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Popular science summary of the thesis

This thesis is about the autoimmune disease rheumatoid arthritis, in short RA. RA patients have
pain in their joints, and although there are treatments, it is not possible to cure patients with
RA, and so is the case for many autoimmune diseases. Autoimmune diseases are characterised
by a dysregulated immune system. In a healthy body, the immune system fights invaders, like
viruses and bacteria. Important players in this process are antibodies, which can specifically
bind to invaders and clear them out. Antibodies are produced by B cells. In the case of RA, the
B cells produce antibodies that are not directed to any virus or bacteria, so we can say that the
immune system is overactive: it produces antibodies that are not necessary and can even be
destructive. These antibodies are called autoantibodies because they attack the body itself.
Remarkably, autoantibodies can already be detected in the blood years before a patient
develops RA.

Another facet is the daily exposure of the body to many microbes like viruses and bacteria. For
example, we have a lot of bacteria living on our skin, but also in the mouth and the gut.
Interestingly, our body does not attack those bacteria, because we need them. But, when the
bacterial composition is out of balance, or there are bacterial species present that should not
grow there, we get an immune response. My thesis focuses on the bacteria in the oral cavity.
A disbalance of the bacteria in the mouth can lead to periodontitis, a very common disease.

Periodontitis and RA are linked: patients with RA more often have periodontitis and vice versa.
However, it is not yet known how exactly these two diseases are linked and therefore | have
studied their relationship. This was done by investigating the antibody response against one of
the key bacteria in the development of periodontitis. | measured these antibodies in healthy
controls, patients with periodontitis, patients with RA, and in people at increased risk for
developing RA. | specifically examined the anti-bacterial antibody response in relation to
autoantibodies. By doing this, we now know that antibody levels to this oral bacterium are
higher in patients with very severe periodontitis and associate with presence of
autoantibodies. Moreover, we can confirm that this anti-bacterial antibody response is
increased in RA patients compared to controls, and in at-risk (of RA) individuals. These findings
suggest that the link between periodontitis and RA is already established many years before
people develop symptoms of RA. This link may be explained by oral bacteria and the generation
of autoantibodies.

Apart from studying antibodies, | have also studied B cells. B cells are the producers of the
autoantibodies and are therefore important in RA. What this thesis work shows, is that in the
gingival tissue of a patient with RA, there are B cells that can produce autoantibodies. Finding
these cells in the gingiva suggests that the dysregulated immune response is triggered in the
oral cavity. We also found that B cells in the blood of the at-risk individuals have started to
change and look more like B cells we find in patients with RA than those found in healthy
individuals. This means that the immune system is already to some extent dysregulated before
arthritis starts, and the fact that we can detect these changes is indicating that the B cells and
antibodies are important players. This opens a window of opportunity for interventions before



RA onset, with an aim to stop pathogenic immune processes that are linked to RA. This thesis
work has brought us one step closer to understanding the relationship between oral
pathogens, periodontitis and RA, and the dysregulated immune response.



Abstract

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by
inflammation of the synovial joints, which can lead to irreversible joint destruction and
disability if not treated properly. The majority of patients are seropositive, defined by presence
of autoantibodies, i.e., rheumatoid factor (RF) and/or anti-citrullinated protein antibodies
(ACPA). My thesis work focuses on ACPA+ RA, which is known for its more severe disease
course. ACPA can be detected in the blood years before clinical signs of RA and were for a long
time suggested to contribute to pathology, an hypothesis which is currently under debate. Still,
the presence of ACPA, and the successful use of B-cell depleting therapies in RA, points to an
important role for autoantibodies and B cells in the development of RA.

Notably, most known risk factors for RA, in particular smoking and HLA-DRB1 shared epitope
(SE) alleles, are specifically linked to onset of ACPA+ RA. My studies have investigated another
potential risk factor for RA, namely the oral pathogen Porphyromonas gingivalis (Pg), one of
the main drivers of periodontitis (PD). PD is a common disease that is driven by dysbiosis in the
oral cavity triggering gingivitis and eventually leads to destruction of the jawbone and tooth-
supporting surrounding soft tissues. PD has a higher prevalence in RA than in the general
population. Interestingly, Pg has the unique characteristic to express its own citrullinating
enzyme and has therefore been suggested to contribute to the generation of RA autoantigens,
break of tolerance and systemic ACPA production.

The overall aims of my thesis were: 1) to determine if presence of antibodies against the Pg
virulence factor RgpB could serve as biomarker to identify patients with PD at increased risk
for systemic autoimmunity and onset of RA; 2) to explore the gingiva as a site for ACPA
production, and Pg as a driver of the ACPA response; and 3) to phenotypically characterise
peripheral blood B cells in the risk-RA phase, to understand B-cell dysregulation prior to RA
onset.

Investigating the anti-Rgp 1gG response in two PD cohorts showed that this antibody response
could only poorly discriminate PD from controls. However, elevated anti-Rgp IgG levels defined
a subset of PD patients with active gingivitis and advanced marginal jawbone loss. We also
showed a higher prevalence of ACPA+ individuals in PD versus controls, and higher anti-Rgp
IgG levels in ACPA+ versus ACPA- individuals. Moreover, in a prospective study of ACPA+
individuals at increased risk for RA we found significantly higher anti-Rgp IgG levels compared
to controls, but antibody levels did not differ between those who progressed to arthritis and
those who remained arthritis free.

Generation of monoclonal antibodies derived from RA gingival tissue B cells demonstrated the
presence of citrulline-reactive clones binding epitopes on both Pg and self-proteins, and this
cross-reactivity was also shown for an RA peripheral blood-derived ACPA+ clone. Investigating
the serum polyclonal response, 11% of patients with early RA were positive for antibodies
targeting a citrullinated Pg peptide.



When assessing peripheral blood B cells in ACPA+ Risk-RA individuals, we detected
dysregulation of B-cell subsets already before clinical onset, specifically showing loss of CD27
on class-switched IgG+ memory B cells, a feature previously described in autoimmunity.

Collectively, these studies can link anti-Pg antibodies — as a proxy for Pg infection — to severe
forms of PD and to the ACPA response, but not to arthritis onset. Thus, suggesting Pg-infection
could be an early event in the natural history of RA, possibly triggering ACPA production in the
gum mucosa by mechanisms of molecular mimicry. Moreover, the detection of B-cell changes
already in the at-risk phase, supports the use of immune monitoring to capture individuals at
risk of RA onset, that may benefit the most from pre-clinical intervention.
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1 Introduction

The human immune system is a diverse and potent system that has been protecting us against
pathogens throughout evolution. One of the most important features is that it can distinguish
between self and non-self. Failure of the immune system can lead to severe diseases of
different kinds, varying from absence of an immune response to self-destruction as a result of
an overreactive immune system.

Throughout history, humankind has faced different types of challenges when looking from an
immunological perspective. Before the introduction of vaccines, the mortality rate among
children was about 50%, mostly due to infections(1). Furthermore, pandemics have had large
consequences for societies, with the black plague (caused by the bacterium Yersinia pestis),
being considered the most fatal pandemic recorded in human history(2). Since Edward Jenner
developed the first form of vaccination, humankind has become only better and better at
understanding, preventing, and treating infectious diseases. The fact that we can help and train
our immune system has prevented the death of many people worldwide. However, the
assumption that since the discovery of vaccines, the threat coming from infectious diseases is
less relevant in our current society could not be further from the truth. The coronavirus disease
2019 (COVID-19) pandemic taught us that in our globalized and urbanized world it is hard to
contain infectious diseases and most likely new infectious threats will arise due to climate
change(3).

As another consequence of climate change the biodiversity is decreasing, in its turn leading to
a change in our commensal microbiome. The microbiome plays a vital role in training and
shaping our immunological tolerance and changes in the microbiome can alter our general
antigen exposure, challenging the tolerance of our immune system(4). Whereas the worldwide
morbidity and mortality due to infectious diseases has declined, the incidence of autoimmune
diseases has been steadily increasing(5). Declining deaths due to infection increases life
expectancy and thus it is not surprising that in the ageing population the incidence of
autoimmune diseases is rising(5). Taken together, increasing age, altered antigen exposure,
and potential new infectious threats will be challenging our immune system in the coming
decades(6, 7).

With this in mind, the importance of understanding our evolving immune system in health and
disease is and will be of great relevance. In this literature review, | will describe the basic
principles of immunity and tolerance, with a focus on the autoimmune disease rheumatoid
arthritis and the role of B cells and antibodies.






2 Literature review

2.1 Immunity in health and disease

The human immune system is a vital part of the human body, with its main function to protect
the body from invaders such as bacteria, viruses, fungi, and parasites. The initial line of defence
against infections are the epithelial barriers, followed by the players of the innate immune
system, like neutrophils, monocytes, macrophages, and natural killer cells. In contrast to the
innate immune system, which responds fast but is mostly nonspecific, the adaptive immune
response mediated by B- and T- lymphocytes targets antigens in a specific, adapted manner
and over time builds up a memory to previous antigen exposures. One of the most important
features of the immune system is the ability to distinguish self from non-self. This
discrimination allows protection from invaders while maintaining tolerance to the body’s own
tissues. Another critical feature of the immune system is that immune cell activation and
deactivation is tightly regulated. Failure of this system could lead to under- or overactivity, with
the possibility to induce a wide range of diseases.

2.1.1 Theinnate immune system

A fast response is the key feature of the innate immune system. The first line of defence is
formed by the skin and mucosal tissues, which physically separate the outside world from the
inside of the body. Next, innate immune cells are ready to act fast when pathogens break
through the barriers. The innate, also called “nonspecific”, immune system is able to respond
quickly due to its nonspecific way of action. Immune cells can detect common structures
shared by invaders, the so-called pathogen associated molecular patterns (PAMPs), for
example molecules that are parts of bacterial cell walls. Detection of PAMPs occurs via
pathogen recognition receptors, for example toll-like receptors (TLR), which are mainly
expressed on the surface of antigen presenting cells like macrophages and dendritic cells but
also by monocytes, neutrophils, and epithelial cells. Furthermore, the complement system,
first described as a system “complementing” the antibody response, plays a vital role in
opsonization, activation of inflammation and direct killing of microbes. The complement
system consists of small proteins in the plasma and acts through three main routes: the
classical pathway, the mannan-binding lectin pathway, or the alternative pathway. Each of the
pathways consists of a cascade of protein bindings, eventually all contributing to clearance of
the pathogen. During the time the innate immune system deals with the invading pathogen,
the adaptive immune system has time to establish a more specific immune response.

