These cells produce TNFα, which reduces the immune modulatory function of 

Tregs [172]. Also, IL-17A production by Tregs could be induced, making them pathogenic rather 

than protective. In addition, IL-10 can have a pathogenic role in SLE through its positive effects 

on B cell survival and activation [173], and IL-10 expression by PBMCs of SLE patients has been 

found to be increased [174].

A key cell type in the activation of B cells and autoantibody production are Tfh cells. In SLE 

patients, the numbers of circulating CD4+CXCR5+ T cells and IL-21+ T cells are increased and 

appear to correlate with autoantibody titres and disease severity [175-177]. Furthermore, IL-21 

plasma levels are increased in SLE patients [178]. Although B cells in SLE patients have lower IL-

21R expression than healthy controls [179], SNPs in the IL-21R gene are a risk factor for SLE [180]. 

Furthermore, amelioration of symptoms in SLE patients upon treatment with corticosteroids is 

accompanied by a reduction in the number of circulating Tfh cells [176]. 
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AIMS AND OUTLINE OF THIS THESIS

Mouse models in autoimmunity

The pathogeneses of RA and SLE show many overlaps, but why the similar pathogeneses can lead 

to clinically different diseases remains unclear. The aim of this thesis is to unravel the differential 

roles of several Th17 related cytokines in the control of lymphocytes in autoimmunity, and more 

specifically in RA and SLE. Therefore we use mouse models, including several knock-out mice, 

collagen induced arthritis (a mouse model for RA) and the spontaneous B6.lpr lupus model, and 

human material from RA patients, SLE patients and healthy controls. The data presented in this 

thesis contribute to the understanding of the role of Th17 cytokines in the immune system and 

the pathogenesis of autoimmune diseases like RA and SLE.

To investigate the role of cytokines in the early stages of autoimmune disease, we make use 

of several mouse models to mimic these diseases. A well-established mouse model for RA is 

the collagen induced arthritis (CIA) model. In this model, mice are injected with chicken type II 

collagen (CII) emulsified in complete Freund’s adjuvant (CFA). The model is based on molecular 

mimicry: the chicken CII is very similar to mouse CII and immune cells will therefore cross react 

with mouse CII upon activation. CFA is a strong activator of the immune system and will facilitate 

this process. The model is both T and B cell mediated. More specifically, Th17 cells are essential 

in this model as mice lacking IL-23 (and consequently having severely reduced Th17 numbers) 

are completely protected against CIA [181]. Auto-antibody production is also crucial for disease 

development, as mice lacking B cells are also protected against disease [182]. In addition, 

transfer of serum containing auto-antibodies from diseased mice induces the disease in naïve 

mice [183]. In the CIA protocol, mice are immunized on day 0 and again on day 21 to induce 

a memory response. Wild type mice will typically develop arthritis shortly before or after the 

second injection, with a total incidence of 30-50%. Disease severity is scored macroscopically and 

reaches its peak in wild type mice around day 35-40. 

To investigate the role of cytokines in SLE, we employ the spontaneous lymph-proliferation 

(lpr) mouse model [184]. Mice with the lpr mutation are deficient in FAS, an important 

receptor that induces apoptosis. This receptor is normally expressed on B cells and is required 

for negative selection of autoreactive B cells during B cell development. As a result of the 

lpr mutation, autoreactive B cells survive and subsequently migrate to the periphery where 

they can activate T cells and produce auto-antibodies leading to SLE like symptoms. As this 

is a spontaneous model, the disease course is very heterogeneous, affecting mostly female 

mice. In mice with a C57BL/6 background, the disease develops relatively slowly with the first 

symptoms occurring around 16-20 weeks of age. The disease is characterized by proliferation 

of B cells and DN T cells, auto-antibody production and IC deposition in small capillaries of the 

kidneys and lungs. 
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To investigate the role of cytokines in RA and SLE, we have used several knock-out mouse 

lines that are deficient for a cytokine or cytokine receptor. These mice were immunized with CII/

CFA to induce CIA or backcrossed onto the C57BL/6-lpr mouse line. 

Aims of this thesis

Chapter 2 The role of IL-17A in RA has been studied extensively. IL-17 family members signal 

through different heterodimers of IL-17 receptor (IL-17R) family members, however, the IL-17RA 

subunit appears to be the common subunit for all IL-17 cytokines [185, 186]. In chapter 2 we 

investigate the effect of loss of IL-17RA signalling, and therefore loss of signalling of all IL-17 

family cytokines, in the pathogenesis of CIA. 

Chapter 3 In addition to IL-17A, several studies have suggested a pro-inflammatory role for 

IL-22 in joint inflammation [140]. However, other studies have shown a role for IL-22 in mucosal 

barrier homeostasis, and that IL-22 is protective in autoimmunity [187]. In chapter 3, we therefore 

investigate the differential effects of Th17 cells, which produce both IL-17A and IL-22, and Th22 

cells, which only produce IL-22 but not IL-17A, in RA. 

Chapter 4 In chapter 4 we explore the potential role of IL-22 in arthritis in the mouse, 

focussing particularly on the role of IL-22 in B cell immunity. 

Chapter 5 B cells play an important role in RA and many RA patients are ACPA positive. A 

small population of B cells has been found in the periphery that expresses both the surrogate 

light chain (SLC) as well as the IgL chain and accumulates in RA patient synovium [12]. These cells 

display an autoreactive BCR repertoire [14, 117]. However, their contribution to auto-immune 

disease is not clear. In chapter 5, we investigate the effect of overexpression of the SLC in mature 

B cells in autoimmunity in mice.

Chapter 6 IL-27 reduces Th17 differentiation [188], and as a consequence in IL-27R KO mice, 

more T cells express IL-17A [189]. Also, follicular T helper cells, which are crucial for germinal 

center formation and function, depend on IL-27 [91]. The IL-27R is also expressed on B cells, but 

little is known about its direct effects on these cells. In chapter 6 we investigate the direct effect 

of IL-27R signaling on B cells, and the effect on B cell immunity. 

Chapter 7 Both the IFN type I pathway and IL-17A producing cells have been implicated in 

SLE pathogenesis [168, 190]. Several studies show possible links between IFN type I and IL-17A 

producing cells [191, 192], but so far no studies have been performed to confirm the association 

of IFN type I with IL-17A in SLE patients. We therefore aimed to identify a possible link between 

these two pathways in SLE patients.

Chapter 8 A pathogenic role of Th17 cells in SLE has been suggested in both humans and mice. 

B6.lpr mice deficient for IL-23R expression are protected against development of SLE symptoms 

[171]. However, the role of the IL-17 family in this model remains to be investigated. In chapter 8 

we investigate the role of IL-17RA signalling in the pathogenesis of SLE in mice.
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ABSTRACT

Introduction IL-17A signals through the IL-17 receptor (IL-17R) A and C heterodimer. The IL-17RA 

serves as a common receptor subunit for several IL-17 cytokine family members. Lack of IL-17RA 

signaling may therefore have additional effects to lack of IL-17A alone. We therefore aim to 

determine the role of IL-17RA signaling in auto-immune arthritis. 

Methods Disease incidence and severity were scored in wild type, IL-17RA deficient and 

IL-23p19 deficient mice in collagen-induced arthritis (CIA). T helper cell profiles and humoral 

immune responses were analyzed at several time points. Pathogenicity of T cells and total 

splenocytes was determined in a functional assay in vitro and IL-17RA signaling was blocked in 

antigen induced arthritis (AIA) in vivo.

Results IL-17RA deficient mice were completely protected against CIA comparable to IL-23p19 

deficient mice. However, IL-17RA deficient mice displayed an increased number of IL-4 producing 

CD4 T cells, distinct from IL-17A+ CD4 T cells. This was associated with fewer plasma cells and 

lower pathogenic IgG2a and increased IgG1 antibody production. Both isolated CD4+ T cells and 

total splenocytes from IL-17RA deficient mice were less capable of inducing IL-6 production by 

synovial fibroblasts in CIA in a functional in vitro assay. Furthermore, blocking IL-17RA signaling 

in AIA reduced synovial inflammation.

Conclusions These data show the critical role of IL-17RA signaling in the development of 

auto-immune inflammation of the joint. In addition, lack of IL-17RA gives rise to a Th2-like 

phenotype characterized by IL-4 production, suggesting active involvement of IL-17RA signaling 

in the regulation of IL-4 in CIA.
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2INTRODUCTION

The interleukin 17 (IL-17) cytokine family consists of IL-17A to IL-17F (1, 2). Of this family, the 

function of IL-17A has been most extensively studied. Its primary role is in immune responses 

against extracellular pathogens (3, 4). In addition, IL-17A is also implicated in several auto-immune 

diseases, including systemic lupus erythematosus (SLE), multiple sclerosis (MS), psoriasis and 

rheumatoid arthritis (RA) (5-11). Of the other family members, IL-17F is most similar to IL-17A, 

suggesting that they have similar functions (12, 13). IL-17A and IL-17F are both produced by 

memory T helper (Th) cells, in particular Th17 cells, but also by CD8+, γδ+ and NK T cells. Recent 

studies show innate sources of IL-17A and production by tissue specific cells, such as Paneth 

cells (14-17). Both cytokines can be excreted as homodimers or as IL-17A/F heterodimers (18, 

19). It has been shown that the IL-17A/A homodimer is the most potent IL-17 family effector 

molecule in the induction of CXCL1, followed by the IL-17A/F heterodimer and finally the IL-

17F/F homodimer (19). Interestingly, human CD4+ T cells express the IL-17A/F heterodimer and 

IL-17F homodimer, but almost no IL-17A homodimer (19). In contrast, mouse Th17 cells secrete 

all three isoforms (20). 

IL-17A and IL-17F signal through a heterodimer of IL-17 receptor A (IL-17RA) and IL-17RC 

(21, 22). The affinity of IL-17A and IL17F for IL-17RA and IL-17RC is different between mice and 

humans (23). In mice, IL-17RA has a higher affinity for IL-17A, however, the murine IL-17RC binds 

primarily IL-17F, suggesting that some differential functions might exist between IL-17A and IL-

17F (23). In humans, the IL-17RA binds preferentially to IL-17A, with a low affinity to IL-17F. The 

IL-17RC binds IL-17A and IL-17F with the same affinity (23). Whereas IL-17RA is ubiquitously 

expressed, the IL-17RC is expressed mostly on non-hematopoietic cells (21, 24, 25). The IL-17 

cytokine / IL-17 receptor signaling axis is quite different in sequence and structure from other 

cytokine families. Signaling through the IL-17RA has been extensively studied revealing the 

importance of SEFIR (SEF/IL-17R), Act1 and TRAF6 leading to different downstream effector 

signaling pathways (26).

Observations in many models of autoimmune diseases strongly implicate IL-17A as an 

important mediator in many autoimmune diseases, including rheumatoid arthritis (27). 

Interestingly, IL-17A produced by Th17 cells is involved in a pro-inflammatory feedback loop with 

synovial fibroblasts in RA (28). Antibodies targeting IL-17A are being tested in numerous clinical 

trials, and early reports are promising showing efficacy in psoriasis, RA, and autoimmune uveitis 

(8, 29). 

Recent studies also point to roles for other IL-17 family members in arthritis. Both IL-17B 

and IL-17C are pro-inflammatory in CIA (30). IL-17B signals through IL-17RB and IL-17C signals 

through a heterodimer of IL-17RA and IL-17RE (31, 32). IL-17E (also known as IL-25) signals 

through an IL-17RA/IL17RB heterodimer (33). Unlike the other IL-17 family members, expression 

of IL-17E promotes a Th2 immune response (34-36). 
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IL-17A deficient mice are not fully protected against collagen induced arthritis (CIA), a mouse 

model for RA, nor are IL-17A/IL-17F deficient mice (24, 37). This is in contrast to Act1 deficient 

mice, which are fully protected against CIA, indicating that there are differences between IL-

17 ligand and IL-17R downstream signaling events in the development of autoimmune collagen 

arthritis (38). In addition, increasing data suggests that the IL-17RA subunit might act as a 

common receptor subunit for other IL-17 cytokine family members. However, the functionality 

of IL-17RA in the development of CIA and whether lack of IL-17RA has additional value compared 

to IL-17A deficiency in this autoimmune model of arthritis is still unknown. 

Here we show that IL-17RA knock-out mice are completely protected against the development 

of autoimmune inflammation and joint destruction in CIA. Both plasma cell formation and 

collagen type II specific antibody production were decreased in the mice compared with 

controls. In addition, CD4+ T cells in IL-17RA-deficient mice developed a Th2-like phenotype 

with increased proportions of IL-4 producing cells. These data indicate that IL-17RA signaling 

clearly has a broader effect in the development of arthritis compared with IL-17A and suggests 

that IL-17RA could be an interesting therapeutic target in RA and potentially other IL-17 driven 

autoimmune diseases. 

MATERIALS AND METHODS

Mice

IL-17 receptor A knock-out (IL-17RAKO) mice on a C57BL/6 background (39) were kindly provided 

by dr. J. Tocker, Amgen, Seattle, USA. IL-23p19 knock-out (IL-23KO) mice on a C57BL/6 background 

(40) were kindly provided by dr. N. Ghilardi, Genentech, Inc., South San Francisco, USA. Wild type 

C57BL/6 controls were purchased from Harlan Laboratories B.V. (Horst, the Netherlands). All mice 

were kept under specified pathogen free conditions and provided with food and water ad libitum at 

the Erasmus MC Experimental Animal Facility (EDC). Mice between 8 and 12 weeks old were used for 

all experiments. All experiments were approved by the Erasmus MC Animal Ethics Committee (DEC). 

CIA 

Mice were immunized with 100μg (2 mg/mL) chicken type II collagen (CII) (Chondrex, USA) 

emulsified in an equal complete Freund’s adjuvant (CFA) volume containing 1 mg/ml heat-killed 

Mycobacterium tuberculosis (strain H37Ra; Difco Laboratories Inc., Detroit, USA) intra-dermally 

in the tail base at day 0 and day 21. Arthritis development was scored macroscopically, with a 

maximum score of 8 per mouse. Mice with a score >6 were sacrificed for ethical reasons. Mice 

that had not developed arthritis at day 50 were immunized a third time. Mice were sacrificed 

either at day 10, day 50 or at day 69. 
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2AIA 

For induction of AIA, mice were immunized as described previously (41). One hour before intra-

articular induction of arthritis, mice were injected i.p. with murine IL-17R/human IgG1 Fc fusion 

protein (IL-17R:Fc, kindly provided by S. D. Lyman (Immunex, Seattle, WA) or OVA, as previously 

described (42). These injections were repeated on day 2, 4 and 6. Arthritis severity was scored 4, 

7 and 14 days after immunization by measuring swelling of the knee joint.

Influenza

Wild type and IL-17RA KO mice were infected with 105 TCID50 H3N2 influenza virus X-31 as 

previously described (43). Mice were sacrificed 10, 17 and 29 days after infection. 

Flow cytometry

For intracellular cytokine staining, splenocytes were stimulated for 4 hours with PMA (0,05 

μg/ml) and Ionomycin (0,5μg/ml) in the presence of Golgi stop (BD Biosciences). 2*106 cells 

were stained per sample. Cells were stained for extracellular markers for 20 minutes at room 

temperature and subsequently fixed with 2% PFA and permeabilized in 0,5% saponin. Cells were 

then stained for 20 minutes at room temperature for intracellular markers. Anti-CD4, anti-IL-17A, 

anti-IL4 and anti-IFNγ antibodies were obtained from BD BioSciences (San Diego, CA, USA) and 

anti-IL-10 antibody was obtained from Biolegend (San Diego, CA, USA).

For B cell stainings, 2*106 splenocytes were stained for extracelllar markers for 20 minutes 

at room temperature. For intracellular staining, cells were subsequently fixed and permeabilized 

using BD Cytofix/Cytoperm (BD BioSciences) and stained for intracellular markers at room 

temperature for 20 minutes. Anti-CD19, anti-B220 and anti-IgM were obtained from eBioscience 

(San Diego, CA, USA), anti-IgD, anti-CD95, anti-IgG1 and anti-IgG2ab from BD BioSciences and 

anti-PNA from Sigma-Aldrich (St Louis, USA). 

Samples were acquired on a FACS Canto II HTS or a FACS LSR II flow cytometer (BD BioSciences). 

Analysis was performed using FlowJo v7.6 research software (Tree Star Inc. Ashland, OR).

Immuno-histo-chemistry/ histology

Spleen tissue samples were frozen in Tissue-Tec O.C.T. Compound (Sakura Finetek Europe 

B.V., Alphen aan den Rijn, The Netherlands) and stored at -80⁰C. 6μm thick samples were cut. 

Slides (Superfrost, Gerhard Menzel GmbH, Braunschweig, Germany) were fixed in acetone. 

Endogenous peroxidase was blocked using 30% H2O2 (Sigma-Aldrich). Slides were stained 

with anti-PNA (biotinylated, Sigma-Aldrich) followed by streptavidin (peroxidase labeled, 

Jackson ImmunoResearch, Westgrove, PA, USA) and rat-anti-IgD (eBioscience) followed by anti-

rat (alkaline phosphatase labeled, Sigma-Aldrich). Pictures were made with a NanoZoomer 
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(Hamamatsu Photonics Deutchland GmbH, Herrsching am Ammersee, Germany). 

For histological analysis of destruction of the knee joints, knees were were hematoxylin and 

eosin stained as previously described (41).

ELISA

For CII specific serum antibody level measurement, wells of microtiter plates were coated with 

1μg/mL chicken or mouse CII (Chondrex) over night. Serum samples and reference sample were 

diluted serially and incubated in the plates for three hours at room temperature. Secondary 

antibodies goat-anti-mouse IgM, IgG1 and IgG2a (Southern Biotechnology Associated, Inc., 

Birmingham, AL, USA) were incubated for one hour at room temperature. Optical density at 

450nm was measured. 

Measurements of IL-6 levels in day 3 culture supernatant were performed using a mouse 

IL-6 ELISA Duoset (R&D Systems, Minneapolis MN). The ELISAs were performed according to the 

manufacturer’s instructions. 

Culture experiments

For T cell-fibroblast co-culture experiments, mice were immunized with 100μg CII/CFA emulsion 

intra-dermally and sacrificed 10 days after immunization. CD4+ CD62L- T cells were FACS sorted 

from the spleens. Purity of the obtained fraction was >98%. 2.5*104 FACS sorted T cells were 

co-cultured with 2*104 3T3 fibroblasts for 96 hours in the presence of anti-CD3 and anti-CD28 

(both 4μg/ml, BD BioSciences) in IMDM medium (Lonza, Verviers, Belgium), supplemented with 

10% FCS (Invitrogen, Carlsbad, CA), 100 U/ml Penicillin/Streptomycin, 2 mM L-Glutamin (Lonza) 

and 50 mM b-mercapto-ethanol (Merck, Darmstadt, Germany). After 96 hours, IL-6 levels were 

measured in culture supernatant by ELISA. 

For CII specific re-stimulation, CII was heat inactivated for 10 minutes at 80⁰C. 105 total 

splenocytes were co-cultured with wild type mouse synovial fibroblasts obtained from naïve mice 

in IMDM medium (Lonza, Verviers, Belgium), supplemented with 10% FCS (Invitrogen, Carlsbad, 

CA), 100 U/ml Penicillin/Streptomycin, 2 mM L-Glutamin (Lonza) and 50 mM b-mercapto-ethanol 

(Merck, Darmstadt, Germany) alone, with addition of 100μg/ml CII or with addition of anti-CD3 

and anti-CD28 (both 4μg/ml, BD BioSciences). After 96 hours, IL-6 levels in culture supernatant 

were measured by ELISA. 

Statistical analysis

Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jollla, CA). An unpaired 

two-sided T-test was performed, unless indicated otherwise. P-values <0,05 were considered 

significant. 
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2RESULTS

IL-17RA KO mice are protected against CIA

To investi gate the role of IL-17RA signaling in CIA, we immunized IL-17RA knock-out (IL-17RA 

KO) mice, IL-23p19 knock-out (IL-23 KO) mice and wild type mice. We chose the IL-23 KO mouse 

line as a control in this study. In IL-23 KO mice, development of the Th17 subset is abrogated, 

and all Th17 cytokines are expressed, but in signifi cantly lower amounts (44). In IL17RA KO mice, 

signaling of the IL-17 family is lost, but signaling of other Th17 cytokines like IL-22 and GMCSF is 

intact. This is important to assess whether the observed eff ects are specifi c for signaling of the 

IL-17R. Mice were immunized on day 0 with CFA/chicken type II collagen (CII) and immunized 

again on day 21. Mice that had not developed arthriti s by day 50 were immunized a third 

ti me. 73% of normal, C57Bl/6 wild type animals developed arthriti s and, as expected, no IL-23 

KO animals developed arthriti s (fi gure 1A-C). Interesti ngly, IL-17RA KO mice were completely 

protected against CIA, even aft er a third immunizati on. This is in contrast to IL-17A knock-out 

mice, which are only parti ally protected against CIA (37). In additi on, IL-17RA KO mice did not 

develop synovial infl ammati on of the knee joints (fi gure 1D) and histological slides showed no 

infi ltrates or bone destructi on (fi gure1E-G). 

Figure 1. Arthriti s incidence and severity in CIA in wild type, IL-17RA KO and IL-23 KO mice. Animals were immunized 
twice or three ti mes with CFA/chicken CII i.d. [A] Arthriti s incidence. [B] Arthriti s score aft er two immunizati ons. [C] 
Arthriti s score aft er three immunizati ons. [B-C] Arrows indicate immunizati ons. Maximum arthriti s score per mouse 
is 8. Mean and SEM are shown for n = 7 to 40 animals per group. [D] Synovial infl ammati on score of the knee joints. 
Maximum score per knee is 2. Mean and SEM are shown for n = 12 to 40 knee joints per group. [E-G] HE stainings of knee 
joints of [E] positi ve control (FcγRIIB defi cient mice on a C57Bl/6 background), [F] IL-17RA KO and [G] IL-23 KO mice. 
A representati ve image is shown for 12-40 knees per group. Figures are representati ve for 3 individual experiments.
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CD4+ T cells in IL-17RA KO mice have a Th2 phenotype in CIA

To determine whether lack of IL-17RA signaling has an effect on T helper cell profile, we analyzed 

the CD4+ T cell compartment of IL-17RA KO, IL-23 KO and wild type controls in CIA. These groups 

of mice did not show differences in the total numbers of T cells, T cell subsets (CD4+, CD8+), 

not in naïve mice nor at any time point after immunization (data not shown). As determined by 

intracellular flow cytometry, the total numbers of cytokine expressing CD4+ T cells was similar 

in the three groups of naive mice. As expected, IL-23 KO mice had fewer IL-17A+ CD4+ T cells 

at the first two time-points, when most inflammatory cells are found in the spleen (figure 2A) 

(44). No significant differences were found in the number of IFNγ+ CD4+ T cells at any time 

point (figure 2B). Interestingly, at all three time-points after immunization, IL-17RA KO mice had 

a higher number of splenic IL-4+ CD4+ T cells, indicating that lack of IL-17RA signaling gives rise 

to a Th2-like phenotype (figure 2C). These cells are distinct from IL-17A producing CD4+ T cells, as 

no IL-17A and IL-4 double producing cells were found at any time point after immunization (data 

not shown and supplementary figure 1). Importantly, we did not find an increase in the number 

of IL-10 expressing CD4+ T cells in IL-17RA KO mice (figure 2D), nor in the number of FoxP3+ 

regulatory T cells between wild type and IL-17RA KO mice at any time point after immunization 

(data not shown). These findings indicate that the protection against CIA development in IL-

Figure 2. Cytokine expression by splenic CD4+ T cells. Total numbers of [A] IL-17A, [B] IFNγ, [C] IL-4 and [D] IL-10 
expressing splenic CD4+ T cells at 10 days, 35 days and 69 days after immunization in CIA in wild type, IL-17RA KO 
and IL-23 KO mice. Mean and SEM are shown for n = 3 to 12 animals per group. Figures are representative for 3 
individual experiments. * p<0,05; **p<0,1; *** p<0,001.
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217RA-deficient mice is not caused by a higher number of regulatory T cells. Furthermore, we 

found no differences in the number of TNFα expressing CD4+ T cells (data not shown).

IL-4+ CD4+ T cells induce IgG1 class switching in B cells

Th1 and Th17 cells induce plasma cell formation and class switch recombination (CSR) to IgG2c 

producing plasma cells in C57BL/6 mice, which is essential for disease development in CIA (45). In 

contrast, Th2 cells induce CSR to IgG1 producing plasma cells. To investigate whether the observed 

shift towards a Th2 phenotype affected B cell immunity in IL-17RA KO mice, we investigated 

plasma cell formation and CSR in these mice. No differences were found in the total numbers 

of B cells, nor in specific B cell subsets (follicular, marginal zone) in the spleens of wild type and 

IL-17RA KO mice (data not shown), before immunization or at any time point after immunization. 

However, fewer plasma cells were formed in IL-17RA KO mice after three immunizations (figure 

3A). Interestingly, anti-chicken CII IgG1 serum levels were increased in IL-17RA KO mice, compared 

with wild type controls at 35 days after immunization (figure 3B), indicating an increased Th2 

response. No differences were found in anti-chicken CII IgG2c production. Additionally, we found 

Figure 3. Plasma cells and antibody production in wild type, IL-17RA KO and IL-23KO mice in CIA. [A] Total number 
of splenic CD19-CD138+ plasma cells of total splenocytes after the third immunization (day 69). [B] Serum anti-
chicken CII IgG1and IgG2c levels and [C] serum anti-mouse CII IgG1 and IgG2c levels in wild type and IL-17RA KO 
mice at 69 days after immunization. Mean and SEM are shown for n = 6 to 15 animals per group. [D] IHC stainings 
of splenic PNA+ GC B cells (brown) and IgG1+ or IgG2a+ plasma cells (blue) after the third immunization (day 69). 
A representative image is shown for n = 9-12 animals per group. [E] Total number of splenic PNA+ GC B cells in wild 
type and IL-17RA KO mice at 35 and 69 days after immunization. Mean and SEM are shown for n = 6 to 15 animals 
per group. * p<0,05; ** p<0,01.
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that the induction of the pathogenic self-reactive IgG2c antibodies, directed against mouse CII, 

were not induced in IL-17RA KO mice (figure 3C), indicating that these mice were protected 

against development of autoimmunity. The shift towards IgG1 producing plasma cells was 

confirmed by immuno-histo-chemistry of the spleens after three immunizations (figure 3D). To 

exclude that the reduction in serum levels of IgG2c antibodies was caused by a defect in germinal 

center formation, we quantified the numbers of PNA+ germinal center B cells in the spleen. We 

found that these numbers were not affected by loss of IL-17RA signaling (figure 3E). To further 

exclude global defects in T cell activation in IL-17RA-deficient mice, we examined germinal center 

formation upon influenza virus infection. We found no differences in weight loss or cytokine 

production between wild type and IL-17RA KO mice, indicating that these mice are capable of 

mounting a normal immune response against influenza virus (supplementary figure 2A and B). 

In addition, we found equal proportions and total numbers PNA+ germinal center B cells in the 

mediastinal lymph nodes of the two groups of mice (supplementary figure 2C). Together, these 

data indicate that the shift towards a Th2 like phenotype in IL-17RA KO mice correlates with a less 

pathogenic B cell response in CIA. 

IL4+ CD4+ T cells in IL-17RA KO mice in CIA are functionally protective

To investigate whether the Th2-like phenotype in IL-17RA KO mice was functionally protective 

in CIA, we isolated splenocytes from IL-17RA KO and wild type mice at ten days after 

immunization with CFA/CII. We then isolated CD4+ effector T cells by FACS sorting, defining 

them as CD3+CD4+CD62L-. Again, the proportion of IL-4 producing CD4+ T cells in the spleens 

of IL-17RA KO mice was significantly higher than in wild type mice (data not shown) and 

the proportions of IL-17A, IL-10 and IFNγ producing cells were comparable between wild 

type and IL-17RA KO mice (data not shown). The isolated T cells were then co-cultured with 

3T3 fibroblasts. After three days the capacity of the T cells to induce a pro-inflammatory 

response by synovial fibroblasts was tested by measuring IL-6 production by the fibroblasts 

in the culture supernatant by ELISA. No IL-6 production was detectable in the supernatants 

of cultures of wild type or IL-17RA KO T cells that were cultured without fibroblasts (figure 

4A). Remarkably, the change in phenotype of the T cells to a Th2-like phenotype in IL-17RA 

KO mice was accompanied by a lower induction of IL-6 production by fibroblasts after co-

culture (figure 4A). To further determine the pathogenicity of T cells in the IL-17RA KO mice 

in CIA in vitro, we co-cultured total splenocytes from IL-17RA KO and wild type mice ten 

days after immunization with wild-type synovial fibroblasts from unimmunized mice, which 

do express the IL-17RA (46) in the presence of CII for three days. No IL-6 was detected in 

supernatant from cultures of wild-type or IL-17RA KO splenocytes cultured alone (figure 4B). 

Again, splenocytes from IL-17RA KO mice were less capable of inducing a pro-inflammatory 

response by fibroblasts (figure 4B). These data show a lower pathogenic capacity of the T 
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cells in IL-17RA KO mice and indicate that the change to a Th2-like phenotype in these mice is 

associated with protection against CIA. 

Blocking IL-17RA signaling ameliorates arthritis development

To investigate at which stage of the T cell response IL-17RA signaling is involved, we blocked 

IL-17RA signaling in an antigen-induced arthritis experiment in wild-type mice. Mice were 

immunized with mBSA/CFA intra-dermally and boosted 21 days later. One week after the boost, 

arthritis was induced in right hind legs by intra-articular mBSA injection. Simultaneously, mice 

were injected with a soluble IL-17R protein (IL-17R:FC), which was repeated at day 2, 4 and 6 

after mBSA injection. Synovial inflammation was markedly decreased in mice treated with the 

IL-17R:FC compared with untreated controls (figure 5), indicating that blocking IL-17RA signaling 

after onset of the disease is still effective. This is in line with previous work showing beneficial 

effects of blocking IL-17RA signaling in CIA (42). These data indicate that IL-17RA signaling has 

an effect mostly in the effector phase of the T cell response, after activation and priming of the 

T cells. Furthermore, they suggest that intervention of the IL-17RA signaling pathway could be 

beneficial in the treatment of arthritis. 

