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RHEUMATOID ARTHRITIS

Rheumatoid arthriƟs (RA) is a severe autoimmune disease of unknown eƟology that 
symmetrically aīects the small diarthrodial joints of the hands and feet. Its prevalence 
is esƟmated to aīect approximately 0.5-1% of the global populaƟon, making it one of 
the most prevalent autoimmune diseases worldwide (1). RA typically manifests with 
symptoms such as joint pain, swelling, sƟīness, and faƟgue, profoundly impacƟng 
paƟents’ quality of life and producƟvity. If leŌ untreated, it leads to progressive joint 
damage and disability. Moreover, RA is associated with a range of comorbidiƟes, 
including cardiovascular diseases, osteoporosis, and systemic inŇammaƟon, further 
exacerbaƟng its burden on aīected individuals (2). Central to the disease process is 
the acƟvaƟon of innate and adapƟve immune cells, leading to the producƟon of pro-
inŇammatory cytokines, chemokines, and autoanƟbodies. Below, the most important 
autoanƟbodies are described, with what is currently known about their role in 
pathogenesis and disease propagaƟon.

AUTOANTIBODIES

RA is broadly classiĮed into seroposiƟve and seronegaƟve RA based on the presence 
or absence of speciĮc autoreacƟve anƟbodies in paƟents’ serum. SeroposiƟve RA is 
characterized by the presence of rheumatoid factor (RF) and/or anƟ-citrullinated protein 
anƟbodies (ACPAs), whereas seronegaƟve RA lacks these convenƟonal autoanƟbodies. 
SeroposiƟve RA is associated with more aggressive disease phenotypes, higher disease 
acƟvity, increased radiographic progression, and poorer treatment responses compared 
to seronegaƟve RA (3, 4). AutoanƟbodies are also thought to play a crucial role in the 
pathogenesis of RA, and several types have been idenƟĮed, each with disƟnct targets 
and clinical signiĮcance, described below.

Rheumatoid factor

RF was the Įrst autoanƟbody associated with RA and is detected in approximately 
60-70% of paƟents. RF is a hallmark autoanƟbody in RA, integral to major classiĮcaƟon 
criteria such as the 1987 American College of Rheumatology (ACR) criteria and the 
2010 ACR/European League Against RheumaƟsm (EULAR) criteria (5, 6). RF posiƟvity is 
associated with more severe disease manifestaƟons, including increased joint damage 
and extra-arƟcular complicaƟons (7). RF targets the Fc region of IgG and comprises 
various isotypes, with IgM being the most prevalent (8). Although its role in RA 
pathogenesis is not fully elucidated, RF likely contributes to immune complex formaƟon, 
parƟcularly in the synovial Ňuid, where high-aĸnity RF may perpetuate inŇammaƟon 
by sƟmulaƟng proinŇammatory cytokine producƟon (9, 10).



9

IntroducƟon

AnƟ-citrullinated protein anƟbodies
ACPAs are highly speciĮc biomarkers for RA, are detected in approximately 70-80% 
of paƟents, and occur rarely in individuals without RA (11, 12). ACPAs target citrulline 
residues on proteins or pepƟdes, a post-translaƟonal modiĮcaƟon mediated by pepƟdyl 
arginine deiminases (PADs), converƟng arginine to citrulline (13). ACPAs recognize a 
plethora of citrullinated proteins, including Įbrinogen, vimenƟn, α-enolase, and collagen 
type II, among others, and show marked isotype usage (14, 15). Their presence overlaps 
largely with that of RF IgM, and they are similarly incorporated with RA classiĮcaƟon 
criteria menƟoned above in the form of the clinical anƟ-CCP2 or CCP3 test, which 
measures ACPA directed to a diverse spectrum of citrullinated pepƟdes (16, 17). ACPA 
posiƟvity correlates with more severe disease phenotypes, increased radiographic 
progression, and poorer treatment responses (18, 19).

