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CHAPTER 1

Rheumatoid arthritis
Rheumatoid arthritis (RA) is an autoimmune disease characterized by 
inflammation of the joints. It is a chronic disease that can affect any joint 
but typically starts with pain and swelling in multiple peripheral joints 
such as the metacarpophalangeal (MCP) and proximal interphalangeal 
(PIP) joints of the fingers, or in the forefoot joints. In many patients the 
disease also leads to systemic symptoms and damages organ systems, 
e.g. the cardiovascular system (1). RA is the most common autoimmune 
inflammatory arthritis, with a global prevalence of 0.24%, and it affects 
women more than twice as often as men (2). The incidence rate of RA 
and allied conditions in Dutch general practice was 0.7 per 1000 patient 
years in 2017 (3). If the arthritis is not adequately treated, or if treatment is 
unsuccessful, destruction of joints ensues due to erosion of cartilage and 
bone, resulting in joint deformities and eventually disability.

Rheumatoid factors and the history of serological diagnosis of RA
RA was one of the first diseases in which autoantibodies were implicated 
in the pathophysiology and used for diagnosis. In 1937, the Norwegian 
physician Erik Waaler observed that serum from a patient with RA 
contained an unknown factor that caused agglutination of sheep red 
blood cells sensitized with rabbit anti-sheep serum (4, 5). This factor was 
named “the rheumatoid factor” in 1949 (6), and was later discovered 
to be an autoantibody that binds to epitopes in the constant region (or 
fragment crystallizable [Fc]) of immunoglobulin G (IgG) molecules (Figure 
1). Immunoglobulins (Igs), also called antibodies, are proteins produced 
by the B-cells and plasma cells of the immune system in response to 
pathogens. With their antigen binding domains they specifically recognize 
and bind to structures (antigens) on pathogens, thereby blocking the 
pathogen from entering a host cell or marking it for destruction. Antibodies 
belong to different classes (or isotypes), of which the pentameric IgMs 
are the first class to be produced by B-cells during an immune response. 
Stimulated by antigens the B-cells undergo class-switching and change 
their antibody production to monomeric IgG. The two antigen binding 
domains  ̶ or fragment antigen binding (Fab-) domain ̶  of the Y-shaped IgGs 
are connected to an Fc domain by a flexible ‘hinge region’. The Fc domain 
interacts with immune cells such as macrophages through Fc-receptors 
and can activate the complement system, a cascade of plasma proteins 
that triggers various inflammatory responses. Four different IgG-isotypes 
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exist (IgG1, IgG2, IgG3 and IgG4), which differ in length of the hinge and 
have slightly different Fc domains, influencing their effector function. When 
multiple IgGs bind to the same antigen they form immune complexes (ICs). 
Fc domains lie in close proximity in the ICs and can crosslink multiple Fc 
receptors on macrophages (Figure 1). This leads to uptake of the ICs by the 
macrophages and clearance from the circulation. ICs can also efficiently 
trigger the complement cascade by binding the first component (C1q) of 
the complement system.

Autoantibodies recognize proteins in an individual’s own tissues instead 
of pathogens. They can have a beneficial role in binding and clearing e.g. 
debris from dead cells or play a pathological role by binding to autoantigens 
in autoimmune diseases.

In the case of the agglutination reaction described by Waaler the 
rheumatoid factor autoantibody bound to the Fc of the sheep IgGs on 
the red blood cells, thereby crosslinking the blood cells and causing 
agglutination. Today, detecting rheumatoid factors (RFs) continues to be 
important for diagnosing RA and predicting its disease course, and is 
included in the most recent classification criteria of the disease (7). The 
other class of autoantibodies used in the classification criteria are the 
anti-citrullinated protein antibodies (ACPAs). ACPAs recognize proteins 
in which arginine residues have been posttranslationally modified into 
citrulline and are considered more specific for RA than RFs (8). Recently, 
additional anti-modified protein antibodies (AMPAs) have been identified: 
anti-CarP antibodies recognize protein targets with lysines converted into 
homocitrulline (9), and although there is overlap with ACPAs anti-CarPs are 
also found in ACPA-negative RA patients. Anti-hinge antibodies (AHAs) can 
bind to epitopes exposed when IgG molecules are cleaved in their hinge-
region, which can occur in the proteolytic environment of an inflamed joint, 
and they appear to be upregulated in RA patients compared to healthy 
controls (10, 11). Currently, neither anti-CarPs nor AHAs are routinely used 
in a clinical setting for diagnosing RA .