Communication between different (immune) cells of both the innate and adaptive immune
system occurs via secretion and recognition of chemokines and cytokines. Cytokines function
as messengers between different cells and can have either pro- or anti-inflammatory
properties. Chemokines act as inducers of cell migration towards sites of inflammation or
lymphoid structures, and act mostly on leukocytes.



2.1.2 The adaptive immune system

The adaptive immune system gives rise to specific cell-mediated immune responses aimed at
eradicating infections. In brief, activation of the adaptive immune response occurs when
peptide antigens from pathogens are presented to T cells — in the form of short amino acid
sequences bound to major histocompatibility complex (MHC) proteins — by antigen-presenting
cells like B cells, dendritic cells, and macrophages. Interaction between activated antigen-
specific T cells and antigen-specific B cells then leads to activation of B cells and eventually to
the production of antibodies. Another essential element of adaptive immunity is the ability to
generate a sustained immunological memory. Circulating memory B and T lymphocytes allow
the immune system to respond quickly upon re-infection. In addition, long-lived plasma cells,
residing in the bone marrow (BM) and producing high-affinity antibodies, are the main source
of antibodies in the circulation(8). To achieve an effective and specific response, generation
and maturation of B and T cells, the key players of the adaptive immune system, are tightly
regulated. Immunologic tolerance, defined by unresponsiveness to self-antigens, is heavily
dependent on central and peripheral selection mechanisms.

2.1.3 Becells

B cells are fundamental to the function of the adaptive immune system, with a critical part
being their potential to be both highly specific as well as very diverse. To obtain a diverse
repertoire, B-cell maturation and differentiation is a tightly regulated process. In the BM,
hematopoietic stem cells develop into pro-B cells expressing CD19, and upon upregulation of
recombination activating genes (RAG) turn into pre-B cells, which give rise to immature B cells.
An essential part of this process is the rearrangement of the B-cell receptor (BCR). Expression
of RAG induces recombination of the variable (V), diversity (D) and joining (J) domains(9), that
together form the variable region of the heavy chain of the BCR. Next, the recombination of
kappa or lambda light chain follows, consisting of only a V and J domain. Together, the heavy
and light chains will form a surface BCR in the form of immunoglobulin M (IgM), that
characterizes the state of an immature B cell(10). VDJ recombination is an iterative process
that results either in a productive rearrangement, or in an unproductive rearrangement. In the
latter scenario, the light chain rearrangement will be repeated using the second chromosome
and lead to a productive combination or the B cells will go into apoptosis(11). This process of
receptor editing will result in a lower chance of a potentially harmful autoreactive B cell leaving
the BM. If an autoreactive B cell did not go into apoptosis or undergo receptor editing, it can
become an anergic B cell, being characterized by reduced receptor expression and becoming
unresponsive (anergic).

Within the BM compartment, many autoreactive B cells will be deleted through central
tolerance mechanisms, like BCR editing, clonal deletion and positive selection(12-14). After
going through the central tolerance mechanisms as described above, still about 20% of the
naive B cells retain low levels of autoreactivity(15). A second selection step takes place in the
periphery when B cells become mature. In the circulation we find both naive and antigen-
experienced B cells. When a B cell recognizes its antigen, it will migrate to the germinal center
(GC) where it goes through multiple rounds of GC reactions. Here, class switch recombination



(CSR) takes place; the isotype of the BCR changes. In the dark zone of the GC, the BCR
undergoes the process of somatic hypermutation (SHM), increasing the affinity for the
antigen, resulting in increased survival chances. In the light zone, B cells interact with
follicular helper T cells (Tfh) and undergo selection for having a high-affinity BCR(16). Signals
from T cells are essential for the survival of a B cell in the GC. When a mature B cell recognizes
self-antigen, it will not receive T cell help, due to T-cell tolerance, and thereby the B cell
becomes either anergic, apoptotic, or its activation is inhibited. However, when the B cell
receives T-cell help, the antigen-specific B cell can migrate to the circulation as a plasmablast,
being able to secrete antibodies, or as a memory B cell, ready to act upon re-infection.
Plasmablasts tend to migrate to the bone marrow or to mucosal sites where they can live for
years as long-lived plasma cells.
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Figure 1. B-cell maturation and differentiation. B cells are generated in the bone marrow (top left)
and once they transition to the peripheral blood, they will mature and become naive B cells. Mature
naive B cells can then upon antigen recognition either migrate into the follicle (top right) or go into
an extrafollicular response (bottom). Whereas the extrafollicular response can be T-cell dependent
or T-cell independent, the follicular response is always T-cell dependent. After one of these
responses, B cells either enter the circulation as memory B cell or become a plasmablast. Finally, B
cells can become long-lived plasma cells and migrate back to the bone marrow where they can reside
for many years.



2.1.4 Tcells

T lymphocytes were firstly described to be the helpers of B cells. They are crucial in mediating
antibody responses and activation of other immune cells. Two large categories of T cells are
the CD4 T cells, also called T-helper cells, which recognize extracellular peptides presented on
MHC class Il by the so-called professional antigen-presenting cells, and CD8 T cells — the
cytotoxic T cells involved in anti-viral responses, cancer and other (chronic) infections — that
recognize intracellular peptides presented on MHC class |, expressed by all nucleated cells. T-
cell progenitors arising from the bone marrow home to the thymus where they undergo T-cell
receptor (TCR) rearrangement. Based on the affinity of the TCR for self-peptide-MHC
complexes, T cells will either die by neglect, differentiate into CD4 or CD8 T cells or go through
selection mechanisms to ensure tolerance, that include clonal deletion, receptor editing and
anergy(17). Self-reactive T cells that have escaped central tolerance mechanisms will, in a
healthy individual, be regulated through peripheral tolerance mechanisms.

2.1.5 Immunoglobulins

About 70% of the serum immunoglobulins (Ig) consists of IgG, followed by IgA (15-20%), and
IgM being the smallest fraction making up only a few percent. IgG are subdivided into four
different subclasses, 1gG1-1gG4, having differences in their constant regions(18). Differences
occur mostly in the hinge-region which is responsible for the flexibility of the antibody and thus
affects the antigen-binding properties as well as antibody effector functions(18).
Immunoglobulins have different effector functions, divided into four modes of action:
neutralization, opsonization, complement activation and antibody-dependent cell-mediated
cytotoxicity (ADCC). Firstly, antibodies can directly neutralize toxins, microorganisms, and their
virulence factors. Second, they have activating functions, as they can activate neutrophils and
macrophages for the process of opsonization, and activation of the complement system to
induce phagocytic clearance or generation of chemoattractants. ADCC is the process of
cytotoxicity, as a result of antibody crosslinking with the fragment crystallizable region (Fc)
receptor, resulting in cell death(19).

While 1gG is the most abundant isotype in serum, different compartments of the body have
different isotype compositions. Mucosal surfaces for example have IgA as the dominant
isotype. The secretory IgA, that is an IgA dimer secreted at the mucosal tissues, plays an
important role in microbiota homeostasis(20). The monomeric serum IgA has pro-
inflammatory properties and is suggested to play a role in different autoimmune diseases,
including RA(21, 22). IgA appears in two different subclasses, and whereas IgA1l is the most
abundant in serum, IgA1 and IgA2 abundance at mucosal surfaces is more equal. The IgM
antibody occurs predominantly in a pentameric form and is in a typical humoral immune
response the antibody that is produced first.

Antigen binding and antibody structure are important features for the effectiveness of
immunoglobulins and can be modulated by glycosylation. Glycosylation is a process where
carbohydrates are covalently bound to the target molecule, in this case the antibody. The
glycan can be attached to an asparagine residue (N-linked glycosylation) or to serine or



threonine (O-linked glycosylation)(23). Whereas all IgG molecules carry N-linked glycans in
their Fc region, about 15-25% of human IgG also carry glycans on the fragment antigen-
binding (Fab) region(24). N-linked glycosylation sites in the Fab region are almost always
introduced during somatic hypermutation. Importantly, increased levels of N-linked Fab
glycosylation have been shown to be present on autoantibodies that appear in different
autoimmune rheumatic diseases like rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE) and anti-neutrophil cytoplasmic antibody (ANCA)-associated
vasculitis(25-27). Glycosylation of the variable domain can affect antibody binding to its
cognate antigen. It has been shown that depending on the location and the number of N-
linked glycosylations, the binding can be enhanced or decreased(28). Besides interfering with
the antigen-antibody binding, glycosylation can also alter complement activation.
Altogether, this shows that when studying (monoclonal) antibodies and their binding, it is
highly relevant to take glycosylation sites into consideration(29).

2.2 Rheumatoid arthritis

RA is a systemic autoimmune disease characterised by joint pain and morning stiffness. RAis a
clinical diagnosis, but a combination of different classification criteria is frequently used for
research purposes and can serve as help in daily clinical practice. The criteria, defined by the
European League Against Rheumatism (EULAR) and American College of Rheumatology (ACR)
were last updated in 2010(30) with the goal of identifying RA at an earlier stage, whereas the
1987 criteria were more focused on symptoms of established disease. The criteria are a
combination of swollen/tender joint counts, symptom duration, presence and levels of
autoantibodies, and levels of the acute phase reactants C-reactive protein (CRP) and
erythrocyte sedimentation rate (ESR). Based on presence or absence of anti-citrullinated
protein antibodies (ACPA) and/or rheumatoid factor (RF), we distinguish between seronegative
and seropositive RA. About two-thirds of RA patients are seropositive, having a positive ACPA
and/or RF antibody test(31, 32).

RA is a common autoimmune disease with a prevalence of about 0.5-1%(33, 34), and occurs
two to three times more often in woman than men. When left untreated, the disease will lead
to severe joint damage and can eventually cause disability. Treatment is often a combination
of pain reduction through non-steroidal anti-inflammatory drugs (NSAID) and glucocorticoids,
and disease modifying anti-rheumatic drugs (DMARDs). Methotrexate is recommended to be
the first treatment option, and close monitoring is advised. When the treatment goal, clinical
remission, is not reached, changing, or adding other drugs is recommended. Since inhibitors of
the tumour necrosis factor (TNF) entered the market, more and more biological DMARDS
(bDMARDS) are used for treatment of RA, among others interleukin 6 (IL-6) receptor inhibitors,
B-cell depletion, and T-cell co-stimulation inhibitors. More recently, Janus kinase (JAK)
inhibitors, which are small molecule drugs, are also used in treating RA(35). Even though there
is a variety of treatment options available, none of the treatments can sustainably cure the
disease as of today. Importantly, early detection and early treatment are important for clinical
outcome(36, 37), and efforts are being made today to stop the pathogenic process before
arthritis becomes manifest. Both rituximab (B-cell depletion) and abatacept (inhibition of T-cell



activation) treatment in the preclinical phase have been shown to delay, although not prevent,
RA onset(38, 39).