Other anƟ-modiĮed protein anƟbodies
Besides RF and ACPAs, a growing number of anƟ-modiĮed protein anƟbodies (AMPAs) 
conƟnue to be discovered which target other post-translaƟon modiĮcaƟons of pepƟdes 
(Figure 1). AnƟ-carbamylated protein anƟbodies (anƟ-CarP) have emerged as novel 
autoanƟbodies in RA and are detected in approximately 30-40% of paƟents (20). 
CarbamylaƟon is a chemical modiĮcaƟon involving the conversion of lysine residues 
to homocitrulline in proteins, mediated by myeloperoxidase and other reacƟve 
oxygen species in diverse states of inŇammaƟon (21). AnƟ-CarP anƟbodies recognize 
carbamylated proteins and have been implicated in RA pathogenesis, although their 
precise mechanisms of acƟon remain to be elucidated. AnƟ-CarP posiƟvity has been 
associated with more severe joint damage and radiographic progression, independent 
of ACPA status, suggesƟng their potenƟal as prognosƟc biomarkers in RA (20, 22, 23).

AnƟ-acetylated protein anƟbodies (AAPA) are anƟbodies targeƟng acetylated proteins, 
which are formed by the acetylaƟon of lysine residues (24). AcetylaƟon is a reversible 
post-translaƟonal modiĮcaƟon regulated by histone acetyltransferases and histone 
deacetylases. AAPA posiƟvity has been observed in RA paƟents, although its clinical 
signiĮcance and funcƟonal role in disease pathogenesis is unclear.

AnƟ-malondialdehyde-acetaldehyde adduct anƟbodies (anƟ-MAA) are anƟbodies 
targeƟng adducts formed by the reacƟon of malondialdehyde (MDA) and acetaldehyde 
with lysine in proteins(25). These adducts are generated under condiƟons of oxidaƟve 
stress and lipid peroxidaƟon, which are prevalent in RA synovium(26, 27). AnƟ-MAA 
anƟbodies have been detected in RA paƟents, parƟcularly those with severe disease 
and extra-arƟcular manifestaƟons (25, 28, 29). However, anƟ-MAA/MDA anƟbodies are 
not RA-speciĮc and can be found in many other condiƟons as well. Nonetheless, they 
are thought to contribute to RA pathogenesis by promoƟng inŇammaƟon, endothelial 
dysfuncƟon, and Ɵssue damage, although further studies are needed to determine 
their exact role.

1
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Figure 1: Post-translaƟonal modiĮcaƟons on arginine and lysine

AUTOANTIBODY CHARACTERISTICS IN RA

A growing body of evidence points to the importance of AMPAs and especially ACPAs in 
the pathogenesis of RA. ACPAs can be detected in the sera of RA paƟents years before 
the onset of clinical symptoms, implicaƟng their involvement in the preclinical stages 
of disease development (30, 31). ACPAs have also been idenƟĮed in individuals with 
recent-onset clinically suspect arthralgia, with a posiƟve predicƟve value exceeding 
60%(32). However, at this early stage, ACPA Ɵters are typically low, and their pepƟde 
recogniƟon proĮle is limited(33, 34). As individuals progress towards disease onset, 
ACPA Ɵters and pepƟde-recogniƟon proĮles undergo substanƟal expansion, indicaƟve 
of an acƟve immune response and suggesƟng a role for ACPAs in precipitaƟng disease 
onset. The eĸcacy of selecƟve B-cell depleƟon therapies in treaƟng RA provides 
compelling evidence for the involvement of B cells and possibly autoanƟbodies(35), 
including ACPAs, in driving the chronicity of RA.

The recogniƟon proĮle of ACPAs is diverse, with these anƟbodies targeƟng a variety of 
citrullinated anƟgens. Epitope spreading, characterized by an increase or shiŌ in the 
anƟgen recogniƟon proĮle, may have important pathophysiological consequences as it 
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does in other autoimmune disease like pemphigus (36), potenƟally exacerbaƟng disease 
severity and progression. While speciĮc anƟ-citrullinated epitope or protein reacƟvity 
predicƟve of disease course in RA have not been conclusively idenƟĮed, the breadth of 
ACPA recogniƟon proĮles may oīer insights into disease heterogeneity and progression.

