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General introduction

Rheumatoid arthritis
Rheumatoid arthritis (RA) is an autoimmune disease characterised by chronic 
systemic inflammation. In western societies, about 1% of the population 
is affected, with a higher prevalence in women. The disease is characterised 
by systemic inflammation of joints leading to cartilage destruction and bone 
erosions with, as a consequence, disability of the patient.

One of the hallmarks of RA is the presence of autoantibodies. During 
the course of the last 50 years several autoantibodies have been identified, 
amongst which rheumatoid factor (RF)[1], anti-citrullinated protein antibodies 
(ACPA) and anti-carbamylated protein antibodies (aCARP)[2]. Following their 
identification, many researchers studied the characteristics, specificity and, as 
most interesting aspect, their (pathogenic) role in RA.

Citrullination and ACPA
In 1964, Nienhuis et al. were first to show that RA patient serum contains 
specific antibodies against keratohyaline granules, which were initially termed 
antiperinuclear factor (APF) due to their staining pattern on buccal mucosa 
cells[3]. Independently, the same group of antibodies was described as anti-
keratin antibodies (AKA) in 1979[4]. It took until 1998, however, before it was 
found that the non-classical amino acid citrulline is essential for recognition by 
this group of antibodies[5]. Citrulline is the result of deimination of the amino 
acid arginine by the enzyme peptidyl arginine deiminase (PAD) (figure 1.1). Due 
to this post-translational modification (PTM), the positively charged arginine 

Figure 1.1: Post-translational modification of an arginine to a citrulline.
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is converted into a neutral citrulline. Loss of charge can result in structural 
changes on the protein level, such as differences in protein folding, change 
of polarity or denaturation. Under physiological conditions, citrullination is 
linked to various processes in different cell types[6], including apoptosis[7-9] 
and histone modifications[10-12]. Citrullination of histones can facilitate 
transcription of genes as the structure of histones becomes less condense, or it 
can allow extensive chromatin decondensation which facilitates the formation 
of neutrophil extracellular traps; NETs[12, 13]. It is unknown why tolerance 
against citrullinated antigens is broken in the majority of patients with RA, but 
it has been shown that citrullinated proteins can be found in inflamed tissues 
including joints of patients[14, 15]. Moreover, an intriguing observation is that 
a polymorphism in the gene encoding the PAD enzyme is by itself a risk factor 
for ACPA-positive RA[16].

ACPA in RA
Following the identification of citrulline as the essential part of the antigen 
recognized by both APF and AKA, an ELISA using a synthetic cyclic citrullinated 
peptide (CCP) was developed, called the anti-CCP1 test. This diagnostic test 
has a specificity of 98% and a sensitivity of 68% for the diagnosis RA[17]. The 
commercial CCP2 version of the test for routine testing, available since 2002, 
made it possible to use ACPA as a biomarker for RA and, in the 2010 criteria used 
for classification of patients, ACPA status was included[18]. In recent years, many 
groups studied the role of ACPA in disease pathogenesis, although the precise 
contribution of ACPA to disease-related processes remains still unclear. However, 
accumulating clinical as well as experimental data suggest that ACPA indeed 
contribute to inflammatory processes and chronicity of inflammation in RA.

Concerning the role of ACPA as a biomarker, it is intriguing that ACPA 
can be detected in serum of individuals with joint pain (arthralgia) before the 
onset of RA. Arthralgia patients that harbour ACPA have a higher chance of 
developing RA compared to patients without ACPA[19]. Also, patients with 
undifferentiated arthritis (UA) have a higher risk for RA development when they 
are ACPA-positive[20]. Furthermore, patients with RA being ACPA-positive 
have more severe disease progression[21]. Thus, ACPA are useful diagnostic and 
predictive biomarkers that identify patients at risk for severe progressive disease.