2.2.1 Risk factors

Our understanding of the pathogenesis of RA is growing, but the aetiological mechanisms are
not yet elucidated. We know that both environmental and genetic factors contribute to the
risk of getting disease. The best-known genetic risk factors for RA are certain human leukocyte
antigen (HLA) class |l alleles, encoding for the MHC molecules, followed by a single nucleotide
polymorphism (SNP) in the protein tyrosine phosphatase non-receptor type 22 (PTPN22) gene.

The HLA molecule is highly important for binding of antigen to the TCR, since the TCR
responsiveness is dependent on the binding of the MHC-peptide complex. Certain HLA-DRB1
alleles contain a five amino acid sequence motif in position 70-74 of the fourth antigen-peptide
binding pocket(40, 41), which are referred to as the shared epitope (SE). Presence of HLA-DRB1
SE alleles is specifically associated with risk for ACPA+ RA(42, 43), and some of these DRB1
molecules can bind citrullinated peptides better than non-SE MHC molecules, and/or
citrullinated peptides bound to MHC Il interact better with the TCR. Today, there are several
studies supporting this theory(44-46). Apart from these well-known and well-studied genetic
risk factors, the introduction of genomic wide association studies made it possible to discover
>150 other loci of genetic variation that are relevant for the risk of RA, mainly ACPA+ RA(47).
Hence, RA is a multigenic disorder, where each polymorphism confers a small increased risk.
Notable is also that many of these SNPs are common gene variants, for example around 50%
of the healthy population in Sweden carries HLA-DRB1 SE alleles(48).

Environmental risk factors for RA include smoking, exposure to occupational inhalable agents,
and air pollution(49-51), which are all affecting the lungs in some way. Besides, smoking is
known to have multiple negative systemic effects. Importantly, the risk to develop RA is
drastically increased in case the smoking individual also carries HLA-SE alleles, demonstrating
a statistical interactive effect between SE genes and smoking(52, 53), suggesting a biological
interaction, which will be discussed further below.

Unhealthy eating patterns, Vitamin D deficiency and obesity have also been linked to increased
risk for RA, while a Mediterranean diet, fatty fish and omega-3 intake, Vitamin D supplement
as well as physical activity have shown protective effects, although these data are not as strong
as the data for smoking(54).

Viral infections have been extensively studied in relation to autoimmune diseases including RA,
in particular Epstein-Barr virus, human cytomegalovirus and human parvovirus B19, but due to
contradicting study results, a causative link to RA has been difficult to prove(55, 56). Recently,
there has been a growing interest for alterations in the oral, lung and gut microbiome that
seem to be linked to onset of RA. These findings will be further discussed below.



2.2.2 Pathology

One of the current hypotheses for the development of RA, and more specifically ACPA+ RA, is
that the path towards systemic autoimmunity starts long before the onset of arthritis. This
hypothesis suggests that genetically predisposed individuals who are exposed to
environmental risk factors undergo a break of immune tolerance, leading to the production of
autoantibodies years before clinical onset(57, 58). Since presence of autoantibodies in itself
does not cause arthritis(31), a so-called “second hit” (e.g., transient infection, microtrauma, or
other) has been proposed for progression towards synovial inflammation.

RA affects mainly the synovial joints. In healthy joints, the synovium is a thin lining, consisting
of only one to two cell-layers. It produces synovial fluid to keep the cartilage healthy and to
lubricate the surfaces for optimal function. Inflammation in the synovium leads to proliferation
of the synoviocytes, and infiltration of different types of inflammatory cells, including
lymphocytes, neutrophils, and macrophages, forming a pannus which can cover the joint’s
bone and cartilage. Synovial fibroblasts in arthritic joints are affected by this distortion of the
synovial lining, resulting in the upregulation of the activity and expression of TLRs. In vitro
studies show that stimulation of these TLRs leads to production of inflammatory cytokines, and
upregulation of vascular endothelial growth factor(59). Thus, synovial fibroblasts act as
immunomodulators by releasing chemokines and pro-inflammatory cytokines like IL-6, IL-8 and
TNF-a, as well as secretion of matrix metalloproteinases, which enhance joint destruction
through cartilage erosion. The above-mentioned cytokines have been shown to have a
stimulating effect on the process of osteoclastogenesis(60, 61). Since the discovery that
signalling of nuclear factor-kappa B (NF-kB), and its receptor activator (RANK), are required for
osteoclast formation(62), the role of osteoclasts in RA started to become much better
understood. RANK ligand is expressed by activated T cells. T cells are known to infiltrate the RA
joint, and a direct effect of activated T cells on osteoclasts (mediated by RANK ligand) has been
demonstrated in vitro(63, 64). Since osteoclasts derive from monocytes and macrophages, the
high prevalence of resident monocytes and macrophages in the lining and sublining layers of
the joint contribute to the accumulation of osteoclasts. Very recently, evidence has come out
that synovial inflammation starts with the activation of lining macrophages. Upon stimulation
by immune complexes, these macrophages start to release cytokines/chemokines, leading to
the recruitment of neutrophils(65). Taken together, monocytes and macrophages in the
arthritic joint receive signals from activated T cells or synovial fibroblasts which promote
osteoclastogenesis, thus contributing to bone loss in RA.

2.2.3 BecellsinRA

The fact that B-cell depletion is shown to be an effective treatment strategy for certain RA
patients, together with the presence of autoantibodies in about two thirds of RA patients, point
towards a contribution of B cells in RA pathogenesis(66). However, heterogeneity in both
clinical and immunopathological presentation also suggest that the disease can be driven in
various ways(67).



Using tetramer technology, with biotinylated antigens coupled to fluorophores in flow
cytometry, or single B-cell sorting, followed by BCR cloning and expression of monoclonal
antibodies, have greatly advanced our knowledge regarding ACPA+ B cells. First of all, studying
various tissues has shown that ACPA+ B cells are not only found in the blood and joints (synovial
fluid and synovial tissue), but also in the bronchoalveolar lavage (BAL) fluid, bone marrow and
as shown in my thesis work, the gingival tissue(68-72). Furthermore, the BCR on ACPA+ B cells
appear to recognize small linear epitopes, so called citrulline-motifs, where citrulline and just
a few flanking amino acids are essential for binding. Examining monoclonal antibodies also
show that ACPA+ B cells can be multireactive, demonstrated by the presence of BCRs that
recognize multiple citrullinated peptides and even carbamylated and acetylated antigens(73-
75). Moreover, the BCR of ACPA+ B cells generally have a very high number of SHM and N-
linked glycosylation sites, suggesting continuous antigen-triggering and T-cell driven affinity
maturation. ACPA+ B cells have also been described to be in an activated and proliferative
state, able to secrete the chemoattractant cytokine IL-8, and to often be of the memory B cell
or plasmablast phenotype(73, 76).

Importantly, it is not only the ACPA+ B cells that seem to be altered in RA. When investigating
the total B-cell population in peripheral blood, we have learned that in general more
autoreactive B cells escape central and peripheral tolerance mechanisms in patients with
autoimmune diseases(15). In addition, the total B-cell repertoire of RA patients is less mutated
compared to healthy individuals, which is potentially explained by increased extrafollicular
responses(77, 78). The availability of single-cell technologies has advanced our knowledge
about B-cell populations in peripheral blood, but importantly also at the site of inflammation;
the synovial tissue and synovial fluid. Comparing peripheral blood and synovial tissue, class-
switched memory B cells and plasmablasts were relatively more abundant in the synovial tissue
of both ACPA+ and ACPA- patients. However, when looking at the total immune profile of
CD45+ cells, the composition of the abnormally distributed inflammatory cells was significantly
different between ACPA+ and ACPA- RA. More specifically, an enrichment of plasma cell genes
indicates a more lymphoid pathotype in ACPA+ RA patients, highlighting the importance of the
adaptive immune system in this subset(79). Another study focusing on B cells in paired blood
and synovial tissue highlights the importance of formation of tertiary lymphoid structures.
Dissecting these so-called ectopic lymphoid structures with the potential to mimic GC features,
suggests B-cell activation, class-switching, SHM and importantly, chronic antigen-stimulation,
to happen inside the joint(80, 81). T peripheral helper (Tph) cells have also been identified in
the RA synovium and are able to recruit and interact with B cells(82, 83). These findings support
the important role of T-B cell interaction at the site of inflammation.

Whereas B-cell depletion gives good results for some patients, others do not respond to this
type of therapy. The best-known B-cell depletion therapy is rituximab, a chimeric monoclonal
antibody against CD20. Apart from rituximab, there are different versions of monoclonal
antibodies on the market, targeting CD20, CD19 or B-cell activating factor (BAFF)(84). More
recently, another B-cell depletion therapy has been introduced in autoimmune diseases,
namely the anti-CD19 chimeric antigen receptor (CAR) T cell therapy. This therapy has not been

10



used to treat RA patients yet, but has shown incredible results in the treatment of severe
lupus(85).

2.2.4 Autoantibodies

The first autoantibody discovered in RA was RF, which is directed against the Fc part of IgG.
Already in 1956, this antibody was part of the criteria for RA. Many years later, ACPA, the
antibodies against citrullinated proteins, were discovered(86). Citrullination is a post-
translational modification, where the amino acid arginine is replaced by a citrulline in a calcium
dependent enzymatic reaction performed by the peptidyl arginine deiminase (PAD)
enzyme(87). This process is coupled to terminal differentiation of cells as well as to different
types of cell death. Citrullination is part of normal physiology, for example citrullination of
filaggrin in the skin keratinocytes, citrullination of myelin basic protein, making up the myelin
sheets surrounding nerve fibres, or citrullination of histones in the nucleus involved in gene
regulation. In addition, citrullination occurs in many different inflammatory settings. Hence,
citrullination is not considered specific for RA(88), while the ACPA response is. In vitro, ACPA
target a wide range of citrullinated proteins and peptides, including citrullinated vimentin,
fibrinogen, a-enolase, collagen type I, and histones, proteins which have also been detected
in the inflamed synovial joint(89). Still, the main in vivo antigen target(s) remain to be identified.