Isotype switching further enhances the funcƟonal diversity of AMPAs in RA paƟents 
before disease onset (37-39). InteresƟngly, the avidity maturaƟon of ACPAs and anƟ-
CarP diīers from convenƟonal anƟbody responses, with these autoanƟbodies exhibiƟng 
relaƟvely low avidity despite extensive isotype switching (40, 41). LiƩle is as of yet 
known about other AMPA families in this regard. ACPA also exhibit an addiƟonal unusual 
feature of containing addiƟonal glycans in the variable anƟbody domains, notably 
increased in RA and predicƟve for disease progression (42, 43). These discrepancy 
suggests that the regulaƟon of ACPA responses may diīer from that of convenƟonal 
anƟbody responses, highlighƟng the unique immunological characterisƟcs of ACPAs 
in RA. It is expected that similar invesƟgaƟons will following for the characterisƟcs in 
the other AMPAs.

RISK FACTORS FOR RA AND AUTOANTIBODY FORMATION

Understanding the temporal evoluƟon of autoanƟbodies described above and 
its potenƟal role in RA development requires consideraƟon of both geneƟc and 
environmental risk factors. Among the various geneƟc risk factors implicated in RA, 
human leukocyte anƟgen (HLA) is the most prominent. SpeciĮcally, a common amino 
acid sequence at posiƟon 70-74 of the HLA-DRB1 molecule, referred to as the “shared 
epitope” (HLA-SE), has been strongly linked to the development of ACPA-posiƟve but 
not ACPA-negaƟve RA (44). Notably, HLA-SE also does not predispose to the rare state 
of ACPA-posiƟvity in the absence of RA, but rather associates only with ACPA-posiƟve 
RA (45). AddiƟonally HLA-SE is speciĮcally associated with the presence of variable-
domain glycosylated ACPA during the pre-disease phase (46), which may have various 
implicaƟons (beyond the scope of this introducƟon) in the process of autoreacƟve ACPA 
B-cell survival. Conversely, certain alleles of HLA-DRB1, such as HLA-DRB1*13, have 
been idenƟĮed as protecƟve against seroposiƟve RA development (47), suggesƟng a 
complex interplay between HLA alleles and disease suscepƟbility.

Environmental risk factors, such as tobacco smoking and inhalant exposures, also 
demonstrate stronger associaƟons with ACPA-posiƟve RA(48-50). Of parƟcular 
interest is the gene-environment interacƟon between HLA-SE alleles and smoking 
(51), suggesƟng a potenƟal role for smoking-induced citrullinaƟon in RA pathogenesis. 
Other evidence implicates mucosal sites like the periodonƟum and the microbiome of 
the intesƟnal tract(52, 53), as well as female sex hormones(54) as potenƟal factors in 
autoimmune iniƟaƟon in RA.

1
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TREATMENT CHALLENGES

RA is not a new disease. RA has been demonstrated in paleopathological studies of 
human remains daƟng back to 4000BCE, and Įndings suggesƟve of RA appear in 17th 
century Dutch art (55, 56). Despite its long history, the disease processes underlying 
RA remained virtually untreatable unƟl as recently as 50 years ago, and paƟents could 
expect only limited symptomaƟc relief from the debilitaƟng pain, loss of funcƟon, 
and systemic complicaƟons that the disease causes. Since then, huge advances have 
been made in eīecƟve therapies that not only address symptoms, but also halt the 
persistent, uncontrolled inŇammaƟon and associated disease progression, termed 
disease modifying anƟ-rheumaƟc drugs (DMARDs) (57). Novel biologic and small-
molecule agents have further augmented the rheumatologists therapeuƟc arsenal, 
together with a treat-to-target approach, and disease remission is achievable in an 
increasing numbers of paƟents (58).