Pathogenicity of ACPA
As ACPA are a hallmark of RA, many studies tried to identify direct ACPA-
mediated biological effector functions. In mice, the induction or development 
of ACPA is debated[22-24], but infusion of ACPA in mice can exacerbate 
arthritis[22, 25] suggesting that ACPA can at least enhance inflammation. 
Similar conclusions could be derived from in vitro studies, in which ACPA could 
promote inflammation by influencing different processes and cell types of the 
immune system. For example, ACPA can activate the classical and alternative, 
but not the lectin pathway of the complement system[26]. Plate-bound immune 
complexes (IC) of ACPA can activate mast cells, mainly via FcγRIIA[27] 
and, enhanced by IgM-rheumatoid factor, increase cytokine production by 
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macrophages[28]. As citrullinated antigens are present in the inflamed joints of 
patients with RA[29], ACPA-IC could be formed at these sites and contribute 
to inflammation. Moreover, purified ACPA skew macrophage differentiation 
to the inflammatory M1 phenotype, resulting in an increased M1/M2 ratio 
after culture[30]. Also, ACPA-containing IgG, but not control IgG, potentially 
induces NET formation by neutrophils, thereby creating a vicious circle where 
NETs contain citrullinated antigens and thereby trigger additional autoantibody 
formation and inflammation[31]. Furthermore, isolated ACPA-IgG but not 
control IgG can induce osteoclastogenesis and bone loss[32]. Focussing on 
signalling pathways, it was shown that ACPA can activate ERK1/2 and JNK 
signalling which leads to NF-κB activation and TNF-α production[33]. As 
ACPA have been implicated in the pathogenesis of these processes, it is very 
important to understand whether these effector functions are ACPA specific 
and if ACPA have molecular features that are important for the observations 
described above.

In our department, detailed characterisation of ACPA on the molecular level 
has been performed for many years. Studies of isotype usage and isotype subclasses 
showed that ACPA are expressed in most isotypes, i.e. IgG, IgA and IgM. Of 
interest, patients negative for ACPA-IgM can be positive for ACPA-IgM later 
in time indicating formation of new ACPA-expressing B cells also during the 
course of disease[34]. ACPA have a low avidity compared to antibodies against 
recall antigens and show only avidity maturation before disease onset[35, 36]. 
Separating ACPA-positive patients in groups according to ACPA avidity revealed 
that patients with the lowest avidity have more severe joint destruction[37]. 
In line with avidity maturation, also epitope spreading was shown to happen 
before the onset of RA while no changes in fine specificity were observed later 
in the disease course[38]. And, more recently, the majority of ACPA was found 
to carry N-glycans in the Fab region which modulate the binding avidity to 
their antigen[39]. All these data indicate that ACPA have different characteristics 
and dynamics compared to recall antibodies. Very interesting aspects of ACPA 
research include the questions on why ACPA are already present before disease 
onset, what makes the ACPA immune response mature just before clinical 
disease onset as indicated by a rise of titre, change of isotype usage and epitope 
spreading, and why patients in remission can have persistent high ACPA-IgG 
titres. Therefore, a better understanding of ACPA and the underlying immune 
response is required to determine why (a certain group of ) ACPA show these 
features that are presumably related to pathogenic properties. To dissect these 
issues, the study of citrullinated antigen-specific B cells could give insights in 
the origins of this autoantigen-specific immune response and could elucidate 
differences between normal B cells, ‘non-pathogenic’ early citrullinated antigen-
specific B cells, citrullinated antigen-specific B cells in remission and ‘pathogenic’ 
citrullinated antigen-specific B cells during active disease. Eventually, such 
knowledge could identify targets that allow interfering with the development of 
citrullinated antigen-specific B cells.
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B cells
B cells are key players in our adaptive immune system and provide humoral 
immune responses. B cells are part of the adaptive immune system, recognize a 
specific antigen on their surface via the B cell receptor (BCR) and can develop into 
highly specific memory B cells. B cells differ from T cells in antigen recognition 
as T cells recognize small peptides whereas B cells recognize an antigen in their 
native form, which can include for example lipids or sugars. Furthermore, upon 
differentiation to plasmablast/plasmacells (PB/PC), B cells secrete antibodies, 
which are part of the humoral immune system. In general, B cell development 
can be divided into four stages[40]: generation, elimination of self-reactive B 
cells, activation by foreign antigens and differentiation to antibody secreting 
cells (ASC) and memory B cells.