RFis an autoantibody that occurs in a relatively high frequency in the healthy population (about
5%), mainly in older individuals and in smokers, and in association with certain infections, and
can also occur in other rheumatic diseases, like SLE and Sjogren’s syndrome(90, 91). Whereas
the dominant isotype among ACPA is 1gG, RF occurs mainly as IgM, but is also detected as IgA
and IgG. Compared to RF, the ACPA response is more specific for RA, with the cyclic citrullinated
peptide (CCP2) test having a specificity of 98%. Whereas ACPA and RF are the only two
autoantibodies included in the classification criteria of RA, there are many other RA-related
autoantibodies discovered to be present in subsets of RA patients. Within the spectrum of anti-
modified protein antibodies (AMPA), there are antibodies against acetylated and carbamylated
proteins, which ACPA show cross-reactivity with(74). Antibodies to the malondialdehyde
(MDA) and MDA-acetaldehyde (MAA) modified proteins show no cross-reactivity with
ACPA(92). Then there are also autoantibodies against native self-proteins, like the anti-collagen
type Il (Cll) antibodies, and antibodies targeting heterogeneous nuclear
ribonucleoprotein (hnnRNP)A2/B1 (RA33)(93, 94).

It is important to note that autoantibodies can be detected in the blood of RA patients many
years before arthritis onset(32). When focusing on the ACPA, multiple studies have shown a
maturation of the antibody response, with an increase in ACPA levels and the number of ACPA
isotypes and subclasses over time(95), as well as epitope-spreading, with an increase in the
number of fine-specificities, i.e. citrulline-containing epitopes/peptides recognized by the
ACPA(96, 97), supporting the idea that break of tolerance to citrullinated proteins takes place
before onset of clinical symptoms. Furthermore, in the Karolinska Risk-RA prospective cohort,
we see that having any ACPA fine-specificity, in addition to a positive anti-CCP2 test, is
predictive for progression to arthritis and an RA diagnosis(98). Studying affinity-purified
polyclonal ACPA has demonstrated that numbers of N-linked glycosylation sites in the Fab



region are not only higher in RA patients, but also in ACPA+ first-degree relatives, especially in
those who progressed to RA(99, 100).

2.2.5 ACPA: pathogenic or protective?

Due to the fact that presence of ACPA is predictive of RA onset, and that ACPA+ RA patients
develop a more severe and destructive disease course than ACPA- patients(32, 101), it was for
a long time hypothesized that ACPA are pathogenic. Many scientists in the research field have
tried to understand the role of ACPA by studying their effects in in vitro and in vivo models(57).

The effect of polyclonal and monoclonal ACPA on innate immune cells is broadly studied.
Macrophages are widely abundant in the RA synovium(102) and play a role in the regulation
of synovial inflammation in RA through the release of proinflammatory mediators, most
notably TNF. Polyclonal ACPA can form immune complexes and thereby activate macrophages
in an Fcy-dependent manner, where this stimulation is more potent when using citrullinated
instead of native antigen(103, 104). Moreover, RA patients are known to have increased
release of neutrophil extracellular traps (NET), and 1gG from ACPA+ RA patients seem to
enhance this effect(105, 106). Furthermore, both purified polyclonal and monoclonal ACPA
can bind citrullinated antigens, like histones that are released during NETosis(107), and human
monoclonal bone marrow derived ACPA, known to bind citrullinated histones, were recently
shown to bind activated neutrophils using flow cytometry(72). The formation of ACPA immune
complexes, which may potentially also contain RF, can trigger the activation of
complement(108), and may further enhance NETosis and cytokine release from macrophages
by interactions with Fc receptors. Purified polyclonal ACPA from RA synovial fluid binds
antigens present in RA joints(109). Importantly though, different monoclonal ACPA have
different binding-patterns in vitro, and thus most likely also in vivo, and we have recently shown
that there is a high variability between different ACPA in their interaction with neutrophils and
NETs(110). This also implies that different ACPAs might be functionally different.

When looking at other cell types involved in RA pathology, the osteoclasts and fibroblasts are
often studied. In a healthy situation, bone generation by osteoblasts and bone degeneration
by osteoclasts are in balance, maintaining the shape and function of the bone(111). In RA on
the other hand, osteoclasts are overrepresented, induced upon RANK-L stimulation(112).
Interestingly, both polyclonal and monoclonal ACPA can enhance macrophage-derived
osteoclast differentiation in vitro(68), and ACPA-stimulated osteoclasts showed high
production of IL-8, which is known to be a neutrophil chemoattractant in inflammatory
environments(113). Another study used an in vivo model to show that antibodies against
citrullinated vimentin can enhance periarticular bone loss and local osteoclastogenesis in
mice(114). Sensitization of fibroblasts with ACPA combined with IL-8 resulted in the
upregulation of PAD expression by the fibroblasts, leading to increased protein citrullination
and cell migration(115). However, it must be mentioned again that there is a difference in
potency between different monoclonal ACPA(68, 116)

In vivo models show ACPA-induced tenosynovitis, pain, and bone loss in a PAD-4 dependent
manner(117). In addition to ACPA, monoclonal anti-MDA/MAA antibodies originating from
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synovial B cells from an RA patient have also been shown to promote osteoclastogenesis in
vitro(118, 119), and contrary to the ACPA response, anti-MDA/MAA antibody levels correlate
with RA disease activity(118). Furthermore, animal studies have taught us that monoclonal
and polyclonal ACPA can induce pain(120, 121), which together with bone loss constitute
early symptoms of RA. However, it is important to note that pain in itself does not lead to
inflammation or arthritis, and that patient-derived ACPA by themselves do not induce
arthritis in mice. Very recent animal studies have shed a different light on the potential
pathogenicity of ACPA, by demonstrating protective effects of patient-derived monoclonal
ACPA(122, 123), where one study suggests that protective ACPA immune complexes bind
inhibitory Fc receptors, triggering macrophage release of IL-10. A study from 2021 also report
on a therapeutic ACPA, demonstrating that this ACPA could ameliorate disease in multiple
inflammatory disease models, including a chronic inflammatory arthritis model. The
suggested mechanism of action was inhibition of NETosis and enhanced NET uptake by
macrophages(124).

Besides investigating the antibodies, we should also consider the potential pathogenicity of
the antigen. An early study could demonstrate that citrullination of Cll enhanced both the
immunogenicity and arthritogenicity of the antigen in a rat model of Cll-induced
arthritis(125). Moreover, although the event of citrullination is not restricted to ACPA+
individuals, studies in humanized HLA-DR4 transgenic mice suggest that some but not all
citrullinated antigens have direct arthritogenic potential(126, 127).

The recent findings of protective ACPAs have raised questions about the heterogeneity of
the ACPA response. Hence, the role played by different ACPAs, as well as the PAD enzymes
and specific citrullinated proteins, in RA pathogenesis require further investigations.

2.2.6 The mucosal origins hypothesis

Imbalance in the microbiome, known as dysbiosis, has been widely suggested to play a role in
autoimmune conditions(128). The interaction between the human immune system and the
microbes from “outside” takes place at epithelial and mucosal sites such as the skin, the oral
cavity, the lungs, and the gut. One of the dominant hypotheses linking dysbiosis to onset of
autoimmunity is the molecular mimicry hypothesis(129). Structural similarities between
microbial proteins and host proteins are suggested to be able to activate the adaptive immune
system. Furthermore, it has been demonstrated that first-degree relatives of RA patients are
more often positive for ACPA IgA, while lacking ACPA 1gG(130), whereas at disease onset it has
been shown that all IgA ACPA+ patients were also IgG ACPA+(131). This observation is
supported by the finding that IgA positive plasmablasts are elevated in at-risk individuals
compared to established RA(132). The potential shift from IgA-immunity to IgG could imply
that an initial autoimmune response takes place at mucosal sites.

The lungs have for a long time been considered as a site of inflammation preceding onset of
RA(52, 133). First and foremost, smoking is one of the most important risk factors for RA.
Smoking exposes lung epithelium to continuous damage, triggering inflammation and cell
death. An increase in PAD expression, citrullination and lymphocyte infiltration has been
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reported in the lungs of newly diagnosed RA patients(134, 135). In addition, alterations in the
lung tissue, depicted by high resolution computer tomography, have been shown in ACPA+ RA
patients at and before onset of disease(136). ACPA have been detected in BAL and sputum of
at-risk and newly diagnosed RA, and recently it has been shown that monoclonal ACPA could
be generated from single B cells isolated from the BAL fluid of ACPA+ at-risk and new onset RA
individuals(137). The fact that these autoreactive B cells can be found in the lung itself,
strengthens the hypothesis of break of tolerance to citrullinated proteins taking place in the
lung.

In the gut, immune homeostasis plays a large role for maintaining a healthy state. Multiple
studies have highlighted increased relative abundance of Prevotella copriin stool of RA patients
as well as enrichment of this species in pre-clinical RA(138, 139). In addition, Prevotella copri
derived from RA patients appeared to have a different genomic composition compared to
Prevotella from healthy individuals(140). The RA-derived Prevotella has been shown to be more
competent in inducing arthritis in mice. Another study using animal models demonstrated that
the expression of IL-10, a key mediator for regulation of gut homeostasis, was downregulated
in the gut of arthritic mice, proposing that arthritic inflammation affects the immune resolution
in the intestine(141). A recent study also shows that monoclonal IgA and IgG, derived from
blood plasmablasts of ACPA+ at-risk individuals bind gut bacteria in the
Lachnospiraceae/Ruminococcaceae family. Colonisation of mice with a clinical isolate of this
species (Subdoligranulum) induced autoantibodies and joint swelling, suggesting that an
immune response to gut bacteria may lead to development of pathogenic autoantibodies by
mechanisms of molecular mimicry(142). Besides the gut and the lungs, the oral mucosa has
been described as a site for potential break of tolerance in the context of RA, which will be
described more in depth below.

2.3 Periodontitis

Periodontitis, in this thesis referred to as PD, is defined by gingival inflammation and
destruction of the tooth-supporting tissues, including jawbone. When left untreated,
periodontitis can eventually lead to tooth loss. The incidence of PD varies between populations
and between studies(143). Nonetheless, it it is a very common disease, especially in older
populations. It has been estimated that up to 50% of people 50-64 years in the United States
are affected by PD(143). Other studies report that 11% are affected by severe forms of
PD(144). Furthermore, PD is linked to many different systemic diseases like cardiovascular
diseases(145), rheumatic diseases(146), diabetes(147), and Alzheimer’s disease(148).

