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uring a lifetime, the human body encounters a large number of

immunological challenges, such as infections with viruses and bacteria. If

the immune system is sufficiently competent, such a challenge will be met
by the activation of one or more immune pathways that will attack and clear the
infection. However, there are situations in which complications may arise. In the
first situation, a weakened immune system might not be able to control the
pathogen, resulting in prolonged infection with accompanying consequences. Often,
this situation can be prevented upfront by vaccination or countered during the
infection by treatment with antibiotics or passive immunization therapy'. In the
second situation, the immune system may not attack a foreign pathogen but direct
it’s action towards (part of) the human body. Diseases resulting from such an
unwanted self-reactive immune response have been named autoimmune diseases.
Examples of common diseases often categorized as autoimmune diseases are Graves’
disease, type I diabetes and rheumatoid arthritis (RA)>.

Clinical aspects of rheumatoid arthritis
Although RA has been described as an autoimmune disease, it has also been called

an inflammatory disease with autoimmune aspects3. The fact that multiple of such
descriptions are available already indicates that many aspects of the disease,
especially with regards to pathogenic processes, are relatively unclear. In the
Netherlands, more than 1.3% of the population suffers of a chronic inflammatory
disease, belonging to the rheumatology disease category*. A large part of this
category consists of RA patients. It has been estimated the general prevalence of RA
is between 0.5% and 1%>°. The diagnosis of an RA patient is often based on both
clinical presentation and serology. The clinical presentation of RA involves
inflammation of one or multiple joints. Involvement of larger joints, inflammation in
multiple joints and the duration of the complaints each contribute to increased
susceptibility of RA. Additionally, two autoantibodies, called rheumatoid factor (RF)
and anti-citrullinated protein antibodies (ACPA) are often measured in serum,
possibly combined with other markers of inflammation such as CRP and ESR.
Positivity or high levels of each of these biomarkers further adds to increased
susceptibility for RA. Most of these factors are also part of the most recent
classification criteria for RA7. An overview of the most recent classification criteria,
compared to the 1987 criteria can be found in table 18. The main difference between
these two criteria is the increased attention to the presence of autoantibodies. When
studying the presence of autoantibodies in clinical cohorts, results may therefore
vary depending on the selection criteria.

The 2010 classification criteria are able to capture a large proportion of RA
patients9™. These criteria are not diagnostic criteria and may still miss out on the
group of (early) RA patients in which few joints are affected and serology is
negative". At the moment it is considered important to identify RA patients as early
as possible, as early treatment allows the most favourable long-term outcome.
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Likewise, during the early phase of disease, there may exist a so-called “window of
opportunity” during which treatment is more effective and which may even result in
the prevention of chronic disease development™.

At the moment, there is no cure for RA, although the development of chronic
disease may be prevented by effective and early treatment. Therefore, medication
prescribed aims to modify the disease or reduce the symptoms. Methotrexate is one
of the disease-modifying anti-rheumatic drugs (DMARDSs) and is often part of the
standard treatment strategy after diagnosis of RA. An important mode of action of
methotrexate is to suppress the immune system. This drug is effective in the
majority of patients but a substantial proportion of the patients does not respond
sufficiently. If the treatment is not effective, methotrexate can be combined with
other DMARDs such as TNF inhibitors or rituximab, which both target separate
aspects of the immune system. In order to further alleviate symptoms such as pain
and inflammation, non-steroidal anti-inflammatory drugs (NSAIDs) can be
prescribed as well

Criteria 1987 Criteria 2010
Criteria

Morning Stiffness Yes No
Number of joints involved Yes Yes
Arthritis of hand joints Yes Yes (a subset of joints)
Symmetric arthritis Yes No
Rheumatoid nodules Yes No
Rheumatoid factor Yes Yes
Radiographic changes Yes No
Anti-Citrulline antibodies No Yes
Duration of symptoms Yes Yes
CRP or ESR No Yes

Table 1 - Comparison between the 1987 and 2010 diagnostics criteria for rheumatoid arthritis

Risk factors for rheumatoid arthritis

Known risk factors for diseases can often be divided into inheritable and
environmental. In RA, it has been estimated using twin studies that the genetic
contribution of the disease is approximately 60%. By now, many studies
investigating genetics have been carried out for RA. By far the largest genetic
components in RA is the presence of certain HLA-DR alleles which can either
predispose for the development of RA, in the case of the “shared epitope” alleles, but
can also be protective in the case of HLA-DRB1*13%5". Also, PTPN22 is a commonly
discussed gene in which SNPs have been associated with the development of RA,
although many more genes, which each seem to contribute minimally to RA
development have been identified".
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The main environmental risk factor thought to induce RA is smoking, which is
interestingly enough a risk factor for many other (autoimmune) diseases as well'8.
Other risk factors described include infections, for example during periodontitis or
changes in the microbiome, but these are less evident, or were investigated less
when compared with smoking.