Figure 4. Pathogenicity of CD4+ T effector cells and splenocytes in wild type and IL-17RA KO mice in vitro. [A] CD3+ 
CD4+ CD62L- cells were FACS sorted from spleens of wild type and IL-17RA KO mice ten days after immunization 
with CII/CFA [A] 2,5*104 sorted T cells were co-cultured with 2*104 3T3 fibroblasts. After three days IL-6 levels were 
measured in supernatant by ELISA. Mean and SEM are shown for n = 5 animals per group. [B] Splenocytes were 
isolated from wild type and IL-17RA KO mice ten days after immunization with CII/CFA. 105 total splenocytes were 
cocultured with 2*104 synovial fibroblasts in IMDM alone or with CII or anti-CD3 and anti-CD28. After three days 
IL-6 levels were measured in supernatant by ELISA. Mean and SEM are shown for n = 6 animals per group. * p<0,05; 
*** p<0,001. Figures are representative of two individual experiments.
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2

DISCUSSION

Here we demonstrate that IL-17RA signaling is criti cal for CIA development. Although IL-17A knock-

out mice were only parti ally protected against CIA (37), IL-17RA KO mice were fully protected, 

showing a complete absence of synovial infl ammati on and joint destructi on, comparable to IL-23 

KO mice. Interesti ngly, splenic T cells from IL-17RA KO mice showed a shift  towards a Th2-like 

phenotype, with an increased number of IL-4 producing cells. In additi on, IL-17RA KO mice had 

increased anti -chicken CII-specifi c IgG1 and reduced anti -mouse CII-specifi c IgG2a anti bodies 

compared with WT mice. With a functi onal assay we showed that splenocytes from IL-17RA KO 

mice are indeed less pathogenic in CIA than wild type cells. Importantly, blocking of the IL-17RA 

had profound benefi cial eff ects on arthriti s development in AIA even aft er acti vati on of T cells, 

indicati ng a role for IL-17RA signaling in the eff ector phase of the T cell response. These data 

provide new insight in the role of IL-17RA signaling in autoimmune arthriti s and suggest acti ve 

involvement of this pathway in the regulati on of T cell IL-4 producti on in CIA. 
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The involvement of IL-17A as a pro-inflammatory cytokine in the induction and progression 

of CIA has been previously demonstrated (37, 42, 47). Using IL-17A deficient mice, Nakae et al 

clearly showed the involvement of IL-17A in the development of CIA (37). However, development 

of CIA was also observed in a small percentage (~20%) of mice lacking IL-17A, suggesting IL-17A-

independent induction of autoimmune arthritis. Interestingly, these mice developed significantly 

less severe CIA compared with control mice (37). In the present study, we showed the essential role 

of the subunit IL-17RA of the IL-17 receptor in the development of CIA. In line with this, lack of Act1 

which is a downstream signaling molecule in the IL-17 receptor signaling pathway, also completely 

prevented the development of collagen arthritis (38). These data indicate differences between IL-

17 ligand, IL-17 receptor signaling / IL-17 receptor downstream signaling events in the development 

of autoimmune arthritis and suggest differences in efficacy using different therapeutic approaches 

such as neutralizing antibodies or inhibition of IL-17 receptor signaling molecules. 

In a previous study, lack of IL-17F signaling had no additional effect to lack of IL-17A signaling 

in arthritis (24). However, IL-17B and IL-17C play an important role in CIA by inducing TNFα (30). 

Importantly, IL-17C binds the IL-17RE, but also requires IL-17RA/Act1 for signaling. Possibly, IL-

17A and IL-17C have complementing effects in CIA, explaining the discrepancy between IL-17A 

KO and IL-17RA KO mice in CIA. In this context, IL-17C is also described as a factor involved 

in the development of Th17 cells, and the induction of IL-17A expression (32). Further studies 

are needed to unravel the involvement of other IL-17 family members in the IL-17RA-mediated 

prevention of CIA. In addition, cell-specific receptor knock-out mice should help to identify the 

target cells that are critical in the IL-17 mediated arthritis. 

We have previously shown that by their IL-17A production Th17 cells initiate a pro-

inflammatory feedback loop upon interaction with synovial fibroblasts (28). IL-17A induces IL-6 

production by synovial fibroblasts, which in turn stimulates more IL-17A production by Th17 

cells. In a functional assay, we showed in this report that CD4+ T cells from IL-17RA KO mice were 

less pathogenic in CIA in co-culture with normal synovial fibroblasts. This is remarkable, as the 

CD4+ cells from IL-17RA KO mice produced comparable IL-17A compared with wild type controls. 

Also, the synovial fibroblasts used in these cultures do express the IL-17RA (46). In addition, 

total splenocytes were also less pathogenic when co-cultured with synovial fibroblasts in the 

presence of CII, suggesting modulation through lack of IL-17RA directly on antigen specific T cell 

and indirectly on other cells. We found increased numbers of IL-4 producing CD4+ T cells in the 

spleens of IL-17RA KO mice in CIA. Although IL-4 is protective in the pro-inflammatory feedback 

loop, the effect of blocking IL-4 in CIA has been shown to be limited, unless IL-10 is also blocked 

(48). However, we found no increase in the numbers of IL-10 producing CD4+ T cells in the IL-

17RA KO mice, nor in the number of IL-10 producing B cells (data not shown). It is therefore likely 

that more factors are involved in the loss of pathogenicity of CD4+ T cells in IL-17RA KO mice. 
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2To our surprise, we found increased numbers of IL-4 producing CD4 T cells in IL-17RA KO mice 

in CIA. These cells do not co-express IL-17A, and we found hardly any IL-17A/IL-4 double positive 

cells. We therefore regard them as a distinct subset from Th17 cells in these mice. This means the 

shift towards a more Th2 like phenotype in these cells is established early in the differentiation of 

naïve CD4 T cells, and is not a consequence of plasticity of Th17 cells. In line with this, we found 

that lack of IL-17RA signaling resulted in lower auto-reactive IgG2a antibody levels and favored 

IgG1 antibody production. This decrease of autoreactie IgG2a was not due to impaired germinal 

center formation. The increase in IL-4 is remarkable, as we did not find a decrease in the numbers 

of IFNγ-producing cells. This suggests that signaling through the IL-17RA negatively regulates IL-4 

production by CII specific CD4+ T cells in CIA. However, the mechanism involved in the shift in T 

cell phenotype needs to be identified.

Data from a phase II study using an IL-17RA neutralizing antibody (Brodalumab) in patients 

with psoriasis show significant improvement of plaques (49). In contrast, RA patients with an 

inadequate response to methotraxate did not show any clinical response (50). However, our data 

in the present study show that lack of IL-17RA signaling completely protects mice against CIA 

and gives rise to a Th2 like phenotype. In addition, we find that blocking IL-17RA signaling in 

mice decreases arthritis development in AIA even after T cells are activated. This is in line with 

an earlier study showing efficacy in CIA (42). The discrepancy between lack of clinical response 

by IL-17RA antibody treatment in patients with RA and full protection of CIA in IL-17RA-deficient 

mice and beneficial effects of blocking of IL-17RA signaling in AIA is not clear. Whether IL-4 was 

induced in this human study is not known. Differences in IL-17 receptor signaling between mouse 

and men are known and may influence the response. Furthermore, the stage of the disease might 

be critical for intervention of IL-17 receptor activity. However, data presented in the present 

study warrant further studies to examine specific modulation of IL-17RA signaling, possibly by 

direct deletion of IL-17RA activity or downstream by small molecule approaches. 
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ABSTRACT 

Background IL-17A and Th17 cells are critically involved in T cell-mediated synovial inflammation. 

Besides IL-17A, Th17 cells produce IL-22. Recently, Th22 cells were discovered, which produce IL-

22 in the absence of IL-17. However, it remains unclear whether IL-22 and Th22 cells contribute 

to T cell-mediated synovial inflammation. Therefore, we examined the potential of IL-22 and 

Th22 cells to induce synovial inflammation and whether IL-22 is required for T cell-mediated 

experimental arthritis.

Methods Peripheral and synovial Th17 and Th22 cells were identified and sorted from patients 

with rheumatoid arthritis (RA). Co-culture experiments of these primary T cell populations 

with RA synovial fibroblasts (RASF) were performed. The in vivo IL-22 contribution to synovial 

inflammation was investigated by inducing T cell-mediated arthritis in IL-22 deficient mice and 

wild-type mice.

Results Peripheral Th17 and Th22 cell populations were increased in patients with RA and 

present in RA synovial fluid. In T cell-RASF co-cultures, IL-22 in the presence of IL-17A had limited 

effects on IL-6, IL-8, MMP-1 and MMP-3 production. Furthermore, primary peripheral blood and 

synovial Th17 cells were more potent in the induction of these factors by RASF compared to Th22 

cells. In line with this, similar synovial inflammation and disease severity was found between IL-

22 deficient and wild-type mice in T cell-mediated experimental arthritis. 

Conclusion These findings show that IL-17A/Th17 cell-mediated synovial inflammation is 

independent of IL-22 and Th22 cells. This implies that targeting IL-17A/Th17 cells, rather than 

IL-22/Th22 cells, should be the focus for treatment of T cell-mediated synovial inflammation.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by synovial 

inflammation and destruction of cartilage and bone [1, 2]. Pro-inflammatory cytokines, such 

as TNF-a and IL-17A, play a central role in RA [3, 4]. IL-17A producing T-helper-17 (Th17) cells 

are implicated in the pathogenesis of RA and other T cell-mediated diseases [5-10]. In patients 

with RA elevated proportions of peripheral and synovial Th17 cells were found [11-14] and the 

pathogenic role for IL-17A in arthritis has been shown in experimental mouse models [15, 16]. 

Furthermore, we have shown that Th17 cells from patients with RA, induce a pro-inflammatory 

loop upon interaction with RA synovial fibroblasts (RASF). This loop includes autocrine IL-17A 

production, which may explain the progression of an early inflammatory arthritis to a chronic 

destructive arthritis [14, 17].

Besides IL-17A, Th17 cells express the cytokine IL-22 [18, 19]. Among target cells of IL-22 are 

mainly tissue epithelial cells. IL-22 is involved in antimicrobial defense and tissue regeneration 

[20-22]. The IL-22 receptor is not expressed by immune cells and no effects of IL-22 have been 

identified in these cells. In addition to T cells, TCRgd, lymphoid tissue inducer (LTi) and NK cells also 

produce IL-22 [23, 24]. Recently, the novel human Th22 cell subset was identified producing high 

levels of IL-22 in the absence of IL-17A production. Th22 cells are implicated in skin homeostasis 

and pathology [25] and IL-22 production in T cells is dependent on the aryl hydrocarbon receptor 

(AHR) and the transcription factor ROR-C [26, 27]. Besides cytokine production, Th17 and Th22 

cells can be characterized by a specific chemokine receptor expression pattern. Whereas both 

Th17 and Th22 cells are negative for CXCR3 expression and positive for CCR6 and CCR4 expression, 

only Th22 cells are positive for the expression of CCR10 [25, 27, 28]. 

In patients with RA increased IL-22 expression levels or elevated proportions of IL-22 

producing T cells were found in peripheral blood and in the inflamed synovium [11, 29-31]. The 

pathological role of IL-22 in RA has been suggested by an association of IL-22 serum levels with 

bone erosions. Also elevated Th22 and Th17 cell proportions were found in patients with RA 

compared to healthy controls [32-34]. In addition, RASF have been shown to produce IL-22 and 

respond to IL-22 with increased proliferation and chemokine production [35]. Moreover, IL-22 

deficient (IL-22-/-) mice develop less severe collagen induced arthritis (CIA) compared to wild-

type mice, indicating an involvement of IL-22 in the pathogenesis of CIA [36]. 

However, the involvement of IL-22 in autoimmune disease development appears to be 

context dependent. In skin inflammatory disorders, such as psoriasis, IL-22 acts as a key mediator 

of pathogenic psoriatic skin features [37]. Moreover, IL-22 produced by innate and adaptive 

immune cells is required for imiquimod induced skin inflammation in mice [38]. In contrast, IL-22 

is not required for the development of experimental autoimmune encephalomyelitis [39] and 

IL-22 is even protective for experimental inflammatory bowel disease [40]. These discrepancies 

in the role of IL-22 in autoimmune disease development and the various IL-22 target cells and 
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sources of IL-22 production prompted us to investigate the direct effect of IL-22 and Th22 cells in 

T cell-mediated synovial inflammation. Using human in vitro T cell-RASF co-cultures and murine 

T cell-mediated experimental arthritis, we show that IL-22 and Th22 cells do not contribute to 

IL-17/Th17 mediated synovial inflammation.

METHODS

Subjects 

For this report 10 healthy volunteers (8 women and 2 men, mean age ± SD; 47.4 ± 24.5), 10 

treatment naive patients with early RA (6 women and 2 men, mean age ± SD; 49.7 ± 13.7) and 8 

patients with established RA and active disease were studied. All patients fulfilled the American 

College of Rheumatology 1987 revised criteria for RA. Blood was obtained at the second visit 

after obtaining informed consent. Clinical and laboratory data of treatment naive patients with 

early RA are shown in supplementary table 1. This study was embedded in the Rotterdam Early 

Arthritis Cohort Study (REACH) and was approved by the Medical Ethics Committee of the 

Erasmus MC Rotterdam. 

Supplementary Table 1. Clinical and laboratory data

ACR 1987 criteria (No patients (%))*

Morning stiffness 5/8 (63)

Arthritis of 3 or more joint areas 6/8 (75)

Arthritis of hand joints 7/8 (88)

Symmetric arthritis 7/8 (88)

Rheumatoid nodules  0/8 (0)

Serum rheumatoid factor positive 5/8 (63)

Serum ACPA positive 7/8 (88)

Bone erosions  0/8 (0)

Clinical parameters (mean ± S.E.M.; range)

DAS 28 4.3 ± 0.4 (2.7-5.8)

Swollen joint count 3.6 ± 0.8 (0-7)

Tender joint count 5.3 ± 1.5 (0-13)

Disease duration (month) 4.3 ± 1.2 (1-11)

*All patients were classified as RA ≥ 4 criteria

	 	

Animals

IL-22-/- mice on the C57BL/6 background [21] were kindly provided by Dr. Wenjun Ouyang, 
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Genentech Inc., USA. Wild-type C57BL/6 mice were purchased from Harlan Laboratories B.V. 

(Horst, the Netherlands). Mice were kept under specific pathogen free conditions and provided 

with food and water ad libitum. Mice between 8-12 weeks of age were used for experiments. All 

experiments were approved by the Erasmus MC Animal Ethics Committee (DEC).

Flow cytometry and cell sorting 

Monoclonal antibody preparations, intracellular cytokine detection, flow cytometry and cell 

sorting were described previously [14, 41]. The following human monoclonal antibodies (MoAb) 

were obtained from BD Biosciences (San Diego, CA): CD45RO, CCR6, CD4 and IFN-g. IL-22 and IL-

17A MoAb were obtained from eBioscience (San Diego, CA). Murine CD4, CD8, IL-17A and IFN-g 

MoAb were obtained from BD Biosciences and TCRgd MoAb from Biolegend Inc. (San Diego, CA). 

Samples were acquired on a FACScantoII flow cytometer (BD Biosciences) and analyzed using 

FlowJo v7.6 research software (Tree Star Inc. Ashland, OR). T cell populations were sorted from 

peripheral blood mononuclear cells (PBMC) or synovial fluid mononuclear cells (SFMC) using a 

FACSAria cell sorter (BD Biosciences).

Cell cultures

RASF isolation and subsequent culture has been described [14]. 10.0 x 103 RASF were co-cultured 

with sorted allogeneic 25.0 x 103 peripheral blood total CCR6+ T, Th17 or Th22 cells or 3.0-10.0x103 

synovial fluid Th17 or Th22 cells. Cells were cultured for 72 hours in Iscove’s Modified Dulbecco’s 

Media (IMDM, Lonza, Verviers, Belgium), supplemented with 10% FCS (Invitrogen, Carlsbad, CA), 

100 U/ml Penicillin/Streptomycin, 2 mM L-Glutamin (Lonza) and 50 mM b-mercapto-ethanol 

(Merck, Darmstadt, Germany) and stimulated with soluble aCD3 and aCD28 (0.3 mg/ml and 0.4 

mg/ml respectively, Sanquin, Amsterdam, The Netherlands). Cells were cultured in the absence 

or presence of 10 mg/ml neutralizing IL-22 Moab (R&D systems, Minneapolis, MN) or 2 mM FICZ 

(Enzo Life Sciences Inc., Farmingdale, NY) 

Cytokine measurements 

Human IL-6, IL-8 and IFN-g production was determined using ELISA (Invitrogen). Human, IL-17A, 

IL-22, TNF-a, MMP-1, MMP-3 and murine IL-17 expression was measured using Duoset ELISA 

kits (R&D systems, Minneapolis, MN). ELISA was performed according to the manufacturer’s 

instructions.

T cell-mediated arthritis

8 mg/ml methylated bovine serum albumin (mBSA, Sigma-Aldrich, St. Louis, MO) was emulsified 

in an equal volume of complete freund’s adjuvant (CFA), containing 1 mg/ml heat-killed 
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Mycobacterium tuberculosis (strain H37Ra; Difco Laboratories Inc., Detroit, Mi). At day –7, mice 

were immunized by intra-dermal injection of 100 ml mBSA/CFA emulsion into the tail base. On 

day 0, arthritis was induced by injecting mice intra-articularly (i.a.) with 60 mg mBSA in 6 ml 

0.9% NaCl into both knee joints. The arthritis severity was scored macroscopically, 7 days after 

immunization, on a scale of 0 to 2. Rear limbs were removed and prepared for histology. Sections 

were hematoxylin and eosin stained as previously described [41]. The analysis of murine IL-

17A cytokine expression in synovial washouts was performed as described previously [41]. To 

determine mBSA specific effector cell responses, draining lymph node cells were cultured in the 

presence or absence of 50 ug/ml mBSA for 3 days. IL-17A production was measured by ELISA. To 

measure DNA synthesis, cells were pulsed at day 2 with thymidine [3H] for 16–20 h, harvested, 

and counted using standard methods. 

Statistical analysis 

Differences between experimental groups were tested with a two-sided paired t-test or stated 

otherwise, using Prism software v5.04 (GraphPad Software Inc. La Jollla, CA). P-values <0.05 were 

considered significant.

RESULTS

Both Th17 and Th22 cells are increased in peripheral blood of RA patients and present 
in the inflamed synovium

Recently, we have shown that the proportion of IL-17A and IL-22 producing CD4+CD45RO+ 

(memory) CCR6+ T cells was increased in patients with early RA [14, 29]. Through a flow cytometric 

approach combining specific chemokine and cell surface receptor expression it is now possible to 

distinguish in more detail Th17 and Th22 cells, without the need to perform intracellular cytokine 

stainings [25, 27, 28]. First, memory CD25-CCR6+ T cells were gated to exclude CD25+ regulatory 

T cells. Subsequently, Th17 and Th22 cells were defined within this CCR6+ gate as CXCR3-CCR4+ 

whereby Th22 cells, but not Th17 cells were CCR10+ (Figure 1A). 

By following this gating strategy, significantly increased peripheral blood memory total 

CCR6+ T cell, Th17 cell and Th22 cell proportions were identified within the total memory T cell 

population of patients with early RA compared to age and sex matched healthy controls. The 

increase of Th17 and Th22 cell proportions (~2.5 and ~3.3 fold respectively) was even relatively 

larger than the total CCR6+ T cell population (~1.6 fold) (Figure 1B).
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In addition, total memory CCR6+ T cell, Th17 cell and Th22 cell populations were present 

in matched peripheral blood mononuclear cells (PBMC) and synovial fluid mononuclear cells 

(SFMC) from patients with established RA and active disease. Moreover, total memory CCR6+ T 

cell, Th17 cell and Th22 cell proportions were similar in SFMC compared to PBMC (Figure 2A). 

The presence of Th17 (IL-17A+IL-22+/-) and Th22 (IL-17A-IL-22+) cells in SFMC was also indicated 

by performing intracellular IL-17A, IL-22 and IFNg stainings (Figure 2B). 

These data show that in addition to the total memory CCR6+ T cell population, Th17 and Th22 

cells are increased in peripheral blood of patients with early RA and that both Th17 and Th22 

cells are present in synovial fluid.

Figure 1. Th17 and Th22 cell populations are increased in peripheral blood of patients with early RA compared 
to age and sex matched healthy individuals. (A) Flow cytometric gating strategy for the identification of peripheral 
blood Th17 and Th22 populations. CCR6+ T cells are defined as CD4+CD45RO+CCR6+CD25- and within this CCR6+ 
T cell population, Th17 cells are defined as CXCR3-CCR4+CCR10- and Th22 cells as CXCR3-CCR4+CCR10+ (B) Flow 
cytometric analysis for total CCR6+ T, Th17 and Th22 cells in PBMC of patients with early RA (black squares) and 
age and sex matched healthy controls (HC, open circles). Mean and SEM are given in a scatter plot for 10 healthy 
controls (HC) and 8 RA patients. For statistical analysis a two-sided unpaired t-test was performed (* = p < 0.05, 
*** = p < 0.001).
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IL-17A, but not IL-22 is up-regulated in CCR6+ T cell-RASF cultures

The interaction of CCR6+ T cells and RASF induces a pro-inflammatory loop leading to increased 

autocrine IL-17A production [14]. To verify whether this interaction leads to increased IL-22 

production as well, CCR6+ T cell cultures with or without RASF were analyzed for IL-17A, IL-22 

and TNF-a production. Increased IL-17A producing CCR6+ T cell proportions and increased IL-

17A protein levels were detected in CCR6+ T cell RASF co-cultures compared to CCR6+ T cell 

mono-cultures as shown before [14]. In contrast, no difference was found in the fraction of IL-22 

producing CCR6+ T cells as well as IL-22 and TNF-a protein levels (Figure 3A and 3B). This clearly 

shows a specific induction of IL-17A, but not of IL-22 and TNF-a production by CCR6+ T cells upon 

RASF interaction.

Figure 2 Identification of Th17 and Th22 cells in peripheral blood and synovial fluid of patients with established 
RA. (A) Flow cytometric analysis for total CCR6+ T cells, Th17 and Th22 cells in PBMC (open circles) and SFMC (black 
squares). Mean and SEM are given in a scatter plot for 8 patients with established RA and active disease per group. 
(B) Flow cytometric analysis for intracellular IL-17A, IL-22 and IFN-g cytokine expression in CD4+CD45RO+ synovial 
T cells in patients with established RA. Numbers in representative dot plots indicate the proportion of cytokine 
expressing cells per quadrant.
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IL-22 has limited effects on IL-6, IL-8, MMP-1 and MMP-3 production in CCR6+ T cell-
RASF cultures

Upon interaction with CCR6+ T cells, RASF produce pro-inflammatory mediators such as IL-6, IL-8 

and tissue destructive enzymes, such as matrix metalloproteinase-1 (MMP-1) and MMP-3. This 

production is largely dependent on IL-17A and TNF-a [14]. However, the contribution of IL-22 

to IL-6, IL-8, MMP-1 and MMP-3 induction is unclear. Therefore, CCR6+ T cell-RASF co-cultures 

were performed wherein IL-22 signalling was neutralized by anti-IL-22 antibodies, or wherein 

IL-22 production was induced by an AHR agonist, 6-formylindolo[3,2-b]carbazole (FICZ) [27]. IL-

22 neutralization had no effects on IL-17A, IL-6, IL-8, MMP-1 and MMP-3 production in CCR6+ T 

cell-RASF co-cultures (Figure 4). Treatment of CCR6+ T cell cultures with FICZ resulted in a ~4.7 

fold induction of IL-22 expression. This had a slight, but not significant inhibitory effect on IL-

17A production in CCR6+ T cell-RASF co-cultures. This effect on IL-17A was accompanied by a 

significant reduction of IL-6, but not of IL-8, MMP-1 and MMP-3 production. These findings show 

that IL-22 has limited effects on pro-inflammatory cytokine and MMP production in CCR6+ T cell-

RASF co-cultures in the presence of IL-17A.

Figure 3 IL-22 production by CCR6+ T cells is not induced upon interaction with RASF. (A-B) Cultures of 25.0 x 
103 sorted CCR6+ T cells from patients with early RA in the presence or absence of 10.0 x 103 RASF. Cells were 
cultured for 3 days in the presence of aCD3 and aCD28. (A) Flow cytometric analysis for intracellular IL-17Aand IL-
22 expression in CCR6+ T cell cultures (white bars) and CCR6+ T cell RASF co-cultures (black bars). (B) IL-17A, IL-22 
and TNF-a expression levels were determined by ELISA in supernatant of CCR6+ T cell cultures (white bars) and 
CCR6+ T cell RASF co-cultures (black bars). Mean and SEM are given for 5-7 treatment-naive early RA patients per 
group (** = p < 0.01, *** = p < 0.001).
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Th22 cells are less potent inducers of IL-6, IL-8 and MMP-1 production by RASF 
compared to Th17 cells

In addition, the effects of primary Th17 or Th22 cells from patients with early RA on RASF were 

investigated. Therefore, primary Th17 and Th22 cells were sorted according to the gating strategy 

as shown in figure 1A and cultured in the presence of RASF. To verify the phenotype of the sorted 

Th17 and Th22 cells, intracellular flow cytometric staining for IL-17A and IL-22 was performed. 

Th17 and Th22 cells both produced IL-17A and IL-22, but IL-17A production was higher in Th17 

cells (4.4% vs. 1.3% in Th22) and IL-22 production was higher in Th22 cells (9.3% vs. 2.0% in 

Th17) (Figure 5A). These differences were reflected by protein expression levels in the culture 

supernatant. Th17 cells expressed higher levels of IL-17A compared to Th22 cells and IL-22 was 

expressed by both Th17 and Th22 cells. Furthermore, slightly higher levels of IFN-g and TNF-a 

were expressed by Th17 cells compared to Th22 cells (Figure 5B). 

Importantly, compared to peripheral blood Th17 cells, Th22 cells were less efficient in the 

induction of IL-6 and MMP-1 production by RASF (Figure 5B). To verify whether this phenomenon 

is also true for synovial Th22 cells, synovial Th17 and Th22 cells were sorted and co-cultured 

Figure 4 IL-22 has limited effects on pro-inflammatory cytokines and MMPs produced by RASF upon interaction 
with CCR6+ T cells. 10.0 x 103 RASF were co-cultured with 25.0 x 103 sorted CCR6+ T cells from patients with early 
RA. Cells were cultured for 3 days in the presence of aCD3 and aCD28 and in the absence or presence of aIL-22 (10 
mg/ml) or FICZ (2 mM). Indicated cytokines and MMPs were determined in supernatant by ELISA. Mean and SEM 
are given for 5 treatment-naive early RA patients per group. Results are representative for at least 3 independent 
experiments (* = p < 0.05, ** = p < 0.01).
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Figure 5 Eff ects of primary Th17 and Th22 cells of pati ents with early RA in RASF co-cultures. (A-B) 10.0 x 103 
RASF were co-cultured with 25.0 x 103 sorted primary Th17 or Th22 cells from pati ents with early RA. Cells were 
cultured for 3 days in the presence of aCD3 and aCD28. (A) Flow cytometric analysis for intracellular IL-17A and 
IL-22 expression by primary Th17 or Th22 cells, co-cultured for 3 days with RASF. Numbers in representati ve dot 
plot represents proporti on of cytokine expressing cells per quadrant. (B) Indicated cytokines and MMPs were 
determined in supernatant by ELISA. Mean and SEM are given for 5 treatment-naive early RA pati ents per group. 
(C) 10.0 x 103 RASF were co-cultured with 3.0 – 10.0 x 103 sorted primary synovial fl uid Th17 or Th22 cells from 
pati ents with early RA. Indicated cytokines and MMPs were determined in supernatant by ELISA. Mean and SEM 
are given for 4 pati ents with established RA per group (* = p < 0.05, ** = p < 0.01).
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with RASF. After co-culture, IL-17A and IFN-g expression was restricted to Th17-RASF co-cultures, 

whereas both Th17-RASF and Th22-RASF co-cultures expressed IL-22 and TNF-a. Compared to 

synovial Th17 cells, synovial Th22 cells are less potent in inducing IL-6 and MMP-3 production by 

RASF (Figure 5C).

When taken together, compared to peripheral and synovial Th17 cells, Th22 cells are less 

efficient in inducing pro-inflammatory cytokine and MMP production by RASF.

IL-22 does not contribute to IL-17A/Th17 mediated synovial inflammation in antigen 
induced arthritis 

To investigate whether IL-22 directly contributes to T cell-mediated synovial inflammation in 

vivo, the murine mBSA antigen induced arthritis (AIA) model was used. This model is largely 

T cell-mediated and dependent on IL-17A. Furthermore, T cells in this model express IL-22 

[41, 42]. AIA was induced in IL-22 deficient (IL-22-/-) mice and wild-type mice. Knee swelling in 

time was measured and arthritis severity was macroscopically scored. No difference in knee 

swelling, macroscopic inflammation score, histology and IL-17A production between arthritic 

wild-type and IL-22-/- mice was detected, indicating that in the presence of IL-17A, IL-22 is not 

directly involved in T cell-mediated synovial inflammation in AIA (Figure 6A-D). This was further 

supported by similar CD4, CD8 and TCRgd T cell proportions, and similar proportions of IL-17A 

and IFN-g producing CD4 T cells in arthritic IL-22-/- and wild-type draining lymph nodes (Figure 6E 

. In addition, similar mBSA specific proliferation or cytokine production responses were observed 

between arthritic IL-22-/- or wild-type draining lymph node cells (Figure 6E and 6F).
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Taken together, these findings show that lack of IL-22 has no in vivo contribution to IL-17A/

Th17 mediated synovial inflammation in AIA. 

DISCUSSION

By using cultures with primary human T cells of treatment naive patients with early RA and T cell-

mediated arthritis in IL-22-/- mice, we showed that IL-17A/Th17 mediated synovial inflammation 

is independent of IL-22. IL-22 produced by CCR6+ T cells had limited effects on RASF produced 

pro-inflammatory cytokines IL-6, IL-8 and tissue destructive enzymes MMP-1 and MMP-3. In 

addition, primary human peripheral or synovial Th22 cells were markedly less potent than Th17 

cells in inducing IL-6, MMP-1 and MMP-3 production by RASF. Moreover, deficiency of IL-22 in 

vivo has no significant effect on IL-17A/Th17 mediated synovial inflammation in AIA. 

Despite, the limited observed effects of IL-22 and Th22 cells on IL-17A/Th17 mediated 

synovial inflammation, increased IL-22 levels or Th22 cell proportions are found in patients 

with early RA and are present in synovial fluid. Interestingly, Th22 cells correlate with elevated 

proportions of Th17 cells in patients with RA [32]. This and the shared developmental program 

and dependence on similar transcriptional regulators and cytokines, such as ROR-C and IL-23 

[19], may imply that IL-22 expression is commonly accompanied with IL-17A mediated function. 

This may be highly relevant in local mucosal immune responses against microorganisms [19, 

23, 24], whereas this is less relevant in non-mucosal environments, such as the joint synovium. 

We found an increase in IL-17A production, but not in IL-22 production, by CCR6+ T cells in 

 Figure 6 Effects of IL-22 deficiency in antigen induced arthritis (AIA). Arthritis was induced in both IL-22-/- 
and wild type mBSA immunized mice by an intra-articular injection with 60 mg mBSA. (A) Synovial inflammation 
of wild-type (black squares) and IL-22-/- mice scored as the ratio between knee thickness before onset and 1, 4 
and 7 days after onset of arthritis. Mean is given for 24 knee joints of 12 mice per group per time point. (B) 
Macroscopical scores of synovial inflammation of wild-type (white bars) and IL-22-/- (black bars) mice, 7 days after 
onset of arthritis. Mean and SEM are given for 24 knee joints of 12 mice per group. (C) Representative histological 
(H&E) stainings of knee joint sections obtained 7 days after immunization from wild-type and IL-22-/- mice. (D) 
Expression of IL-17A synovial washouts of naive wild type (white bars), arthritic wild type (grey bars) and arthritic 
IL-22-/- mice (black bars). Mean and SEM are given for 8 synovial washouts per group (E) Flow cytometric analysis for 
the population of CD4, CD8 and TCRgd T cells and intracellular IL-17A and IFN-g expression obtained from wild-type 
(white bars) and IL-22-/- mice (black bars), 7 days after the induction of arthritis. Data are obtained from at least 2 
independent experiments. Mean and SEM are given for 6 mice per group. (F-G) mBSA specific responses of draining 
lymph node cells from naive wild type (white bars), arthritic wild type (grey bars) and arthritic IL-22-/- mice (black 
bars), cultured in the presence or absence of mBSA. (F) Proliferative response to mBSA stimulation, as determined 
by [3H] thymidine incorporation. (G) IL-17A response to mBSA stimulation. Mean and SEM are given for 4-9 mice 
per group. For statistical analysis a two-sided unpaired t-test was performed. (* = p < 0.05, *** = p < 0.001).
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the presence of RASF. However, in peripheral blood of RA patients, we found increased IL-22 

levels and increased numbers of Th22 cells. This suggests that additional signaling events or 

cellular interactions are present, which induce IL-22 expression. Indeed, addition of LPS activated 

monocytes or IL-23 were able to induce the induction of IL-22 in our system (data not shown). 