1
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Figure 1. Top left: antibody isotypes: pentameric IgM and monomeric IgG, with the fragment 
antigen binding (Fab-) domains in blue and the fragment crystallizable (Fc-) domain in black, 
connected by a hinge region. Top right: An IgM-RF binding to the Fc domains of several 
IgGs. (Adapted from (12)). Bottom left: Environmental stimuli can induce infl ammation and 
upregulation of PAD enzymes which results in citrullinated proteins that can be bound by 
ACPAs. Bottom right: an immune complex (IC) binding to the Fc receptors on a macrophage.

Etiology of RA; the role of autoantibodies
The etiology of RA is still unknown, but genetic factors, specifi cally a 
fi ve amino acid motif in the third allelic hypervariable region of the HLA-
DRβ chain, known as the “shared epitope” (13), in combination with 
environmental factors such as cigarette smoking and infections probably 
play a role (14). The fi rst site of immune activation is possibly not the 
joint, but rather a mucosal site such as the lungs. Here, microbes, smoke 
particles or other noxious agents trigger Toll-like receptors on immune 
cells; this leads to increased activity of peptidyl-arginine deiminase (PAD) 
enzymes and posttranslational modifi cation of proteins, specifi cally the 
conversion of arginine amino acid residues into citrulline residues (Figure 
1). In genetically susceptible individuals these citrullinated proteins are 
more effi ciently presented in HLA-molecules, which facilitates production 
of anti-citrullinated protein antibodies (ACPAs). It is still unclear whether 
ACPAs represent a break in tolerance against citrullinated proteins, or 
cross-reactivity of an antibody response against another agent, for example 
a microbe. Over time, the pathological potential of these autoantibody 

proefschriftWillemV3.indd   10 04-12-19   10:34



11

GENERAL INTRODUCTION

responses is amplified through higher levels, changes in glycosylation 
and increasing affinity, in a process called affinity maturation in which B 
cells produce (auto)antibodies that bind with increasing strength to their 
target (auto)antigens by hypermutating the Fab domains. This process 
relies on selection of the strongest binding B cells through competition 
for antigen. ACPAs are thought to subsequently migrate to the joint space 
where they can activate osteoclasts and lead to bone erosion. A so called 
‘second hit’ in the form of a (subclinical) infection of the joint or a (micro) 
trauma may initiate local inflammation and additional citrullination of 
proteins in the joint (15). Recent studies hypothesize that after ACPAs bind 
to citrullinated proteins in the joints RFs can bind to ACPA Fc domains and 
form larger RF-ACPA ICs, triggering complement activation and production 
of pro-inflammatory cytokines in the joints (16-21). These cytokines attract 
inflammatory cells such as neutrophils and T cells to the synovium, induce 
formation of new blood vessels and activate epithelial cells. The inflamed 
synovium creates an environment that ultimately leads to destruction of 
the cartilage in the joint, mainly through the effects of metalloproteases 
and activated osteoclasts (22).

(Pre-) clinical phases of rheumatoid arthritis
Different phases can be identified in the natural history of RA in a patient 
(Figure 2). There can be a pre-symptomatic phase during which formation 
of autoantibodies starts without the patient experiencing any symptoms. 
Studies in cohorts of blood donors that later developed RA show that 
both ACPAs and RFs can be detected many years before symptoms start 
(23, 24). When symptoms do start some patients experience what can be 
called the ‘arthralgia phase’, a phase with joint pains, but without signs 
of arthritis on physical examination and without signs of joint damage on 
X-rays. Not all arthralgia patients have antibodies present, but the ones 
that do have a much higher risk of progression towards arthritis, especially 
those who are ACPA positive (25). Not all patients who develop arthritis are 
ultimately diagnosed with RA. Some will be classified as undifferentiated 
arthritis (UA), when not enough signs and symptoms of RA are present. 
Many patients however will progress to RA, after going through an ‘early 
arthritis phase’. It is important to start treatment at an early time point 
during this phase, because patients who are treated early in the disease 
have better clinical outcomes (26, 27). Ideally, patients that are at very high 
risk for developing arthritis should be identified in the pre-symptomatic 

1
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phase or in the arthralgia phase and receive treatment to prevent them 
from progressing. Although there has been progress in identifying at-risk 
patients, preventive treatment in this group has thus far shown limited 
results (28, 29).