Generation of B cells starts in the bone marrow where B cells obtain 
their BCR. The BCR is a Y-shaped molecule comprised of two heavy and two 
light chains. The upper part of the V part of the Y contains the variable regions 
and the rest of the molecule is the constant region. The variable region contains 
a variable (V), a diversity (D; only in Ig heavy chain) and a joining (J) element. 
For all these elements of the variable region, many potential genes are available 
providing an enormous number of possible V(D)J combinations, thereby 
creating a wide range of possible BCRs. To obtain an expressed BCR the DNA 
needs to be rearranged. In this process, recombination activated genes (RAGs) 
encode enzymes which will induce cleavage of DNA at specific sites between 
the selected V(D)J elements. Next, the DNA of the selected V(D)J elements 
will become adjacent and the DNA will be repaired. As a result, the BCR gene 
transcript is formed and the in-between parts of the B cell’s genome will be lost. 
Rearrangement of the BCR starts at the heavy chain locus creating a pre-B cell 
receptor with a surrogate light chain (LC)[41, 42]. Next, the LC is rearranged 
starting mostly at the kappa locus[43, 44]. When rearrangement does not result 
in a functional BCR the cell rearranges again until a functional BCR is formed, 
rescuing it from apoptosis. Finally, cells positively selected due to the expression 
of a functional  BCR enter the stage of immature B cells and continue their 
development. Although the rearrangements could be completely random, it was 
shown that this is a tightly regulated process[45]. Immature B cells express BCRs 
that are often autoreactive. Under normal conditions, these autoreactive B cells 
will be negatively selected and undergo apoptosis, become anergic or modify 
(again) their receptor by receptor editing, which alters (mostly) the LC. When 
a cell changes its LC, the cell transcribes a kappa locus genetically further 
downstream, switches transcription to the second kappa containing chromosome, 
or it switches to one of the two lambda containing chromosomes. Choosing 
for a locus located downstream results in loss of the upstream loci. Thus, each 
time a B cell undergoes receptor editing the amount of available light chains is 
reduced, since part of the DNA is lost. As a final result of control checkpoints 
and receptor editing, mature naïve B cells can enter the periphery.

Mature naïve B cells circulate in the periphery patrolling through secondary 
lymphoid organs, spleen and lymph nodes, until they die from lack of survival 
signals or until they encounter their antigen. Upon antigen encounter in 
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secondary lymphoid organs and a second activation signal[46], they become 
activated and start proliferating and differentiating, thereby generating memory 
B cells and/or antibody secreting plasmablasts/plasmacells (PB/PC). Broadly, 
this second activation signal can be divided into two subgroups of signals: T cell 
dependent and T cell independent signals. T cell dependent B cell activation 
is characterised by the formation of germinal centres (GC). Activated T cells 
provide a stimulatory signal via CD40L-CD40 interaction[47, 48]. GC B cells 
proliferate extensively while somatic hypermutation (SHM) introduces changes 
in the recognition region of the BCR, a process termed affinity maturation. B 
cells with the highest affinity for their cognate antigen are positively selected and 
some will re-enter SHM resulting in B cells with even higher affinity. Other B 
cells can undergo class switch recombination (CSR) and become high affinity 
memory B cells or Ig-producing PB/PC[49]. T cell independent activation and 
memory formation needs activation of several receptors on one B cell. This can 
be achieved by combining activation of the  BCR and another receptor, like 
toll like receptors (TLRs) or by crosslinking of several BCRs recognizing lipids 
and carbohydrates[50, 51]. Memory B cells can more easily be (re-)activated 
than naïve B cells, but both can differentiate to short-lived antibody secreting 
plasmablasts (PB) or long-lived plasmacells (PC). To become long-lived PC, they 
home to the bone marrow (BM)[52, 53] where they can become long-lived PC 
when they successfully compete for plasma cell survival niches[54].

Outline of this thesis
In many autoimmune diseases including RA, there is excessive production 
of antibodies that can bind self-antigens. How these self-reactive B cells 
escape negative selection is not known. To understand this, characterisation 
of autoreactive B cells is required preferably by analysing these cells in an 
antigen-specific manner. Since we know that ACPA have different molecular 
characteristics and dynamics compared to recall antibodies, we hypothesised that 
also ACPA-expressing B cells could have different characteristics if compared 
to non-autoreactive B cells. How these cells develop, mature and survive is still 
largely unknown. The studies presented in this thesis describe the first steps 
to understand ACPA-expressing B cells in terms of identification, localization, 
isolation and characterisation.

In chapter 2, studies are described addressing the question where ACPA-
expressing B cells are located. In contrast to conventional immune responses, 
ACPA-IgM in serum can appear at later stages of established disease which 
suggests that ACPA are continuously generated as a result of an ongoing immune 
response[34]. Therefore, we cultured B cells isolated from peripheral blood of 
ACPA-positive RA patients. We were able to identify ACPA-expressing B cells 
in peripheral blood of ACPA-positive RA patients but not in ACPA-negative RA 
patients or healthy controls. Unstimulated versus stimulated peripheral blood 
mononuclear cell (PBMC) cultures and cultures after FACS sorting experiments 
revealed that, next to ACPA-expressing B cells in the memory pool, spontaneously 
ACPA-secreting PB/PC are present in peripheral blood. These findings support 
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the hypothesis of an ongoing citrullinated antigen-specific immune response in 
ACPA-positive RA patients.