On the other hand, IL-22R is expressed by RASF and within synovial tissue IL-22 is produced 

by RASF [35], indicating a function for IL-22 in the inflamed synovium. Treatment of RASF with 

IL-22 has been shown to induce proliferation and expression of chemokines, such as CCL2 [35]. 

However, in our T cell-RASF co-cultures we were not able to identify an effect of IL-22 on the 

expression of CCL2 (data not shown). This lack of effect together with no inducing effects on the 

pro-inflammatory mediators IL-6 and IL-8 produced by RASF indicates that in comparison to IL-

17A, which is a potent inducer of IL-6 and IL-8 [14], IL-22 has limited effects in T cell-mediated 

synovial inflammation.

Moreover, the effect of IL-22 is likely dependent on the stage of synovial inflammation. In 

IL-1Ra-/- mice, IL-17A is already expressed in the early stages of inflammation, whereas IL-22 is 

mainly expressed in highly inflamed synovia [43]. This may explain the mild effect on arthritis 

severity in IL-1Ra-/- mice after anti-IL-22 treatment compared to anti-IL-17A treatment [43]. The 

expression of IL-22 in later stages of arthritis and our finding that IL-22 deficiency has no effect in 

T cell-mediated arthritis, shows that IL-22 has a secondary effect on synovial inflammation rather 

than a direct role in the induction of synovial inflammation.

It might be that IL-22 has a role in the induction of bone erosions in later stages of RA. This 

would be in line with the finding that IL-22 expression levels correlate with bone erosions and the 

induction of osteoclastogenesis by RASF induced RANKL production [12, 34, 44]. 

The observation that the increase of IL-22 levels and Th22 cells in patients with RA correlates 

with elevated Th17 cells and progression of bone erosions [12], would argue for the use of IL-22 

or Th22 cells as a biomarker in RA. For this purpose a combination of chemokine receptors and 

cytokines will be preferable to distinguish pure Th17 and Th22 cell populations (Figure 1)

From the findings that synovial inflammation was not affected in IL-22-/- mice it can 

be concluded that local IL-22 produced by adaptive or innate immune cells have no direct 

contribution to the induction of T cell-mediated synovial inflammation. However, this is in 

disagreement with findings obtained by collagen induced arthritis (CIA) in IL-22-/- mice, in which 

arthritis incidence and severity was lower compared to wild-type mice [36]. On the other hand, 

our data are in line with other experimental auto-immune disease models, such as EAE, in which 

IL-22 is not required for the induction of encephalomyelitis [39]. A possible explanation for 

these differences is the underlying pathological mechanism in these experimental autoimmune 

models. Whereas AIA and EAE are largely dependent on cellular immune responses, CIA is both 

dependent on humoral and cellular responses, suggesting a more important role of IL-22 in the 

humoral response and less in the cellular response [36, 41, 45]. After CIA induction high total 

IgG and collagen specific IgG levels were found in IL-22-/- mice [36], suggesting a role of IL-22 in 
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IgG production by B cells. In this context, a current study performed in our laboratory (Corneth 

et al., unpublished), confirmed the data as published by Geboes et al. [36], that IL-22 deficiency 

in the CIA model results in decreased arthritis incidence and severity. However, we observed 

impaired terminal B cell differentiation associated with a decreased number and size of germinal 

centers in IL-22-/- mice. As IL-22 is expressed in lymphoid organs the suppressive effects of IL-22 

deficiency on arthritis severity may be caused by intrinsic defects in germinal center formation or 

maintenance and altered kinetics of collagen specific antibody production in IL-22-/- mice. 

IL-22 serum levels in patients with RA correlated with serum titers of antibodies against 

citrullinated peptides [44]. It would be of interest to investigate whether these antibodies are of 

high affinity and whether the kinetics of antibody production is altered in IL-22-/- mice.

Studying the role of IL-22 is complicated, because (1) IL-22 is expressed by multiple cells 

of the immune system, such as T cells, NK cells and lymphoid tissue inducer cells and (2) IL-

22 is expressed in different tissues, including the skin, gut and lymph nodes and (3) IL-22 has 

multiple context dependent functions, such as wound healing and microbial defense [46, 47]. 

The contrasting results of studies regarding IL-22, which show pro-inflammatory, protective or 

no effects of IL-22 in different diseases or disease models, may be inherent to these context 

dependent effects of IL-22. In psoriasis for example IL-22 can synergize with other pro-

inflammatory cytokines to induce many of the pathogenic phenotypes from keratinocytes and 

exacerbate disease progression in psoriasis. In contrast, IL-22 plays a beneficial role in IBD by 

enhancing barrier integrity and epithelial innate immunity of the intestinal tract [21, 40, 46, 47]. 

Moreover, IL-22 has protective roles in airway inflammation and protects against liver pathology 

during malaria infection [48-50].When taken together, IL-22 does not contribute to the induction 

of IL-17A/Th17 mediated synovial inflammation. This implies that treatment of patients with 

early RA should focus on targeting IL-17A and Th17 cells, rather than on targeting IL-22. 
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ABSTRACT

Objectives The Th17 cytokine IL-22 is thought to have a pro-inflammatory role in rheumatoid 

arthritis. It is associated with increased joint destruction in rheumatoid arthritis (RA) patients, 

suggesting IL-22 might be a useful therapeutic target in RA. Indeed, in collagen-induced arthritis 

(CIA), an animal model for RA, IL-22 knock-out mice are partially protected against pannus 

formation and bone destruction. However, the role of IL-22 on T and B cell immunity in the 

inflammatory phase of RA is not fully understood. This prompted us to further study the role of 

IL-22 in auto-immune arthritis.

Methods The role of IL-22 in T cell immune responses was investigated in vitro by co-culturing 

wild type (wt) and IL-22KO Th17 cells with synovial fibroblasts and in vivo by DTH in IL-22KO and 

wt mice. To investigate the role of IL-22 on B cells in auto-immune inflammation, CIA was induced 

in wt and IL-22KO mice. 

Results T cell immune responses were normal in IL-22KO mice in vitro and in vivo compared 

to wt controls. However, terminal B cell immunity was impaired in these mice. Germinal center 

formation was decreased, with fewer and smaller germinal centers being formed in the spleen. 

This led to decreased plasma cell formation and lower auto-reactive anti-collagen specific IgG2a 

antibody production in the inflammatory phase of disease. 

Conclusions These data show a critical role for IL-22 in functional germinal centers and 

terminal B cell differentiation, having implications for the use of IL-22 as a therapeutic target for 

RA and other auto-immune diseases.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease affecting 1% of the Western 

population and is characterized by chronic inflammation of the synovium of the joints and 

subsequent destruction of cartilage and bone (1, 2). Interleukin 17 (IL-17), a T-helper-17 (Th17) 

cell cytokine, plays an important role in this disease (3-5). Th17 cells can be found in the inflamed 

joint synovium and IL-17 can be detected in the synovial fluid of patients with RA (6, 7). These 

Th17 cells, if not properly controlled, induce a pro-inflammatory feedback loop with synoviocytes 

(8, 9). In addition, numbers of circulatory Th17 cells and IL-17 levels in serum are higher in RA 

patients who do not respond to anti-TNF therapy (10). In collagen induced arthritis (CIA), an 

animal model for RA, IL-17 neutralizing antibodies protect mice against joint inflammation and 

destruction (11). In addition, CIA disease incidence and severity are reduced in IL-17A deficient 

mice (12). 

Next to IL-17, Th17 cells also produce IL-22 (13). This IL-10 family member signals through 

a heterodimer of the IL-10 receptor 2 (IL-10R2) and the IL-22 specific IL-22R1 subunit, which is 

expressed on stromal cells, but not on immune cells (14). Therefore, IL-22 appears to be involved 

in the crosstalk between immune cells and their surrounding tissue. IL-22 is not only produced 

by Th17 cells, but also by CD8+ T cells, NK T cells and innate lymphoid cells (15-17). Recently, a 

new human T helper cell subset was described which produces IL-22, but not IL-17A (18-20). 

However, these Th22 cells have not been found in mice. 

The role of IL-22 in immune responses is very heterogeneous. It plays a major role in the 

defense against microbes at mucosal barriers and it is involved in tissue repair (17, 21-23). Also, 

IL-22 is required to prevent systemic inflammation with commensal gut flora (24). In addition, 

IL-22 is also implicated in several autoimmune diseases (25). In RA patients, higher proportions 

of IL-22 expressing T cells are found in the circulation and in the inflamed syovium (7, 26-28). 

Furthermore, IL-22 induces osteoclastogenesis through fibroblast activation and serum IL-22 

levels in RA patients correlate with radiographic progression of disease (29, 30). In patients with 

psoriasis, IL-22 producing cells are elevated in skin lesions and IL-22 is involved in the pathology 

of the autoimmune skin inflammation (15, 31) . IL-22 levels in serum of patients with psoriasis 

correlate with disease severity (32, 33). Furthermore, several mouse models of psoriasis depend 

on IL-22 (34, 35). 

In contrast, IL-22 is not required for experimental autoimmune encephalomyelitis (EAE) 

(36). Even more so, although serum levels of IL-22 are increased in inflammatory bowel disease 

(IBD) patients and correlate with disease activity (37), IL-22 is protective in mouse models of 

IBD (38-40). In bleomycin induced airway inflammation, IL-22 can have both a protective and a 

pathological role, depending on the co-expression of IL-17A (41). These seemingly opposite roles 

of IL-22 in (auto)immune diseases prompted us to further study the role of IL-22 in autoimmune 

inflammation. Geboes et al. have shown that in CIA, IL-22 deficient mice are partially protected 
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against pannus formation and joint destruction (42). However, the role of IL-22 in the inflammatory 

phase of the disease, and especially the effect of IL-22 on B cell immunity, is not fully understood. 

Here we show that IL-22 is required for the formation or maintenance of functional germinal 

centers in CIA. In IL-22KO mice terminal B cell differentiation and pathogenic antibody formation 

are impaired. However, because lymphoid cells do not express the IL-22 receptor, this effect is 

indirect, pointing to a role for IL-22 in the formation of functional follicular structures. These data 

provide new insight in the role of IL-22 in B cell mediated autoimmune diseases and IL-22 as a 

target for the treatment of patients with RA.

METHODS

Mice 

IL-22 knock-out mice on a C57Bl/6 background (22) were kindly provided by Dr. Wenjun Ouyang, 

Genentech Inc., USA. Wild type C57Bl/6 control mice were purchased from Harlan Laboratories 

B.V. (Horst, The Netherlands). Mice were kept under SPF conditions in the Erasmus Medical 

Center animal facility (EDC) and all experiments were approved by the Erasmus MC Animal 

Ethical Committee. Animals were provided with food ad libitum. All mice were 8-12 weeks of age 

at the start of the experiments. 

Immunizations 

For collagen induced arthritis (CIA), 2 mg/ml chicken collagen type II (CII) (Chondrex, USA) 

was emulsified in an equal freund’s adjuvant (CFA) volume containing 1 mg/ml heat-killed 

Mycobacterium tuberculosis (strain H37Ra; Difco Laboratories, Inc., Detroit, Mi). Mice were 

immunized by intra-dermal (i.d.) injection with 100µg CII/CFA emulsion. 21 days later, mice were 

boosted subcutaneously (s.c.) with 100µg CII/CFA. Arthritis severity was scored macroscopically 

with a maximum score of eight per mouse. 

For delayed type hypersensitivity reaction (DTH), 8 mg/ml methylated bovine serum albumin 

(mBSA, Sigma-Aldrich, St. Louis, MO) was emulsified in an equal complete freund’s adjuvant 

(CFA) volume containing 1 mg/ml heat-killed Mycobacterium tuberculosis (strain H37Ra; Difco 

Laboratories). Mice were immunized with 100µg mBSA/CFA emulsion intra-dermally and were 

injected with 200µg mBSA in 10 ml 0.9% NaCl the footpads 7 days later. Swelling of the footpads 

was measured 24 and 48 hours after injections in the footpads. 

Co-culture experiments 

Th17 cells were sorted from spleens obtained ten days after CII/CFA immunization by FACS 

sorting CD4-high, CD62L-low, CD25-low, CCR6-high expressing cells. Antibodies were obtained 
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from BD BioSciences (San Diego, CA, USA) or Biolegend (San Diego, CA, USA) (anti-CCR6). Purity 

of obtained fraction was >98%. 15*103 sorted cells were co-cultured with 104 synovial fibroblasts 

in IMDM medium (Lonza, Verviers, Belgium), supplemented with 10% FCS (Invitrogen, Carlsbad, 

CA), 100 U/ml Penicillin/Streptomycin, 2 mM L-Glutamin (Lonza) and 50 mM b-mercapto-ethanol 

(Merck, Darmstadt, Germany) and anti-CD3 and anti-CD28 (both 4μg/ml, BD BioSciences) for 96 

hours. After 96 hours, IL-6 levels in supernatant were measured by ELISA and IL17A expressing 

cells were measured by flow cytometry. 

Flow cytometry 

For intracellular cytokine staining, 2*106 splenocytes were stimulated with PMA (0,05 μg/ml) 

and Ionomycin (0,5μg/ml) in the presence of Golgi stop (BD Biosciences) for 4 hours. Cells were 

fixed with 2% PFA and permeabilized in 0,5% saponin. Anti-CD4 and anti-IL-17A antibodies were 

obtained from BD BioSciences.

For B cell stainings, 2*106 splenocytes were stained with antibody mix for 20 minutes at 

room temperature. For intracellular staining, cells were subsequently fixed and permeabilized 

using BD Cytofix/Cytoperm (BD BioSciences) and stained for intracellular markers for 20 minutes 

at room temperature. Anti-CD19, anti-B220 and anti-IgM were obtained from eBioscience (San 

Diego, CA, USA), anti-IgD and anti-CD95 from BD BioSciences and anti-PNA from Sigma-Aldrich 

(St Louis, USA).

Samples were acquired on a FACS Canto II HTS or a FACS LSR II flow cytometer (BD BioSciences) 

and analyzed using FlowJo (Tree Star, Inc., Ashland, OR, USA) software. 

ELISA 

For CII specific serum antibody level measurement, wells of microtiter plates were coated with 

1μg/mL CII (Chondrex). Samples and reference sample were diluted serially and incubated in the 

wells for three hours at room temperature. Secondary antibodies goat-anti-mouse IgM, IgG1 and 

IgG2a (Southern Biotechnology Associated, Inc., Birmingham, AL, USA) were incubated for one 

hour at room temperature. Optical density at 450nm was measured. 

Measurements of IL-6 levels in culture supernatant were performed using a mouse IL-6 ELISA 

Duoset (R&D Systems, Minneapolis MN). ELISA was performed according to the manufacturer’s 

instructions. 

Immunohistochemistry 

Spleen tissue was frozen in Tissue-Tec O.C.T. Compound (Sakura Finetek Europe B.V., Alphen aan 

den Rijn, The Netherlands) and stored at -80⁰C. 6μm thick samples were cut. Slides (Superfrost, 

Gerhard Menzel GmbH, Braunschweig, Germany) were fixed in acetone and endogenous 
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peroxidase was blocked using 30% H2O2 (Sigma-Aldrich). Slides were stained with anti-PNA 

(biotinylated, Sigma-Aldrich) and streptavidin (peroxidase labeled, Jackson ImmunoResearch, 

Westgrove, PA, USA) or rat-anti-IgD (eBioscience) and anti-rat (alkaline phosphatase labeled, 

Sigma-Aldrich). Pictures were made using a NanoZoomer (Hamamatsu Photonics Deutchland 

GmbH, Herrsching am Ammersee, Germany). 

Statistical analysis 

Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jollla, CA). A two-sided 

students T-test was performed, unless indicated otherwise. P-values <0,05 were considered 

significant. 

RESULTS

IL-22KO mice are protected against severe CIA

Geboes et al have suggested that IL-22 is involved in the development of CIA (42). To verify the 

effects of IL-22 deficiency on the induction and severity of arthritis, wild type and IL-22KO C57/

Bl6 mice were immunized with chicken type 2 collagen (CII) in complete Freund’s adjuvant (CFA) 

and boosted 21 days later. IL-22 has no significant effect on the incidence of arthritis, as the 

incidence of CIA at day 50 after immunization in wild type mice (~35%) was in the same range 

of the IL-22KO mice (~50%) (figure 1A). In contrast, IL-22 was critically involved in the severity of 

arthritis, which was significantly lower in IL-22KO mice compared with wild type controls (figure 

1B). These findings show that although IL-22KO mice are susceptible to CIA, they are protected 

against severe arthritis.

Figure 1. Incidence and severity of CIA in wild type and IL-22KO mice. [A] Incidence of CIA in wild type (black 
circles) and IL-22KO (clear circles) mice in CIA. Percentages of animals are shown. [B] Arthritis score of animals with 
disease. Maximum score is 8. Animals with a score >6 were sacrificed for ethical reasons. Mean and SEM are shown 
for n = 20 wild type and 21 IL-22KO animals, graph is representative for four individual experiments, * p<0,05. 
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Th17 cells from CII immunized IL-22KO mice are pathogenic in vitro

Next, we wondered which cell type could be involved in the apparent pathogenic role of IL-22 in 

CIA. Previous studies have shown that IL-17A and Th17 cells play a critical role in the incidence 

and progression of arthritis (11, 22, 43). Therefore, we analyzed whether IL-22 has an effect 

on the population size of IL-17A producing splenic CD4+ T cells in wild type and IL-22KO mice 

at different time points after CII-immunization. Flow-cytometric analysis revealed that the lack 

of IL-22 production had no inhibitory effect on the proportions of splenic CD4+ T cells that 

produced IL-17A in IL-22KO mice. Percentages of splenic Th17 cells were even higher in these 

mice ten days after immunization (figure 2A). As Th17 cells are crucial for the development of 

CIA, we next investigated whether Th17 cells that do not express IL-22 are equally pathogenic in 

vitro as Th17 cells that do produce IL-22. Wild type and IL-22KO mice were immunized with CII/

CFA and sacrificed ten days after immunization. Fractions of CD4+CCR6+ effector T cells, which 

are enriched for Th17 effector cells (44), were FACS sorted from the spleens of these mice. The 

sorted cells were co-cultured with synovial fibroblasts to determine if they were equally capable 

of inducing a pro-inflammatory response in fibroblasts, which express the IL-22R (8, 45). After 

three days, IL-6 production by synovial fibroblasts in the culture supernatant was measured by 

ELISA. Interestingly, we found a higher production of IL-6 in IL-22KO T cell co-cultures, compared 

with wild-type T cell co-cultures, indicating an increased pathological capacity of CCR6+ T cells 

deficient for IL-22 (figure 2B). In line with this effect a significant increased proportion of IL-17A 

Figure 2. Pathogenicity of wild type and IL-22KO Th17 cells in vitro. [A] Percentage of IL-17A producing CD4+ T 
cells in wild type (black bars) and IL-22KO (clear bars) mice at several time points in CIA. Mean and SEM are shown 
for n = 6-10 animals per group. [B-C] Wild type and IL-22KO mice were immunized with CII/CFA and sacrificed 
ten days later. 15*103 FACS sorted CD4+CCR6+ T cells from the spleens of these wild type and IL-22KO mice were 
co-cultured with 104 mouse synovial fibroblasts for three days. [B] Levels of IL-6 in co-culture supernatant after 
three days, as measured by ELISA. Mean and SEM are shown for n = 6 samples per group. [C] Percentage of IL-17A 
producing T cells after three days of co-culture with synovial fibroblasts. Graph is representative for two individual 
experiments, *p<0,05. 
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producing T cells was observed in the absence of IL-22 (figure 2C). These findings show that IL-

17A producing T cells are present in the absence of IL-22 after CII immunization and that these 

cells retain pathogenic potential.

T cell responses in vivo in IL-22KO mice are normal

As the proportion of Th17 cells in the spleen during CIA and their pathologic potential appear not 

to be effected by a lack of IL-22 expression, we also tested whether the Th1/Th17 cell responses 

were normal in IL-22KO mice by measuring a DTH response in vivo. This model is Th1 mediated, 

but has been shown to be dependent upon IL-17A (46). Both wild type and IL-22 KO mice were 

immunized with mBSA in CFA. Seven days later, a secondary injection with mBSA in the footpads 

resulted in a comparable swelling of the footpads in IL-22KO and wild-type mice (figure 3). These 

findings show that Th1/Th17 cell responses in IL-22KO mice are normal. Therefore the partial 

protection against CIA development in IL-22KO mice is not likely to be caused by impaired T cell 

immunity.

Class switch recombination and production of CII specific antibodies depends on IL-22 
in CIA

In addition to Th17 cells, CIA disease development depends highly on a humoral immune 

response with the production of pathogenic IgG2a antibodies, immune complex formation and 

complement activation (47). We therefore analyzed B cell immunity in wild type and IL-22KO 

mice in CIA. Proportions of splenic B cells were comparable between wild type and IL-22KO mice 

(figure 4A), as were total splenic B cell numbers (data not shown). Formation of intracellular IgM+ 

Figure 3. Pathogenicity of wild type and IL-22KO Th1/Th17 cells in vivo. Wild type and IL-22KO mice were 
immunized with mBSA/CFA. After seven days a trigger with mBSA was given directly in the footpads of these mice. 
Swelling of the footpad was measured to determine the inflammatory T cell response. Mean and SEM are shown 
for n = 5 animals per group.
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plasma cells in the spleen was comparable in wild type and IL-22KO mice, as was the production 

of CII specific IgM antibodies in serum (figure 4B and C, respectively). However, the formation of 

class-switched plasma cells was impaired in IL-22KO mice as shown by the significantly reduced 

proportion of intracellular IgG1+ and IgG2ab+ positive plasma cells in the spleen when compared 

with wild type controls (figure 4D and E). Importantly, the decrease in class switched-plasma 

cells was associated with a remarkable decrease in the concentration of pathogenic CII specific 

IgG2a antibodies in the serum of IL-22KO mice in CIA (figure 4F). From these data it becomes 

evident that IL-22 plays a crucial role in the induction of class-switch recombination and in the 

production of pathological collagen specific IgG2ab antibodies during CIA.

Impaired germinal center formation in the absence of IL-22 in CIA

Our finding that CII-specific IgM antibody levels were comparable between IL-22KO and wild 

type mice, but CII-specific IgG antibody levels were lower in IL-22 KO mice, suggests that in 

the absence of IL-22 class switch recombination is impaired. Proportions and total numbers of 

splenic B cells were comparable between wild type and IL-22KO mice at several time points in 

disease (figure 4A and data not shown). Interestingly however, at the peak of disease severity, 

Figure 4. Plasma cell and auto-reactive antibody formation in wild type and IL-22KO mice in CIA. Proportions of 
splenic B cells [A] and splenic IgM [B], IgG1 [D] and IgG2ab [E] plasma cells in CIA, as measured by flow cytometry. 
Serum CII-specific IgM antibody [C] and IgG2a [F] levels in CIA, as measured by ELISA. Mean and SEM are shown for 
10-20 animals per group, * p<0,05. 
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the proportions of PNA+ germinal center B cells were slightly decreased in IL-22KO mice (figure 

5A, p=0,08). Immuno-histo-chemistry confirmed that only very few, smaller germinal centers 

were formed in spleens of IL-22KO mice when compared with wild type mice (figure 5B and 5C).

Together, these data show that lack of IL-22 production does not affect pathogenicity of Th17 

cells in CIA. However, terminal B cell differentiation is severely impaired in IL-22KO mice in CIA, 

leading to reduced IgG plasma cell formation and reduced levels of pathogenic anti-CII IgG2a 

antibodies, which are crucial for severe disease. 

DISCUSSION

Our data indicate that IL-22 is essential for B cell immunity in CIA. In line with a previous study 

(42), we found that IL-22KO mice are partially protected against CIA development. Mice had a 

significantly lower arthritis score compared to wild type controls. However, the role of IL-22 in T- 

and B-cell immunity during autoimmune arthritis has not been clearly identified. Here we show 

for the first time that IL-22 is essential for B cell, but not T cell immunity in CIA. By studying IL-

22KO Th17 cells in CIA in vitro and in DTH in vivo, we found that these cells are equally pathogenic 

compared to wild type Th17 cells. In contrast, in CIA in vivo, fewer and smaller germinal centres 

were present in spleens of IL-22KO mice, leading to fewer class switched plasma cells and lower 

serum auto-reactive antibody levels, explaining the significantly lower CIA score in the IL-22KO 

compared to wild type mice. 
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Figure 5. Impaired germinal centre formation in IL-22KO mice in CIA. [A] Proportions of splenic PNA+ germinal 
centre B cells in wild type and IL-22KO mice in CIA at the peak of disease severity (around day 35 after immunization). 
Mean and SEM are shown for n = 17 wild type and 16 IL-22KO mice. [B] Number of germinal centers in the spleen 
per field of vision at the peak of disease severity, analysed by immuno-histo-chemistry. Mean and SEM are shown 
for n = 10 wild type and 8 IL-22 KO animals; *p<0,05. [C] Immuno-histo-chemistry stainings of spleens of wild type 
and IL-22KO mice at the peak of disease severity, blue staining is IgD, brown staining is PNA. Two representative 
samples from n = 20 wild type and 21 IL-22KO mice are shown. Arrows indicate germinal centres.
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We found a higher proportion of IL-17A producing T cells in the spleens of IL-22KO mice in 

CIA at ten days after immunization. At later time points, this difference was no longer present, 

perhaps because these pathogenic cells migrated away from the spleen to the joints. However, 

this increase in IL-17A expression might enhance susceptibility of IL-22KO mice to CIA. This would 

explain the slightly higher incidence of CIA in these mice, even though the severity of CIA is 

lower and associated with impaired B cell immunity. It also suggests a possible link between 

the regulation of IL-17A and IL-22 expression, possibly through competition for AHR or other 

regulatory factors.

The effect of IL-22 on B cell immunity in CIA is surprising, as neither IL-22 nor the IL-22 

receptor is expressed by B cells (14). It is therefore unlikely that IL-22 has a direct effect on B 

cells. As splenic B cell numbers are normal in IL-22KO mice, IL-22 does not appear to have an 

effect on B cell development. In fact, it seems to play a role in the regulation of the formation or 

maintenance of functional germinal centres in the spleen, and possibly also in other lymphoid 

organs. This implies that the impaired formation of class switched plasma cells and the lower level 

of serum IgG antibodies in IL-22KO mice is not caused by a B cell intrinsic defect. This is further 

supported by the finding that the formation of IgM plasma cells and auto-reactive IgM antibody 

levels, which are independent of germinal centres, are normal in IL-22KO mice. In a previous 

study, IL-22KO mice were shown to have smaller B cell follicles in the lungs after infection with M. 

tuberculosis (48). Furthermore, lung fibroblasts produced CXCL13 upon exposure to IL-22, which 

is essential for B cell follicle and germinal centre formation (49). We therefore propose that the 

absence of fully functional germinal centres in IL-22KO mice in CIA could be caused by reduced 

expression of CXCL13 by splenic stromal cells in these mice. 

The formation of class switched plasma cells, the production of auto-reactive IgG antibodies 

and the subsequent formation of immune complexes are essential in the development of CIA. For 

these factors, class switching of B cells is essential, and in CIA this depends on germinal centres. A 

disruption in the formation of germinal centres therefore explains the decreased severity of CIA 

in IL22KO mice. We therefore propose that, unlike IL-17A, IL-22 is not a major ‘pro-inflammatory’ 

cytokine in the inflammatory phase of CIA, but it has a vital role in the regulation of effective 

secondary follicular structures.

Previous studies have suggested the role for IL-22 in the destruction of the joints of mice 

in CIA and also of RA patients (13, 42). However, our data show that in addition, it has a more 

complex, indirect effect on the inflammatory phase of the disease. In a functional assay, we 

showed that Th17 cell pathogenicity is not affected by loss of IL-22 expression. Furthermore, 

another study by our lab indicates that in human T cell – synovial fibroblast (RASF) co-cultures, 

Th17 cells are much more potent inducers of IL-6, MMP-1 and MMP-3 production by RASF than 

Th22 cells (50). Indeed in the B cell independent antigen induced arthritis (AIA) mouse model, 

IL-22KO mice developed similar inflammation and destruction of the joints compared to wild 

type controls (50). These data suggest that, although IL-22 may contribute to a pro-inflammatory 
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response in the joints, in the presence of IL-17A it is not essential for the destruction of cartilage 

and bone. 

Increased levels of IL-22 are present in the joints of RA patients (28). In addition, studies have 

shown a possible role for IL-22 in the induction of osteoclastogenesis (29). IL-22 has therefore 

been considered as a possible new therapeutic target in the treatment of RA. Importantly, our 

data indicate that IL-22 also has a significant effect on the formation of germinal centres and 

therefore on B cell immunity. Because this is a more regulatory effect on the organisational 

structure of lymphoid organs and not a direct effect on immune cells, blocking or neutralizing 

IL-22 in RA patients might not inhibit the inflammation of affected joints, as these processes will 

occur before the patient presents with symptoms of the disease. In addition, our data on the 

pathogenicity of human Th22 and Th17 cells in inducing IL-6, MMP-1 and MMP-3 production 

by RASF suggests that IL-17A might be a more promising target in the treatment of RA patients 

(50). Data from the present study provide new insight in the role of IL-22 in B cell mediated 

autoimmune diseases and IL-22 as a target for the treatment of patients with RA. This information 

may have significant implications for designing IL-22 neutralizing strategies for RA and other B 

cell mediated auto-immune diseases.
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ABSTRACT

While surrogate light chain (SLC) expression is normally terminated in differentiating pre-B cells, 

co-expression of SLC and conventional light chains has been reported in a small population of 

autoreactive peripheral human B cells that accumulate in arthritic joints. Despite this association 

with autoimmunity the contribution of SLC expressing mature B cells to disease development is 

still unknown. We studied the pathogenicity of SLC+ B cells in a panel of mice that transgenically 

express various levels of the SLC components VpreB and λ5 throughout B cell development. Here 

we report that although VpreB or λ5 expression mildly activates mature B cells, only moderate 

VpreB expression levels - in the absence of λ5 - can enhance IgG plasma cell formation. However, 

no autoantibody production was detectable in VpreB or λ5 transgenic mice and on susceptible 

genetic backgrounds VpreB expression could not accelerate autoimmunity. Instead, moderate 

VpreB expression partially protected mice from induced autoimmune arthritis. In support of a 

tolerogenic role of SLC-transgenic B cells, we observed that in a dose-dependent manner SLC 

expression beyond the pre-B cell stage enhances clonal deletion among immature and transitional 

B cells and renders mature B cells anergic. Collectively, these findings suggest that SLC expression 

in human B cells does not propagate autoimmunity but instead imposes tolerance.
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INTRODUCTION

Over a decade ago in arthritic joints of RA patients a new candidate pathogenic B cell subset was 

identified of which ~68% expressed B cell receptors (BCRs) reactive to nuclear self-antigens (1, 2). 