However, all of these treatments have side-eīects that are oŌen not insigniĮcant. A 
growing need exists to allow paƟents to aƩempt to taper their DMARDs but remain 
symptom free, termed drug free remission (DFR)(59). However, only 10-20% of paƟents 
are able to achieve and retain this loŌy treatment goal (60), and disease Ňare following 
unsuccessful DMARD tapering may exacerbate disease burden, though thankfully, 
paƟents who experience a disease Ňare are virtually always able to recapture remission 
(61). IdenƟfying factors predicƟng disease Ňare post-DMARD tapering could opƟmize 
clinical decision-making.

Sustained DFR is also interesƟng from a pathophysiological standpoint, since it 
most closely approximates the holy grail of RA treatment outcomes: a cure. If DFR is 
sustained, perhaps it idenƟĮes a form of a true state of disease remission, without the 
need for treatment, in which the underlying autoimmune processes that iniƟated and 
propagated disease, have been durably dampened and immune tolerance has been 

re-established. IdenƟfying factors which are prognosƟcally favorable for this outcome, 
could then shed light on which mechanisms in RA are important in perpetuaƟng disease, 
and improve treatment by targeƟng those mechanisms (62).

AMPA AND TREATMENT OUTCOMES

Given their presence and evoluƟon over Ɵme in pre-diseases states, it is understandable 
that there is much interest in the prognosƟc value of autoanƟbody characterisƟcs in 
RA once RA has manifested. AutoanƟbody seroposiƟvity is associated with poorer 
treatment outcomes and radiographic damage (18, 19, 63). However, given the 
diversity of the RA autoanƟbody proĮle, with its varied autoanƟgen recogniƟon 
and extensive isotype switching, the breadth of this proĮle may also be important. 
Furthermore, serum autoanƟbody levels may Ňuctuate. In other autoimmune diseases 
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like systemic lupus erythematosus, these ŇuctuaƟons correlate with disease acƟvity, 
and are monitored over Ɵme to inform clinical decision-making (64). If such ŇuctuaƟons 
in serum autoanƟbody concentraƟons also occur in RA, they may hold promise as 
accessible biomarkers for disease course predicƟon.

Unfortunately, conŇicƟng studies regarding the relaƟonship between autoanƟbody 
ŇuctuaƟons and disease acƟvity, oŌen not accounƟng for immunosuppressive treatment 
intensity, complicate interpretaƟon. Most studies have shown that RF (IgM, IgA, and 
IgG) levels decrease aŌer treatment iniƟaƟon with diīerent DMARD classes, while anƟ-
CCP2 (IgG) levels decrease only marginally, rebound aŌer decreasing, or do not decrease 
at all, but did not account for treatment eīects (65-71). Virtually nothing was known, at 
the start of the studies described in this thesis, about the prognosƟc value of changes 
in AMPA characterisƟcs (isotype usage, epitope recogniƟon, and seroconversion to 
negaƟve, to name a few) over Ɵme, and newer autoanƟbodies like anƟ-CarP, Similar 
reŇecƟons apply to AAPAs, and anƟ-MAA and also these also warranted consideraƟon.

Understanding the clinical implicaƟons of changes in autoanƟbody levels is crucial. If 
autoanƟbody levels predict future disease acƟvity, measuring pre-treatment values 
or monitoring changes over Ɵme could guide treatment decisions. AddiƟonally, 
invesƟgaƟng the associaƟon between autoanƟbody changes, immunosuppression, and 
disease acƟvity could provide insights into the role of B cell autoimmune response in 
RA persistence.