Pathogenesis of Rheumatoid arthritis

At the moment, little formal evidence is present for the pathogenesis of RA. Also, a
large proportion of data at this point is derived from mouse models which may not
resemble the human disease process. However, most agree that the interaction
between large numbers of different genetic and environmental factors result in a
complex interplay of the immune system, possibly inducing a positive feedback loop
and eventually chronic inflammation. Although many hypotheses and theories have
been developed regarding the pathogenesis of RA, there still remains much to be
elucidated.

One of the more general theories for the development of autoimmune diseases is
based on molecular mimicry*. Initially, an immune response will develop towards a
foreign (pathogen-derived) epitope. However, (part of) this epitope may be similar
or equal to epitopes already present in the human body, resulting in a break of
tolerance against these particular epitopes. A specific example of possible molecular
mimicry in RA focuses on the DERAA-sequence which are sequences that fit well in
the HLA-DR shared epitope molecules. This sequence is present in multiple
pathogens, including influenza A, but can also be found in human self-proteins, such
as vinculin. Eventually reactivity towards these pathogens may result in
autoimmunity towards (citrullinated) vinculin®>. This particular theory can be well
combined with the genetic risk factors for RA.

A second model focusses on mucosal sites, mainly the lung, as an initiation site for
the break of tolerance in RA patients®. An initial indication for the involvement of
the lung in RA comes from studies that show that early, untreated RA patients seem
to have increased inflammation in the lungs*+. This theory also incorporates the
increased risk on RA when smoking. It has been described that smoking may
increase inflammation (and citrullination) in the lung, resulting in a break of
tolerance and eventually autoantibody production. Why the joint would be targeted
in such a situation is currently unclear.

Besides these models of initiation, there are also several cells that are known to play
a role in the pathogenesis of RA, although their exact role and whether their
presence is cause or consequence are not known. Cells that are very common in the
synovial fluid of RA patients, namely neutrophils may be involved in disease in
several manners. One of the aspects may be through their general immune functions
such as degranulation or the formation of neutrophil extracellular traps (NETs)26,
which may contribute to the general immune reaction within the synovium.
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Also, neutrophils may provide several antigens in the form of post-translational
modifications such as carbamylation, citrullination or malondialdehyde-
acetaldehyde modifications, by providing components that promote these
modifications 2728,

Furthermore, T cells are often thought to contribute or even cause autoimmune
diseases. Also for RA, the genetic associations seem to indicate that a role for T cells
seems likely. However, directly targeting the T cells by depleting them in RA, does
generally not result in resolution of the disease, and it has been suggested that a the
correct balance of T cell subsets, such as the right amount Tregs, Thi and Th2 cells is
important®>3°. Another role for T cells may come in the form of T-B cell interactions
during which B cells undergo class switching and somatic hypermutation. This may
also occur within the joint of RA patients, since tertiary lymphoid structures have
been detected in some patients3".

A final cell type that is thought to be involved in RA is the B cell. Targeting this cell
type, for example with rituximab, can be an effective treatment strategy in RA3?,
indicating that there is indeed a role for B cells as well. What this role is, is at the
moment unclear, but at this point, most research with regards to B cells in RA seems
to focus on antibody production and their respective antigens in RA patients.

Autoantibodies in rheumatoid arthritis

The production of autoantibodies in RA has become an important disease
characteristic, also indicated by their incorporation into the diagnostic criteria. One
of the first autoantibodies discovered in RA is RF, which targets the Fc tail of other
antibodies and therefore has the potential to form large immune complexes33.
However, the specificity of RF for RA is relatively low when compared to ACPA,
antibodies that recognize citrullinated proteins or peptides3+35. Citrullination is a
process of post-translational modification that is carried out by PAD enzymes, which
are able to convert arginine residues into citrulline residues.

ACPAs were shown to associate with joint damage and can often be identified before
disease onset3®37, Furthermore, epitope spreading before disease onset has been
observed for these autoantibodies3®39. Importantly, most of the genetic association
discussed are mainly found for the ACPA+ RA subset. Besides the presence of RF and
ACPA, many other autoantibodies have been described in RA. Just as ACPA, some of
these antibodies also target a posttranslational modification. Previously described
modifications that can be recognized by autoantibodies in RA include acetylation,
malondialdehyde modifications and carbamylation*>42. Of these, autoantibodies
targeting carbamylation proteins have been described most extensively+.