These cells that constitute up to 1% of circulating B cells in peripheral blood of healthy individuals 

(1) remarkably co-express conventional Ig light chains (LC) and pre-B cell receptor (pre-BCR) 

components VpreB and lambda5 (λ5) at the cell surface (1, 3). Despite the pre-BCR expression 

these SLC+LC+ cells cannot be designated as immature bone marrow emigrants based on their low 

expression of CD10 and CD38 with concomitant upregulation of activation or memory markers, 

including CD5 and CD27 (1). The notion that SLC+LC+ B cells may represent a recently activated 

B cell population in vivo is further supported by the recapitulation of VpreB re-expression in a 

fraction of GL-7+ murine B cells in mice subjected to T-dependent immunizations (3). Despite 

the recognition of their activated phenotype and predominant expression of autoreactive BCRs 

(1, 2), it is still unknown whether these SLC+LC+ B cells propel or modulate autoreactive B cell 

responses in rheumatic diseases.

Expression of the SLC at the pre-B cell stage is essential to verify successful rearrangement, 

stable expression, and possibly the IgL chain pairing capacities of the produced IgH chain (4). 

In addition, the SLC may also function as a counterselector for autoreactive IgH chains since 

SLC-deficient mice exhibit spontaneous autoantibody production (5). In large cycling pre-B cells 

with successfully recombined IgH chains SLC signaling induces a transient proliferative burst, 

ensures allelic exclusion through terminating gene expression that is required for Ig gene 

rearrangements, and silences its own transcription (reviewed in (6)). The SLC instantly provides 

such positive feedback signals to differentiating IgH expressing pre-B cells, since it is equipped 

with autonomous signaling capacity (7, 8). This capacity is not only conferred by the polyreactive 

nature of the non-immunoglobulin tail of λ5 that can bind multiple self-antigens such as heparin 

sulfate and galectin-1 (9, 10) but mainly by self-reactivity of the SLC to an N-glycosylation site of 

the IgH chain providing strong and instant pre-BCR signaling (11).

The importance of SLC signaling for pre-B cell development is evident from mice deficient for 

SLC components or downstream pre-BCR signaling molecules, such as Bruton’s tyrosine kinase (Btk) 

or BLNK/Slp65 (6, 12). These mice exhibit defects in expression of pre-B cell maturation markers, 

Ig lambda (Igλ) LC rearrangements and an enhanced in vitro proliferative capacity in response 

to IL-7. Conversely, transgenic mice with continuous high-level SLC expression throughout B cell 

differentiation do not exhibit a delay in pre-B cell maturation or prolonged pre-B cell proliferation 

(13). Instead, constitutive BCR signaling induced by high-level transgenic SLC expression hampers 

normal B cell maturation but instead drives spontaneous differentiation of peripheral B cells into 

IgM plasma cells, thereby providing a first indication that constitutive pre-BCR signaling beyond the 

pre-B cell stage may jeopardize B cell tolerance. However, high-level SLC expression in mature B cells 

in these mice did not induce spontaneous IgG autoantibody production or systemic autoimmune 
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disease (13), leaving the possibility that lower doses of SLC signaling could still establish systemic 

autoimmunity. Importantly, in human SLC+LC+ B cells VpreB levels are lower than in pre-B cells, and 

VpreB levels in SLC+LC+ B cells markedly exceed those of λ5 (1).

To study whether pre-BCR signaling, as occurring in rare human SLC+LC+ B cells, could 

affect B cell tolerance, we studied autoimmunity in SLC transgenic (SLC-tg) mice with enforced 

expression of different doses of both or individual SLC components beyond the pre-B cell stage 

(13). Here we report that although enforced SLC expression promotes mild B cell activation in 

vivo, no spontaneous or enhanced autoimmunity could be observed on autoimmune-resistant 

or autoimmune-prone genetic backgrounds. In contrast, prolonged VpreB expression partially 

protects from experimentally induced arthritis by a dose-dependent induction of clonal deletion 

and anergy in developing and mature B cells, respectively. These findings imply that SLC re-

expression in autoreactive SLC+LC+ B cells in humans is most likely not pathogenic but instead 

functions to silence these cells, mainly through tolerance mechanisms other than receptor editing.

MATERIALS & METHODS

Mice and genotyping

The CD19-VpreB Tg and CD19-λ5 Tg constructs and the generation of multiple independent mouse 

strains expressing different copy numbers of these constructs have been described (13). Three 

lines with increasing CD19-VpreB Tg expression (Vprelow, VpreBint and VpreBhigh) and two lines with 

increasing CD19-λ5 Tg expression (λ5low and λ5high) were all crossed onto the c57bl/6 background 

(>10 generations) and were analyzed on this genetic background, or on c57bl/6 FcγRIIB-deficient 

(14) or c57bl/6 Eµ-Bcl2 (15) backgrounds, or upon crossing onto the dba/1 background for >10 

generations. Mice were genotyped by genomic PCR on tail DNA according to standard protocols 

using the following primers for the CD19-VpreB Tg and CD19-λ5 Tg constructs: a forward primer 

aligning with the human genomic CD19-promoter fragment (5’-TGAGAAGGAGTCTATGTGCC-3’), 

a reverse primer specific for mouse genomic vpreb1 (5’-GCCATAGGAGGAGCAAAGAA-3’) and 

a reverse primer specific for mouse genomic Igll1 (λ5; 5’- ACTCTGAGCTTCATTGACCC-3’). All 

mice were kept at specified pathogen free conditions at the Erasmus MC experimental animal 

care facility, and all experimental protocols were reviewed and approved by the Erasmus MC 

committee for animal experiments.

Collagen-induced arthritis (CIA) experiments

Mice on the c57bl/6 background were immunized intradermally at the tail base with 100 µg of 

chicken collagen type 2 (CII; Chondrex) emulsified in complete Freund’s adjuvant (CFA), and a 

secondary immunization was performed at day 21 by injecting intradermally in dorsal skin 100 
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µg of chicken CII emulsified in CFA. Assessment of arthritis severity was performed as described 

in Lubberts et al. (16).

General flow cytometry procedures

Preparation of single-cell suspensions of lymphoid organs and fluorescent labeling of cell surface 

markers was performed according to standard procedures (17). Used monoclonal antibodies 

were specific for CD19 (ID3, eBioscience), CD23 (B3B4, eBioscience), CD25 (PC61.5, eBioscience), 

CD69 (H1.2F3, BD Biosciences), CD86 (GL1, eBioscience), CD93 (PB493/AA4.1, eBioscience), 

CD95 (Jo2, BD Biosciences), CD138 (281-2, BD Biosciences), B220 (RA3-6B2, eBioscience), 

IgM (II/41, eBioscience), IgD (11-26c.2a, eBioscience), IgG1 (A85-1, BD Biosciences), IgG2a/b 

(R19-5, BD Biosciences), IgG3 (R40-82, BD Biosciences), Igκ (187.1, BD Biosciences), Igλ (R26-

46, BD Biosciences), VpreB/CD179a (R3/VpreB, BD Biosciences), and λ5/CD179b (LM34, BD 

Biosciences). Biotin-conjugated antibodies were subsequently stained with fluorochrome-

coupled streptavidin (eBioscience), and staining of Gal-β(1-3)-GalNAc carbohydrates on B cells 

was performed with biotin-conjugated PNA (peanut agglutinin, Sigma-Aldrich). After completing 

cell surface marker labelling, intracellular stainings for Ig or SLC components were performed by 

fixing and permeabilizing/staining in Cytofix/Cytoperm™ and Perm/Wash™ buffers respectively 

(BD Biosciences) according to the manufacturer’s instructions. All flow cytometric measurements 

were performed on a LSRII™ flow cytometer (BD Biosciences) and data were analysed using 

FlowJo software (Tree Star Inc.).

Flow cytometric measurement of Ca2+ influx

Splenic cell suspensions were prepared in loading buffer (HBSS/5% FCS/10mM HEPES) and 

splenocytes were loaded at a concentration of 10·106 cells/mL with 5 µM Fluo-3 (Molecular 

Probes) and 5 µM Fura Red™ (Molecular Probes) in loading buffer for 30 minutes at 37°C. Cells 

were washed and resuspended in flux buffer (HBSS/5% FCS/10mM HEPES/1mM CaCl2) and during 

stimulation at 37°C with 20 µg/mL F(ab’2) goat anti-mouse-IgM (Jackson Immunoresearch) Fluo-

3 and Fura Red™ fluorescence was measured in FITC (515-545 nm) and PerCP-Cy5.5 (675-715 

nm) detection channels respectively on an LSRII™ flow cytometer (BD Biosciences). The ratio of 

Fluo-3/Fura Red™ fluorescence was calculated and normalized for maximum fluorescence upon 

stimulation with 2µg/mL ionomycin (Sigma-Aldrich).

Anti-nucleosome autoantibody ELISA

Measurements of anti-nucleosome autoantibodies in serum by ELISA was performed as described 

previously (17). Briefly, nucleosome-coated plates of an anti-nucleosome ELISA kit (Orgentec) 

were incubated with 100-fold diluted serum samples, and subsequently plate-bound antibodies 
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were detected using the protocol and reagents provided by the manufacturer. As secondary 

reagent polyclonal anti-mouse total IgG antibodies (Southern Biotech) were used.

B cell purification and in vitro stimulation

Magnetic-activated cell sorting (MACS) of naïve splenic B cells was performed by indirect labeling 

of non-B cells, activated B cells, B1 cells and plasma cells using biotinylated anti-CD5 (53-7.3), anti-

CD11b (M1-70), anti-CD43 (S7), anti-CD95 (Jo2), anti-CD138 (281-2), anti-Gr-1 (RB6-8C5), and 

anti-TER-119 (PK136) antibodies (BD Biosciences) and streptavidin-conjugated magnetic beads 

(Miltenyi Biotec). After magnetic depletion of labeled cells the purity of naïve B2 cells typically 

exceeded 95% as verified by flow cytometric analysis. Purified naïve B2 cells were cultured for 24 

hours and stimulated with F(ab’2) goat anti-mouse-IgM (Jackson Immunoresearch) or LPS (own 

production) as described previously (17).

mRNA deep sequencing

mRNA was isolated using the RNeasy Mini Kit (Qiagen) from F(ab’2) goat anti-mouse-IgM 

stimulated or unstimulated splenic naïve B cells. Sequencing of total mRNA was performed using 

a HiSeq 2000 sequencing system (Illumina). Reads were mapped to Ensembl transcripts base on 

the University of California at Santa Cruz (UCSC) mouse genome annotation (mm9). Fragments 

per kilobase of a transcript per million mapped reads (FPKMs) were calculated and assigned 

per transcript. Sequencing data analysis was performed with MultiExperiment Viewer (MeV) 

software v 4.8.1 (Dana-Farber Cancer Institute).

Statistical analysis

The Student’s t-test was used for calculating levels of significance of differences between groups 

of continuous data. Levels of significance in the analysis of mRNA deep sequencing data were 

calculated using a one-way ANOVA with Bonferroni correction.

RESULTS

Expression of different doses of VpreB and λ5 in peripheral B cells

Since VpreB re-expression has been reported in vivo in germinal center B cells upon T-dependent 

immunization (3), we examined whether antigenic stimulation of murine mature B cells could 

induce SLC expression. We used total mRNA deep sequencing analysis to compare gene expression 

in MACS-purified naïve splenic B cells from wild-type mice that were either unstimulated or 

stimulated with F(ab’)2 anti-IgM for 12 hours. Whereas activation marker CD69 showed a robust 
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and significant upregulation upon anti-IgM stimulation, we could not detect a significant increase 

in transcription of Vpreb1 or Vpreb2 genes (Figure S1). Transcription of Vpreb2 was even reduced 

after BCR stimulation, but importantly Vpreb3 transcription was strongly induced (Figure S1). 

Expression of Igll (λ5) was very variable. Since in human SLC+LC+ B cells expression of other pro- 

and pre-B cell genes as Dntt (TdT), Rag1 and Rag2 was reported (1), we examined whether anti-

IgM stimulation could also instruct re-expression of these genes. No significant increase in Rag1 

or Rag2 transcripts could be observed, while Dntt was minimally expressed (Figure S1).

 From these findings it appears that antigenic stimulation of wild-type B cells differentially 

affects transcription of Vpreb and Igll. Therefore, we decided to employ mice that express 

individual VpreB or λ5 components or both of them in mature B cells to study the effects of 

SLC signaling on B cell tolerance. Since it is conceivable that potential effects of SLC expression 

on mature B cell tolerance are limited to a narrow range of lower SLC expression levels, we 

used multiple independent CD19-VpreB Tg and CD19-λ5 Tg mouse lines harboring different copy 

numbers of these transgenic constructs. Most of these CD19-VpreB and CD19-λ5 transgenic 

mouse lines (expressing high levels of VpreB and λ5, respectively throughout B cell development 

under the control of the CD19 promoter region) we have previously described on an mixed 

genetic background (13). After crossing these lines onto the relatively autoimmune-resistant 

c57bl/6 genetic background for >10 generations, we analyzed three independent CD19-VpreB 

transgenic mouse strains: Vpreb#1 (VpreBhigh), Vpreb#3 (VpreBint) and VpreBlow, as well as two 

independent CD19-λ5 transgenic mouse strains: λ5#2 (λ5high) and λ5#1 (λ5low). Flow cytometric 

analysis of splenic B cells revealed increasing, but very low membrane expression of VpreB and 

λ5 in mice with increasing transgene copy numbers (Figure 1A). In mice carrying both a VpreB 

and λ5 transgene membrane expression of individual SLC components was markedly increased 

(Figure 1A).

Previous studies have shown that in the absence of VpreB λ5 has very limited binding capacity 

to the IgH chain, and that the eighth β-strand in λ5 is aiding the pairing of VpreB to the IgH chain 

(18, 19). To confirm that the increase of VpreB and λ5 membrane expression in double-transgenic 

B cells was due to mutual VpreB and λ5 stabilization rather than altered transcriptional activity of 

the individual transgenes, we measured intracellular VpreB and λ5 expression in these cells. We 

noted that single versus double-transgenic B cells carrying the same transgenic constructs did not 

exhibit overtly different VpreB or λ5 cytoplasmic expression levels (Figure 1B). Furthermore, the 

discrepancy between membrane versus cytoplasmic VpreB or λ5 expression was larger in single-

transgenic than in double-transgenic B cells, indicating that the low membrane expression of VpreB 

and λ5 in single-transgenic B cells may not only be resulting from enhanced BCR internalization, 

but partially from the mutual dependence of VpreB and λ5 for stable membrane expression. 

Taken together, these analyses show that our panel of SLC transgenic mice express a range of 

doses of VpreB and λ5 in mature peripheral B cells that allows us to analyse whether individual 

or combined expression of SLC components at the mature B cell stage can induce autoimmunity. 
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Moderate VpreB expression drives mild B cell activation and germinal center formation

Since the SLC has autonomous signaling capacity that may provide activating BCR signals 

to mature B cells independent of (allo-)antigens (11), we examined whether enforced SLC 

expression in mature B cells could induce their activation. To this end, we assessed membrane 

expression of various activation markers on transgenic splenic B cells. Flow cytometric analysis 

demonstrated a spontaneous mild upregulation of activation markers CD86 and to lesser extent 

CD69 on VpreB and/or λ5 transgenic B cells (Figure 2A), whereas CD25 was not differentially 

expressed. Upregulation of these B cell activation markers correlated with transgene expression 

levels in VpreB or λ5 transgenic B cells, while co-expression of VpreB and λ5 transgenes could 

only minimally increase CD86 and CD69 levels.

It has previously been published that high-level SLC expression in mature B cells could induce 

spontaneous differentiation of IgM plasma cells in vivo (13), but it is unclear whether lower levels 

of SLC expression may also drive activated B cells in SLC transgenic mice into T-cell dependent 

plasma cell differentiation. In all VpreB transgenic lines, but in particular in VpreBint mice, we 

Kil et al., SLC and autoimmunity, Figure 1
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Figure 1. VpreB and λ5 expression in peripheral SLC transgenic B cells. Flow cytometric analysis of CD19+ gated 
wildtype (WT), VpreB and λ5 transgenic splenocytes for (A) membrane and (B) cytoplasmic expression of VpreB 
and λ5. Of each transgenic mouse strain representative histograms of >3 mice (10-14 weeks of age) are shown.
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observed spontaneous germinal center (GC) formation in the spleen. This was reflected by a 

relative increase in CD95+PNA+ GC B cells among total CD19+ gated cells (Figure 2B), whereas λ5 

expression alone or in conjunction with VpreB could not induce this increase. Quantification by 

flow cytometry demonstrated however that the increase in GC B cell numbers was not significant 

between wild-type and VpreB transgenic mice (Figure 2C). Concomitantly we observed in VpreBint 

mice a near-significant (p=0.07) increase in splenic IgG plasma cell numbers, using flow cytometry 

(Figure 2D). These findings demonstrate that VpreB expression in mature B cells may facilitate 

GC formation and IgG plasma cell production, whereas λ5 expression can even preclude this 

spontaneous B cell differentiation.

VpreB+ B cells do not aggravate autoimmunity and ameliorate arthritis

As VpreBint mice displayed a trend towards autonomous GC formation and enhanced IgG 

plasma cell formation in the absence of infection or immunization, we explored whether VpreB 

expression in mature B cells may facilitate the activation of self-reactive B cells. We examined 

the spontaneous development of autoimmunity in VpreBint transgenic mice on a pure c57bl/6 

genetic background by screening serum from aging mice for auto-antibodies. Using ELISA we 

could not detect SLE-associated auto-antibodies, including IgG anti-nucleosome antibodies, in 

VpreBint transgenic mice nor in any other SLC transgenic strain (Figure 3A). Further screening for 

auto-antibody production by HEp2 autoreactivity assays did not reveal any anti-nuclear or anti-

cytoplasmatic auto-antibody production in aging SLC transgenic mice (data not shown). 

To investigate whether moderate VpreB expression in mature B cells could accelerate 

auto-immunity in SLE-prone mice, we bred VpreBint mice onto the FcγRIIB-/- background, 

which predisposes c57bl/6 mice to lethal SLE (20). In young (10 weeks) or aging (22 weeks) 

VpreBint;FcγRIIB-/- versus FcγRIIB-/- mice we could not detect enhanced GC formation (Figure 3B) 

or IgG plasma cell formation (Figure 3C) using flow cytometry. Evaluation of IgG anti-nucleosome 

auto-antibody levels in serum showed a non-significant (p=0.18) trend towards higher auto-

antibody levels in aging VpreBint;FcγRIIB-/- versus FcγRIIB-/- mice (Figure 3D). Likewise, no significant 

increase in auto-antibody production could be observed in aging c57bl/6 Eµ-Bcl2 mice when a 

VpreBint or VpreBlow transgene was introduced (Figure S2 and data not shown).

While SLC expression in mature B cells did not induce spontaneous arthritis in SLC transgenic 

strains, the enrichment of SLC+LC+ cells in inflamed joints of RA patients (1) prompted us to 

examine arthritis development in SLC transgenic mice. Since VpreBint mice exhibited a propensity 

to spontaneous GC and IgG plasma cell formation (Figure 2C and 2D) and a trend towards 

more auto-antibody production on the auto-immune prone FcγRIIB-/- background (Figure 3D), 

we provoked auto-immune arthritis in VpreBint;FcγRIIB-/- versus FcγRIIB-/- mice using a collagen-

induced arthritis (CIA) protocol (16). After the secondary immunization with chicken collagen 

type II (CII) on day 21, we observed a similar rise in arthritis incidence in both groups culminating 
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Kil et al., SLC and autoimmunity, Figure 2
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 Figure 2. B cell activation and terminal B cell differentiation in SLC transgenic mice. (A) Expression of activation 
markers CD86, CD69 and CD25 on splenic CD19+ cells in young (10-14 weeks old) VpreB and λ5 transgenic mice 
versus wild-type (WT) mice as determined by flow cytometry. Representative data of 3 independent experiments 
are shown. (B) Flow cytometric identification of CD95+PNA+ germinal center B cells among gated CD19+ splenocytes 
in wildtype (WT), VpreB and λ5 transgenic mice (10-14 weeks of age). Representative data of at least 2 independent 
experiments are shown. (C and D) Flow cytometric quantification of germinal center (GC) B cells and IgG plasma 
cells in spleens of young SLC transgenic (10-14 weeks old). GC B cells were identified as CD19+CD95+PNA+ cells and 
IgG plasma cells as CD138high cells with high cytoplasmic expression of either IgG1, IgG2 or IgG3. Collective data of 
more than 2 independent experiments are shown.

Figure 3. No spontaneous or enhanced autoimmunity in SLC transgenic mice. (A) Serum IgG anti-nucleosome 
levels were determined in wildtype (WT), SLC transgenic mice (all 22 weeks of age) and diseased MRL/lpr mice 
by ELISA. (B and C) Splenic germinal center B cells and IgG plasma cells in young (10 weeks old) and aging (22 
weeks old) VpreBint transgenic versus non-transgenic littermates on the FcγRIIB-/- background were quantified as 
described in Figure 2C and 2D. (D) ELISA measurement of IgG anti-nucleosome antibody levels in serum from 
young and aging VpreBint transgenic versus non-transgenic littermates on the FcγRIIB-/- background. (E) Proportion 
of animals with signs of arthritis and (F) arthritis scores in young (10-14 weeks) VpreBint;FcγRIIB-/- and non-
transgenic FcγRIIB-/- littermates monitored after immunization against chicken collagen type II (CII) on day0 and 
day 21. Data from 1 out of 2 independent experiments are shown; n=15 mice per group.
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in ~73% of VpreBint;FcγRIIB-/- versus ~60% of FcγRIIB-/- mice with arthritis symptoms at day 40 

(Figure 3E). Importantly however the severity of arthritis in VpreBint;FcγRIIB-/- mice mas markedly 

reduced compared to FcγRIIB-/- mice (Figure 3F). At day 40 the overall arthritis disease in groups 

of VpreBint;FcγRIIB-/- versus FcγRIIB-/- mice was 3.7 versus 2.1 respectively (p=0.17, Figure 3F) 

while the score of diseased VpreBint;FcγRIIB-/- versus FcγRIIB-/- mice was 6.2 versus 4.0 respectively 

(p=0.08).

Taken together, these findings indicate that ectopic expression of SLC components in mature 

B cells cannot provoke or enhance systemic auto-immunity but rather alleviates autoimmune 

symptoms in auto-immune prone mice.

SLC expression induces clonal deletion in developing B cells

The SLC chain has the unique capacity to signal autonomously through the non-immunoglobulin 

tail of λ5 (7, 8, 11). It may therefore lower BCR membrane expression on mature B cells by inducing 

enhanced BCR internalization and thereby preclude the development of strong autoimmunity. 

We therefore examined IgD and IgM expression levels on the surface of SLC transgenic splenic 

B cells, but failed to detect a clear SLC-induced decrease in IgM or IgD expression (Figure 4A). 

However, correlating with increasing levels of transgenic VpreB and/or λ5 expression a relative 

decrease in IgDhigh mature splenic B cells was observed in SLC transgenic mice (Figure 4A), 

suggestive of a loss of B cells during final B cell maturation stages.

A loss of B cells at the immature B cell stage has been previously described in high-level 

SLC-transgenic mice and may reflect aspecific toxicity effects of high-level SLC expression at this 

developmental stage (13). It is, however, conceivable that the loss of B cells could reflect a more 

stringent clonal deletion of developing auto- or polyreactive peripheral B cells. We therefore 

investigated whether such elimination of B cells would occur in a dose-dependent fashion at 

known autoreactivity checkpoints during B cell development. Flow cytometric analysis of bone 

marrow B cells confirmed a SLC dose-dependent relative reduction of immature (B220lowIgMpos) 

Figure 4. SLC dose-dependent clonal deletion of immature and transitional B cells	 �
(A) B cell maturation in young (10-14 weeks) wildtype (WT) and SLC transenic mice was assessed by flow cytometric 
characterization of IgM and IgD expression on splenic CD19+ cells. Numbers indicate the percentage of B cells in 
quadrant gates. Results of 1 representative out of at least 2 independent experiments are shown. (B) Pro- and 
pre-B cells (B220lowIgMneg), immature B cells (B220lowIgMpos) and mature recirculating B cells (B220highIgMhigh) were 
identified by flow cytometry in bone marrow from young (10-14 weeks old) wildtype (WT) mice and SLC transgenic 
littermates. Numbers correspond to B cell percentages within the gates. Data from 1 out of at least 2 independent 
experiments are shown. (C) Relative numbers of pro/pre-B cells (bone marrow CD19+B220lowIgMneg cells), immature 
B cells (bone marrow CD19+B220lowIgMpos cells), transitional 1 (T1) B cells (splenic CD19+CD93+IgMhighCD23low cells), 
transitional 2 (T2) B cells (splenic CD19+CD93+IgMhighCD23high cells) and mature B cells (splenic CD19+IgDhigh cells) 
were quantified using flow cytometry in young (10-14 weeks old) SLC transgenic versus non-transgenic littermates. 
Asterisks indicate significant reductions (p<0.05) in B cell numbers, compared with wild-type mice. Collective data 
from 3 independent experiments are shown.
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Kil et al., SLC and autoimmunity, Figure 4
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and recirculating mature (B220highIgMhigh) B cells (Figure 4B). Quantification of B cell numbers 

throughout B cell differentiation in the SLC transgenic strains showed that no loss of B cells 

occurred before the immature B cell stage in the bone marrow. We noted a SLC dose-dependent 

reduction of absolute B cell numbers at the immature B cell stage in the bone marrow and at 

transitional B cell stages in the spleen (Figure 4C). While in transgenic mice expressing high levels 

of VpreB and/or λ5 a strong and significant reduction of B cell numbers already occurred at the 

immature B cell stage, this B cell loss was only noticeable during splenic transitional B cell stages 

in transgenic mice expressing intermediate or low VpreB and/or λ5 levels. In these analyses, 

the B cell reduction in most SLC transgenic strains was less prominent at the mature B cell stage 

compared to transitional B cell stages, possibly reflecting an compensatory enhanced survival of 

fully mature B cells to maintain peripheral B cell numbers.

To test whether next to clonal deletion SLC signaling in immature B cells could also enforce 

receptor editing in the bone marrow (21), we explored Igλ usage as a read-out of receptor editing. 

Using flow cytometry we could not detect a significant increase in Igλ usage of by peripheral B 

cells in any of the SLC transgenic lines (Figure S3A and S3B), arguing against enhanced receptor 

editing instructed by SLC signaling.

SLC expression in mature B cells instructs BCR unresponsiveness in a dose-dependent 
fashion 

The deletion of auto- and polyreactive immature and transitional B cells strongly depends on 

activating BCR signals (22, 23). The gradual deletion of immature and transitional B cells in SLC 

transgenic mice prompted us to investigate the BCR signaling quality in SLC transgenic B cells. 

Using a Ca2+ mobilization assay we determined the BCR signaling strength of SLC transgenic B 

cells upon α-IgM stimulation. We noted a reduction in Ca2+ influx in SLC transgenic splenic B 

cells tightly correlating to the dose of VpreB and/or λ5 expression in these cells (Figure 5A). 

Although single-transgenic B cells exhibited an apparently normal initial Ca2+ influx upon BCR 

stimulation, the decay in cytoplasmic Ca2+ levels was faster than in wild-type B cells. High-level 

expression of both VpreB and λ5 invoked both a reduced initial Ca2+ influx and a quick loss of 

cytoplasmic Ca2+.

This reduced Ca2+ mobilization in SLC transgenic B cells strongly resembles the BCR signaling 

characteristics of anergic B cells. First we tried using flow cytometry to identify anergic B cell 

populations in SLC transgenic mice in vivo by the expression of markers as CD93, CD23 and CD138, 

but we were unable to detect an increase in previously described anergic B cell fractions (data 

not shown) (24, 25). We next tested whether the expression of SLC on mature B cells renders 

them selectively unresponsive to BCR signals by comparing the activation of SLC transgenic B cells 

after BCR versus TLR stimulation. While enforced SLC expression could not induce spontaneous 

upregulation of activation marker CD25 on unstimulated B cells in vitro, CD25 upregulation was 
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significantly reduced on α-IgM stimulated SLC transgenic B cells compared to wildtype B cells 

(Figure5B and 5C). Again, VpreB and/or λ5 expression levels inversely correlated with B cell 

activation. Importantly, the reduced upregulation of CD25 in response to BCR stimulation was 

not resulting from a general unresponsiveness to B cell activating signals since B cells expressing 

low or intermediate levels of VpreB and/or λ5 showed normal CD25 upregulation (Figure 5B and 

5C). A small but significant reduction in CD25 upregulation was observed in VpreBhigh and λ5high 

B cells upon LPS stimulation, but this reduction was not as large as observed in these cells upon 

α-IgM stimulation.

Taken together, these results demonstrate that continued SLC expression beyond the pre-B 

cell stage in a dose-dependent mode instructs deletion of developing immature and transitional 

B cells and anergy of surviving mature B cells.

Kil et al., SLC and autoimmunity, Figure 5
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Figure 5. Dose-dependent induction of anergy by SLC expression. (A) Measurement of Ca2+ mobilization in 
B220+ gated splenocytes loaded with Fluo-3 and Fura Red ™ from wildtype (WT) versus SLC transgenic mice 
after stimulation with 20 µg/mL F(ab’)2 anti-IgM. Measurements were normalized for maximum Ca2+ influx upon 
ionomycin stimulation (2 µg/mL). (B) Flow cytometric evaluation of CD25 membrane expression after F(ab’)2 
anti-IgM (10 µg/mL) or LPS (5 µg/mL) stimulation of MACS-purified splenic B cells from SLC transgenic mice 
and non-transgenic littermates. (C) Quantification by mean fluorescence intensity (MFI) of CD25 membrane 
expression levels as measured in the experiment of Figure 5B. Per group at least 3 mice were analyzed. Error 
bars represent standard deviations; asterisks indicate MFI levels significanty different from wildtype MFI levels 
(p<0.05).
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Figure S1. Expression of SLC components in BCR stimulated splenic B cells. MACS-purified naïve splenic B cells 
(CD19+CD43-CD5-CD138-) from 4 wild-type mice were cultured for 12 hours with 10 µg/mL F(ab’)2 anti-IgM (black 
bars) or left unstimulated (white bars). Transcript levels in these cultured cells are shown for the indicated genes as 
determined by total mRNA deep sequencing analysis; error bars represent standard errors of the mean. Asterisks 
indicate significant differences (p<0.05) in gene expression. FPKM: fragments per kilobase of a transcript per 
million mapped reads. 

Figure S2. No enhanced autoantibody production in aging VpreBint;Eµ-Bcl2 mice. Quantification by ELISA of 
serum IgG anti-nucleosome autoantibodies in young (10 weeks old) and aging (22 weeks old) VpreBint versus non-
transgenic littermates on the Eµ-Bcl2 genetic background.