The oral cavity is one of the body’s primary barrier sites and is constantly exposed to the outer
world. The oral mucosa forms a physical as well as an immunological barrier. The composition
of the salivary proteins, together with the commensal bacteria, protect against the airborne
and food-derived antigens and substances that the oral cavity is daily exposed to. When this
composition is altered, a dysbiosis can occur and this can eventually lead to gingivitis and PD.
Gingivitis, preceding PD, is a reversible state in which only the gingival tissue and ligaments,
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but not the bone, are involved. However, when left untreated, gingivitis can eventually lead to
PD. Risk factors for PD include lifestyle factors as well as genetic risk factors, with the most
important ones being older age and smoking(149). Clinically, PD is described as the
detachment of the gingival tissue from the tooth, assessed by presence of (deep) periodontal
pockets, bleeding on probing and loss of the alveolar bone(150). Whereas a healthy
periodontium is a relatively leukocyte-poor environment, chronic PD is characterized by the
infiltration of many different types of immune cells(151). A central role for neutrophils has
been described in both healthy and diseased gingival tissue. Whereas in health, neutrophils
reside in the gingival tissue and gingival crevicular fluid in order to maintain homeostasis, in PD
neutrophils are constantly activated due to interaction with pathogens, which can lead to
tissue damage(152). In addition, B cells, T cells and plasma cells are found to be infiltrated in
periodontitis lesions with a dominating presence of plasma cells in advanced lesions(153).

Based on the earlier 1999 classification, PD diagnosis was divided into chronic and aggressive
PD. In 2017, periodontologists agreed on a new, worldwide diagnostic consensus(154). As
noted by Tonetti and colleagues(155), the diagnosis of PD should be based on clinical
attachment loss. Using only radiographic bone loss could lead to misinterpretation, the
diagnosis of mild or moderate PD could be missed, as already described in 1977(156).
According to the new classification, periodontitis is staged I-IV based on disease severity and
graded A-C based on risk for disease progression. The newest guidelines in Sweden were
written based on the new classification criteria and were implemented in the beginning of
2021.

Treatment of PD is now recommended to be based on the different stages of disease.
Treatment always includes motivating and educating patients about the importance of daily
dental care routines. Next, mechanical removal of biofilm and plaque is done by scaling and
root planing. When the disease is more advanced, surgical treatment might be necessary(157).

2.3.1 The oral microbiome and dysbiosis

The microbiome in the oral cavity consists of over 200 species, whereas in total over 700
different oral species have been identified as of today, collected in the Human Oral Microbiome
Database, which is available online at http://www.homd.org/. The oral microbiome is

determined by different factors and can be altered by for example smoking, diet, systemic
diseases, medication etc., and differs in populations around the world. The commensal
microbes act as a natural protection against opportunistic invaders and contribute to
metabolising food. The different niches within the oral cavity vary greatly from each other
resulting in the fact that different conditions give rise to the growth of different species and
different bacterial compositions(158, 159). This means that in healthy individuals the
difference in species varies more within the mouth than between two individuals when
sampling at the same site. Bacteria that play a key role in the promotion of dysbiosis are often
referred to as the “red complex bacteria”. These include Porphyromonas gingivalis, Tannerella
forsythia and Treponema denticola(160). In addition, Aggregatibacter actinomycetemcomitans
(Aa) and some other bacteria correlate with presence of PD(161). However, it must be
mentioned that PD cannot be attributed to presence of one or two single species, but rather
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to a shift in microbial composition, and inter-microbial as well as, importantly, host-microbial,
interactions. Dysbiosis can be induced by (a combination of) different factors, such as tissue
injury, use of antibiotics, genetic predisposition, and poor oral hygiene(162). Dysbiosis will lead
to tissue damage, due to the direct destruction by virulence factors, and as a result of the host
immune response. This means that the host contributes to PD pathogenesis, and more
specifically to alveolar bone resorption, because of increased concentrations of inflammatory
mediators(163).

2.3.2 Porphyromonas gingivalis

Porphyromonas gingivalis (Pg) is a gram-negative opportunistic anaerobic bacterium with
strong proteolytic properties, that can cause degradation of complement and antibodies,
resulting in an impaired host defence response. This impaired response does not only affect
the growth of pathogenic Pg, but also allows other strains to colonize, resulting in dysbiotic
overgrowth of pathobionts(164). However, Pg can also occur as a commensal and does not
always contribute to PD.

The virulence factors of Pg have appeared to be highly potent, acting through different
mechanisms, causing biofilm formation and coaggregation with other bacteria(164). Not only
does Pg support its own growth, but it also creates a microenvironment that is beneficial for
other pathogens. Lipopolysaccharide (LPS) is a cell wall component of gram-negative bacteria
but is also known for its potency of causing inflammation. Pg LPS, recognized as a PAMP, acts
on TLR’s, thereby inducing cytokine secretion(165). Moreover, Pg fimbriae have pathogenic
properties through the formation of biofilm. The fimbriae are able to attach to tissues while
giving colonizing bacteria the opportunity to co-aggregate. Gingipains (gp), another type of Pg
virulence factor, can directly support the formation of biofilm through its co-aggregative
activities. Gingipains can either cleave after arginine (R) residues (Rgp) or lysine (K) residues
(Kgp). RgpA and Kgp both possess a hemagglutinin domain, which is responsible for the
coaggregation. In addition, the proteolytic gingipains RgpA and RgpB contribute to the
production of short fibriae A. Furthermore, gingipains play an important role in the degradation
of different proteins in the tissue, like collagens and adhesion molecules, but also parts of the
immune system, e.g., antibodies and complement(166, 167). On top of that, gingipains
modulate the immune system in different ways, for example; Pg gingipain can reduce the CD14
expression on macrophages, resulting in a decreased anti-bacterial response(168) and
gingipains can induce NET formation while at the same time preventing those NETs from killing
other bacteria, thereby promoting their pathogenicity(169). Another Pg virulence factor co-
localizes (in the outer membrane and in secreted outer membrane vesicles) and cooperates
with gingipains, namely P.PAD. This Pg-derived PAD enzyme citrullinates peptidyl arginine, in
particular C-terminal arginine which becomes more freely available after cleavage by RgpA or
RgpB(170). The unique property of Pg — among known microbes — to express a PAD enzyme,
led Rosenstein et al. to propose the hypothesis that the ACPA response in RA is triggered by Pg
infection(171).
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2.3.3 Linking PD, Pg & RA

The idea that PD causes RA dates back to the classical period around 400 years BCE, when
Hippocrates claimed arthritis could be treated by pulling out bad teeth, and a publication from
1918 presents a case report, where a patient with RA was cured by ionization of periodontal
membrane(172). Today, many studies can confirm an epidemiological association between PD
and RA and between Pg infection and RA(146, 173, 174). However, the mechanistic link has
not yet been elucidated, and different hypotheses have been suggested. Whereas certain
reports attribute the epidemiological link between PD and RA to Pg infection, others suggest
that microbial dysbiosis in general, or shared genetics and inflammatory pathways, might
explain the connection.

Several studies report increased prevalence of antibodies against different Pg virulence factors
in RA patients compared to healthy controls(175, 176). Furthermore, increased levels of anti-
Pg antibodies have been detected in the blood of RA patients years before onset of
disease(176, 177). The mechanism by which Pg infection is linked to RA has been topic of
extensive debate. The hypothesis first put forward by Rosenstein and colleagues, is that Pg is
linked to ACPA+ RA because of an increase in citrullination, induced by P.PAD, leading to break
of tolerance to citrullinated proteins (in the PAMP-rich milieu) and subsequently ACPA
production. It has been shown that P.PAD is able to citrullinate human proteins like fibrinogen
and enolase(178), as well as bacterial antigens(179, 180). Furthermore, ACPA cross-reactivity
between citrullinated human and Pg enolase has been shown, suggesting molecular mimicry
to play a role in the onset of systemic autoimmunity to citrullinated proteins(181, 182).
Moreover, like the human PAD enzymes, also P.PAD has been shown to autocitrullinate, and
RA patients have antibodies to citrullinated P.PAD, including the citrullinated P.PAD peptide 3
(CPP3) epitope(183). Taken together, these data suggest a “two-hit” model, starting with an
immune response against citrullinated antigens generated by P.PAD in the gums, followed by
epitope-spreading to citrullinated proteins in the joints. However, this theory has been
debated(184). There are contradictory reports regarding whether P.PAD can autocitrullinate in
vivo, whether P.PAD can generate endocitrullinated epitopes or only C-terminal epitopes, and
whether ACPA target epitopes with C-terminal citrulline(180, 184-187).

Apart from focusing on the link with P.PAD citrullination, there are also other mechanisms
whereby oral microbes could be linked to ACPA+ RA. As mentioned earlier, Pg can affect the
efficacy of NETs(169). NETosis is an important process that is studied in both PD and RA and
can lead to the extrusion of intracellular post-translationally modified (auto)antigens and
thereby potentially contribute to the onset of autoimmunity. Importantly, the gingival tissue
has been shown to be an extra-synovial source of citrullinated proteins, including citrullinated
histones(188, 189). Both RA and PD are known to have neutrophil infiltrates in diseased
lesions(190). Recent work proposes a mechanism by which NETs mediate inflammation of
tissues in the oral cavity during PD. Kim and colleagues show that pathogenicity of NETs is
dependent on citrullination and PAD4 in animal models. In addition, they show involvement of
Th17 cells in the mucosal inflammatory response, and Th17 involvement in periodontal bone
loss, a relevant T-cell subset also in RA pathogenesis(191). Their animal models also show that
knockout of PAD4 protects from periodontal bone loss. In conclusion, Kim et al. suggest a
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pathogenic role for NETs by mediating bone loss, possibly linking RA and PD by this shared
mechanism(192).

Besides Pg, another oral bacterium has been implicated in the aetiology of RA. The oral
bacterium Aa has also been suggested to enhance protein citrullination in the gums, through
the activation of endogenous host PAD enzymes. Aa expresses the virulence factor Leukotoxin
A, which is a pore-forming protein, inducing permeabilization of plasma membranes and
thereby altering the calcium influx, subsequently leading to a process called
hypercitrullination(193, 194).

When investigating the oral microbiome as a whole, several reports show an alteration in the
oral microbiome of CCP2+ at-risk individuals(195, 196), though there is no clear consensus of
the potential mechanism by which dysbiosis could lead to the onset of arthritis, other than the
suggestion that dysbiosis can lead to break of tolerance. Whereas the molecular mimicry
hypothesis focuses mainly on the role of the adaptive immune system(171), there are also
potential links between PD and RA that could be explained by the role of the innate immune
system. For example, a recent report shows that genes upregulated during RA flares are
different between RA patients with or without PD(197). The pathways upregulated in PD
patients with RA flare were enriched for antibody effector functions against microbes leading
the authors to suggest that repeated oral bacteremia could contribute to flares.

One of the complicating factors when studying PD and RA in the same individuals, is the effect
of treatment. It is hard to adjust for medications that can strongly affect (inflammatory)
parameters of both diseases, for example cytokine blockers. Whereas reports about the
influence of treating PD on the disease activity in RA are contradicting(198, 199), RA-
treatments like cytokine blockers seem to affect PD in a positive way(200, 201). Furthermore,
a recent report suggests that RA patients with high levels of antibodies against Pg and Aa
respond less well to RA-treatment(202). However, this study was small and needs to be
replicated to get a better understanding of the outcome.