CALPROTECTIN: A NEW PROGNOSTIC BIOMARKER

Not only AMPAs have been invesƟgated as possible biomarkers for predicƟng RA 
course: calprotecƟn, a heterodimeric complex of S100 calcium-binding proteins (MRP-8 
and MRP-14), shows promise as a biomarker in RA (72, 73). Although conceptually 
similar to convenƟonal inŇammatory indices like erythrocyte sedimentaƟon rate (ESR) 
and C-reacƟve protein (CRP), it may serve as a more sensiƟve marker of the disease 
acƟvity in rheumaƟc illnesses because it directly reŇects inŇammaƟon in synovium 
and signiĮcantly increases during acƟve inŇammaƟon (74, 75). MulƟple studies 
recently reviewed suggest its potenƟal in various inŇammatory disorders, including 
RA, ankylosing spondyliƟs, psoriaƟc arthriƟs, and systemic lupus erythematosus (76). 
InteresƟngly, calprotecƟn has also been implicated in predicƟng disease relapses in 
juvenile idiopathic arthriƟs (77, 78). TheoreƟcally, its presence in synovial Ɵssue and its 
ability to enter systemic circulaƟon may make it a more speciĮc and reliable marker for 
residual joint inŇammaƟon than hepatocyte-dependent acute-phase reactants like CRP 
(79). Perhaps by measuring calprotecƟn in paƟents in stable remission under DMARDs, 
we may paƟents at risk of future disease Ňare aŌer DMARD tapering and facilitate risk 
straƟĮcaƟon to predict whether DMARD tapering will be successful.

1
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CANCER IMMUNOTHERAPY & AUTOIMMUNITY

While the Įeld of rheumatology and RA boomed with new autoanƟbody discoveries, 
breakthroughs were also being made in a completely diīerent Įeld: cancer 
immunotherapy, in the form of immune checkpoint inhibitors (ICIs). Broadly speaking, 
ICIs work by blocking the body’s natural mechanisms for T-cell inhibiƟon, be it via 
cytotoxic T-lymphocyte–associated protein 4 (CTLA-4), programmed cell death protein 
1 (PD-1), or its ligand PD-L1, to promote an anƟtumor immune response. Ipilimumab, 
an anƟ-CTLA-4 monoclonal anƟbody, was the Įrst of its kind in advanced metastaƟc 
melanoma (80), and it and its brothers have provided signiĮcant survival beneĮts over 
tradiƟonal chemotherapies for a wide range of advanced malignancies (81).

What is intriguing about this anƟ-cancer therapy is that by inducing immune anƟtumor 
eīects, ICIs also induce unintended autoimmune side-eīects in as many as 80% of 
paƟents, termed immune-related adverse events (irAEs)(82, 83). These irAEs can occur 
in virtually any organ system, can be severe enough to warrant ICI cessaƟon or even 
cause long-term damage, and are diĸcult to predict(84). Because of this phenomenon, 
irAEs draw comparisons to many tradiƟonal autoimmune diseases, such as viƟligo, 
ulceraƟve coliƟs, Hashimoto thyroidiƟs, and even rheumatoid arthriƟs. In irAEs following 
ICI treatment, we have, in eīect, a human model for inducƟon of autoimmunity, and its 
potenƟal overlap in the Įeld of rheumaƟc autoimmune studies is promising indeed. At 
the start of the studies described in this thesis, the nature of the autoimmune response 

induced following ICI in general, and the autoanƟbody response more speciĮcally, was 
sƟll ill deĮned and therefore important to invesƟgate both from a clinical- and basic/
translaƟonal scienƟĮc view.

OUTLINE OF THIS THESIS

Main aims

•	 To characterize the relaƟonship of geneƟc and environmental risk factors with 
the AMPA proĮle in diīerent populaƟons of RA

•	 To describe the longitudinal changes in characterisƟcs of the AMPA proĮle, 
and invesƟgate its prognosƟc value regarding early treatment outcomes and 
drug-free remission

•	 To assess calprotecƟn as a marker of residual inŇammaƟon in paƟents in 
disease remission and as clinical tool in tapering DMARDs

•	 To invesƟgate autoanƟbody formaƟon and its relaƟon to irAEs in ICIs

As described above, RA autoanƟbodies play diverse roles in the pathogenesis of RA, 
reŇecƟng the complex interplay between geneƟc predisposiƟon, environmental 
factors, and dysregulated immune responses. Understanding the intricate mechanisms 
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underlying RA pathogenesis, heterogeneity, and autoanƟbody proĮles is crucial for 
advancing precision medicine approaches, improving paƟent outcomes, and developing 
targeted therapies tailored to individual disease subtypes and phenotypes.