Kil et al., SLC and autoimmunity, Figure S1

gene expression

Vpre
b1

Vpre
b2

Vpre
b3

Igl
l1

Dntt
Rag

1
Rag

2
CD69

0

20

40

60

80

100

-
F(ab’)2 anti-IgM

FP
KM

 v
al

ue

*

*

*

*

Kil et al., SLC and autoimmunity, Figure S2

a-nucleosome IgG

Eµ
-B

cl2

Vpre
B
int |E

µ-B
cl2

1

10

100

1000

10000

AU
/m

L

10 wks 22 wks

Eµ
-B

cl2

Vpre
B
int |E

µ-B
cl2

BW_Corneth_Immunity_CC.indd   110 28-10-13   13:36

Corneth (all).ps Back - 55     T1 -    Black CyanMagentaYellow



SLC overexpression on B cells in autoimmunity

111

5

Figure S3. No increased Igλ usage by peripheral SLC transgenic B cells
(A) Relative frequencies of Igκ+ and Igλ+ cells among CD19+ gated splenic B cells as determined by flow cytometry. 
Numbers indicate the percentage of cells within the indicated gates. (B) Summarized data of the flow cytometric 
analysis in (A). Error bars indicate standard deviations; >3 mice per group were analyzed.

DISCUSSION

Over a decade ago, human SLC expressing mature B cells were described and readily associated 

with autoimmunity due to their abundance in arthritic joints and their frequent expression of 

autoreactive BCRs (1, 2). Since their discovery no studies have been performed that address 

whether SLC+ mature B cells may actively drive autoimmune disease. Here we report that in mice 

Kil et al., SLC and autoimmunity, Figure S3

A

Igλ

Ig
κ

Spleen
CD19+ 91

5WT VpreBhigh

VpreBint

VpreBlow

λ5high

λ5low

VpreBhigh;
λ5high

VpreBint;
λ5low

VpreBlow;
λ5low

89

4

86

7

85

5

90

4

91

4

91

4

90

5

90

4

Igλ usage

0

2

4

6

8

10

%
 Ig
λ+

 B
 c

el
ls

B

W
T

Vpre
B
hig

h

Vpre
B
int

Vpre
B
low

λ5
hig

h

λ5
low

Vpre
B
hig

h ;λ5
hig

h

Vpre
B
int ;λ

5l
ow

Vpre
B
low ;λ5

low

BW_Corneth_Immunity_CC.indd   111 28-10-13   13:36

Corneth (all).ps Front - 56     T1 -    Black CyanMagentaYellow



Chapter 5

112

transgenically expressing SLC in mature B cells no enhanced or spontaneous autoimmunity could 

be observed on multiple genetic backgrounds despite mild spontaneous activation of SLC+ B cells. 

Instead, we found that SLC expression in mature B cells partially protects mice from autoimmune 

arthritis. This protective role of SLC re-expression can be attributed to a more stringent clonal 

deletion of immature and transitional B cells as well as induction of anergy in mature B cells.

Although SLC re-expression has been reported in splenic murine germinal center B cells upon 

their activation during a T-dependent antibody response (3), the role of SLC+ mature B cells in 

autoimmunity has not been previously studied in murine models. This may be attributed to the 

very low frequencies of naturally occurring SLC+ mature B cells. Despite our finding in mRNA deep 

sequencing experiments that Vpreb3 transcription is upregulated upon BCR activation of splenic 

B cells in vitro, we were unable to detect considerable frequencies of VpreB+ wildtype B cells in 

lymphoid organs that typically contain germinal centers, including Peyer’s patches or mesenteric 

lymph nodes (data not shown). This discrepancy between our and previous studies (3) in the 

identification of SLC+ mature B cells in vivo in wild-type mice may be explained by differences in 

(i) antigen dose and thus BCR stimulation, in (ii) the use of alum adjuvant, or (iii) in anatomical 

localization of antigen-activated B cells, leading to altered B cell engagement and therefore SLC 

re-expression in these different T-dependent responses.

Given the selective conditions that permit SLC re-expression in only a limited number of 

B cells in wildtype mice, we employed transgenic mice that express various doses of the SLC 

components VpreB and λ5 in B cells beyond the pre-B cell stage to study a possible contribution of 

the SLC to the development of autoimmunity. Our studies in SLC transgenic mice show enforced 

SLC expression on mature B cells induces mild B cell activation in vivo that in a dose-dependent 

fashion, whereas GC formation and IgG plasma cell differentiation and are not enhanced. Only in 

mice expressing moderate levels of VpreB in mature B cells (VpreBint) we observed a discernible, 

but non-significant, increase in GC B cells and IgG plasma cells. The absence of spontaneous 

GCs in mice co-expressing VpreB and λ5 indicates that λ5 signaling prohibits a GC differentiation 

program in activated VpreBint B cells. Differences in B cell fate between activated mature B cells 

expressing either VpreB or λ5 may be explained by differences in the BCR signals provided to 

these cells, and indeed an extensive body of literature exists that links BCR signaling strength to B 

cell differentiation fate (26-29). However, in our models the absence of clear differences between 

VpreB or λ5 transgenic B cells in Ca2+ influx and activation marker upregulation in response to in 

vitro α-IgM stimulation contradicts a difference in BCR signaling quality as the primary cause of 

differences in GC formation.

To explain these differences in B cell fate between VpreB versus λ5 transgenic mice alternative 

causes must be considered, including the possibility that not λ5 but VpreB may alter terminal 

B cell differentiation by manipulating antigen-based B cell selection through allelic inclusion, a 

phenomenon that may rescue B cells with irrelevant BCR specificities. (30, 31). A prerequisite for 

allelic exclusion would be the stable membrane expression of either SLC component. Although 
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our studies show that neither VpreB nor λ5 can be individually expressed at the cell membrane 

at high levels, previous reports demonstrated that VpreB had a better IgH chain pairing capacity 

(19) and thus possibly a greater capacity to establish allelic inclusion. In naturally occurring 

dual light chain expressing B cells, the failing allelic exclusion of one of the two light chains is 

associated with very similar expression levels of the two light chains, thereby effectively reducing 

the signaling strength of either BCR by twofold. 

If transgenic expression of SLC components would mimic allelic exclusion, one would 

expect allelic exclusion to be effective only if comparable membrane expression levels of SLC 

components and IgL are being achieved. This is not the case, based on the low membrane VpreB 

and λ5 levels on SLC transgenic cells (Figure 1A) while normal Igκ and Igλ membrane levels are 

being observed on these cells (Figure S3). However, the intrinsic autonomous signaling capacity 

of SLC components may compensate for low membrane expression levels, establishing a state 

of BCR signaling compatible with allelic inclusion while SLC components and LCs are unequally 

expressed.

Despite the spontaneous formation of germinal centers in VpreBint mice in the absence of any 

challenge with exogenous antigen, we could not detect any spontaneous autoimmunity on the 

relatively autoimmune-resistant c57bl/6 background nor any aggravation of autoimmunity when 

moderate VpreB expression was introduced on autoimmune-susceptible genetic backgrounds 

(Figure 3A-D). In contrast, autoimmune arthritis proved to be less severe in VpreBint transgenic 

FcγRIIB-/- mice compared with non-transgenic littermates, demonstrating a protective role of 

VpreB re-expression in autoimmune arthritis. It may be argued that this protection could be 

solely conferred by the approximate two-fold reduction in total IgD+ B cell numbers in VpreBint 

mice. The deletion would then not have been random, but rather specifically affecting developing 

B cells with a polyreactive or self-reactive BCR in SLC transgenic mice, thereby establishing a 

more robustly purged mature B cell repertoire. The elimination of collagen type II-reactive B 

cells in VpreBint mice is probably incomplete, since equal proportion of these mice and non-

transgenic littermates develop arthritis symptoms. An additional mechanism that suppresses the 

pathogenicity of such cells is provided by our finding that SLC-component expressing B cells are 

anergic as evident from reduced Ca2+ mobilization and CD25 upregulation upon α-IgM but not 

LPS stimulation. Since anergy can only be induced by chronic BCR occupation (32), the anergic 

response of mature SLC transgenic B cells demonstrates the continuous signals provided by 

SLC components to these cells. Although our analyses on BCR-induced Ca2+ influx only include 

peripheral B cells, the SLC signals autonomously and therefore this chronic BCR signaling most 

likely is the driving force behind the enhanced deletion of immature and transitional B cells.

The finding that especially VpreBint transgenic mice seem predisposed to spontaneous GC and 

IgG plasma cell formation is striking, since these cells most closely resemble human peripheral 

SLC+LC+ B cells that are reported to express hardly any λ5 and VpreB levels that are lower than 

those in pro- and pre-B cells (1). In addition to moderate VpreB expression, human SLC+LC+ B 
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cells also re-express early B cell genes as TdT and RAG at low levels, suggesting that SLC signaling 

may launch a transcriptional program to revise their (autoreactive) BCRs (33). In accordance with 

this view, in human the IgH and IgL chains of SLC+LC+ B cells frequently display characteristics of 

extended receptor editing, such as more distal J gene usage and D-D fusions (33). Such receptor 

revisions could abolish the pathogenic potential of autoreactive SLC+LC+ B cells, suggesting that 

SLC re-expression could be a mechanism to induce tolerance in mature B cells, either through the 

previously suggested induction of receptor editing, or by anergy and clonal deletion. Although our 

results in murine transgenic models may be difficult to directly extrapolate to the pathogenesis 

of human rheumatic diseases, our finding that moderate VpreB expression ameliorates rather 

than aggravates autoimmunity supports the idea that the largely autoreactive pool of SLC+LC+ B 

cells found in arthritic joints does not actively contribute to autoimmunity and therefore is not 

an eligible target in the treatment for autoimmune disease.
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ABSTRACT

Introduction IL-27 receptor (IL-27R) signaling is involved in T helper cell (Th)1 differentiation and 

follicular Th cell function. However, its effects on B cell immunity are not fully understood. 

Methods To study whether IL-27 directly affects B cell function, naïve wild-type splenic and 

peritoneal B cells were cultured in the absence or presence of recombinant IL-27 (rIL-27). In vivo 

effects of IL-27R signaling were investigated in wild-type and IL-27R deficient (WSX-1 deficient) 

mice in collagen induced arthritis (CIA) and the DNP-Ficoll immunization models. 

Results We found that IL-27 had limited effects on splenic B cells in vitro and that IL-27R KO 

splenic B cells appeared normal. However, CIA development was decreased in IL-27R KO mice 

and was associated with impaired germinal center formation. Moreover, in the IL-27R KO mice 

the proportions of peritoneal B1 cells were increased, as well as the number of IgM plasma cells 

in the spleen and total IgM antibody levels in serum, suggesting enhanced B1 cell immunity. 

Although IL-27R-deficient B1 cells showed a normal response to LPS stimulation in vitro, T cell 

independent B cell responses in vivo were lacking in in IL-27R KO mice. 

Conclusions Our findings show that IL-27 has limited direct effects on B cells, but is essential 

for B cell immunity in a non-B cell intrinsic fashion. 
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INTRODUCTION

Interleukin 27 (IL-27), a member of the IL-12 cytokine family, is a heterodimer consisting of an IL-

27p28 and an Ebi3 subunit [1]. IL-27 is predominantly expressed by dendritic cells (DC) and binds 

to a heterodimeric receptor complex consisting of gp130 and WSX-1 [2, 3]. The effects of IL-27 

on T cell development and function have been well studied [4], yet the IL-27 receptor (IL-27R) is 

expressed on many cell types, including B cells, NK cells, epithelial cells and mast cells [3]. The 

interpretation of data on IL-27 is further complicated because individual subunits of IL-27 can 

also bind to other factors to form different molecules. Ebi3 can bind to IL12p35 to form IL-35, 

which is expressed by regulatory T cells [5], and IL27p28 can bind to CLF-1 to form a heterodimer 

affecting NK and T cell cytokine production [6]. Furthermore, gp130 is a subunit also used for 

signaling by other cytokines, including IL-6, and IL27p28 alone has been shown to limit signaling 

of these cytokines by binding to gp130 [7]. 

IL-27 was initially described as an inducer of T helper 1 (Th1) cell differentiation. WSX-1 was 

shown to be essential for early commitment to the Th1 lineage [2, 8]. IL-27R signaling induces 

T-bet through STAT1 activation, leading to up regulation of IL-12β2 expression on naïve T cells, 

thereby enhancing susceptibility to Th1 differentiation [9-11]. Indeed, mice deficient for the IL-27R 

were more susceptible to infection with Lysteria monocytogenes [2] and Leishmania major [12] and 

developed more severe arthritis in an IFNγ-dependent proteoglycan induced arthritis model [13]. 

However, IL-27 is now regarded more as a regulatory cytokine in the immune system. IL-27 

directly inhibits Th2 differentiation by limiting the expression of GATA-3 [14]. Mice lacking IL-27R 

showed exacerbated allergic asthma associated with an enhanced Th2 response [15]. IL-27 also 

limits Th17 differentiation by directly reducing the expression of RORγt [12, 16]. WSX-1 deficient 

mice showed enhanced numbers of Th17 cells in the central nervous system in experimental 

autoimmune encephalomyelitis [17] and wild-type mice that were administered IL-27 shortly 

before onset of disease in collagen induced arthritis (CIA) had attenuated arthritis [18]. IL-27 also 

affects effector T cells. IL-27 can induce IL-10 production by several T cell subsets through STAT3 

[19-21]. IL-10 production was enhanced by ICOS, IL-21 and c-Maf, the expression of which were 

in turn enhanced by IL-27 [22]. 

IL-27 has an indirect effect on B cell immunity through follicular T helper T(FH) cells. T(FH) 

cells are vital in the regulation of germinal center (GC) reactions [23, 24]. GCs are specialized 

structures in B cell follicles where affinity maturation and high affinity B cell selection take place 

[25]. In the GCs T(FH) cells produce IL-21, which is a potent inducer of differentiation of B cells 

into plasma cells [26, 27]. IL-27 is critical for T(FH) effector function in GCs and lack of IL-27R 

signaling leads to impaired GC formation [28]. B cells express the IL-27R and several studies 

report an effect of IL-27 on human B cell activation and proliferation [29, 30], but it is unclear 

whether IL-27R signaling controls B cell function in a B cell-intrinsic fashion or whether IL-27R 

signaling in other cell types, particularly T cells, indirectly affects B cells. 
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In this study, we aim to investigate how IL-27R signaling controls B cell immunity. We show 

that whereas the direct effects of IL-27R signaling on B cells are limited, IL-27 is crucial for B 

cell immunity in vivo. In CIA, GC formation and auto-antibody formation was impaired in WSX-1 

knock-out (IL-27R KO) mice, but we did not detects direct effects of IL-27 on follicular B cells. 

In addition, we examined the effect of IL-27R signaling on the in vivo B cell response to the T 

cell-independent antigen DNP-Ficoll and found that plasma cell and antibody formation were 

significantly decreased in IL-27R KO mice compared to wild-type controls. We therefore conclude 

that IL-27 is crucial for T cell dependent as well as T cell independent B cell immunity, whereby 

the molecular mechanisms involved are very different.

MATERIALS AND METHODS

Mice

WSX-1 knock-out (IL-27RKO) mice on a C57BL/6 background were kindly provided by dr. N. Ghilardi 

[2], Genentech, Inc., South San Francisco, USA. Wild type C57BL/6 controls were purchased 

from Harlan Laboratories B.V. (Horst, the Netherlands). All mice were provided with food and 

water ad libitum and were housed at the Erasmus MC Experimental Animal Facility (EDC) under 

specified pathogen free conditions. All mice were between 8 and 12 weeks old at the start of the 

experiments. All experiments were approved by the Erasmus MC Animal Ethics Committee (DEC). 

Culture experiments

CD19+ CD62L+ naïve splenic B cells were isolated from wild type and IL-27RKO mice by FACS 

sorting. Anti-CD19 antibodies were obtained from eBioScience (San Diego, CA, USA) Purity of 

the acquired population was >98%. 105 purified cells were cultured for three days in IMDM 

medium (Lonza, Verviers, Belgium), supplemented with 10% FCS (Invitrogen, Carlsbad, CA), 

100 U/ml Penicillin/Streptomycin, 2 mM L-Glutamin (Lonza) and 50 mM b-mercapto-ethanol 

(Merck, Darmstadt, Germany) with F(ab’)2 anti-IgM (10µg/mL, Jackson Immunoresearch) and 

CD40L (20µg/mL, BD BioSciences) or LPS (5µg/mL, Sigma Chemical Co, St Louis, MO) in the 

presence or absence of recombinant IL-27 (20ng/mL, R&D systems, Minneapolis, MN). After 

48 hours, proliferation in anti-IgM/CD40L conditions was measured by 3H incorporation (3mCi/

well, incubated for 16 hours). Expression of activation markers in anti-IgM/CD40L conditions was 

measured by extracellular flow cytometry after 48 hours. In LPS conditions, plasma cell formation 

was measured after 96 hours by intracellular flow cytometry. 

Peritoneal B1 cells (CD19+B220lowCD43+CD5+) were isolated from peritoneal lavage by 

FACS sorting. Anti-CD19, anti-B220, anti-CD43 and anti-CD5 antibodies were obtained from 

eBioScience Purity of the acquired population was >98%
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Cell cycle status of the peritoneal B cells cultured for 48 hours with LPS was determined 

after fixing in ice-cold ethanol and subsequent staining in PBS containing 0.02 mg/ml propidium 

iodide, 0.1% v/v Triton X-100, and 0.2 mg/ml RNase. Doublet cells were excluded by measuring 

peak area and width.

Collagen induced arthritis

Mice were immunized with 100μg (2mg/mL) chicken type II collagen (CII) (Chondrex, USA) 

emulsified in an equal complete Freund’s adjuvant (CFA) volume containing 1 mg/ml heat-killed 

Mycobacterium tuberculosis (strain H37Ra; Difco Laboratories Inc., Detroit, USA) intra-dermally 

in the tail base on day 0 and day 21. Arthritis development was scored macroscopically; the 

maximum score was 8 per mouse. For ethical reasons, mice with a score >6 were sacrificed. Mice 

were sacrificed either at day 36 or at day 45. 

DNP-Ficoll

Animals were immunized with 50μg DNP-Ficoll (Biosearch Technologies) in 0.9% NaCl intra-

peritoneally (i.p.). Seven days later, the animals were sacrificed and splenic plasma cell numbers 

were determined by flow cytometry and serum DNP-specific antibody levels by ELISA [31, 32]. 

Flow cytometry

For B cell stainings, 2*106 splenocytes were stained for extracellular markers for 20 minutes at 

room temperature. For intracellular staining, cells were subsequently fixed and permeabilized 

using BD Cytofix/Cytoperm (BD BioSciences) and stained for intracellular markers at room 

temperature for 20 minutes [32]. Anti-CD19, anti-B220, anti-IgM, anti-CD25 and anti-CD86 were 

obtained from eBioscience (San Diego, CA, USA); anti-CD69, anti-IgD, anti-CD95, anti-IgG1, anti-

IgG2ab and anti-CD138 from BD BioSciences and anti-PNA from Sigma-Aldrich (St Louis, USA). 

Samples were acquired on a FACS Canto II HTS or a FACS LSR II flow cytometer (BD BioSciences). 

Analysis was performed using FlowJo v7.6 research software (Tree Star Inc. Ashland, OR).

Histology and immunohistochemistry

For histological analysis of destruction of the knee joints, knees were hematoxylin and eosin 

stained as previously described [33].

Spleen tissue samples were frozen in Tissue-Tec O.C.T. Compound (Sakura Finetek Europe 

B.V., Alphen aan den Rijn, The Netherlands) and stored at -80⁰C. 6μm thick samples were cut and 

slides (Superfrost, Gerhard Menzel GmbH, Braunschweig, Germany) with samples were fixed 

in acetone. Endogenous peroxidase was blocked using 30% H2O2 (Sigma-Aldrich). Slides were 

stained with anti-PNA (biotinylated, Sigma-Aldrich) followed by streptavidin (peroxidase labeled, 
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Jackson ImmunoResearch, Westgrove, PA, USA) and rat-anti-IgD (eBioscience) followed by anti-

rat (alkaline phosphatase labeled, Sigma-Aldrich). Pictures were made with a NanoZoomer 

(Hamamatsu Photonics Deutchland GmbH, Herrsching am Ammersee, Germany). 

ELISA

For CII specific serum antibody level measurement, wells of microtiter plates were coated with 

1μg/mL mouse CII (Chondrex) over night. Total IgM antibody and DNP-specific Ig subclass level 

measurements were performed by ELISA, as previously described [32]. 

Statistical analysis

Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jollla, CA). For 

comparisons, a non-parametric Mann-Whitney U test was used. P-values <0.05 were considered 

significant. 

RESULTS

CIA incidence and disease severity are decreased in IL-27RKO mice 

CIA is strongly dependent on IL-17A production by Th17 cells, which is enhanced in IL-27R KO 

mice [17, 34]. However, collagen specific antibody production and immune complex formation 

are also critical for disease development [35]. We therefore determined the effect of loss of IL-

27R signaling on CIA development. Wild-type and IL-27RKO mice were immunized with collagen 

type II (CII) and complete Freund’s adjuvant (CFA) to induce arthritis. Both disease incidence and 

severity were significantly lower in IL-27RKO mice (figure 1A-B). In addition, synovial inflammation 

and destruction of the knee joints was also decreased in these mice (figure 1C-D), indicating that 

IL-27RKO mice are partially protected against CIA development.

 We did not find an increase in the number of IL-17A-producing T cells in the spleens of the 

IL-27R KO mice in CIA compared with wild type controls (data not shown). The numbers of IgM 

and IgG2a plasma cells in the spleens of these mice were significantly decreased at 36 and 45 

days after immunization (figure 1E). Although in the serum of IL-27R KO mice anti-CII antibodies 

were detectable, serum anti-CII IgG2a levels were decreased in IL-27R KO mice (figure 1F), when 

compared with wild-type mice. 

Likewise, we saw an induction of GC B cells in the IL-27R KO mice at dat 36 and 45 after 

immunization, but their numbers were significantly reduced compared to immunized wild-type 

mice (figure 1G and H). 

Taken together, these data show that the absence of IL-27R KO mice ameliorates arthritis and 

also reduces the formation of GC and auto-antibody production in CIA.
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Figure 1. Impaired B cell immunity in IL-27R KO mice in CIA. [A-E] Mice were immunized with CII/CFA and boosted 
again 21 days later. [A] Incidence of CIA. [B] Arthritis score. Swelling and redness of paws were scored. The total 
score per mouse is 8; 0 meaning no arthritis. Mice with a score >6 were sacrificed for ethical reasons. [C] Synovial 
inflammation score of the knee joints. Maximum score per knee is 2; 0 meaning no inflammation. [D] HE stained 
sections of knee joints from FcγRIIB KO mice (control) and IL-27R KO mice 45 days after immunization. [E] IgM and 
IgG2a plasma cell numbers in spleens of mice in CIA. [F] Serum anti-mouse CII IgG2a antibody levels in CIA. [G] 
Anti-PNA (brown) and anti-IgD (blue) stained sections of spleens from wild type and IL-27R KO mice 36 days after 
immunization. [H] Numbers of splenic GC B cells in CIA. Mean and SEM are shown for n=10 or 20 mice per group; 
* p<0,05; ** p<0,01; *** p<0,001. Figures are representative of 3 individual experiments.
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IL-27 has limited effects on follicular B cells

The finding that the lack of IL-27R signaling reduces B cell activation in our CIA models can 

be explained by impaired T cell activation or by an intrinsic B cell defect in IL-27R-deficient 

mice. To distinguish between these (not mutually exclusive) possibilities, we next investigated 

whether the lack of IL-27R signaling affected activation, proliferation and differentiation of 

naïve B cells. Expression of IL-27R was confirmed on naive splenic follicular B cells, marginal 

zone B cells and peritoneal B1 cells by RT-PCR (data not shown). Total naïve CD19+CD62L+ B 

cell fractions were FACS-sorted from the spleens of 8 week old naïve wild-type (and as a control 

also from IL-27R KO) mice. The cells were cultured with anti-IgM and CD40L for 48 hours with or 

without recombinant IL-27 (rIL-27). We observed that IL-27R+ and IL-27R- B cells proliferated 

equally, as measured by 3H incorporation (figure 2A). In addition, rIL-27 had little effect on the 

expression of activation markers, except for upregulation of CD86 on wild type B cells with rIL-

27 (figure 2B). 

B cells were also cultured for 96 hours with LPS or LPS + IL-4 with or without rIL-27 to 

determine the effect on plasma cell formation. Upon LPS stimulation IgM and IgG3 plasma cell 
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Figure 2. Naïve wild type and IL-27RKO B cells cultured in the presence or absence of rIL-27. [A-C] Naïve B cells 
(CD19+CD62L+) were FACS sorted from wild type and IL-27RKO mice. [A-B] 105 B cells were cultured for 48hrs 
with 10µg/mL anti-IgM and 20 µg/mL CD40 ligand in the presence or absence of 20ng/mL r-IL27. [A] Proliferation 
of cells was assessed by 3H incorporation. [B] Activation of cells was assessed by measuring the proportion of 
CD86 expressing B cells by flow cytometry. [C-D] 105 B cells were culture for 96hrs with 5µg/mL LPS [C] or 5µg/
mL LPS with 0,05µg/mL IL-4 [D] in the presence or absence of rIL-27. Plasma cell formation was measured by flow 
cytometry. Mean and SEM are shown for n = 6 samples per group, *** p<0,001
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formation was similar in cells cultured with or without rIL-27 (figure 2C). This was also found 

for IgM and IgG1 plasma cell formation upon LPS + IL-4 stimulation, although IgG1 plasma cell 

formation was slightly decreased after addition of rIL-27 (figure 2D). 

In summary, IL-27R KO B cells do not appear to have any defects in proliferation, activation or 

differentiation (figure 2A-D). We therefore conclude that intrinsic effects of IL-27R signaling on 

the activation, proliferation and differentiation of splenic follicular B cells are limited. 

Proportion of B1 cells is increased in peritoneal lavage and spleen of IL-27R KO mice

To further examine B cell immunity in other compartments, we analysed the peritoneal lavage 

of these mice. Interestingly, the proportions of CD19+CD5+ B-1 cells in the peritoneum was 

increased in naïve IL-27R KO mice, compared to wild-type mice (figure 3A-B). In addition, serum 

IgM levels were increased in these mice at 9 weeks of age (figure 3C). As serum IgM is largely 

derived from B-1 B cells [36], this finding suggests that the absence of IL-27R enhanced B-1 cell 

function (figure 3C).

Figure 3. Increased B1 cells in peritoneum and serum IgM levels in IL-27R KO mice. [A] Flow cytometry analysis of 
B1 cells (CD19+CD5+) in peritoneal lavage of naïve mice. [B] Proportion of B1 cells in peritoneal lavage. [C] Serum 
IgM antibody levels at 9 and 25+ weeks of age. Mean and SEM are shown for n=6 mice per group; * p<0,05.
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We then analysed the splenic B cell compartments of IL-27R KO mice. The numbers of 

total splenic B cells were comparable between naïve wild type and IL-27R KO mice. However, 

the numbers of marginal zone B cells were increased in IL-27R KO mice (figure 4A). They also 

appeared to contain higher numbers of B-1 cells, although differences with wild-type mice were 

not significant (Figure 4A). In addition, the numbers of IgM plasma cells in the spleens of IL-27R 

KO mice were increased (figure 4B). 

Taken together, the increased proportions of B-1 cells in the peritoneal cavity, the increased 

numbers of IgM+ plasma cells in the spleen and increased levels of serum IgM in naïve IL-27R 

support enhanced activity of the B-1 B cell population. 

Figure 4. B cell compartment of spleens from naïve wild type and IL-27R KO mice. [A] Numbers of splenic B cells, 
marginal zone B cells, follicular B cells and B1 cells analysed by flow cytometry. [B] Numbers of splenic IgM, IgG and 
IgA plasma cells analysed by flow cytometry. Mean and SEM are shown for n = 5-7 animals per group; ** p<0,01. 
Figures are representative for 2 individual experiments.

IL-27R signaling has no direct effect on B1 cells

Next, we investigate whether the enhanced activity of the B-1 B cell population in IL-27R-deficient 

mice would reflect a B-1 cell intrinsic role for IL-27R signaling. To determine whether IL-27R KO B1 

cells respond normally to TLR stimulation, we FACS-sorted CD19+CD5+CD43+B220low B cells from 

peritoneal lavages of 8-week-old naïve wild type (and as controls IL-27R KO) mice. We performed 
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cell cycle analysis on these cells after culture for 48 hours with LPS. No differences were found 

between the proliferation of IL-27R KO and wild-type B-1 cells (figure 5A). In addition, we 

measured expression of surface activation markers, including CD25 and CD86, on cells cultured 

with or without LPS for 48 hours and found no evidence for impaired or increased activation of 

B-1 cells from IL-27R KO mice (figure 5B). 

Figure 5. Wild type and IL-27R KO B1 cell responses in vitro. [A-B] B1 cells (CD19+B220lowCD5+) were FACS 
sorted from peritoneal lavage of naïve mice. 5*104 cells were cultured for 48 hours with or without 5µg/mL LPS. 
[A] Cell cycle status analysed with PI staining by flow cytometry. Numbers indicate % S/G2/M. [B] Expression of 
activation markers CD25, CD80 and CD86 analysed by flow cytometry. Mean and SEM are shown for n=3 animals 
per group.

B cell immunity is impaired in IL-27R KO mice after DNP-Ficoll immunization

Next, we investigated the effects of IL-27R signaling on T cell independent B cell responses in vivo. 

To this end, we made use of the T cell-independent type II model antigen DNP-Ficoll. Wild-type 

and IL-27RKO mice were immunized with DNP-Ficoll and sacrificed seven days later. Remarkably, 

the formation of IgM or IgG producing splenic plasma cells was significantly impaired in IL-27RKO 

mice, compared with wild type controls (figure 6A and supplementary figure 1A). In addition, 

serum DNP-specific antibody levels were significantly lower in IL-27RKO mice (figure 6B and 

supplementary figure 1B), showing that IL-27R signaling is essential for the generation of T-cell 

independent B cell responses in mice. 
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Figure 6. Plasma cell formation and DNP-specific antibody formation in wild type and IL-27RKO mice. [A-B] Mice 
were immunized i.p. with DNP-Ficoll and sacrificed seven days later. [A] Total numbers of splenic IgM, total IgG and 
IgG3 plasma cells measured by flow cytometry. [B] DNP-specific serum IgM and IgG3 antibody levels measured by 
ELISA. Mean and SEM are shown for n = 7-8 animals per group, ** p<0,01; *** p<0,001.

Supplementary figure 1. [A-B] Mice were immunized i.p. with DNP-Ficoll and sacrificed seven days later. [A] Total 
numbers of splenic IgG1, total IgG2 and IgA plasma cells measured by flow cytometry. [B] DNP-specific serum IgG1 
and IgG2a antibody levels measured by ELISA. Mean and SEM are shown for n = 7-8 animals per group, *p<0,05; 
** p<0,01.
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DISCUSSION

Here we show that the IL-27 receptor is crucial for B cell immunity and that it mainly acts in a 

B cell non-intrinsic fashion in mice. IL-27R KO mice are partially protected against CIA and show 

impaired germinal center formation and anti-collagen antibodies. Nevertheless, IL-27R KO splenic 

B cells are intrinsically normal and respond normally to stimuli in vitro. Interestingly, the B-1 B cell 

population is also effected in IL-27R KO mice: the B cell response to the T-cell independent type 

II antigen DNP-Ficoll is impaired. Again, B1 cells from these mice respond normally to stimuli in 

vitro. Together these findings indicate an essential but not cell-intrinsic function of IL-27R in B 

cells, both in T cell-dependent and in T cell-independent B cell immunity.