Apart from studying antibodies in the serum, different researchers have studied the added
value of measuring presence of antibodies in the saliva of patients. Recently, saliva and serum
samples from RA patients and controls were investigated for presence of antibodies against
Rgp(203) This study showed increased levels of salivary anti-Rgp IgA in RA patients, compared
to controls, and that these IgA levels correlated with disease activity. However, this study was
small, and results need to be repeated to better understand the presence of anti-Rgp IgA
antibodies in RA patients. Interestingly, investigation of ACPA IgA in sera of individuals at risk
for RA, show that positivity for ACPA IgA1 gives higher risk of developing RA, and presence of
ACPA IgA in saliva has been shown to associate with higher RA disease activity, suggesting that
also IgA, not only I1gG, is a relevant isotope in ACPA+ RA(204, 205). Further investigation is
needed to understand the link between anti-Pg and ACPA responses of both IgA and IgG
isotypes in serum and saliva.
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2.4 Aetiological hypothesis

The onset of autoimmunity that characterises ACPA+ RA likely finds its origin in the
combination of genetic and environmental factors. At mucosal sites, exposure to external
triggers, for example cigarette smoke and microbes, could activate a local immune response,
causing inflammation, cell death, activation of PAD enzymes, and increased citrullination,
giving rise to neo-epitopes on bacterial proteins and on self-proteins. At this point, an infection
with Pg, known to be able to modulate the immune system, can elicit a more extensive immune
response. We hypothesize that the adaptive immune system now comes into play, and
citrulline-reactive B cells drive the low-affinity ACPA production, targeting both bacterial and
human proteins.

The next step is maturation of the ACPA response. At this stage, genetic factors like HLA-DRB1
SE and PTPN22 are important, affecting antigen-presentation as well as T- and B-cell signalling.
This phase of the autoimmune response includes the interaction between autoreactive B- and
T-cells, epitope-spreading, and generation of ACPA-secreting plasmablasts and plasma cells.
ACPA can now be detected systemically, and clinically, these individuals can develop early signs
of arthralgia, characterised by joint pain. At this point, we can define these individuals as being
at risk of developing RA. Taken together, we hypothesize that break of tolerance against
citrullinated proteins takes place at the oral mucosal tissue, and that colonization of Pg plays a
significant role in this process.
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Figure 2. Steps towards the onset of ACPA+ rheumatoid arthritis.
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3 Research aims

The overall aim of this thesis was to investigate the role of B cells and antibodies in the context
of Porphyromonas gingivalis infection, and PD as an aetiological link to the development of
ACPA autoimmunity and rheumatoid arthritis.

Specific aims:

= |nstudy I, we set out to investigate the relationship between anti-Pg antibodies and
ACPA in three large cohorts, and the potential clinical application of using anti-Rgp 1gG
as a proxy for PD and as a biomarker for developing ACPA+ RA.

= The aim of study IV was to examine the gingiva as a site for ACPA production and Pg
as a driver of the ACPA response, by analysing ACPA targeting Pg in early RA patients,
and by generating human monoclonal antibodies from gingival tissue B cells and study
their binding to citrullinated bacterial and human proteins.

= The aim of Study V was to explore alterations of B-cell phenotypes in the at-risk phase
of RA, to increase our understanding of B-cell dysregulation leading up to arthritis
onset.
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4 Materials and methods

4.1 Ethical considerations

The aim of this work was to clarify the aetiological background of RA, as a basis for novel
treatment and prevention strategies, to ultimately reduce pain and other symptoms for
patients suffering from RA. Protocols for these studies, including the use of personal data
and human samples, were in compliance with the Declaration of Helsinki(206) and were
approved by the regional ethics review board Stockholm or the regional ethics review board
in Umea. Individuals included in the different studies have given consent to use their clinical
data, personal information, and different types of samples for research purposes. Samples
were collected by experienced medical staff and did not involve significant risk for
participants. The gingival biopsies, used in study IV, were only taken when periodontal
surgery was needed.

Handling of personal data was done according to GDPR guidelines and privacy was protected
at all times. Data was stored only at secured servers.

4.2 Patient material

4.2.1 Gingival tissue biopsies

In study IV, we have used biopsies from gingival tissue (GT), obtained during surgery that was
part of the treatment strategy in individuals suffering from severe PD (n=7) or gingivitis (n=1).
Four of the patients with PD had an RA diagnosis. Collection of gingival tissues took place at
the Dental Department at Karolinska University Hospital and at Folktandvarden, Morby
Centrum, Stockholm. In total, nine GT biopsies were collected, of which four were directly
processed for single-cell sorting and five were snap-frozen in liquid nitrogen and stored at -
80°C for 12 to 184 days before processed.

4.2.2 Peripheral blood mononuclear cells

In study V, we investigated peripheral blood mononuclear cells (PBMC) from RA patients, Risk-
RA individuals, and healthy donors. RA patients fulfilling the ACR 1987 and/or ACR/EULAR 2010
classification criteria for RA were selected based on having high anti-CCP2 IgG levels. The Risk-
RA samples were obtained from the Karolinska Risk-RA prospective cohort. Individuals were
included in this cohort based on a positive anti-CCP2 test and having musculoskeletal
complaints, without being diagnosed with a rheumatic disease, and without clinical- or
ultrasound-detected arthritis. For this specific study, we selected Risk-RA individuals carrying
at least one HLA-SE allele. Follow-up time was minimum three years, or until onset of arthritis.
A total of 37 PBMC samples from 18 Risk-RA individuals, of which nine developed arthritis
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within the timeframe of this study, were included. Healthy control samples were obtained from
blood donors in the Uppsala Bioresource sample collection.

4.2.3 Serum samples

In study I-IV we have used serum samples from different patient cohorts. In study | we used
the case-control study Periodontitis and its Relation to Coronary Artery Disease (PAROKRANK),
which was initially set up to investigate the association between PD and having a first
myocardial infarction (MI)(145). Individuals with (n=779) or without (n=719) a first M| were
matched based on sex, age, and residential area; n=557 had PD. Presence of 19 autoantibodies
related to rheumatic diseases were measured previously. We also used serum samples from
two additional cohorts in study I: the PerioGene North (PGN) case-control study(207) and the
Karolinska SLE case-control study(208). PerioGene North, which was set up in the north of
Sweden and designed to study genetic risk, biomarkers, and other inflammatory conditions in
PD, comprises 526 PD patients and 532 periodontally healthy controls. In study |, we included
39 PD and 41 controls from PGN, while in study I, we included the full cohort. The SLE samples
used in study | are also a part of a larger cohort; here we included 101 SLE patients and 100
controls. Presence of autoantibodies was measured previously.

In study [ll we used serum samples from the Karolinska Risk-RA prospective cohort, described
above. In total, 507 samples from 260 Risk-RA individuals were included, 260 baseline and 247
follow-up samples. Data on genetics, smoking and anti-CCP2 IgG was generated previously(98).
We also included serum samples from 126 healthy controls in this study.

In study IV we have made use of the Epidemiological Investigation of Rheumatoid Arthritis
(EIRA), a population-based case-control study from Sweden(50), comprising DMARD-naive RA
patients who were included within one year from being diagnosed with RA. Diagnosis was set
by a rheumatologist, and all patients fulfilled the ACR 1987 and/or ACR/EULAR 2010
classification criteria. Data on genetics, smoking, anti-CCP2 IgG, and 5-year clinical data
(retrieved trough linkage with the Swedish Rheumatology Quality Register (SRQ)) was
generated previously. Serum samples from 2,859 RA patients and 372 population controls,
matched to cases on age, sex and smoking, were included.

4.3 Clinical examinations and diagnhoses

Dental clinical examinations were performed in study | and 1l. The definition of PD was set
based on different criteria in the two cohorts. In the PAROKRANK study, collected between
2010 and 2014, PD diagnosis was defined based on mean bone loss measured by panoramic
X-ray, with the following classification: no PD (> 80% remaining bone), mild to moderate PD
(66-79% remaining bone), and severe PD (< 66% remaining bone). In addition, bleeding on
probing (BOP) index, measured at four sites per tooth, and pocket probing depth (PPD)
(defined as high: > 6 mm or low < 6 mm) were measured during dental examination. Since
PAROKRANK was initially designed to investigate Ml in relation to PD, controls were matched
to Ml cases, not to PD cases. In PGN, which was collected between 2007 and 2019, PD was
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defined as > 1 tooth in each quadrant with bone loss > 1/3 of the root length and total number
of teeth > 15. During full periodontal examination, BOP was measured at six sites per tooth and
reported as the percentage of sites with gingival bleeding divided by the total number of sites.
PPD was also assessed; a tooth with PPD <4 mm was scored as 1, 4-6 mm was scored as 2, and
> 6 mm was scored as 3. A total PPD score was calculated based on the total number of teeth.
Levels of bone loss were assessed by dental X-rays where marginal bone loss < 1/3 of the root
length was scored as 1; bone loss between 1/3 and 2/3 of the root length was scored as 2; and
bone loss > 2/3 of the root length was scored 3. A total score was calculated and divided by
number of teeth. Scores for both PPD and marginal bone loss were defined as low (scores 1.01-
1.49), moderate (scores 1.50-1.99), or high (scores >2.0). Controls in PGN, matched to cases
on sex, had > 24 teeth, and no signs of clinical attachment loss, determined by the distance
between the gingival margin and marginal jawbone (<3 mm), and the PPD (< 4 mm).

In study 1lI, IV and V, clinical examinations were performed by rheumatologists. In study IlI
and V, Risk-RA individuals were included based on having musculoskeletal complaints and
being anti-CCP2 IgG positive. Individuals were not included in the study if synovitis was
detected clinically or by ultrasound. Follow-up was done yearly, or when symptoms worsened.
Progression was defined as clinical onset of arthritis. In study IV, newly diagnosed RA patients
were included, fulfilling the 1987 ACR criteria and/or the 2010 ACR/EULAR criteria(209). In
study V, we included patients with established RA, selected to have high levels of anti-CCP2
IgG.

4.4 Immunoassays

4.4.1ELISA

Enzyme linked immunosorbent assays (ELISA) were used in study [-IV. Both commercially
available and different in-house ELISAs were used to measure antibody binding. In brief, the
antigen of interest was coated on a 96-well plate, followed by a blocking-step to minimise
unspecific binding, and incubation with the serum samples, purified antibodies, or monoclonal
antibody of interest. Detection of bound antibodies was done with a specific secondary
antibody, conjugated to horse radish peroxidase, an enzyme subsequently activated by adding
a substrate. The intensity of the emitted light was then measured as optical density (OD) in a
spectrophotometer.