As we identified spontaneously ACPA-secreting PB/PC in peripheral blood 
in the context of the studies presented in chapter 2, we questioned if this ACPA 
immune response is similar near the site of inflammation, in synovial fluid (SF). 
To this end, and to understand the role of cells from the synovial compartment 
in maintaining ACPA B cells, we characterised ACPA-secreting cells from SF in 
detail. These studies are presented in chapter 3. Even though the percentage of 
B cells in synovial fluid mononuclear cells (SFMC) is lower than in peripheral 
blood, we identified an enrichment of spontaneous ACPA secretion and ACPA 
secreting cells in the SF compartment. Furthermore, we found that total SFMC 
have the potential to spontaneously form a survival niche for long-lasting (auto)
antibody secretion.

Studying ACPA B cells on a single cell level could give many insights into the 
ACPA immune response. Therefore, we also set out to develop an antigen-specific 
staining for the identification of citrullinated antigen-specific B cells by flow 
cytometry. As peripheral blood is relatively easy to obtain from patients compared 
to SF, we focussed on peripheral blood despite the lower number of ACPA B cells 
(chapter 3). Chapter 4 describes the successful development of a flow cytometry 
staining that identifies ACPA-expressing B cells. For the method to be successful, 
we constructed a human embryonic kidney (HEK) cell line expressing a monoclonal 
ACPA molecule on the cell membrane and used three streptavidin tetramers in each 
staining. This combination of tetramers, two containing citrullinated antigens and 
one an arginine control variant, is needed to identify cells recognizing citrullinated 
antigens but not the control antigen. This technique was validated by culturing cells 
isolated by flow cytometry, which yielded high amount of ACPA production in 
positively sorted wells, whereas higher numbers of negatively sorted cells gave very 
low or no detectable degree of ACPA production.

Next, we included phenotypic markers CD20 and CD27 to discriminate 
between the naïve, memory and PB/PC compartment, which allowed calculating 
the frequency of ACPA-expressing B cells for every subpopulation. This revealed 
that most ACPA-expressing B cells have a memory phenotype with a median of 1 in 
every 2600 memory B cells. Using isotype-specific antibodies, we could show that 
ACPA-expressing B cells in peripheral blood are mostly class-switched memory B 
cells expressing IgG, but also IgA, IgM and IgD ACPA B cells could be detected.

To better understand the provenance of ACPA-expressing B cells in terms 
of B cell development, the usage of lambda and kappa light chains was studied 
in the context of the studies presented in chapter 5. In general, B cells start 
with the expression of a kappa light chain-containing  BCR[43, 44]. Prior to 
entering the periphery the cells need to pass the checkpoint of being non-
autoreactive. Although this is a very important checkpoint, this checkpoint in 
itself is incomplete and some autoreactive cells ‘escape’ and enter the periphery. 
We hypothesised that a combination of starting with a kappa LC, more rounds 
of failing the autoreactivity checkpoint and more additive chance of escaping 
the checkpoint generates, on average, more lambda usage in autoreactive B cells. 
If ACPA B cells were generated this way we expected that ACPA would more 
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frequently carry lambda light chains. To this end, we characterised ACPA-IgG 
antibodies isolated from serum and SF and studied the usage of lambda light 
chains by ACPA-expressing B cells. We found a shift in frequency of lambda LC 
usage, as serum ACPA-IgG and ACPA(-IgG+) B cells more frequently use lambda 
light chains. This could indicate that ACPA-expressing B cells underwent, on 
average, more rounds of receptor editing.

As we hypothesised that long-lived plasma cells could be important in 
(ACPA-positive) RA, we also analysed the expression of CD28 on B cells in 
RA patients in the context of the studies presented in chapter 6. As has been 
described for mice, expression of CD28 on B cells is involved in the live span of 
PC[55]. For human B cells, this has not been shown so far, but the expression 
of CD28 on B cells has been reported. Therefore, we studied the expression of 
CD28 on the different B cell subsets in peripheral blood (and SF) of RA patients 
compared to patients with systemic lupus erythematosus (SLE) and healthy 
controls, as well as on ACPA-expressing B cells. We identified CD28 expression 
on PB/PC in both patient groups and heathy controls and this was found to be 
comparable. In PB/PC in SF, this percentage was increased. ACPA-expressing 
PB also expressed CD28. Yet also here, the expression level was found to be 
comparable for peripheral blood as well as SF PB/PC.

Finally, chapter 7 summarizes and discusses the results and describes possible 
directions for future research.
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