Previously, it was reported that IL-27 induced proliferation and upregulation of CD86 

expression on human B cells [29]. Although we do find upregulation of CD86 on mouse splenic 

B cells, we do not find any effect of IL-27 on proliferation in these cells upon CD40L and anti-IgM 

stimulation. In addition, enhanced G0/G1 to S transition by IL-27 has been reported in human 

B cells [30]. There was no reduction of proliferation in IL-27R KO B cells, nor any upregulation 

of proliferation in wild type or IL-27R KO B cells in the presence of rIL-27. Assuming that the 

differences between our findings and the published studies in human cannot be explained by 

the source of B cells (peripheral blood in human and spleen and peritoneum in mice), these data 

suggest differential effects of IL-27 on mouse and human B cells. 

The limited effects of IL-27 on splenic B cells suggests that the impaired CIA development in 

IL-27R KO mice is due to indirect effects on B cell immunity. Indeed we found severely decreased 

germinal center formation in these mice in CIA, pointing to T(FH) involvement. However, Yoshimoto 

et al. have shown that IL-27 directly induces IgG2a class switching in mouse splenic B cells in 

vitro [37]. It is therefore possible that the decreased levels of auto-reactive IgG2a antibodies are 

due not only to impaired GC formation, but also impaired IgG2a class switching in vivo, thereby 

further protecting mice against CIA development. Interestingly, both overexpression of IL-27 and 

lack of IL-27R signaling ameliorate CIA through inhibiting effects of IL-27 on Th17 cells [18, 38] 

and its role in B cell immunity. 

As with splenic B cells, we found no apparent defects in peritoneal IL-27R KO B cells. Cell 

cycle analysis revealed no differences with wild-type B-1 B cells and upregulation of expression 

markers was normal on these cells after LPS stimulation in vitro. However, T cell independent 

type II responses after i.p. DNP-Ficoll immunization were severely impaired in IL-27R KO mice. 

These data suggest that other cells present in the peritoneum and omentum are involved in 

B cell immunity in an IL-27 dependent fashion. Many cell types express the IL-27R, including 

monocytes, which are present in the peritoneum, and endothelial cells [21]. B-1 cells enter 

the peritoneum through milky spots in the omentum [39]. Although these structures lack FDC 

networks [40], stromal cells are present in milky spots, and these might be involved in homing 

of the cells.
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We found increased levels of natural IgM antibodies in the serum of naïve IL-27R KO mice, 

the main producers of which are B-1 cells [36]. We also found increased numbers of IgM plasma 

cells and increased (although not significantly) B-1 cell numbers in the spleens of these mice. 

Also, the number of marginal zone B cells was increased. These cells can also produce natural 

IgM antibodies, possibly explaining the increased serum levels. 

Additional experiments investigating the presence of B1 cells in milky spots in IL-27R KO mice 

and the migration pattern of IL-27R KO B1 cells upon DNP-Ficoll immunization should increase 

the understanding of this defect. In addition, the differential roles of IL-27 dependent B-1 and 

follicular B cell immunity could be e.g. better investigated with an influenza infection mouse 

model, since the activation and migration kinetics of the B-1 and follicular B cell population is 

known in extensive detail [36].

In this study we show that IL-27 has limited effects on B cells, but is crucial for B cell immunity. 

IL-27R deficient mice manifested defects both in T cell independent and in T cell dependent B cell 

immunity, but these defects were mainly non-intrinsic to B cells. Further studies will elucidate 

the cells involved in these IL-27-dependent pathways in B cell activation and provide a better 

understanding of the role of IL-27 in immune responses.
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ABSTRACT

Introduction A hallmark of systemic autoimmune diseases like systemic lupus erythematosus 

(SLE) is the increased expression of interferon (IFN) type I inducible genes, so-called IFN type 

I signature. Recently, T helper 17 subset (Th17 cells), which produces IL-17A, IL-17F, IL-21 and 

IL-22, has been implicated in SLE. As CCR6 enriches for Th17 cells, we used this approach to 

investigate whether CCR6+ memory T helper cells producing IL-17A, IL-17F, IL-21 and/or IL-22 

are increased in SLE patients and whether this increase is related to the presence of IFN type I 

signature. 

Methods 25 SLE patients and 15 healthy controls (HC) were included. SLE patients were 

divided into IFN type I signature positive (IFN+) (n=16) and negative (IFN-) (n=9) patients as 

assessed by mRNA expression of IFN inducible genes (IFIGs) in monocytes. Expression of IL-

17A, IL-17F, IL-21 and IL-22 by CD4+CD45RO+CCR6+ T cells (CCR6+ cells) was measured by flow 

cytometry and compared between IFN+, IFN- patients and HC. 

Results Increased percentages of IL-17A and IL-17A/IL-17F double producing CCR6+ cells 

were observed in IFN+ patients compared with IFN- patients and HC. IL-17A and IL-17F expression 

within CCR6+ cells correlated significantly with IFIG expression. In addition, we found significant 

correlation between BAFF – a factor strongly correlating with IFN type I − and IL-21 producing 

CCR6+ cells. 

Conclusions We show for the first time higher percentages of IL-17A and IL-17A/IL-17F 

double producing CCR6+ memory T helper cells in IFN+ SLE patients, supporting the hypothesis 

that IFN type I co-acts with Th17 cytokines in SLE pathogenesis. 
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a debilitating systemic autoimmune disease characterized 

by the production of auto-reactive antibodies and multi-organ inflammation [1]. A hallmark of 

systemic autoimmune diseases is the increased expression of Interferon (IFN) type I in both blood 

and disease-affected tissues [2]. About half of the SLE patients exhibit an IFN type I signature or 

upregulation of IFN type I induced genes (IFIGs) which have been found to correlate with disease 

activity and severity [3-5]. 

Another key factor in the pathogenesis of SLE apart from IFN type I, is interleukin-17A (IL-

17A). IL-17A is produced by several immune cell types, including CD4+ T cells (Th17 cells), CD8+ 

T cells, CD4-CD8-CD3+ (double negative, DN) T cells, NK cells, γδ-T cells and mast cells. Naïve 

CD4+ T cells differentiate to Th17 cells under the influence of IL-6 and TGFβ [6]. The expansion 

and stability of the Th17 population is regulated by IL-21 and IL-23, respectively [7, 8]. C57BL/6-

lpr/lpr mice that lack IL-23 receptor signalling are protected for SLE development [9]. In SLE 

patients increased plasma levels of IL-17A correlated with disease severity (SLEDAI) [10]. In 

addition, in peripheral blood of SLE patients an increased number of IL-17 producing cells was 

observed. These cells correlated with disease activity and decreased upon treatment [11, 12]. 

IL-17-producing cells have also been found in several affected organs of SLE patients [11, 13].

Co-activity between IFN type I and IL-17/Th17 cells has been suggested in autoimmune 

diseases [14, 15]. In EAE, a mouse model for MS, IFN type I treatment caused exacerbation if the 

disease was Th17 driven but was effective if the disease was Th1 driven [15]. In the same study, 

MS patients that did not respond to IFN type I therapy had higher serum levels of IL-17A before 

therapy onset [15]. These two observations suggest additional effects of the IFN type I and Th17 

system co-acting in the pathogenesis of autoimmune diseases.

Co-activity of IFN type I and Th17 pathways has also been suggested for SLE by the Ro52/

TRIM21-/- mouse model. Ro52/TRIM21 is involved in the ubiquitination of interferon regulatory 

factors (IRFs), a process which limits the IFN type I response [16]. After ear tagging Ro52/TRIM21-

/- mice develop an SLE like phenotype [17]. Interestingly, when these mice are crossed on an IL-

23p19-/- mouse line, they do not develop SLE, indicating that the development of a SLE phenotype 

through enhanced IFN type I production in these mice is dependent on the IL-17/Th17 pathway. 

Yet another important factor involved in the pathogenesis of SLE is B cell activating factor 

of the tumor necrosis factor family (BAFF). BAFF transgenic mice develop lupus-like disease 

[18] and increased expression of BAFF protein has been found in SLE patients, correlating with 

increased disease activity [19-21]. We previously described a strong correlation between BAFF 

mRNA expression in monocytes and the IFN type I signature in primary Sjögren’s syndrome (pSS) 

patients [22]. Interestingly, IL-21, a cytokine produced by Th17 cells, in combination with BAFF 

has been reported to synergistically induce the differentiation of human memory B cells into 

antibody-producing plasma cells in absence of further co-stimulation [23]. BAFF is known to be 
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involved in germinal center formation [24], a process in which IL-17 is also involved [25]. 

The above mentioned literature suggests an association between the pathogenic IFN type I and 

Th17 pathway. So far, no studies have been performed on the co-occurrence of these pathogenic 

pathways in SLE patients. In this study, we report for the first time a higher percentage of IL-17A 

and IL-17A/F producing CCR6+ T memory cells in IFN type I positive SLE patients. Moreover, BAFF 

gene expression in monocytes correlates significantly with IL-21 expression in these CCR6+ cells, 

supporting the concept of co-activity of IFN type I, Th17 and BAFF in the pathogenesis of SLE. 

PATIENTS AND METHODS

Patients

25 patients fulfilling the American College of Rheumatology revised criteria for SLE [26] were 

recruited at the outpatient clinic of the Immunology department and the Rheumatology 

department of the Erasmus Medical Center Rotterdam. The level of disease activity was assessed 

using the SLEDAI [27]. 15 healthy controls (HC) neither suffering from autoimmune diseases nor 

using corticosteroids were included. Characteristics of patients and controls are summarized in 

Table 1. Medical Ethical Review Committee of the Erasmus MC approved the study and written 

informed consent was obtained. 

Table 1. Demographics and clinical characteristics of participants

Variable SLE patients (n=25) Healthy controls (n=15)

IFN type I negative  (n=9) IFN type I positive (n=16)

Demographics

   N females (%) 9/9 (100%) 14/16 (88%) 15/15 (100%)

   Age (years) 41.3±17.5 39.8±15.7 41.0±14.0

Disease duration (years) 	 12.1±8.0 14.4±11.3 -

SLEDAI 4.0 (1.0,17.0) 4.50 (2.0,10.0) -

Treatment
-

Hydroxychloroquine 7/9 (78%) 11/16 (69%) -

Corticosteroids 5/9 (56%) 10/16 (63 %) -

Mycophenolatemofetil 0/9 (0%) 4/16 (25%) -

Azathioprine 2/9 (22%) 3/16 (19%) -

Cyclophosphamide 0/9 (0%) 1/16 (6%) -

Values are the mean ± SD, median (25% quartile,75% quartile) or number (%) of patients, depending on whether 

the data are continuous or dichotomous, and whether the data are normally distributed or not. 
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Blood collection and isolation of monocytes

Blood was collected in clotting tubes for serum preparation (stored at -80°C) and in sodium-

heparin tubes for peripheral blood mononuclear cell (PBMC) preparation as described previously 

[28]. CD14 positive monocytes were isolated as described [28]. 

RQ-PCR

Total RNA was isolated from purified monocytes followed by cDNA preparation and RQ-PCR 

analysis using predesigned primer/probe sets (Applied Biosystems) [28]. For calculation of 

relative expression, all samples were normalized against expression of the household gene 

Abl[29]. Fold change values were determined from normalized CT values using 2ΔΔCT method 

(User Bulletin, Applied Biosystems, Foster City, California).

Flow cytometry

PBMCs were restimulated, stained and measured by flow cytometry as previously described [30]. 

For extracellular staining, CD4, CD45RO and CCR6 monoclonal antibodies were obtained from 

BD Biosciences (San Diego, CA), and CD25 antibodies from Biolegend Inc. (San Diego, CA). For 

intracellular staining, FoxP3, IL-17A, IL-17F and IL-22 monoclonal antibodies were obtained from 

eBioscience (San Diego, CA), and IL-17A monoclonal antibodies from Biolegend Inc. Samples 

were measured on a FACScantoII flow cytometer (BD Biosciences). Analysis was performed using 

FlowJo v7.6 research software (Tree Star Inc. Ashland, OR). 

Factor analysis

Expression levels of 11 IFN type I inducible genes were submitted to a principal component 

analysis to identify correlated groups of genes to reduce data complexity. Kaiser-Meyer-Olkin 

measure of sampling adequacy was 0.839 with significant Bartlett’s test of sphericity (P< 0.001). 

Eigenvalues were derived to assess the amount of variance explained by each component factor. 

Statistical analyses

Statistical analyses were performed using SPSS 20.0 package. When data were not normally 

distributed, values were expressed as medians with interquartile ranges (IQRs) and comparisons 

were made using the non-parametric Mann-Whitney U test. In case of more than two samples 

the non-parametric Kruskal-Wallis test was performed. Correlations were assessed either using 

Pearson correlation test for normally distributed data or Spearman’s rho when data were not 

normally distributed. Differences were considered statistically significant if p<0.05. 
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RESULTS

Prevalence of the IFN type I signature in SLE patients

In monocytes of 25 SLE patients and 15 HCs we assessed the expression levels of 11 IFIGs 

previously assessed in monocytes from patients with primary Sjögren’s syndrome (pSS) (IFI27, 

IFI44L, IFIT3, IFITM1, SERPING1, IFIT1, IFIT2, LY6E, IFI44, XAF1 and MXA) [22]. To reduce data 

complexity, expression levels of the 11 genes were submitted to a principal component analysis 

to identify correlated groups of genes. The results of the principal component analysis identified 

a subset of 4 genes (IFI44L, IFITM1, SERPING1 and LY6E) to explain 95% of the total variance of 

the 11 IFN type I inducible genes within the SLE cohort. Given that the expression of these 4 IFN 

type I inducible genes was not normally distributed, log transformations of expression values 

were performed and IFN scores were calculated as described for pSS [22]. MeanHC and SDHC of 

each gene in the HC-group were used to standardize expression levels. IFN scores per subject 

represent the sum of these standardized scores. When we set the threshold for a positive IFN 

type I signature at IFN score of 8 [22], 64% of SLE patients displayed an IFN type I signature and 

one of the 15 HC subjects (7%) (Figure 1A and 1B). 

Figure 1. Prevalence of IFN type I signature in SLE patients. A, Heatmap showing gene expression of 4 IFN type I 
inducible genes in monocytes of SLE patients (n=25) and HC (n=15). On the left the HC are depicted and on the right 
the SLE patients are depicted and subdivided into IFN type I signature positive and negative patients. Red colour 
indicates high gene expression and cases are depicted according to ascending IFN scores. B, Distribution of IFN 
scores in IFN type I signature positive and negative patients and HC. In red IFN type I positive cases are depicted. 
Blue lines represent medians. 
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SLE patients with IFN type I signature show higher percentages of IL-17A and IL-17A/
IL-17F producing CCR6+ cells

Because CCR6 enriches for Th17 cells [31-33], CCR6+ cells were selected after gating on 

lymphocytes and memory Th cells (CD4+CD45RO+ cells) within PBMCs and after CD25high 

cells were excluded. To investigate whether the IFN type I signature is associated with an 

increase in Th17 cytokines expressed by memory CCR6+ T cells, we measured the percentages 

of IL-17A, IL-17F, IL-22 and IL-21 producing CCR6+ T memory cells in SLE patients positive 

for the IFN type I signature (IFN+) and patients negative for the signature (IFN-) and HC. 

Interestingly, the percentages of CCR6+IL-17A+ cells were significantly increased in IFN+ 

patients as compared with IFN- patients (p=0.03) and a higher trend was observed compared 

with HC (p=0.07) (Figure 2A, D, E). The percentages of CCR6+IL-17F+ and in particular the 
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Figure 2. SLE patients with IFN type I signature show higher percentages of IL-17A and IL-17A/IL-17F producing 
CCR6+ cells. A-C, Proportions of IL-17A [A], IL-17F [B] and IL-22 [C] expressing cells within CCR6+ memory T cell 
population in PBMCs of IFN- (n=9) and IFN+ (n=16) patients and HC (n=15). All proportions were measured by 
intracellular flow cytometry. Horizontal line indicates median. *p<0,05; **p<0,01; to compare means Kruskal-Wallis 
test was used followed by Mann-Whitney U test. B, Representative graphs of proportions of IL-17A and IL-17F 
expressing cells within CCR6+ memory T cell population (defined as CD4+CD45RO+CD25-CCR6+) in PBMCs of IFN 
negative (IFN-) and IFN positive (IFN+) patients and healthy controls (HC). C, Representative graphs of proportions of 
IL-17A and IL-22 expressing cells within CCR6+ memory T cell population in PBMCs of IFN- and IFN+ patients and HC.
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IL-17A/IL-17F double producers were significantly increased in the IFN+ group compared 

with HC (p=0.009) (Figure 2B and D). The percentages of CCR6+IL-22+ cells showed a higher 

trend for IFN+ vs. IFN- patients (p=0.06) and IFN+ patients vs. HC (p=0.09) (Figure 2C and E). 

These data suggest an association between the presence of the IFN type I signature and the 

expression of Th17 cytokines IL-17A and IL-17F in SLE. In addition, we investigated whether 

the Th17 cytokine production is associated with disease activity as assessed by SLEDAI scores. 

No significant correlations were observed between the SLEDAI scores and IL-17A and/or IL-

17F expression (data not shown).

BAFF mRNA expression is correlated with IL-21 expression within CCR6+ memory T cells

Correlating the expression of IFIGs (as reflected by the total IFN score) with other parameters 

assessed in this study, we observed a significant positive correlation between the expression 

of IL-17A and IL-17F within CCR6+ cells and IFIG expression (Figure 3A and B). Also in this SLE 

cohort, IFIG expression correlated strongly with the BAFF mRNA expression in monocytes 

(r=0.527, p<0.0001) (Figure 3C). No correlation was observed between BAFF and IL-17A and/
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Figure 3. BAFF mRNA expression is correlated with IL-21 expression within CCR6+ memory T cells
A, Correlation between IFN score and IL-17A expression within CCR6+ memory T cells in SLE patients (n=25). 
B, Correlation between IFN score and IL-17F expression within CCR6+ memory T cells in SLE patients (n=25). C, 
Correlation between monocyte BAFF mRNA expression and IFN score in SLE patients and HC (n=40). D, Correlation 
between monocyte BAFF mRNA expression and IL-21 expression within CCR6+ cells in SLE patients and HC (n=40). 
The correlation coefficients (r) and P values are shown. For correlations Spearman’s rho correlation test was used 
in A, B and D and Pearson correlation test was used in C. 

BW_Corneth_Immunity_CC.indd   144 28-10-13   13:36

Corneth (all).ps Back - 72     T1 -    Black CyanMagentaYellow



Th17 and IFN type I in SLE

145

7

or IL-17F expression. However we did find a significant correlation between BAFF mRNA and 

the percentages of IL-21 producing CCR6+ cells (r=0.406, p=0.010) (Figure 3D). Both BAFF and 

IL-21 are involved in the selection and activation of B cells, which is crucial in the pathogenesis 

of SLE, indicating that downstream factors of the IFN type I and Th17 pathways might also be 

associated. 

DISCUSSION

Here we show for the first time a co-occurrence of increased IFN type I activity and increased IL-

17/Th17 system in SLE patients. We found increased percentages of IL-17A and IL-17F producing 

CCR6+ T memory cells in IFN type I positive SLE patients. This finding further strengthens the 

hypothesis that IFN type I and Th17 cells by co-acting contribute to the pathogenesis of SLE. 

Further research to understand the link between these two pathways is warranted.

A possible mechanism explaining the co-occurrence of IFN type I and IL-17/Th17 immune 

pathway in SLE could be that both IFN type I and production of IL-6 and IL-23 by DCs are regulated 

through IRF-5 [34, 35]. Activation of TLR signalling on DCs will then lead to simultaneous 

enhancement of both pathways. Indeed there is evidence that TLR7 activation of plasmacytoid 

DCs, the main producers of IFN type I, promotes and modifies Th17 cell differentiation and 

function [36]. IFN type I itself is also able to promote Th17 differentiation and IL-17 production 

through induction of STAT-3 in T cells and IL-6 in DCs [37, 38]. In addition, IFN type I conditioned 

monocytes differentiate into DCs driving the development of Th17 cells from autologous naive 

CD4+ T cells [39]. 

In addition to the direct effect of IFN type I on Th17 cells, IFN type I may also act indirectly 

through the production of BAFF. BAFF is reported to be involved in DC maturation and DC driven 

Th17 cell differentiation in vitro [40]. BAFF gene silencing ameliorated joint pathology and 

inhibited the generation of Th17 cells in the joints of a collagen induced arthritis (CIA) mouse 

model [40]. In turn IL-17A can induce the formation of neutrophil extracellular traps (NETs) [41], 

which could potentially provide new auto-antigens to active TLRs on DCs, thereby forming a pro-

inflammatory loop. 

We find a correlation between BAFF, an IFN type I inducible factor, and the Th17 produced 

cytokine IL-21. Ettinger et al. showed that IL-21 together with BAFF promotes B cell responses by 

bypassing the need for T cell help or TLR signalling [23]. As these downstream factors are both 

involved in activation and selection of B cells, these findings again support the concept that IFN 

type I and the Th17 pathway act together in driving the disease process of SLE.

In contrast to others we did not find a correlation between SLEDAI and Th17 cytokines [10]. 

This might be due to the relatively low patient number, which is a limitation of our study. 

Although we don’t show a functional link between IFN type I and the Th17 pathway, our 

findings provide the first support for co-occurrence of increased IFN type activity and increased 
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IL-17/Th17 system in SLE. The Th17-IFN type I interaction found in this study might have 

implications for future treatment of SLE and other systemic autoimmune diseases where IFN 

type I plays a role. Preliminary results from a phase IIa trial with human IgG1κ anti-IFNα antibody 

in 87 SLE patients, showed so far a 40% reduction in IFN type I induced gene expression but no 

clinical effect compared to placebo (abstract Merrill J et al.*). Our data indicate that IFN type 

I might act in concert with Th17 cytokines, paving the way for combination therapies possibly 

resulting in more significant clinical effects in the future.
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ABSTRACT

Introduction A pro-inflammatory role for interleukin 17A (IL-17A) has been suggested in the 

pathogenesis of SLE. IL-17A plasma levels correlate with disease severity in SLE patients and IL-

23R deficient lupus prone mice are protected against disease development. In addition HMGB1, 

a protein involved in DNA bending that can be excreted as an alarmin or during cell death, is 

correlated with disease severity in SLE patients. However, it is unclear whether IL-17 family 

members affect HMGB1 levels and how this contributes to SLE pathology. 

Methods We crossed IL-17RA deficient mice with B6.lpr lupus prone mice. We followed the 

IL-17RA KO.lpr mice over time and analysed disease development. We measured lymphocyte 

proliferation and cytokine expression by flow cytometry. Serum HMGB1 and anti-HMGB1 levels 

were measured by Western blot and ELISA, respectively and kidney damage by histology. 

Results Remarkably, we found an enhanced SLE phenotype in IL-17RA KO.lpr mice compared 

with B6.lpr mice, characterized by increased lymphocyte proliferation, expansion of double 

negative T cells and enhanced plasma cell formation. Also, kidney pathology in IL-17RA KO.lpr 

mice was more severe than in B6.lpr mice. Although total anti-nuclear antibody (ANA) titers were 

not increased in IL-17RA KO.lpr mice compared with B6.lpr mice, we did find increased presence 

of the DNA binding protein HMGB1 and anti-HMGB1 autoantibodies in the serum of these mice. 

Conclusion These data indicate that IL-17RA signaling reduces pathology in lupus prone B6.lpr 

mice and suggest that IL-17RA signaling may be involved in the clearance of apoptotic debris. 
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a systemic autoimmune disease leading to multi-organ 

failure [1]. The incidence of SLE is highest in Afro-American and Asian females [2]. The cause 

of the disease is unknown, but both genetic and environmental factor play a role. Many single 

nucleotide polymorphisms (SNPs) in immune regulatory genes have been associated with 

increased SLE susceptibility [3]. In addition, infection with cytomegalovirus (CMV) or Epstein Barr 

virus (EBV) can predispose the disease and have been proposed as triggers that induce SLE in 

genetically predisposed patients [4, 5]. 

SLE is characterized by the presence of auto-antibodies directed against nuclear structures 

(ANAs) [1]. ANAs and immune complexes can induce T cell activation and the production of 

interferon (IFN) type I by plasmacytoid DCs (pDCs) [6, 7]. IFN type I expression is increased in 

around half of SLE patients [8, 9]. Monocyte derived DCs (mDCs) are activated by IFN type I and 

also induce T helper cell differentiation, and enhanced B cell activation and survival through BAFF 

production [10-12]. This leads to the production of auto-reactive antibodies, mostly directed 

against nuclear structures, which form immune complexes and deposit in small capillaries in for 

example the kidneys, inducing inflammation and tissue damage [13].

As nuclear structures including DNA are not usually accessible to immune cells, it is thought 

that aberrant apoptosis could be a trigger for ANA formation [14]. DNA normally does not induce 

an immune response, however, modifications to DNA associated with apoptosis can activate DCs 

[15, 16]. High mobility group box 1 (HMGB1) is a nuclear protein that binds DNA and is involved 

in DNA bending [17]. When excreted, it can serve as an alarmin or damage-associated molecular 

pattern (DAMP) to enhance clearance of damaged, apoptotic or necrotic cells [18]. However, 

during apoptosis, the presence of DNA together with this pro-inflammatory cytokine can lead 

to induction of ANA formation [19]. Recently it was shown that HMGB1 levels are increased in 

serum and urine of SLE patients and are related to disease activity [20, 21].

Recent studies have suggested a role for interleukin 17A (IL-17A) in the pathogenesis of SLE 

[22]. IL-17A is produced by many immune cells, including several T cell subsets like T helper 

17 (Th17) cells, double negative T (DNT) cells, which do not express CD4 or CD8, and γδ T cells 

[22-24]. Stability of the Th17 cell population is dependent on IL-21 and IL-23 [25, 26]. IL-17A is 

a member of the IL-17 cytokine family and signals through an heterodimeric receptor complex 

composed of the IL-17 receptor A (IL-17RA) and IL-17RC subunits [27, 28]. The IL-17RA subunit 

appears to be the common receptor subunit for all IL-17 cytokine members [29, 30].

IL-17A plasma levels and numbers of IL-17A producing peripheral blood mononuclear cells 

(PBMCs) are increased in SLE patients and correlate with disease severity [31-33]. Furthermore, 

IL-17A producing DNT cells have been found in the kidneys of lupus nephritis patients [22]. In the 

BXD2 SLE mouse model, IL-17A was shown to be involved in germinal center formation, which 

is crucial for pathogenic auto-antibody production [34]. Furthermore, TRIM21/Ro52 knock-
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out mice, which have increased IFN type I levels, develop an SLE phenotype after ear tagging. 

However, when they were crossed onto an IL-23p19 deficient background, which is characterized 

by reduced expression of RORγt and IL-17A, they were completely protected against SLE, 

indicating that the effect of IFN type I is mediated by the IL-23/IL-17 pathway in this model [35]. 

C57BL/6-lpr/lpr (B6.lpr) mice spontaneously develop an SLE phenotype due to a mutation 

in the Fas receptor (CD95) [36]. This mutation limits negative selection of auto-reactive 

lymphocytes and leads to systemic autoimmune symptoms, including ANA production and 

complement activation, forming immune complexes which infiltrate the kidneys. It was recently 

shown that B6.lpr mice lacking IL-23 receptor (IL-23R) signaling are completely protected against 

SLE development [37]. These mice had decreased numbers of IL-17A producing cells in the lymph 

nodes and decreased anti-DNA antibody production, suggesting a crucial role for the IL-23/IL-

17A axis in SLE pathogenesis in this model [37]. However, these studies did not reveal whether 

IL-23 and IL-17A play a role in SLE pathogenesis independent of each other. Therefore, we used 

IL-17RA deficient mice to examine the role of IL-17 signaling in the presence of IL-23 in SLE 

development in B6.lpr mice. 

Here we show that IL-17RA deficient B6-lpr mice have an enhanced SLE phenotype, 

characterized by increased lymphocyte proliferation and increased plasma cell formation and 

ANA production. Interestingly, serum levels of HMGB1 were enhanced in the IL-17RA KO mice, 

as well as levels of anti-HMGB1 antibodies. These data suggest a pathogenic role for IL-17RA 

signaling in the SLE phenotype of B6.lpr mice and suggest a possible role for IL-17RA signaling in 

clearance of apoptotic debris. 

METHODS

Mice

C57BL/6-lpr/lpr (B6.lpr) mice were purchased from The Jackson Laboratory, USA, and IL-

17 receptor A knock-out (IL-17RA KO) mice on a C57BL/6 background [38] were kindly 

provided by dr. J. Tocker, Amgen, Seattle, USA. For genotyping of the IL-17RA construct, 

5’-CTTGTGTAGCGCCAAGTG, 5’-AGCTGCTGTTAGCACTTTGC and 5’-CGTACGCACACACTCTCGA 

primers were used. For genotyping of the lpr construct, 5’-GTAAATAATTGTGCTTCGTCAG, 

5’-TAGAAAGGTGCACGGGTGTG and 5’- CAAATCTAGGCATTAACAGTG were used. The mouse lines 

were crossed to generate IL-17RA KO B6.lpr mice. Mice were housed under SPF conditions in 

the Erasmus Medical Center Animal Facility (EDC) and provided with food and water ad libitum. 

All experiments were approved by the Erasmus MC Animal Ethical Committee (DEC). Mice were 

sacrificed at the age of 8, 12, 20 or 26 weeks. Blood was drawn to isolate serum and the spleens, 

kidneys and cervical lymph nodes were harvested. 
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Flow cytometry

For B cell staining, 2*106 splenocytes were stained for 20 minutes at room temperature. For 

intracellular Ig staining, cells were subsequently fixed and permeabilized using BD Cytofix/

Cytoperm (BD BioSciences) and stained at room temperature for 20 minutes. Anti-CD19, 

anti-B220 and anti-IgM antibodies were obtained from eBioscience (San Diego, CA, USA), anti-

IgD, anti-CD95, anti-CD138, anti-IgG1 and anti-IgG2ab antibodies from BD BioSciences and anti-

peanut agglutinin (PNA) antibodies from Sigma-Aldrich (St Louis, USA). 

For T cells staining, splenocytes were stimulated for 4 hours with PMA (0.05μg/ml) and 

Ionomycin (0.5μg/ml) in the presence of Golgi stop (BD Biosciences). 2*106 cells were stained 

per sample with antibody mix for 20 minutes at room temperature and subsequently fixed with 

2% PFA and permeabilized in 0.5% saponin. Cells were then stained at room temperature for 20 

minutes for intracellular markers. Anti-CD3, anti-CD4, anti-CD8, anti-IL-17A, anti-IL4 and anti-

IFNγ antibodies were obtained from BD BioSciences (San Diego, CA, USA) and anti-IL-10 antibody 

was obtained from Biolegend (San Diego, CA, USA).

Samples were measured on a FACS Canto II HTS or a FACS LSR II flow cytometer (BD 

BioSciences) and analysis was performed using FlowJo v7.6 research software (Tree Star Inc. 

Ashland, OR).