In study I-lll we used an in-house ELISA to measure the antibody response against the Pg
virulence factor RgpB. Coating was done using the full-length C-terminal hexahistidine-tagged
RgpB protein (purified from cultures of a genetically modified Pg strain by affinity
chromatography on Ni-Sepharose). A standard curve using serial dilutions of pooled sera from
PD patients with high anti-Rgp reactivity was included on each plate to compare antibody levels
presented in arbitrary units (AU) between different plates. All sera were analysed in duplicates
and re-analysed when the coefficient of variation (CV) exceeded a value of 10. In study IV we
used other in-house ELISAs according to the same procedure as described for the Rgp 1gG ELISA
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to analyse reactivity of monoclonal antibodies (at 5ug/ml). Here, we either coated with
citrullinated peptides and, in parallel, with the corresponding arginine-containing peptides to
detect ACPA, or with the soluble membrane protein fraction of Hek293 cells to assess
polyreactivity, as previously described(210). In study I-V we have assessed presence of ACPA
using second generation anti-cyclic citrullinated peptide assays.

4.4.2 Multiplex array

The custom-made multiplex peptide array (ThermoFisher Scientific, ImmunoDiagnostics,
Uppsala, Sweden) that has been used to screen RA and Risk-RA sera for reactivity against
citrullinated peptides and their non-citrullinated counterparts in study Il and IV, with small
adjustments between versions, is based on the same principle as the ELISA assay, but with the
advantage that it allows to measure binding to many different antigens at the same time, using
small sample volumes(211). Citrullinated peptide antigens that were included on the array (and
in the ACPA fine-specificity ELISA) were previously described as potential autoantigens in RA.
However, one needs to consider that here we evaluated reactivity against linear peptides,
some biotinylated and some with added N- and C-terminal cysteines to allow for more
conformational epitopes, but not to full-length proteins as expressed in vivo.

4.5 Multiparameter flow cytometry and single cell sorting

Flow cytometry allows studying cellular phenotypes on a single cell level based on expression
of cell surface antigens, intracellular antigens, cell adherence and cell viability. Over the past
years, the technique has drastically evolved, especially due to the introduction of full spectrum
flow cytometry. Compared to conventional flow cytometry, spectral flow cytometry has the
advantage that the full emission spectrum of the fluorescent molecule is captured, which
allows a more precise distinction between fluorochromes and thus allows for the use of more
fluorochromes when using the same number of lasers(212).

In study IV we have used fluorescence activated cell sorting (FACS) using a BD Influx cell sorter.
Cells were index-sorted, allowing for further analysis of their phenotype. In study V, we had
the opportunity to use spectral flow cytometry, allowing to study up to 21 different markers at
the same time by using a 4-laser or 5-laser Cytek® Aurora instrument. Flow cytometry data
analysis was performed using FlowJo, including the plugins Downsample, FlowSOM, UMAP,
and T-REX(213-215).

4.6 Production of monoclonal antibodies

Production of monoclonal antibodies (mAbs) in study IV was done according to the protocol
of Amara and colleagues(216). In brief, after single cell sorting the CD19+ B cells derived from
gingival tissue, paired Ig heavy and light chains were amplified by polymerase chain reaction
(PCR) and sequenced. The number of SHM was evaluated using IgBLAST(217) and IMGT/V-
QUEST(218) and N-linked glycosylation sites were identified using NetNGlyc1.0 server
(www.cbs.dtu.dk/services/NetNGlyc/ ). Heavy and light-chain Ig-transcripts were ligated into

their respective expression vectors expressing a certain constant region (Igyl for heavy chains
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and Igk and IgA for the light chains), followed by DH5a bacteria transformation. Plasmids were
co-transfected in Expi293 cells for the recombinant expression of monoclonal IgG1. Purification
was done using protein-G Sepharose beads followed by buffer exchange. Quality control steps
included sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
polyreactivity ELISA using bovine serum albumin (BSA), LPS, insulin and double stranded
deoxyribonucleic acid (dsDNA) as well as Hek293 membrane protein lysates, as described
above(210, 216).

4.7 Re-analysis of a published 10X single cell RNA-sequencing dataset

In study V, we have used a previously published 10X single cell RNA-sequencing (scRNA-seq)
dataset to validate findings from the flow cytometry datasets. The dataset comprised cells from
four seropositive RA patients(72). Due to a disbalance of cell number between individuals, we
have downsampled the cell number from one individual before performing new clustering to
the median cell number of the other samples. Filtering for optimal quality was done based on
number of transcripts, number of genes and percentage of mitochondrial genes. Analysis was
focused on B cells, and thus T cells, monocytes, NK cells and platelets were filtered out, based
on the expression of CD3D, CD3E, CD3G, CD247, CD14, CD300E, NKG7, FCGR3A1 and PPBP.
Data was analysed in R Studio (version 4.3.1) using the Seurat package (version 4.1.4)(219).
Gene expression was normalised using NormalizeData function, and principal component
analysis was performed. Batch variation was removed using Harmony package (version 1.0.1).
The function FindClusters (Seurat package) was used for finding clusters and FindAllMarkers
(Seurat package) function was used to calculate the differential gene expression per cluster.

4.8 Statistical analyses

Statistical analyses throughout study |-V were mainly performed using GraphPad Prism and R.
In addition, Statistical Package for Social Sciences (SPSS) was used for analysis in study I and II,
JMP was used in study Il and SAS was used in study IV. Based on normality distribution,
continuous data were compared using (paired) Student T test, Mann-Whitney U test or
Analysis of Variance (ANOVA) for paired and unpaired data. Categorical data was assessed
using Chi-square or Fisher’s exact test. Spearman and Pearson correlations were calculated.
Different types of regression analysis were performed. We have used linear regression in study
1l, Cox proportional hazard regression model in study 1ll, and logistic regression in study 1V,
including adjusting for age, sex, residential area and smoking where needed. In study I, 1l and
Ill, we used the area under the receiver operating characteristic (AUROC) together with
Youden's J statistic to set a cut-off for anti-Rgp 1gG and calculate sensitivity and specificity.
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5 Results and discussion

5.1 The anti-Rgp 1gG response in PAROKRANK, PerioGene North and Risk-RA

In study I, Il and llI, we have measured the anti-Rgp IgG response as a proxy for Pg infection in
different cohorts. Based on previous findings from our group, demonstrating an increased anti-
Rgp 1gG response in RA patients, especially in ACPA+ RA, as well as in samples collected before
symptom onset of RA(175, 176), we here aimed to investigate whether anti-Rgp can function
as a biomarker for PD, and whether anti-Rgp IgG can serve as a marker to identify individuals
at high risk for developing ACPA-positivity and/or onset of ACPA+ RA. We have studied two
cohorts consisting of individuals with and without PD: PAROKRANK (study I) and PerioGene
North (study 1 and I1), and one cohort with ACPA+ individuals at risk of developing RA (Risk-RA,
study Ill). Anti-CCP2 IgG data was available/measured for all cohorts.

Anti-Rgp 1gG in relation to dental clinical parameters

Anti-Rgp 1gG levels were increased in PD patients compared to controls, both in PAROKRANK
and PGN (study | & II), confirming previous findings(175, 220). When investigating the anti-
Rgp 1gG response in relation to clinical dental parameters, we reported both in PAROKRANK
and PGN increased levels of anti-Rgp 1gG in individuals with higher levels of bone loss and in
patients with high degree of BOP (figure 3). Interestingly, deep pocket depth (in PAROKRANK
defined as > 6 mm) was related to higher anti-Rgp 1gG levels, whereas in PGN (pocket probing
depth defined as low (< 4 mm), medium (4-6 mm) or high > 6 mm)), anti-Rgp IgG levels were
not different between the different categories of pocket depth. An important difference when
analysing dental parameters is that for PGN (figures 3 A1, B1, C1), only the PD cases are
included, whereas for PAROKRANK (figures 3 A2, B2, C2), we included all individuals with or
without a PD diagnosis. The reason for doing so, is that part of the individuals who were
considered periodontally healthy in PAROKRANK would have PD according to the definition in
PGN. In PAROKRANK, diagnosis was set based only on bone loss and thus controls could have
deep pockets and gingival bleeding, whereas presence of pockets > 4mm was an exclusion
criterion for controls in PGN. Therefore, also individuals who did not have a PD diagnosis were
included in figure 3 (A2, B2 and C2) in order to assess anti-Rgp 1gG in relation to the clinical
parameters themselves, without being affected by different diagnosis criteria.

Clinical variables like bleeding on probing and PPD have been shown to correlate with
prevalence and numbers of “red complex” bacteria, and specifically with Pg(160, 221). Even
though we cannot make a one to one comparison of bacterial counts measured in the
subgingival plague and antibody levels in the blood(222), our anti-Rgp 1gG data support the
association between Pg and PD severity.
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Figure 3. Comparison of anti-Rgp IgG levels in PerioGene North and PAROKRANK, based on different
dental parameters. The first row (A1, B1, C1) show data from cases in PGN and the second row (A2,
B2, C2) show data from all PAROKRANK individuals, divided based on different dental parameters; with
panel A showing bleeding on probing (BOP), defined as low (<20%) or high (>20%) in PGN (A1) and
defined as grade 0 (<10%), 1 (10-29.9%) or 2 (>30%) in PAROKRANK (A2); panel B: pocket depth, defined
as low (<4 mm), moderate (4-6 mm) or high (>6 mm) in PGN (B1), and pocket probing depth (P) <6 mm
or P>6 mm in PAROKRANK (B2); panel C showing bone loss defined as low, moderate or high, based on
the average score of the root length (described in detail in Methods) in PGN (C1) and no PD (=80%
remaining bone), mild PD (66-79% remaining bone) or severe PD (<66% remaining bone) in PAROKRANK
(C2).