In Chapter 2, we examined AMPAs in four diīerent seroposiƟve RA populaƟons from 
across the world. These populaƟons were vastly diīerent in terms of geneƟc background, 
smoking habits, and environmental exposures. By studying the diīerences in the AMPA 
proĮle of these paƟent – or, perhaps more interesƟngly, their commonaliƟes – and the 
relaƟonship of AMPA to known RA risk factors, we were able to invesƟgate whether 
divergent or common pathways are at play in the development of seroposiƟve RA.

The studies described in chapters 3 through 5 concern the theragnosƟc value of various 
elements of the AMPA proĮle. Because seroposiƟvity is such an evident poor prognosƟc 
factor for various treatment outcomes, we measured various aspects of AMPAs in 
seroposiƟve RA in an aƩempt to understand which part of the AMPA proĮle most 
strongly confers this poor prognosis. For this, we used data and serum from paƟents 
from the InducƟon therapy with Methotrexate and Prednisone in Rheumatoid Or Very 
Early arthriƟc Disease (IMPROVED) study, a mulƟcentre, randomized controlled trial 
that enrolled 610 paƟents with untreated RA or undiīerenƟated arthriƟs (85). We 
measured fourteen diīerent RA autoanƟbodies, comprising eight isotypes and six Įne 
speciĮciƟes within four AMPA families, and aƩempted to dissect whether the presence 
of one, many, or a speciĮc combinaƟon of many AMPAs was related to prognosis. 
SpeciĮcally, we focused on early response to DMARD therapy and long-term ability to 
achieve drug-free remission.

The invesƟgaƟons in Chapter 4 and 5 characterize the changes of autoanƟbodies 
over Ɵme, and the possible prognosƟc value thereof. In these chapters, the concept 
of immunological remission, described above, is central. At the moment, DFR is the 
closest proxy for disease cure available in RA, but true curaƟon has not yet been 
achieved. AutoanƟbodies, inƟmately linked with disease iniƟaƟon and pathogenesis, 
may change over Ɵme, but details are lacking. It is possible that changes in these AMPAs 
may set apart a group of paƟents in whom the underlying immunopathology has been 
favourably modulated, that is, paƟents in true immunological remission (86), and that 
this state of remission is favorable for achieving long term DFR. Such a relaƟonship could 
yield a meaningful prognosƟc marker for drug tapering decisions, and it could elucidate 
pathways that lead to long-term resoluƟon of the pathophysiology underlying RA.

wIn Chapter 4, this relaƟonship was examined in the form of seroconversion from 
posiƟve to negaƟve for the fourteen autoanƟbodies menƟoned above, while in 
Chapter 5, emphasis was put in level changes over Ɵme, and a direct relaƟonship with 
immunosuppression was also examined.

1
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In a similar theme, Chapter 6 focused on the value of calprotecƟn as a marker of residual 
inŇammaƟon in RA paƟents in remission to idenƟfy paƟents with favorable chances 
for DFR. This study made use of the previously menƟoned IMPROVED study and of 
similarly designed RETRO study (acronym for the ReducƟon of Therapy in PaƟents with 
Rheumatoid ArthriƟs in Ongoing Remission)(87). We evaluated whether calprotecƟn 
alone, or its addiƟon to other clinical predictors associated with disease Ňare within 1 
year of study-randomized tapering decisions.

At the Ɵme of the publicaƟon of chapter 7, liƩle was known about autoanƟbody 
producƟon in irAEs, and only case studies post-ICI treatment had been published. We set 
about characterizing the presence of a wide spectrum of organ-speciĮc autoanƟbodies 
before and aŌer ICI treatment, and analyzed whether the development of autoanƟbodies 
was related to treatment outcomes or toxicity. Understanding how irAEs develop has 
two-fold signiĮcance: Įrst, organ-speciĮc autoanƟbodies have the potenƟal to serve as 
biomarkers for the development of irAEs, and second, invesƟgaƟng their development 
in paƟents with irAEs may provide insights into the role of autoanƟbodies in the onset 
of new autoimmune condiƟons, such as rheumatoid arthriƟs.
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