Histology and immunohistochemistry

Kidney tissue samples from 26 week-old female IL-17RA KO lpr and B6.lpr mice were frozen in 

Tissue-Tec O.C.T. Compound (Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands) 

and stored at -80 ⁰C. Sections of 6μm thick were cut and used for stainings. 

For Periodic acid Schiffs (PAS) staining slides were fixed with 4% formalin for 10 minutes. The 

slides were incubated with 0.5% periodic acid for 5 minutes and Schiff’s reagent for 10 minutes. 

Mayer’s Hematoxylin was used as counterstain and slides were covered with pertex. 

For immunohistochemistry, slides were fixed with ethanol for 10 minutes. The slides were 

incubated with anti-C3FITC (1:50) or anti-IgGFITC (1:80) (MP Biomedicals, Santa Ana, California, USA) 

for 45 minutes. DAPI was added shortly before the slides were covered with fluorglycerine.

Serum measurements

ANA titers were measured by immunofluorescence on HEp-2000 coated glass slides (Biomedical 

Diagnostics, Eindhoven, the Netherlands), using different dilutions of mouse serum in PBS, and 

rabbit anti-mouse IgG- FITC (Dako, Glostrup, Denmark) for detection.

Levels of HMGB1 were measured by Western Blotting. In short, 3 µl of mouse serum was 

added to 1X SDS (sodium dodecyl sulfate) loading buffer, samples were resolved on 12.5% SDS 

polyacrylamide gel electrophoresis (Criterion, BioRad, Veenendaal, the Netherlands) and blotted 
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on polyvinylidene fluoride membrane (Millipore, Amsterdam, the Netherlands). Detection was 

performed with polyclonal anti-HMGB1-biotin (Thermoscientific,Etten-Leur, the Netherlands), 

and streptavidin-IRDye800 (LI-COR Biotechnology, Lincoln, NE, USA). Blots were scanned with an 

Odyssey infrared Imaging System (LI-COR Biotechnology) and analyzed with Odyssey software. In 

each blot a cell lysate made of Jurkat cells was run as a standard. HMGB1 levels were presented 

as the fluorescence intensity against the standard.

Level of anti-HMGB1 were measured by ELISA. Costar polystyrene plates were coated with 

1 µg/ml recombinant HMGB1 (Sigma, St. Louis, MO, USA) and after blocking mouse sera were 

added in dilutions of 20 and 80 times. Detection of antibodies was done with rabbit anti-mouse 

IgG-HRP (Dako, Glostrup, Denmark) and TMB colour reaction. Levels of anti-HMGB1 were 

calculated against a standard curve of a monoclonal anti-HMGB1 (R&D systems, Abingdon, 

United Kingdom)

Statistical analysis

Data was analyzed using Prism software v5.04 (GraphPad Software Inc. La Jollla, CA). For 

comparisons, a non-parametric Mann-Whitney U test was used. P-values <0.05 were considered 

significant. 

RESULTS

Increased spleen size in IL-17RA KO.lpr mice compared to B6.lpr mice

To investigate the effect of IL-17RA signaling on the spontaneous SLE phenotype in C57BL/6 mice 

with the lpr mutation (B6.lpr), we crossed B6.lpr mice with IL-17RA deficient (IL-17RA KO) mice. 

We followed these IL-17RA KO.lpr mice over time to analyse the phenotype and sacrificed mice 

at 8, 12, 20 and 26 weeks of age. At 26 weeks of age, the spleens and lymph nodes from IL-17RA 

KO.lpr mice were greatly enlarged compared with spleens and lymph nodes from B6.lpr mice 

(figure 1A). The total number of splenocytes was comparable between wild-type and IL-17RA 

KO mice without the lpr mutation at 8 weeks of age. This number did not markedly increase 

over time in B6.lpr mice. However, the number of splenocytes in IL-17RA KO.lpr mice increased 

significantly over time to about threefold compared with B6.lpr mice at 26 weeks of age (figure 

1B). This increase could be attributed to a significant increase in total numbers of B cells and T 

cells in IL-17RA KO mice (figure 1C-D). 
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Figure 1. Increased spleen and lymph node size in IL-17RA KO.lpr mice. [A] Spleens and cervical lymph nodes 
from 26 week old B6.lpr (left  and top) and IL-17RA KO.lpr (right and bott om). [B-D] Total number of splenocytes (all 
live cells in spleen) [B], B cells (CD19+) [C] and T cells (CD3+) [D] at diff erent ages. Bars depict wild type B6 (black) 
and IL-17RA KO (white) mice at 8 weeks of age. Mean and SEM are shown for n = 3 – 21 mice per group; *p<0.05; 
**p<0.01; ***p<0.001.

HMGB1 and anti -HMGB1 are increased in the serum of IL-17RA KO.lpr mice

SLE is characterized by presence of ANA in the serum. We therefore measured ANA ti ters in the 

serum of B6.lpr and IL-17RA KO.lpr mice at several ages. Serum ANA ti ters increased with age in 

both groups (fi gure 2A). Surprisingly, serum ANA ti ters were not higher in IL-17RA KO.lpr mice 

than in B6.lpr mice at any age. ANA producti on is thought to be induced by insuffi  cient clearance 

of apoptoti c or necroti c debris containing DNA and HMGB1 [39, 40]. To determine whether higher 

serum ANA levels in IL-17RA KO.lpr and B6.lpr mice were associated with increased presence 

of HMGB1 in serum, we determined HMGB1 levels by Western blot. Interesti ngly, already at 

8 weeks of age, HMGB1 levels were increased in IL-17RA KO.lpr mice compared to B6.lpr mice 

(fi gure 2B). Furthermore, anti -HMGB1 anti body levels increased in IL-17RA KO.lpr mice with age 

and reached a much higher level than in B6.lpr mice (fi gure 2C). In serum of control C57BL6 

mice, we did not detect HMGB1 protein or anti bodies to HMGB1 (data not shown). As HMGB1 

is only released from late apoptoti c or necroti c bodies [41], these data suggest a role for IL-17RA 

signaling in clearance of apoptoti c bodies.
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Figure 2. ANA, HMGB1 and anti-HMGB1 levels in B6.lpr and IL-17RA KO.lpr mice. [A] Serum ANA titers by 
immunofluorescence. [B] Serum HMGB1 levels measured by Western Blot. Mean and SEM are shown for n = 5 – 13 
animals per group. [C] Serum anti-HMGB1 levels measured by ELISA. Bar indicates median. *p<0.05; **p<0.01; 
***p<0.001.

Increased numbers of cytokine producing DNT and CD4+ T cells in IL-17RA KO.lpr mice

Both DNT and CD4+ T cells have been shown to play a role in the pathogenesis of SLE in patients 

[42]. To determine whether these subpopulations were increased in IL-17RA KO.lpr mice, we 

analysed the splenic T cell compartment of these mice by flow cytometry. The increased number 

of T cells in IL-17RA KO.lpr mice, when compared with B6.lpr mice, was due to an increase in the 

total numbers of DNT cells, and to a lesser extent of CD4+ and CD8+ T cells (figure 3A-C). 

We found that specifically the proportions of DNT cells were increased in IL-17RA KO.lpr mice 

(supplementary figure 1). Total numbers of cytokine producing DNT cells were increased at 20 

and 26 weeks of age in IL-17RA KO.lpr mice compared with B6.lpr mice (supplementary figure 2). 

However, proportions of IFNγ, IL-4, IL-17A and IL-10 producing DNT cells were in the same range 

in IL-17RA KO.lpr and B6.lpr mice (figure 4A-D), suggesting that there is no skewing within the 

DNT population. This was also true for CD4+ cytokine producing T cells (figure 4E-H), although 

only total numbers of IL-17A producing CD4+ T cells were increased (supplementary figure 3). 

Together, these data indicate that total numbers of DNT cells, CD4+ and CD8+ T cells in IL-17RA 

KO.lpr mice are enhanced and specifically skewed towards DNT cells, but not towards a specific 

cytokine profile within this subset. 
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Figure 3. Expansion of T cell populati ons in IL-17RA KO.lpr mice. [A-C] Total numbers of splenic DNT [A], CD4+ [B] 
and CD8+ [C] T cells in B6.lpr and IL-17RA KO.lpr mice at diff erent ages. Mean is shown for n = 9-21 animals per 
group; *p<0.05; **p<0.01; ***p<0.001.

Figure 4. Proporti ons of cytokine producing DNT and CD4+ T cells. [A-D] Proporti ons of splenic IFNγ+ [A], IL-4+ [B], 
IL-17A+ [C] and IL-10+ [D] DNT cells in B6.lpr and IL-17RA KO.lpr mice at diff erent ages. [E-H] Proporti ons of splenic 
IFNγ+ [E], IL-4+ [F], IL-17A+ [G] and IL-10+ [H] CD4+ T cells in B6.lpr and IL-17RA KO.lpr mice at diff erent ages. Mean 
is shown for n = 9-21 animals per group; *p<0.05; ***p<0.001.
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Plasma cell formati on is enhanced in IL-17RA KO.lpr mice

As we found an increase in the number of B cells in IL-17RA KO.lpr mice compared to B6.lpr mice, 

we next analysed the splenic B cell compartment of these mice. Using fl ow cytometry with CD21 

and CD23 [43], we found that the increase in the number of B cells can be att ributed mostly 

to an increase in the number of follicular B cells, although the number of marginal zone and 

transiti onal B cells also increased in IL-17RA KO.lpr mice (fi gure 5A-C). 

Next, we tested whether the increase in follicular B cells led to enhanced germinal center 

formati on. Although aft er an initi al rise at 20 weeks of age the number of germinal center B 

cells (PNA+CD95+CD19+) decreased in B6.lpr mice at 26 weeks of age, it was not signifi cantly 

lower than in IL-17RA KO.lpr mice (fi gure 5D). However, intracellular fl ow cytometry analysis for 

Ig subclasses showed that the number of IgM, IgG1 and IgG2 plasma cells formed at 26 weeks 

of age was signifi cantly larger in IL-17RA KO.lpr mice compared with B6.lpr mice, in line with the 

increased cell number in these mice and suggesti ng enhanced pathology (fi gure 5E-G).

Enhanced B cell immunity leads to increased kidney pathology in IL-17RA KO.lpr mice 

To investi gate whether the increase in cytokine producing T cells and plasma cells in the spleen 

was associated with enhanced pathology in IL-17RA KO.lpr mice, we performed PAS staining on 

kidney secti ons from B6.lpr and IL-17RA KO.lpr mice. Indeed the slides showed thickening of the 

Figure 5. Expansion of B cell populati ons in IL-17RA KO.lpr mice. [A-C] Total numbers of splenic follicular 
(CD19+B220+CD21-CD23+) [A], marginal zone (CD19+B220+CD21+CD23-) [B] and transiti onal (CD19+B220+CD21-
CD23-) B cells [C] in B6.lpr and IL-17RA KO.lpr mice at diff erent ages. [D] Total numbers of germinal center B cells 
(CD19+B220+PNA+CD95+) at diff erent ages. [E-G] Total numbers of IgM [E], IgG1 [F] and IgG2 [G] producing CD138+ 
plasma cells at diff erent ages. Mean and SEM are shown for n = 9-21 animals per group; *p<0.05; **p<0.01; ***p<0.001.
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basal membrane of glomeruli in IL-17RA KO.lpr mice, indicati ng damage of the kidneys (fi gure 6A). 

In additi on we found enhanced C3 complement depositi on and enhanced IgG anti body depositi on 

in kidneys of IL-17RA KO.lpr mice (fi gure 6B and 6C, respecti vely). Together, these data show that 

lack of IL-17RA in B6.lpr mice leads to an enhanced SLE phenotype with enhanced kidney pathology. 

Figure 6. Kidney pathology in B6.lpr and IL-17RA KO.lpr mice. [A] PAS staining of kidney secti ons of 26 week old 
B6.lpr and IL-17R KO.lpr. [B-C] C3 depositi on [B] and IgG depositi on [C] in kidneys of 26 week old B6.lpr and IL-17R 
KO.lpr. Representati ve pictures are shown for n = 6 animals per group.

Supplementary fi gure 1. [A-C] Proporti ons of CD8+ [A], CD4+ [B] and DNT [C] CD3+ T cells in B6.lpr and IL-17RA 
KO.lpr mice at diff erent ages. Mean and SEM are shown for n = 3 – 21 animals per group; *p<0.05; **p<0.01; 
***p<0.001.
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Supplementary fi gure 2. [A-D] Total numbers of IFNγ expressing [A], IL-4 expressing [B], IL-17A expressing [C] and 
IL-10 expressing [D] DNT T cells in B6.lpr and IL-17RA KO.lpr mice. Mean and SEM are shown for n = 8 – 21 mice 
per group; *p<0.05; **p<0.01.

Supplementary fi gure 3. [A-D] Total numbers of IFNγ expressing [A], IL-4 expressing [B], IL-17A expressing [C] and 
IL-10 expressing [D] CD4+ T cells in B6.lpr and IL-17RA KO.lpr mice. Mean and SEM are shown for n = 8 – 21 mice 
per group; *p<0.05; **p<0.01.
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DISCUSSION

Here we show that lack of IL-17RA signaling enhances the SLE phenotype in B6.lpr mice. Spleen 

size is greatly enhanced in these mice, characterized by expansion of CD4+, CD8+ T and DNT cells 

and B cells and increased plasma cell formation. In addition, although total ANA titers were not 

different between the groups, serum HMGB1 and anti-HMGB1 antibody levels were elevated in 

IL-17RA KO.lpr mice compared to B6.lpr mice. This was accompanied with enhanced antibody 

deposition in the kidneys and kidney damage. These data suggest that loss of IL-17RA signaling 

enhances the development of autoimmunity in B6.lpr mice. 

Interestingly, enhanced T cell proliferation was most prominent in CD4+ and DNT cells, 

although cytokine production was not skewed towards a specific cytokine producing subset as 

the distribution of cytokine production was similar in IL-17RA KO.lpr and B6.lpr mice. This shows 

that loss of IL-17RA signaling does not affect differentiation of the T cell subsets in the spleen, but 

suggests that IL-17RA signaling can limit proliferation or survival of the cells. In IL-17RA KO mice, 

loss of this regulatory function can apparently be rescued by other factors, however, additional 

loss of FAS-FASL signaling induces expansion of cells. Whether the IL-17RA and FAS-FASL are 

involved in the same pathway is unclear. 

A role for IL-17RA signaling has been shown in disease progression in lupus prone BXD2 mice 

[34, 44]. When crossed with IL-17RA KO mice, BXD2 mice are partially protected against disease 

development. This can be attributed to impaired germinal center reactions in these mice. We 

do not find a decrease in the number of PNA+ germinal center B cells in the spleens of IL-17RA 

KO.lpr mice at any age investigated. Instead, the number of germinal center B cells appears to 

be slightly increased, although not significantly. In addition, auto-reactive antibody levels are 

not decreased in our model. As BXD2 mice have a mix of C57BL/6 and DBA genes, it is possible 

that background genes can explain these discrepancies, as we also find normal germinal center 

formation in IL-17RA KO mice on a C57BL/6 background in collagen induced arthritis and after 

influenza infection (Corneth et al, Arthritis and Rheumatism). 

Recently, a new form of cell death by neutrophils has been described, called NETosis [45]. 

During this process, chromatin is reorganized in the neutrophils to form a net-like structure. 

This net-like structure is excreted from the cell as a neutrophil extracellular trap (NET) which 

engulfs extracellular pathogens and thereby facilitates phagocytosis by macrophages. It is vital 

that the NET is cleared sufficiently, as the extracellular presence of DNA/chromatin can lead to 

activation of immune cells and autoimmunity. IL-17A was recently reported to play an important 

role in the induction of a unique subset of macrophages (M2) that phagocytoses early apoptotic 

neutrophils, preventing exposure of immune cells to DNA and other nuclear antigens [46]. On 

the contrary, IFNγ and IL-4 induced apoptosis of pro-inflammatory macrophages, leading to 

an accumulation of apoptotic neutrophils and macrophages. Macrophages in kidneys of lupus 

resistant mice quickly shift to an M2 ‘protective’ phenotype upon damage induction, whereas 
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M1 macrophages are increased in the kidneys of MRL.lpr mice and are associated with enhanced 

renal damage [47]. It is possible that failure to induce the M2 macrophages through lack of IL-

17RA signaling in B6.lpr mice leads to decreased clearance of apoptotic structures and NETs, 

increasing the auto-antigen load in already auto-immune prone mice. In addition, the increase in 

IFNγ and IL-4 producing Th cells in these mice can add to this pro-inflammatory feedback loop.

The role of IL-17A in clearance of apoptotic debris can explain the increased levels of HMGB1 

in the IL-17RA KO.lpr mice. Even though disease symptoms (lymphoproliferation, ANA) are not 

visible in young IL-17RA KO.lpr mice, HMGB1 serum levels in these mice already significantly 

exceed the levels in B6.lpr mice at 8 weeks of age, indicating that a rise in HMGB1 levels precedes 

disease development. In MRL.lpr mice, HMGB1 levels were suggested to correlate with disease 

progression [48]. In line with this, our data indicate that high HMGB1 levels, as well as anti-

HMGB1 levels, are associated with more severe disease in lupus prone mice. 

Our data appears contradictory to studies that show a role for IL-23 in the SLE phenotype 

of B6.lpr and MRL.lpr mice [37, 49]. In IL-23R KO.lpr mice, which do not develop lupus, the 

total number of DNT cells is decreased as well as the total number of IL-17A producing DNT 

and CD4+ T (Th17) cells. This was accompanied with lower serum total IgG and ANA levels, 

decreased Ig and complement deposition in the kidneys and absence of kidney damage [37]. 

In contrast, IL-23 signaling in the IL-17RA KO.lpr mice is not deficient, and mice have normal or 

even increased numbers of IL-17A expressing DNT or Th17 cells, although IL-17A cannot signal. 

In addition, other cytokines produced by these populations, like IL-22, are normally expressed. 

It is therefore possible that these cytokines also play a role in the SLE phenotype in this mouse 

model. Interestingly, our preliminary data shows increased levels of HMGB1 in IL-22KO.lpr mice, 

although these levels do not rise as early as in IL-17RA KO.lpr mice (Corneth et al, unpublished 

data). Additional studies could shed light on a role for IL-22 and other pro-inflammatory cytokines 

produced by DNT or Th17 cells in experimental SLE. 
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GENERAL DISCUSSION

RA and SLE affect millions of people worldwide. Although therapeutic strategies have significantly 

improved over the last two decades, at present there is no cure available. A better understanding 

of the pathogenesis of these diseases will help improve current therapies. In 2005, a new T 

helper subset was described that appears to play an important role in the development of auto-

immune diseases [1]. These Th17 cells are characterized by the production of IL-17A, IL-17F, 

TNFα, IL-21 and IL-22. Extensive research in RA has shown that IL-17A can act as a pathogenic 

agent, activating cells in the joint, thereby contributing to tissue damage and joint destruction [2]. 

Emerging data now also suggest a pathogenic role for IL-17A in SLE [3]. However, the contribution 

of other Th17 cytokines to the pathogenesis of RA and SLE is not fully understood.

In this thesis we have further investigated the role of several Th17 related cytokines in the 

activation and differentiation of lymphocytes in the pathogenesis of RA and SLE. For these studies 

we have made use of mouse models of these diseases and materials obtained from RA and SLE 

patients. Our results shed light on the contribution of the studied cytokines in different stages of 

disease development and the potential of these cytokines as (novel) therapeutic targets. 
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MAIN FINDINGS OF THIS THESIS

1.	 Lack of IL-17RA signaling protects mice against CIA and gives rise to a Th2 like phenotype. 

Blocking IL-17RA signaling even after T cell priming has beneficial therapeutic effects. 

(chapter 2)

2.	 IL-17A mediated joint pathology in RA patients is IL-22 independent. Th17 cells, not Th22 

cells contribute to joint inflammation. (chapter 3)

3.	 IL-22 deficient mice are partially protected against CIA through impaired B cell immunity, 

characterized by fewer and smaller germinal centers and lower pathogenic autoantibody 

levels. (chapter 4)

4.	 SLC expression on peripheral B cells protects mice against auto-immunity by inducing clonal 

deletion and anergy. (chapter 5)

5.	 In mice, IL-27 has no direct effect on B cells, but is essential for B cell immunity in both T cell 

dependent and T cell independent responses through effects on other cell types. (chapter 6)

6.	 IL-17A expression by CCR6+ memory T cells in SLE patients is correlated with IFN type I 

expression. In addition, IL-21 expression by these cells is correlated with increased expression 

of BAFF. (chapter 7)

7.	 Lack of IL-17RA signaling in lupus prone B6.lpr mice leads to an enhanced SLE phenotype 

characterized by increased lymphocyte proliferation and increased levels of HMGB1 and 

titers of anti-HMGB1. (chapter 8)
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IL-17RA signaling in the regulation of lymphocytes

IL-17A has many pro-inflammatory functions in RA pathogenesis [2]. Other IL-17 family members 

have also been shown to play a role in CIA [4] and have been found in the inflamed synovium of 

RA patients [5]. The IL17 receptor A (IL-17RA) subunit is the common subunit of the receptors 

for several IL-17 family members [6-9]. We therefore investigated the effects of lack of IL-17RA 

signaling, and thereby loss of IL-17 family signaling in CIA. In chapter 2 we show that IL-17RA-

deficient mice are completely protected against CIA development. Intriguingly, we found that 

splenic T cells in these mice display an enhanced Th2 like phenotype, characterized by increased 

expression of IL-4. How deregulated IL-17 family signaling can lead to this shift in phenotype is 

unclear. 

IL-17E (also called IL-25) signaling enhances production of Th2 cytokines, eosinophilia and B 

cell hyperplasia in mice [10, 11], and signaling of IL-17E depends on IL-17RA [7]. IL-17E signals 

through an IL-17RA-RB receptor complex [7]. The IL-17RB subunit has a TRAF6 binding motif, 

which is not present on the IL-17RA subunit [12, 13]. In T cell specific TRAF6 deficient mice, IL-4 

production by T cells is greatly enhanced upon stimulation [14]. These data suggest a possible 

T cell-intrinsic negative feedback loop limiting the IL-17E induced response. In IL-17RA deficient 

mice, signaling by IL-17E through the IL-17RB is abrogated. It is possible that this negative 

feedback loop limiting IL-4 production upon T cell activation is therefore impaired. This would 

parallel the observed negative feedback loop present in T cells for IL-17A production [15].

Increased IL-4 production in CIA in IL-17RA KO mice could explain the discrepancies between 

the total absence of CIA in these mice compared to the 20% incidence of CIA in IL-17A KO mice 

[16]. Alternatively, signaling of other members of the IL-17 family may also be sufficient to induce 

CIA in IL-17A KO mice and there is a need for conditional knock-outs of cell specific IL-17 family 

members / signaling pathways to understand the individual role of these family members in 

the pathogenesis of autoimmune arthritis. To investigate the potential protective role of IL-4 

produced by T cells in CIA pathogenesis, we attempted to block IL-4 in a T cell – fibroblast co-

culture system with anti-IL-4 antibodies. In this assay, we cultured T cells from CIA immunized 

wild-type and IL-17RA KO mice with fibroblasts and determined the pathogenic capacity of the 

T cells by measuring IL-6 production by the fibroblasts. However, this experiment proved to 

be technically difficult because the fibroblasts could be activated by the anti-IL-4 antibodies, 

possibly through Fc receptors. Use of F(ab)2 fragments could be a solution to this problem. To 

investigate this further, IL-4 blocking antibodies could be administered to IL-17RA KO mice in 

CIA to determine if blocking IL-4 can restore the phenotype observed in IL-17A KO mice. As 

administering antibodies to mice over a longer period of time could induce immune responses 

against these antibodies, IL-17RA KO mice could also be crossed onto IL-4 deficient mice. 

A role for IL-17A and IL-17RA signaling has been indicated in B cell activation and germinal 

center reactions [17-20]. However we show in chapter 2 that in IL-17RA-deficient mice in CIA, 

germinal center formation is not affected and mice even produce more non-auto-reactive IgG1 
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antibodies. Upon influenza infection, we observed no effects of loss of IL-17RA signaling on 

germinal center formation. Indeed in B6.lpr mice, loss of IL-17RA signaling enhanced plasma cell 

formation, associated with increased anti-HMGB1 titers (chapter 8). These data indicate that 

although IL-17RA may play a role in B cell immunity, other factors can compensate for the loss 

of IL-17RA signaling. 

We show in chapter 2 that blocking IL-17RA signaling has beneficial effects on arthritis 

severity even after priming of T cells. This is in line with data from a similar study in CIA [21] and 

points to IL-17RA as an interesting therapeutic target in rheumatic disease. Although blocking 

IL-17RA signaling in psoriasis patients reduces clinical symptoms [22], it had limited effects in 

RA patients [23]. However, IL-17RA blocking therapy was well tolerated when given short term. 

These data suggest a different approach to blocking IL-17RA signaling might be beneficial in 

human disease, for example using antibodies that have a higher binding affinity or a longer half 

life. In this context, it is unknown whether human T cells also shift to a Th2-like phenotype after 

IL-17RA inhibition. IL-4 could have immune modulatory effects in RA through inhibition of the 

Th17 pathway [24], but it may also induce other autoimmune symptoms. Furthermore, the long 

term effects of blocking signaling of most or all IL-17 family members is not clear, as the role of 

several family members is unknown. These cytokines are expressed by many different tissues 

in the body and may therefore have effects on homeostasis [25]. Current data suggests that of 

the IL-17 family, IL-17A is mostly associated with disease in RA patients. The additive effects of 

the other family members in RA are not known. This suggests that blocking IL-17A rather than 

IL-17RA signaling could be a safer therapeutic strategy. 

IL-17(R)A and innate immunity

Interferon (IFN) type I plays a role in many systemic auto-immune diseases [26]. Overexpression 

of IFN type I can be detected in about half of all SLE patients and correlates with disease activity 

[27]. In addition, a pathogenic role for IL-17A and Th17 cells has been described in mouse models 

of SLE as well as in SLE patients [20, 28-30]. A recent study in MS patients showed that patients 

that responded poorly to IFN-β treatment had higher IL-17A levels at onset of treatment, 

suggesting a possible connection between the IFN type I pathway and the IL-17A/Th17 pathway 

[31]. In chapter 7 we show for the first time a co-occurrence of the IFN type I signature and 

increased IL-17A producing memory CCR6+ Th cells in SLE patients. Data from several studies 

suggest these pathways may be regulated by similar factors. Furthermore, IFN type I may 

enhance Th17 differentiation. 

We also find a correlation between IL-21 and BAFF expression. These downstream factors of 

the IL-17A/Th17 pathway and the IFN type I pathway, respectively, are both potent inducers of B 

cell activation, class switching and antibody production, and have been shown to work in synergy 

in human plasma cell differentiation [32]. IL-17A and BAFF have also been shown to synergize in 
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B cell survival and plasma cell formation in SLE [20]. The close connection between the IL-17A/

Th17 pathway and the IFN type I pathway suggest that a therapeutic approach inhibiting both 

of these pathways or downstream factors simultaneously may be beneficial in SLE patients with 

increased activity of these pathways. 

Increased levels of high mobility group box 1 (HMGB1) occur in SLE patients and correlate 

with disease severity [33-35]. This protein is involved in the folding of DNA and can be released 

from cells when they go into apoptosis [36]. In addition, it can be excreted by macrophages as 

a pro-inflammatory factor during tissue stress or damage [37]. High levels of HMGB1 therefore 

suggest a more pro-inflammatory state of the immune system. In line with this, we find that 

HMGB1 levels correlate with disease severity in B6.lpr mice (chapter 8). In mouse models of 

several auto-immune diseases, treatment with anti-HMGB1 antibodies ameliorated disease 

symptoms [38-40]. Treatment with anti-HMGB1 reduced differentiation of Th17 cells by lowering 

IL-6, TGFβ and IL-23 levels in two studies on heart disease [40, 41]. Also, HMGB1 is involved in 

pDC maturation and IFN type I production through TLR4 [42, 43]. These data suggest that HMGB1 

could be the trigger for both IFN type I production and Th17 differentiation (figure 1), which is 

supported by our data in chapter 7 showing that the IFN type I and Th17 pathways are strongly 

correlated. Culture experiments with human pDC could show whether this is indeed the case 

in humans. Also, it would be interesting to block HMGB1 in this SLE mouse model to determine 

the possible effect on IL-17A/Th17 and IFN type I and the potential of this treatment in SLE 

pathogenesis. 

In chapter 8 we investigate the role of IL-17RA signaling in the pathogenesis of SLE. As 

increased levels of IL-17A have been shown to correlate with disease activity in SLE patients, we 

were surprised to find that IL-17RA deficient B6.lpr mice had an enhanced SLE phenotype. This 

phenotype was characterized by enhanced lymphocyte proliferation, plasma cell formation and 

auto-antibody production. Interestingly, we also found enhanced HMGB1 levels in the serum of 

these mice compared to B6.lpr mice. This may be caused by a dysbalance in levels of cytokines 

inducing clearance of apoptotic debris by macrophages. IL-17A seems to have an important role 

in the induction of a subset of M2 macrophages that clear early apoptotic bodies [44]. However, 

in our mice this cytokine cannot signal. IFNγ and IL-4 on the other hand were shown to stimulate 

M1 macrophage maturation, which are pro-inflammatory [44]. This leads to increased presence 

of late apoptotic bodies and extracellular presence of nuclear structures like DNA [44]. IFNγ and 

IL-4 can signal in our mice, which could lead to a shift in macrophage phenotype and the higher 

levels of HMGB1 that we observe. These data suggest that IL-17A has a protective role in the 

pathogenesis of SLE in this mouse model, contradicting data from IL-23R deficient B6.lpr mice 

[45] (figure 1). However, it is likely that IL-17A required for the induction of M2 macrophages is 

not produced by Th17 cells but other cell types. Therefore, at present the role of IL-23 in this 

process is not clear. IL-17A produced by different cell types may have a regulatory role in early, 

innate phases of SLE pathogenesis, but a pro-inflammatory role in the T cell effector phase of 
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9the disease. To confi rm this hypothesis, characterizati on of macrophages in these animals will 

have to be performed. In additi on, the presence of late apoptoti c or NETosis structures should 

be confi rmed. Furthermore, to exclude that these fi ndings are unique for the B6.lpr SLE mouse 

model, these experiments could also be performed in other SLE mouse models, like FcγRIIb 

defi cient C57BL/6 mice [46]. 

Which cell type produces IL-17A or other IL-17 family members in macrophage skewing 

remains to be investi gated. IL-17A produced by T cells was shown to induce M2 protecti ve 

macrophage diff erenti ati on in vitro. However, these T cells have been associated with increased 

disease severity in SLE [47]. It is possible that Th17 or other IL-17A producing T cells have 

diff erenti al roles during SLE development, but it is more likely that another IL-17A producing cell 

type is involved. Innate lymphoid cells are important in the regulati on of homeostasis. A subset 

of innate lymphoid cells (ILC3) has been shown to produce IL-17A. However, producti on of IL-17A 
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Figure 1. Possible diff erenti al roles for IL-17A / IL-17RA signaling in the pathogenesis of auto-immunity. IL-
17A produced by an unidenti fi ed cell type, possibly innate cells like ILCs or NK cells, may induce a protecti ve M2 
phenotype in macrophages. This phenotype enhances clearance of apoptoti c / NETosis debris. In contrast, IFNγ 
and IL-4 induce a pro-infl ammatory M1 phenotype in macrophages, which could lead to insuffi  cient clearance of 
apoptoti c / NETosis debris. This process exposes nuclear proteins like DNA and HMGB1 to immune cells. DNA and 
HMGB1 acti vate B cells and DCs through TLRs. This induces IFN type I producti on, Th17 diff erenti ati on and auto-
anti body producti on.
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by these cells appears to be IL-23 driven, arguing against their role in this process [48], as IL-23R 

KO mice are protected against the lpr-induced SLE phenotype [45]. 