Carbamylation
Carbamylation is a post-translational modification mainly affecting lysine residues.
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The carbamylation of a lysine residue is a chemical process carried out in the
presence of cyanate and resulting in a homocitrulline (figure 1)#4. Besides lysine
modification, some other amino acids and the n-terminus can also be modified by
cyanate, although these are thought to be less common than lysine modification.
The homocitrulline, as the name implies, is rather similar to a citrulline, the last
being only a Ch2 group shorter.

At the moment, there are two pathways known that can result in cyanate in the
human body. It is not clear how much each of the pathways contributes to
carbamylation, although one pathway is constantly present while the other pathway
seems to require inflammatory conditions. The more constant production of cyanate
is derived from urea, which is in equilibrium with cyanate#. This is a pathway that is
increasingly involved in renal disease, since an increase in urea can be observed in
patients with renal failure. The second method to generate cyanate involves the
conversion of thiocyanate in a reaction with myeloperoxidase (MPO) and H2024°.
This pathway may be driven by inflammation, which increases the presence of MPO.
Smoking may also contribute by increasing thiocyanate levels#7:48,

o] o

Thiocyanate Figure 1 - A lysine is
converted into a
homocitrulline in the
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Cyanate

-
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The knowledge on carbamylation in health and disease at this moment is limited.
Most studies investigating carbamylation focus on renal disease. Here the amount of
carbamylation in serum may help to predict mortality*9, and to distinguish between
acute or chronic disease>. Upon hemodialysis, levels of carbamylation in the blood
of renal disease patients decrease again>. Furthermore, the levels of carbamylation
may also associate with heart failure in renal disease patients5*, or with the severity
of coronary artery disease in the general population33. Interesingly, in mice the total
amount of carbamylation seems to increase with age>*.

With regards to RA, only one study investigating carbamylation in the foot of one
RA patient has been carried out’. Homocitrulline residues were indeed detectable in
several joint biopsies, but no obvious differences were observed between inflamed
and non-affected biopsies.
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The direct effect of the carbamylation process on the function of a protein is difficult
to study, since the modified lysines of the protein in vivo might be different from the
modied lysines when in vitro carbamylation is carried out. However, studies have
shown that carbamylation of IgG may prevent complement activation5® and
carbamylation of low-density lipoproteins may increase cell death of endothelial
cells>’. However, the question remains whether the carbamylation in vivo is enough
to actually establish such effects.

Anti-CarP antibodies

The existence of anti-CarP antibodies was described by Shi et al, showing that anti-
CarP antibodies are increased in RA 4. The presence of anti-CarP antibodies has also
been described for other conditions, including juvenile arthritis, psoriatic arthritis,
sjogren syndrome and other non-RA arthritic diseases’®®. However, levels and
percentage of people positive for anti-CarP antibodies are much higher in RA
patients than in the other conditions in which these antibodies have been described.

Besides an increase of autoantibodies in RA, many other clinical aspects have been
investigated. For example, the presence of anti-CarP antibodies associates with joint
damage over time, also when patients are ACPA-negative®3. This indicates that there
may be a role for the immune response against carbamylated proteins in the
pathogenesis of RA. Supporting this hypothesis are the data that show that anti-CarP
antibodies are present years before disease onset®, which also indicates that anti-
CarP antibodies alone are not sufficient to induce RA. In arthralgia patients, the
presence of anti-CarP antibodies does however associate with the development of
RA, indicating that anti-CarP antibodies may also be an interesting biomarker in the
early phase of RA development®. Another aspect that has been investigated with
regards to anti-CarP antibodies are genetics. Interestingly, at the moment, no such
associations are known. One study found no independent association with well-
known RA genes such as the HLA shared epitope alleles and PTPN22%]. This study
also showed no correlation between anti-CarP antibodies and smoking.

Outline of this thesis

Although quite some data is available on anti-CarP antibodies, several questions
remain unanswered, including the reproducibility of the clinical data on anti-CarP
antibodies, such as their presence before disease onset and association with joint
damage. It is also unknown whether these findings can be expanded to non-
caucasian populations. Furthermore, it is unclear how anti-CarP antibodies are
induced, what proteins they recognize, whether they are able to recognize multiple
carbamylated proteins and what the characteristics of these autoantibodies are.
Here, some of these questions will be answered.

In this thesis, I will first discuss the clinical implications of the presence of anti-CarP
antibodies compared to RA-specific autoantibodies in both RA patients other
relevant conditions (chapters 2 till 7). This is followed by more detailed
investigations into the characteristics of anti-CarP antibodies and their antigens
(chapters 8 till 12).
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