Figure 2. (Pre-) clinical phases in the development of RA. The dashed arrows indicate that 
not all RA patients necessarily go through all phases. (Adapted from (30))

Rheumatoid factor testing
Testing for the presence and levels of RF and ACPA is standard practice in 
many countries when a patient presents with joint complaints and RA is 
suspected. Overall, the sensitivity of RF and ACPA testing for identifying 
RA is similar, around 70%, but RF is less specific than ACPA (86% versus 
96%) (31). This is because RF is also found in other rheumatic diseases 
such as systemic lupus erythematosus (SLE) and primary Sjögren’s 
syndrome (pSS), during chronic infection and in a small percentage of 
healthy individuals, particularly in older age (32-35). Still, testing for RF 
is important since patients can be ACPA negative but RF positive and 
double positivity is associated with more structural damage of the joints 
and higher disease activity (16, 19, 36). Furthermore, in the arthralgia 
phase double positive patients have a higher risk of progression to arthritis 
(25). Although detecting RF thus has important clinical consequences for 
diagnosing RA and predicting disease course, RF assays have not been 
standardized (37-39). While commercially available RF assays use widely 
different test mechanisms the classification criteria for RA developed by 
the American and European rheumatology societies do not specify which 
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type of RF assay to use. The agglutination reaction observed by Waaler 
is still the basis of many RF assays, although the sheep red blood cells 
have been replaced by latex particles coated with IgG. These tests use 
turbidimetry or nephelometry to quantify RF levels, whereas other widely 
used immunoassays specifically detect IgM RFs with isotype specific 
antibodies. Different RF assays also use different target antigens. Some 
use human IgG whereas others, including the widely used EliA™ system, 
use rabbit IgG. This adds another source of variation (38).

Heterogeneity in the rheumatoid factor response; opportunities for 
improving the clinical value of RF assays
Even though RFs have been studied for over 80 years, there are still two 
main challenges. The first concerns unraveling the pathophysiological 
role RFs play in the disease process of RA. Since RFs are also found in a 
proportion of the healthy population it is possible that both physiological 
and pathological RFs exist, the former binding and clearing immune 
complexes, the latter exacerbating inflammation as described above. The 
pathological RFs could differ from the physiological RFs in the epitopes 
targeted on Fc (e.g. enhancing instead of blocking complement binding) 
or in their potential to act synergistically with other autoantibodies such 
as ACPAs. Currently, there is no method available that can distinguish 
these two types of RF. The second challenge is to improve the clinical 
utility of RF measurements. Put simply, we do not exactly know what 
we are measuring when we measure RFs and we do not know how the 
methods that we use affect the measurements. There is a need for more 
insight into the mechanistic properties of the interactions of RFs with their 
targets in RF assays. This should result in better, clinically more useful 
RF assays and improved standardization of measurement. It is likely that 
the role of RF in pathogenesis has remained enigmatic precisely because 
of the lack of specific analysis of its binding-properties and the methods 
used to measure them. A more specific analysis of the properties of 
RFs should improve their clinical value by separating RA-associated RF 
responses from those associated with other diseases or present in healthy 
individuals. It may also shed light on the pathological consequences of 
RFs by determining their potential to form ICs with ACPAs or other IgGs. 
This analysis should take into account that there is heterogeneity on two 
fronts: there is heterogeneity in the ways RFs are currently measured and 
the RF response itself is a heterogenic autoantibody response (Figure 