Interestingly, we do not see an increase in total ANA in IL-17RA KO.lpr mice compared with 

B6.lpr mice, suggesting a specific effect of loss of IL-17RA signaling on anti-HMGB1 levels. Indeed, 

serum HMGB1 levels are increased in IL-17RA KO.lpr mice compared with B6.lpr mice. It is possible 

that higher HMGB1 levels are not a consequence of enhanced apoptosis or NETosis, but that these 

levels rise because more cells excrete HMGB1 as a pro-inflammatory molecule. This would suggest 

a role for IL-17RA signaling in the regulation of macrophage and neutrophil effector function. 

Clinical symptoms did not become apparent before 12 weeks of age in IL-17RA deficient 

B6.lpr mice, but HMGB1 levels were already increased at 8 weeks of age. This shows that 

increased HMGB1 levels precede clinical symptoms, perhaps making it an interesting biomarker 

for development of severe disease.

IL-22 in autoimmunity

IL-22 has been suggested to be a pathogenic cytokine in RA and mouse models of RA. Levels of 

IL-22 in serum of RA patients are correlated with disease severity [49]. In culture experiments, 

IL-22 was found to stimulate osteoclastogenesis in mice [50] and stimulate proliferation and 

MCP-1 production by RA synovial fibroblasts [51]. However, the concentrations of IL-22 used 

in these culture experiments greatly exceed concentrations found in the synovial fluid of RA 

patients [52]. It is therefore debatable whether these observations have physiological relevance. 

Although IL-22 producing T cells are increased in peripheral blood of RA patients [53], IL-23, 

the cytokine that drives induction of IL-22 expression by Th17 cells [54], is hardly present in a 

bioactive form in RA synovium [55]. Furthermore, IL-23 levels in serum of active RA patients are 

significantly higher than in synovial fluid [56]. In line with these data, Ikeuchi et al. have shown 

that IL-22 in RA synovium is mostly produced by RA synovial fibroblasts, and not by T cells [51]. To 

identify a possible role of IL-22 in joint inflammation in a more physiological setting, fibroblasts 

or osteoclasts could be cultured with syovial fluid from RA patients and healthy controls in the 

presence or absence of IL-22 blocking antibodies.

Indeed, we show in chapter 3 that IL-22 produced by T cells has limited effects on pro-

inflammatory cytokine and chemokine production by RA synovial fibroblasts. In fact, IL-17A 

appears to be the more pathogenic cytokine. We show in chapter 4 that IL-22 deficient CCR6+ T 

cells are equally capable of inducing IL-6 production by synovial fibroblasts from mice. Together, 

these data show that the effect of IL-22 produced by T cells on synovial fibroblasts is limited, 

and that loss of IL-22 has no effect on pathogenic capacity of the T cells. It is possible that IL-

22 produced by the synovial fibroblasts is effective in an autocrine manner to enhance the 

activation of the fibroblasts by other cells. However, we show in chapter 3 that IL-22 deficient 

mice develop experimental arthritis in a T cell mediated model comparable to wild type mice, 
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suggesti ng that the eff ect of IL-22 on fi broblasts in arthriti s is redundant. Culture experiments 

with IL-22 defi cient fi broblasts could shed light on this issue.

A possible alternati ve explanati on for the expression of IL-22 by synovial fi broblasts in RA 

pati ents but not in healthy controls is the role of IL-22 in ti ssue repair. IL-22 is involved in ti ssue 

repair and cell survival in murine hepati ti s [57, 58], and enhances wound healing in an in vitro 

model [59-61]. It is possible that fi broblasts from RA pati ents upregulate IL-22 producti on 

because the ti ssue is damaged, explaining the absence of IL-22 expression in healthy controls. 

We fi nd that both AIA and DTH responses in IL-22 defi cient mice are comparable to responses 

in wild type mice. However, we and others show that IL-22 is crucial for CIA development in 

mice ([50] and chapter 4 of this thesis). This can be att ributed to an impaired humoral response 

in these mice. Although Geboes et al reported an increase in collagen type II specifi c IgG2c 

anti bodies, they did not report whether these were specifi c for chicken or mouse collagen. We 

fi nd that anti -mouse collagen type II (CII) IgG2c serum levels are decreased in these mice, which 

is due to impaired germinal center maintenance. As the IL-22R is not expressed on immune 

cells [62, 63], it is likely that stromal cells involved in the structural organizati on of germinal 

centers are aff ected by IL-22 during immune responses. We found that IL-22R is expressed on 

stromal cells in lymph nodes, and that expression of the IL-22R by stromal cells is up-regulated by 

TNFα sti mulati on in vitro (Reijmers et al., unpublished data). In additi on, IL-22 sti mulated CXCL13 

expression by lymph node stromal cells (Reijmers et al., unpublished data), suggesti ng a role for 

IL-22 in regulati ng B cell migrati on and structural organizati on of B cell follicles (fi gure 2). 

Figure 2. The potenti al role of IL-22 in RA. LEFT: IL-22 facilitates B cell immunity. IL-22 produced by an unidenti fi ed 
cell type induces CXCL13 expression by stromal cells, possibly FDC. CXCL13 expression is involved in structural 
organizati on of B cell follicles and germinal centers. RIGHT: The role of IL-22 in synovial infl ammati on is limited. 
Th17 mediated infl ammati on is IL-17A dependent. IL-22 upregulati on by synovial fi broblasts (SF) could enhance 
ti ssue repair. It is unclear whether IL-22 produced by Th22 (or Th17 cells) could also facilitate this process.
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Initial germinal center formation in IL-22KO mice in CIA is normal, however, already at day 21 

the number of germinal centers is dramatically decreased. These data suggest that loss of IL-22 

expression leads to a germinal center maintenance defect. This observation could explain the 

discrepancy between the higher anti-chicken CII IgG levels (immune) found by Geboes et al. [50] 

and the lower anti-mouse CII IgG levels (auto-immune) that we observed in our experiments. 

If germinal center function is normal during the short time that germinal centers are present 

(until 10-15 days after immunization), the immune response against the foreign antigen (chicken 

CII) will have resulted in chicken CII specific antibody production. However, loss of tolerance 

for mouse CII may require more time. Constructing a time line of immune and auto-immune 

antibody levels in serum during CIA in IL-22KO and wild-type mice will aid our understanding of 

loss of self-tolerance in CIA.

The question remains which cell type is responsible for IL-22 production in structural 

organization of B cell follicles and germinal centers. To further investigate this, bone marrow 

chimeras could be made to establish whether the cell type is of stromal or hematopoietic origin. 

Taken together, these data suggest that IL-22 produced by T cells has limited effects in the 

pathogenesis of RA. Instead IL-17A producing T cells appear to be pathogenic, regardless of 

whether they produce IL-22. However, IL-22 is involved in B cell immunity, although it does not 

directly affect B cells. It is therefore questionable whether treatment approaches to block IL-22 

in RA patients will ameliorate RA symptoms. IL-22 does not seem to be pathogenic in the joints 

of RA patients, and the more generalized indirect effect of IL-22 on B cell immunity makes it a 

less suitable therapeutic target. 

 B cells as therapeutic targets in RA

The importance of B cells in the pathogenesis of RA is supported by the efficacy of B cell 

depleting therapy [64, 65]. Surprisingly, treatment of patients with anti-CD20 therapy has few 

side effects, even though peripheral B cells become virtually undetectable [66]. Unfortunately, 

after completion of the therapy, many patients develop relapses associated with the return 

of peripheral B cell numbers to normal levels [67]. Although this treatment does not lead to 

increased infection rates and appears mainly to affect auto-reactive memory B cells [67, 68], long 

term follow up or a study into the effects of repeated treatment have not yet been performed. 

Refining this strategy by specifically targeting pathogenic B cell subsets could limit possible side 

effects to allow long term use of medication. 

Over 10 years ago a unique subset of peripheral B cells was described that expresses the 

surrogate light chain (SLC) [69]. These cells appear to have an autoreactive antibody repertoire 

and have been shown to accumulate in the joints of RA patients [69-71]. These data suggested 

that this subset of B cells may be an interesting new therapeutic target in RA. However, the 

contribution of these cells to RA pathogenesis was still unclear. We show in chapter 5 that in fact 
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SLC expression in B cells partially protects mice from autoimmunity by inducing clonal deletion of 

B cells and anergy. These data suggest that SLC expressing B cells in RA patients do not contribute 

to the pathogenesis of RA and are therefore not a useful therapeutic target.

Dual roles of IL-27 in autoimmunity

In RA patients, serum levels of IL-27 are increased compared to healthy controls, correlating 

with disease severity [72, 73]. IL-27 activates synovial fibroblasts of RA patients and induces the 

production of pro-inflammatory cytokines by these cells [73] (figure 3). These data suggest that 

inhibition of IL-27 could be an interesting therapeutic strategy in RA. However, administration 

of IL-27 in CIA ameliorates disease [74]. Also, IL-27 was shown to limit Th17 differentiation [75, 

76], although it does not affect already differentiated Th17 cells [77]. Furthermore, IL-27 limits 

RANKL expression by T cells [78] and directly inhibits osteoclastogenesis [79]. In contrast to RA, 

serum levels of IL-27 in SLE patients are significantly lower than in healthy controls, and inversely 

correlate with disease severity [80], suggesting administration of IL-27 could be beneficial. 

IL-27 was initially described as a T cell stimulatory cytokine. It enhances susceptibility of naïve 

Th cells for Th1 differentiation and directly limits Th17 differentiation [81-84]. Furthermore, IL-27 

can induce effector function of Treg cells [85], but also controls Treg development [86]. Several 

studies suggest that IL-27 also has an effect directly on human B cells, mostly activating naïve 

B cells [87-89]. In chapter 6 we further studied the direct effects of IL-27R signaling on B cells, 

and the effect of loss of IL-27R signaling on B cell immunity in vivo in mice. We show that IL-27R 

signaling is essential for T cell dependent as well as T cell independent B cell immunity. It most 

prominently affects antibody production by B cells, enhancing the production of IgG antibodies, 

although these effects appear to be B cell independent but elicited through other cell types 

involved in B cell immunity. The effect of IL-27 on germinal center formation has been previously 

studied. Loss of germinal centers in IL-27R deficient mice can be attributed to a defect in Tfh 

cell effector function [90]. It was recently reported that IL-27 also plays a role in human Tfh 

cell differentiation [91]. We show in chapter 6 that IL-27 is also essential for T cell independent 

responses, even though a direct effect on B cells was not found in mice. It is unclear which IL-27 

responsive cells mediate this T cell independent response. Bone marrow chimeras can shed light 

on the stromal or hematopoietic origin of these cells. Furthermore, although we did not find an 

effect of loss of IL-27R signaling on B cells in vitro, it is still possible that B cell migration is affected 

in IL-27R deficient mice. B cell specific IL-27RKO mice could be used to investigate this option. 

Auto-antibody production is the hallmark of many auto-immune diseases, including SLE. 

Administration of IL-27 could therefore enhance rather than ameliorate disease pathology 

(see figure 4 for role of IL-27 in SLE). However, in MRL/lpr mice, overexpression of the IL-27R 

protected mice against SLE pathology in a dose dependent fashion [92]. In fact, T cell specific 

overexpression of the IL-27R was sufficient to significantly reduce cutaneous lesions in MRL/lpr 
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mice [93]. These data suggest that, at least in mice, the effects of IL-27 and IL-27R signaling on T 

cells are dominant in SLE. In RA patients, it is possible that local effects of IL-27 in synovium are 

more pathogenic than protective. This balance of whether IL-27 has a more pro-inflammatory or 

inhibitory role may be tissue specific and different in SLE and RA (figure 3 and 4). Together, these 

observations show the extent of the influence of IL-27 on immune responses and suggest that 

these highly variable roles of IL-27 make it a difficult target for disease treatment. 

Concluding remarks

In this thesis we have explored the role of several Th17 related cytokines and cytokine receptors 

in the pathogenesis of RA and SLE. By using different models of disease we have found that 

these cytokines and cytokine receptors have differential roles in different stages of disease. 

These differential roles may be tissue specific and depend on the cytokine producing cell and 

receiving cell, explaining why the same cytokine may be pathogenic in one auto-immune 

disease but protective in another. For example, we have shown that lack of IL-17RA signaling in 

CIA in mice fully protects these mice against disease development, whereas in SLE prone mice, 

loss of this receptor enhances disease. It is therefore important to characterize the cell types 

responsible for pathogenic cytokine production. Chemokine and chemokine receptor expression 

profiles of lymphocytes at different stages of the disease will help to identify specific pathogenic 

subpopulations of cells, and may be useful in a clinical setting. Inhibiting a specific subset of 

pathogenic cells rather than a cytokine may limit side effects of medication. 

Many new cytokine producing immune cell types have recently been described. ILCs are of 

particular interest, as they express similar cytokine profiles as Th cells, but do not express antigen 

specific receptors and appear to be involved in tissue homeostasis [94]. However, it is possible 

that cytokine production by these cells, e.g. IL-17A and IL-22 production, can induce pathogenic 

responses in the context of inflammation or autoimmunity. 

Research on the auto-reactive BCR repertoire and B cell characteristics in RA and SLE 

may identify specific pathogenic B cell subsets and could help identify the antigens involved 

in autoimmune diseases. For example, it was recently reported that B cells with BCRs specific 

for citrullinated proteins are preferentially present in the joints of RA patients, suggesting local 

selection of auto-reactive BCRs [95]. Similar studies could be performed to assess whether 

specific auto-reactive TCR repertoires are preferentially involved in local auto-immunity. These 

data will enhance our understanding of the pathogenesis of autoimmune diseases and may 

further improve therapeutic strategies. 
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SUMMARY

RA and SLE affect millions of people worldwide. Although therapeutic strategies have significantly 

improved over the last two decades, at present there is no cure available. In 2005, a new T helper 

subset was described that appears to play an important role in the development of auto-immune 

diseases. These Th17 cells are characterized by the production of IL-17A, IL-17F, TNFα, IL-21 and 

IL-22. In this thesis we have further investigated the role of several Th17 related cytokines in 

the activation and differentiation of lymphocytes in the pathogenesis of RA and SLE. For these 

studies we have made use of mouse models of these diseases and materials obtained from RA 

and SLE patients. 

The role of the IL-17 cytokine family in RA has been studied extensively. The IL-17 cytokine 

family consists of IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also called IL-25) and IL-17F. IL-17A and 

to a lesser extent IL-17F appear to be mostly involved in the pathogenesis of RA. IL-17 family 

members signal through distinct receptor heterodimers, but the IL-17 receptor A (IL-17RA) 

subunit appears to be the common subunit for all IL-17 cytokines. In chapter 2 we explore the 

effect of loss of IL-17RA signaling, and therefore loss of signaling of all IL-17 family cytokines, in 

the pathogenesis of collagen induced arthritis (CIA), a mouse model for RA. We find that IL-17RA 

signaling is essential for CIA development and loss of this receptor induces a Th2-like phenotype 

in splenic CD4+ T cells. 

The pathogenic role of IL-17A and Th17 cells in synovial inflammation has been shown by 

many studies. In addition, several studies have suggested a pro-inflammatory role for IL-22 

in joint inflammation. However, other studies have shown a role for IL-22 in mucosal barrier 

homeostasis, and that IL-22 is protective in autoimmunity. We therefore investigated the 

differential effects of Th17 cells, which produce both IL-17A and IL-22, and Th22 cells, which only 

produce IL-22 but not IL-17A, in RA. 

We show in chapter 3 that Th22 cells are not essential in synovial inflammation. IL-22 has 

limited effects on production of IL-6, IL-8 and MMP-1. Furthermore, antigen induced arthritis 

development, which is Th17 dependent, is not effected by loss of IL-22 in IL-22-deficient mice. 

These data show that Th17 mediated synovial inflammation does not require IL-22. In addition, 

in chapter 4 we investigate the role of IL-22 in B cell immunity. Although the IL-22 receptor is not 

expressed on hematopoietic cells, lack of IL-22 had profound effects on germinal center formation 

in CIA. We propose that this effect is mediated through stromal cells present in lymphoid follicles, 

which express certain chemokines that induce migration of B cells into these follicles. 

B cells play an important role in RA and many RA patients are (anti-citrullinated protein 

antibody) ACPA positive. How this loss of tolerance is established is unknown. A small population 

of B cells has been found in the periphery that expresses both the surrogate light chain (SLC) 

as well as the immunoglobulin light (IgL) chain. These cells accumulate in RA patient synovium. 

These cells display an auto-reactive B cell receptor (BCR) repertoire. However, their contribution 
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to autoimmune disease is not clear. We show in chapter 5 that SLC and IgL chain co-expression 

on B cells in mice does not enhance autoimmunity in CIA. Instead, SLC chain expression induced 

clonal deletion and anergy in B cells, suggesting a protective role for the SLC in autoimmunity.

In chapter 6, we explore the role of IL-27R signaling in B cell immunity. The IL-27R is expressed 

on many cells in the body, including hematopoietic cells and epithelial cells. IL-27 enhances 

susceptibility of naïve T helper cells for Th1 differentiation and induces IL-10 production. In 

addition, IL-27 reduces Th17 differentiation. In IL-27R KO mice, more T cells express IL-17A. Also, 

follicular T helper cells, which are crucial for germinal center formation and function, depend on 

IL-27. The IL-27R is also expressed on B cells, but little is known about the direct effects on these 

cells. In chapter 6 we investigated the direct effect of IL-27R signaling on B cells, and the effect 

on B cell immunity. We find that IL-27R signaling is essential for both T cell dependent as well as 

T cell independent immunity, although the direct effect on B cells is limited, suggesting a role for 

IL-27 on cells directing B cells. 

Both the IFN type I pathway and IL-17A producing cells have been implicated in SLE 

pathogenesis. Half of all patients display the IFN type I signature. Several studies show possible 

links between IFN type I and IL-17A producing cells, but so far no studies have been performed 

to confirm the association of IFN type I with IL-17A in SLE patients. In chapter 7, we show for 

the first time a co-occurrence of CCR6+IL-17A+ cells and the IFN type I signature. Furthermore, 

downstream factors of these pathways were also correlated (B cell activating factor (BAFF) and 

IL-21). Several studies suggest that these pathways are regulated through similar regulatory 

systems. Together with our data these studies suggest that targeting both pathways might be 

beneficial in the treatment of SLE.

The pathogenic role of Th17 cells in SLE has been suggested in both humans and mice. IL-

17A is involved in germinal center formation and works in synergy with BAFF to enhance B cell 

survival and activation in an SLE mouse model. B6.lpr mice deficient for IL-23R expression are 

protected against development of SLE symptoms. Intriguingly, we find a strongly enhanced SLE 

phenotype in mice deficient for IL-17RA signaling, suggesting a protective role for IL-17 family 

members in this model. These data provide valuable insight in the differential effects of IL-17 

cytokines and other cytokines produced by Th17 cells. 

The data presented in this thesis shed light on the contribution of the studied cytokines 

in different stages of RA and SLE disease development and the potential of these cytokines as 

(novel) therapeutic targets. 
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SAMENVATTING

Reumatoïde artritis (RA) en systemische lupus erythematosus (SLE) treffen miljoenen mensen 

wereldwijd. Hoewel de behandel mogelijkheden de afgelopen twintig jaar enorm zijn 

toegenomen is genezing van deze ziekten nog steeds niet mogelijk. In 2005 is een nieuw T helper 

subtype beschreven. Deze Th17 cellen worden gekenmerkt door productie van onder andere 

IL-17A, IL-17F, TNFα, IL-21 en IL-22 en lijken een belangrijke rol te spelen in auto-immuniteit. In 

dit proefschrift hebben wij de rol van verschillende Th17 gerelateerde cytokines in de activatie 

en differentiatie van lymfocyten in de pathogenese van RA en SLE verder onderzocht. Voor deze 

studies hebben we gebruik gemaakt van muis modellen van deze ziekten en humaan materiaal 

verkregen van RA en SLE patiënten en gezonde controles. 

De rol van de IL-17 cytokine familie in RA wordt intensief onderzocht. De IL-17 familie 

bestaat uit IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (ook wel IL-25 genoemd) en IL-17F. IL-17A en 

in mindere mate IL-17F lijken het meest betrokken bij de pathogenese van RA. IL-17 cytokines 

signaleren door verschillende receptor heterodimeren, waarbij de IL-17 receptor A (IL-17RA) de 

gemeenschappelijke subunit lijkt te zijn. In hoofdstuk 2 onderzoeken we het effect van verlies van 

IL-17RA expressie, en dus van signalering van alle IL-17 cytokines, in de pathogenese van collagen 

induced arthritis (CIA), een muismodel voor RA. Wij vinden dat IL-17RA signalering essentieel is 

voor het ontstaan van artritis in CIA en dat verlies van deze receptor een Th2 fenotype induceert 

in CD4+ T cellen in de milt.

De pathogene rol van IL-17A en Th17 cellen in synoviale inflammatie is in meerdere studies 

aangetoond. Daarentegen hebben verschillende studies een rol gesuggereerd voor IL-22 in 

gewrichtsontsteking. In tegenstelling hebben andere studies laten zien dat IL-22 een rol speelt in 

immuun homeostase van mucosale oppervlakken en dat IL-22 een beschermende werking heeft 

in auto-immuniteit. Daarom hebben wij verder onderzocht wat de effecten zijn in RA van Th17 

cellen, die zowel IL-17A als IL-22 produceren, ten opzichte van Th22 cellen, die alleen IL-22 maar 

geen IL-17A produceren.

In hoofdstuk 3 laten wij zien dat Th22 niet essentieel zijn voor synoviale inflammatie. IL-

22 heeft slechts beperkt effect op de productie van IL-6, IL-8 en MMP-1. Daarnaast is antigen 

geïnduceerde artritis ontwikkeling, een Th17 gemedieerd model, niet verminderd door verlies 

van IL-22 in IL-22 deficiënte muizen. Deze data laten zien dat Th17 gemedieerde synoviale 

inflammatie onafhankelijk is van IL-22. In hoofdstuk 4 laten we daarnaast zien dat IL-22 en rol 

speelt in B cel immuniteit. Hoewel de IL-22 receptor niet tot expressie komt op hematopoiëtische 

cellen, heeft het verlies van IL-22 sterke effecten op de formatie van germinal centers in CIA. Wij 

stellen voor dat dit effect van IL-22 gemedieerd wordt door stromale cellen die aanwezig zijn in 

de lymfoïde follikels. Deze cellen brengen bepaalde chemokines tot expressie die de migratie van 

B cellen naar de follikels reguleren.
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Samenvatting

B cellen spelen een belangrijke rol in RA en veel RA patiënten hebben antilichamen in hun 

bloed tegen lichaamseigen gecitrullinereerde eiwitten (ACPA). Hoe dit verlies van zelf tolerantie 

ontstaat is niet bekend. Bij RA patiënten is een kleine populatie perifere B cellen gevonden die 

zowel de surrogaat lichte keten (SLC) als de lichte keten (IgL) tot expressie brengen. Deze cellen 

accumuleren in het synovium van deze patiënten en brengen een auto-reactieve B cel receptor 

(BCR) tot expressie, maar hun bijdrage in de auto-immuun ontsteking van het gewricht was 

onduidelijk. Wij laten in hoofdstuk 5 zien dat co-expressie van de SLC en de IgL op B cellen in 

muizen niet leidt tot een toename van auto-immuniteit in CIA. In tegenstelling laat onze data zien 

dat SLC expressie door perifere B cellen klonale deletie en anergie induceren. Dit suggereert een 

beschermend effect van SLC expressie in auto-immuniteit.

In hoofdstuk 6 onderzoeken wij de rol van IL-27 receptor (IL-27R) signalering in B cel 

immuniteit. De IL-27R komt tot expressie op veel verschillende cellen van het lichaam, waaronder 

hematopoiëtische cellen en epitheliale cellen. IL-27 verhoogt de gevoeligheid voor naïeve Th 

cellen voor differentiatie naar Th1 cellen en induceert IL-10 productie. Daarnaast remt IL-27 Th17 

differentiatie. In IL-27R deficiënte muizen brengen meer T cellen IL-17A tot expressie. Ook zijn 

folliculaire Th cellen, die essentieel zijn voor germinal center ontwikkeling, afhankelijk van IL-27. 

De IL-27R komt tot expressie op B cellen, maar er is weinig bekend over de directe effecten IL-

27 op deze cellen. In hoofdstuk 6 onderzoeken wij het directe effect van IL-27R signalering op B 

cellen en het effect op B cel immuniteit. We vinden dat iL-27R signalering essentieel is voor zowel 

T cel afhankelijke als T cel onafhankelijke B cel immuniteit, hoewel er geen direct effect lijkt te 

zijn op B cellen zelf. Dit suggereert dat IL-27 een rol speelt in de regulering van B cellen via B cel 

non-intrinsieke mechanismen. 

Zowel interferon (IFN) type I als IL-17A producerende cellen spelen mogelijk een rol in de 

pathogenese van SLE. Ongeveer de helft van alle SLE patiënten heeft de IFN type I handtekening. 

Meerdere studies suggereren een mogelijke link tussen IFN type I en IL-17A producerende cellen, 

maar tot dusverre zijn er nog geen studies uitgevoerd om de associatie tussen IFN type I en IL-

17A/Th17 cellen in SLE patiënten te bevestigen. In hoofdstuk 7 laten wij voor het eerst zien dat 

de IFN type I handtekening en verhoogde IL-17A producerende cellen bij dezelfde SLE patiënten 

voorkomt. Daarnaast laten wij ook zien dat downstream factoren van deze pathways aan elkaar 

gecorreleerd zijn (B cell activating factor (BAFF) en IL-21). Enkele studies suggereren dat IFN type 

I en IL-17A expressie gereguleerd worden door dezelfde regulatoire mechanismen. Samen met 

onze data ondersteunt het idee dat het remmen van zowel IFN type I als IL-17A een gunstig effect 

kan hebben voor SLE patiënten. 

De pathogene rol van Th17 cellen in SLE is zowel in patiënten als in muismodellen gesuggereerd. 

IL-17A is betrokken bij het ontstaan van germinal centers en heeft een synergistische werking 

met BAFF in het verhogen van B cel overleving en activatie in een muismodel voor SLE. B6.lpr 

muizen die deficiënt zijn voor IL-23R expressie zijn beschermd voor de ontwikkeling van het SLE 

fenotype. Wij beschrijven in hoofdstuk 7 een onverwacht sterke toename van het SLE fenotype 
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in IL-17RA deficiënte muizen, hetgeen een beschermende rol suggereert voor de IL-17 cytokine 

familie in dit model. 

De data in dit proefschrift dragen bij aan het begrip van de rol van de onderzochte cytokines 

in de verschillende stadia van RA en SLE ziekte ontwikkeling, en de potentie die deze cytokines 

hebben als mogelijk (nieuwe) therapeutische targets in deze ziekten.
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Dankwoord

DANKWOORD

Nu even zen. Het zit erop, na 4 jaar is mijn boekje af. En wat voor 4 jaar. Een promotie is een 

soort achtbaan met plotselinge wendingen en versnellingen. Maar met de juiste mensen om je 

heen komt het uiteindelijk allemaal goed. Al deze mensen wil ik heel graag bedanken voor hun 

onmisbare steun!

Allereerst wil ik graag mijn promotoren bedanken. Professor Hazes, beste Mieke, bedankt 

dat je mij de mogelijkheid en ruimte hebt gegeven om mij vier jaar lang op een onderzoek met 

muizen te storten op onze toch meer klinische afdeling. Bedankt ook dat je altijd probeert ons 

werk bij de kliniek te betrekken en ons er zo aan blijft herinneren waar we het allemaal voor doen. 

Professor Hendriks, beste Rudi, zonder jou was dit nooit gelukt. Hoewel je niet vanaf het begin 

mijn promotor was, kon ik altijd bij je terecht met vragen. Ik was altijd welkom bij Longziekten 

en heb van jou de ruimte gekregen om daar een groot deel van mijn werk uit te voeren. Bedankt 

voor al je steun, input en hulp!

Natuurlijk wil ik ook mijn co-promotor bedanken. Erik, je hebt mij ondanks mijn geneeskunde 

achtergrond aangenomen op een echt muizen project. Ik werd meteen met een heleboel 

muislijnen in het diepe gegooid, maar dat is uitstekend uitgepakt. Bedankt voor het vertrouwen 

dat je mij hebt gegeven, en de vrijheid om mijn project zelf vorm te geven. Ik heb daar super veel 

van geleerd!

I would like to thank the members of the reading committee, Professor Laman, Professor 

Lambrecht and Professor Bootsma for reviewing my thesis. Also, I would like to thank Professor 

Nitschke and Professor Kolls for travelling to Rotterdam for my PhD defense, and Dr. Cupedo for 

being on this committee. 

Promoveren kan je nooit alleen, en ik heb geluk gehad met fantastische collegae. Allereerst 

mijn paranimfen, Patrick en Jan Piet. Pat, de afgelopen 4 jaar hebben wij bijna elke proef voor mijn 

boekje samen gedaan. Enorme proeven, vroeg beginnen, tot laat doorgaan, niets was jou te veel. 
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Ik wil ook graag iedereen van de unit Immuun Regulatie bedanken, voor de gezelligheid en de 

goede discussies over de data bij de unit meetings. En daarnaast iedereen van de immunologie 
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we heen kunnen! Juul, onze dates zijn onmisbaar, ik kan met niet voorstellen hoe het zou zijn 

zonder de ‘en-de-jochemettes’. Bedankt voor al je steun de afgelopen tijd! Ons jaarlijkse ‘lange 

weekend’ naar Madrid kon nu niet doorgaan, maar volgend jaar gaan we zeker weer! Heel veel 

geluk samen met Saber! 

Mijn lieve schoonouders, Anneke en Tjeerd, enorm bedankt voor jullie steun de afgelopen 4 

jaar. Jullie steun voor en interesse in alles wat ik doe is geweldig! Rommert, jij ook bedankt voor 

je steun en de geweldige vakantie in Canada.

Papa en mama, ontzettend bedankt voor jullie vertrouwen in mij! Jullie hebben mij altijd alles 

gegund en gegeven en daardoor heb ik de kansen gekregen die tot dit boekje heben geleid. Jullie 

hebben mij zoveel van de wereld laten zien! Bedankt voor alles, jullie zijn geweldig!

Lief broertje, wat ben ik trots dat jij mijn broertje bent! Jouw doorzettingsvermogen de 

afgelopen jaren is een enorme inspiratie geweest voor mij. Jij overwint alles! Heel erg bedankt 

voor je steun, en heel veel succes met alles dat gaat komen! Je bent een held!

Lieve, lieve Pieter, jij maakt mijn leven mooi. Je bent de afgelopen jaren echt met mij mee 

gepromoveerd, alles kon ik bij je kwijt! Maar nu is het klaar, en is mijn tijd weer voor jou! Je bent 

mijn engel, ik hou van je!
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