1
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3). The heterogeneity in RF testing methods is due to different testing 
mechanisms, e.g. agglutination-based versus immunoassays, and the 
use of different target antigens, i.e. human IgG versus rabbit IgG. The 
homology between the human and rabbit Fc domains, where RFs bind, is 
only 74%. It is therefore likely that not all relevant RF epitopes are present 
in both target IgGs, leading to discrepancies between results of different 
tests. Regarding RF itself, earlier studies showed that there is no such thing 
as ‘the’ rheumatoid factor. Analyses of RFs from individual B cell clones 
showed that different RFs can bind to different epitopes in the IgG Fc 
domain (40-42). An RF response measured in any individual patient likely 
consists of a mixture of different RFs targeting different Fc-epitopes. Some 
RF clones derived from RA patients appear to bind epitopes not bound 
by RFs derived from patients with other diseases or from healthy donors. 
Conventional RF assays cannot identify which epitopes are recognized by 
the RFs present in a serum sample. Developing new RF assays capable of 
identifying the targeted IgG epitopes may lead to the discovery of truly 
RA-associated RF responses. The combined effects of the heterogeneity 
in RF responses and the heterogeneity in testing methods can result in 
quantitatively (levels) and even qualitatively (positive or negative RF) 
different test results. This has consequences since both RF status and 
level are used to diagnose RA and predict the course of the disease, 
thus affecting treatment decisions. What is needed now is the ability to 
identify RF binding patterns directly in patient sera. This should make 
it possible to determine whether RA-specific binding patterns exist and 
whether they can help improve the clinical value of RF assays. Another 
important possibility is the discovery of RF epitopes or RF binding patterns 
that are not associated with RA, but with other diseases or are part of a 
physiological RF response in healthy individuals. Revealing such non-RA 
RF epitopes could lead to exclusion of these epitopes from RF assays and 
improve their specificity.
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Figure 3. Heterogeneity in RF testing (above) and RF responses (below).
Different commercially available RF assays use different IgG targets to detect RFs. The upper 
panel depicts two RF assays with different target IgGs: human IgG (left) and rabbit IgG (right) 
bound to a solid phase, such as an ELISA plate. If a serum sample contains RFs specifi c for 
human IgG, they bind to the target IgG in the left assay and are detected by labeled anti-IgM 
antibodies (marked with a star). In an assay that uses rabbit IgG, human-IgG specifi c RFs are 
not detected (right). The choice of target IgG may thus lead to inconsistent results if the RF 
response in a serum sample is dominated by human IgG-specifi c RFs or rabbit IgG-specifi c 
RFs. Below: Different RF clones making up an RF response can be specifi c for different 
IgG-Fc epitopes (in blue). An RF response generally consists of a mixture of different RFs 
(depicted as grey and dark gray IgMs). The Fab domains of the different RFs (in green) 
recognize distinct structures on the IgG Fc domain (center). The exact locations where RFs 
bind their target (the epitopes in blue) may be associated with disease and may infl uence 
the pathogenic potential of RFs. Currently, RF assays cannot identify which epitopes are 
recognized by the RFs present in a serum sample.

1
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OUTLINE OF THE THESIS

The aim of this thesis was to dissect the RF response and determine 
whether a better understanding of how and where RFs bind their target 
can improve the clinical value of RF assays and provide insight into their 
pathophysiological role in RA. Using newly developed assays, the RF 
response was characterized in multiple clinical cohorts and associations 
of RF reactivity pattern with clinical outcomes were identified. Chapter 2 
contains a review of the autoantibody responses that can be present in 
individuals at risk of RA, and explains how these responses can change 
to potentially become more pathogenic during the time leading up to the 
development of arthritis. In chapter 3 we show that the use of different 
RF assays can lead to clinically important discrepancies in quantitative 
as well as qualitative results. The choice of the target antigen (human 
versus rabbit IgG) is shown to be an important factor in this. Using the 
different IgG subclasses as the target antigens, instead of polyclonal IgG, 
it is determined in chapter 4 that RF responses can be classified according 
to their anti-subclass reactivity pattern. These patterns are subsequently 
studied in ACPA positive and ACPA negative arthralgia patients. Chapter 5 
presents our most ambitious attempt to characterize RF response patterns 
by using specially designed IgG targets to pinpoint regions on IgG Fc where 
polyclonal RF responses bind. RF reactivity patterns are determined in 
seropositive arthralgia patients and relationships with ACPA and clinical 
outcome are studied. Furthermore, by comparing RF patterns between 
cohorts of established RA patients and pSS patients, we investigate if we 
can identify disease-specific RF responses. In light of the recently proposed 
interactions between RF and ACPA chapter 6 describes experiments 
performed to determine whether ACPA IgGs are better targets for RF than 
non-ACPA IgGs. ACPAs are the main representatives of the group of anti-
modified protein antibodies (AMPAs). Anti-hinge antibodies are AMPAs 
that recognize neo-epitopes exposed after the cleavage of IgG in the hinge 
region that connects the Fab and Fc domains. Their presence in RA and 
their binding specificities are investigated in chapter 7. Where the previous 
chapters focus on the targets of RFs, chapter 8 describes the RF molecules 
themselves and provides an in-depth analysis of published variable region 
sequences of RFs from RA patients and healthy donors. The results of this 
thesis are summarized and discussed in chapter 9 and recommendations 
are made for future research.
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