ROC curve analysis based on anti-Rgp IgG levels

When assessing the discriminatory capacity of anti-Rgp 1gG in the different cohorts, we
observed a generally low power of anti-Rgp IgG (figure 4). Starting with measuring anti-Rgp
IgG in PAROKRANK (study 1), we found an AUROC of 0.56 (CI:0.53-0.59). In order to investigate
whether this low AUROC value could be explained by the way PD was defined, we measured
anti-Rgp IgG in a pilot of PGN, selecting severe PD cases and healthy individuals. Indeed, when
we selected 41 severe PD cases and 39 periodontally healthy controls from the PGN study
(study 1), we could demonstrate an AUROC of 0.79 (Cl: 0.69-0.89) with a sensitivity of 58% and
specificity of 89%, showing that the extreme sides of the spectrum can be separated by
measuring anti-Rgp 1gG. However, when we next measured anti-Rgp IgG in the whole PGN
study, we found an AUROC of 0.63 (Cl: 0.6-0.67). Thus, even though in PGN the healthy controls
were more strictly defined as not having any signs of PD, which was not only assessed by bone
loss but also based on PPD, an anti-Rgp 1gG response can be observed among controls. This
thorough investigation of anti-Rgp IgG suggests that these antibodies are not strictly limited to
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individuals suffering from PD, hence cannot be used as a biomarker for PD per se. A potential
explanation could be a previous Pg infection. Even though some studies show decreased anti-
Pg antibody levels after treatment(223-225), other studies show stable levels despite clinical
improvement(221). Alternatively, since (less invasive) Pg strains are part of the commensal
microflora(226), the anti-Rgp 1gG response that we see in healthy could be antibodies
“regulating” Pg, protecting against extensive colonisation(227). The association between high
anti-Rgp 1gG levels and PD-severity on the other hand, may point to a role for these antibodies
as biomarkers for individuals who will suffer from severe periodontal damage, who will require
close monitoring and early intervention. Prospective studies are needed to confirm anti-Rgp
lgG as a predictive biomarker for this subset of PD.

The AUROC of the separation between Risk-RA individuals and rheumatologically healthy
controls (regardless of periodontal status), had a value of 0.64 (Cl: 0.58-0.70), similar to that of
PGN (figure 4 Cand D). Hence, on a group level the anti-Rgp 1gG response in Risk-RA individuals
looks like that seen in periodontitis patients compared to periodontally healthy controls.
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Figure 4. ROC curve analysis based on anti-Rgp IgG in different cohorts. ROC curves representing A)
the PAROKRANK cohort separating PD cases from controls; B) a pilot of PGN, separating 41 severe PD
cases from 39 periodontally healthy individuals; C) the whole PGN case-control study, separating PD
cases from periodontally healthy controls, and D) the Risk-RA prospective cohorts showing separation
of Risk-RA individuals from (rheumatologically) healthy controls.



A limitation here is the lack of periodontal examination in Risk-RA individuals and controls.
Importantly though, higher prevalence of periodontitis has been described in RA patients
compared to arthritis-free controls(146), and in ACPA+ at-risk individuals compared to healthy
controls(177), hence we assume that this is the case also for our Risk-RA individuals versus
controls. Moreover, with the presence of anti-Rgp |gG among periodontitis-free controls,
which we observed in PAROKRANK and PGN, our data may suggest that Pg itself, rather than
PD, is associated with the ACPA-positive Risk-RA phase.

Anti-Rgp IgG in relation to ACPA and arthritis

In PAROKRANK and PGN, we have investigated ACPA status in relation to anti-Rgp 1gG levels.
However, in these two cohorts we did not have access to diagnoses of rheumatic diseases, and
thus ACPA positivity should not be interpreted as RA. In PAROKRANK, 52 individuals were
ACPA+ (3,5%) whereas in PGN 21 individuals were positive (2,1%). The frequency of ACPA-
positivity was higher among PD patients in both PAROKRANK (p = 0.003) and PGN (p = 0.046)
when doing unadjusted analysis. However, after adjusting for age and smoking, this finding lost
significance (PGN). In addition, ACPA+ individuals in PAROKRANK, regardless of periodontal
status, showed higher anti-Rgp 1gG levels compared to ACPA- individuals, and significance
remained after performing matched analysis based on age, sex and smoking. The fact that anti-
Rpg IgG is higher among ACPA+ individuals is in line with previous findings of higher anti-Rgp
IgG levels among ACPA+ RA cases compared to ACPA- RA cases(175). Importantly, comparing
ACPA+ Risk-RA progressors with ACPA+ non-progressors did not show difference in levels, nor
was significant in Cox regression models.

These data suggest that the anti-Pg antibody response — as a proxy for Pg infection — is linked
to ACPA-positivity rather than to arthritis onset. Hence, we propose that Pg triggers loss of
tolerance and ACPA production, while additional risk factors are needed for maturation of the
ACPA response and development of arthritis. With that said, additional analyses of anti-Rgp
IgG in relation to arthritis onset should be performed at later timepoints. Notably, ACPA levels
were significantly lower in ACPA+ non-progressors than in progressors, suggesting maturation
of the ACPA response has not yet occurred in those who remained arthritis free during the
study period. Time will tell if this process is yet to come, and whether some individuals will
develop RA later.

Moreover, to separate the influence of Pg itself from that of periodontitis, on the ACPA
response itself versus arthritis, we would need to study larger numbers of ACPA-positive at-
risk individuals over a longer period and perform dental examinations together with
measurements of Pg infection, including analyses of Pg strains and virulence. The risk-RA phase
opens a window of opportunity for prevention of disease. In order to understand the role of
oral health in progression towards RA, periodontal interventions need to be studied in this
phase, an intervention that is presumably acceptable for individuals at risk for developing
RA(228). In support of such approach, smaller studies suggest periodontal treatment may have
beneficial effects on RA disease activity, and a case report could even demonstrate remission
in early RA after periodontal treatment(229, 230).
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5.2 The polyclonal and monoclonal anti-CPP3 response

In study IV, we aimed to dissect the ACPA response to P. gingivalis and investigate the gum
mucosa as a site for ACPA production. This was done by analysing the antibody response
against citrullinated Pg PAD(183) in the large EIRA RA case-control study, using a citrullinated
P.PAD peptide, CPP3, and by generating mAbs from the gum mucosa to evaluate their
reactivity with human and Pg derived citrullinated antigens.

As outlined in figure 5, we here investigated the polyclonal CPP3 response in 2,859 RA patients
and 372 controls, by screening for anti-CPP3 IgG. We detected higher levels of anti-CPP3 IgG
in RA compared to controls (figure 5A). A cut-off based on the 98" percentile among controls
was applied, and 11% of the RA patients were positive for ACPA binding to the citrullinated
peptide, with no significant reactivity to the arginine-containing control peptide (RPP3). The
majority of CPP3+ RA patients were also positive for CCP2 (91%) (figure 5B), in line with many
other ACPA fine-specificities(186). In addition, affinity-purified polyclonal anti-CCP2 1gG(109)
showed binding to CPP3, but not to RPP3 (figure 5C), showing cross-reactivity between CCP2
and the bacterial CPP3 peptide.

Next, we investigated presence of CPP3-reactive B cells in the gingival tissue of PD patients.
Four fresh and four frozen GT biopsies were taken from seven PD patients, of whom four also
had ACPA+ RA. After tissue digestion, single B cells were sorted based on CD19-positivity
(figure 5). From two individuals, GTO1 (PD and APCA+ RA, fresh biopsy) and GT06 (PD only,
frozen biopsy), we were able to recover paired heavy and light chain sequences. For GT01, we
randomly selected 70 out of the total of 94 paired VH and VL sequences for mAb expression.
For GTO6, selection was based on the previously described ACPA-characteristics (having a high
number of SHM and N-linked glycosylation sites(68, 70, 231)). Sixteen paired VH and VL
sequences were selected for expression, having > 15 SHM and/or presence of N-glycosylation
sites. Anti-CPP3 IgG ELISA showed reactivity of 10 mAbs, derived from the ACPA+ RA/PD patient
(n=51gG, n=31gA), and from the PD patient (n = 2 IgG). Out of these 10 CPP3+ mAbs, four also
reacted to the non-citrullinated RPP3 peptide and six were positive in the polyreactivity test.
Still three of the CPP3+ clones were not polyreactive or RPP3+. All three clones were derived
from the ACPA+ RA/PD patient. Although these antibodies were negative in the CCP2 ELISA,
two of them cross-reacted with peptides derived from human proteins, citrullinated filaggrin
and/or citrullinated histone. In addition to the GT-derived mAbs, we screened previously
generated mAbs derived from RA synovial fluid and peripheral blood for CPP3 reactivity and
identified one CPP3+ clone, denoted BVCA1, which is also CCP2-reactive and shows
multireactivity against citrullinated vimentin, filaggrin and histone peptides.
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Figure 5. Investigation of polyclonal and monoclonal anti-CPP3 IgG. Outline of the study, where we
investigated anti-CPP3 IgG in EIRA RA cases and controls (top left) using multiplex, and generated mAbs
from single sorted B cells after BCR sequencing, cloning and expression of mAbs (top right) followed by
CPP3 ELISA. From the polyclonal CPP3 response (bottom left) we show: A) anti-CPP3 IgG levels in RA
patients and controls; B) a pie chart illustrating the frequency of CPP3+/CPP3- RA patients in relation to
anti-CCP2 1gG; C) reactivity to CPP3 and RPP3 of a pool of affinity-purified anti-CCP2 1gG in serial
dilutions. From the monoclonal CPP3 response (bottom right) we show CPP3+ clones identified in
gingival tissue or blood.
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Here, we show a monoclonal and polyclonal antibody response to a citrullinated peptide
derived from Pg PAD in RA patients, with binding also to other well-studied citrullinated
peptides derived from human proteins, using both mAbs and affinity-purified ACPA. These
findings show cross-reactivity between bacterial and human citrullinated epitopes, and the fact
that these cross-reactive B cells reside in the gums, supports the hypothesis that break of
tolerance can take place in the oral mucosa, possibly by mechanisms of molecular mimicry.

It is particularly interesting that the CPP3 cross-reactive mAbs targeted citrullinated filaggrin
and histone peptides. The buccal mucosa is rich in citrullinated filaggrin, and the first ever
described ACPA test, the antiperinuclear factor, used indirect immunofluorescence to stain
buccal mucosa with RA sera(232, 233), and the first citrulline-containing peptide ELISA is also
based on citrullinated filaggrin(234). Notably, filaggrin is not expressed in the joint.
Additionally, NETosis is a common feature of the inflammatory process in the gums, and
citrullinated histones released by NETs have been detected in the inflamed oral mucosa(235,
236). Moreover, ACPA binding citrullinated histones have been described in PD(237).
Collectively, these data support the hypothesis that the ACPA response could be triggered in
the inflamed oral cavity, where citrullination and danger signals are widespread.

With the absence of CCP2+ clones, but presence of multiple polyreactive CPP3+ clones also
targeting RPP3, we hypothesise that the ACPA response in the gums is “immature”, in the sense
that antibody-binding is rather weak and polyreactive in its nature, more like natural antibodies
involved in maintaining immune homeostasis, and described to target both bacterial and self-
proteins(238, 239). The bona fide systemic autoimmune ACPA response on the other hand, is
stronger and citrulline-specific.

In line with these findings and speculations, we identified one peripheral blood memory B cell
clone with strong reactivity to CCP2, Cit-vimeo-7s and CPP3, but no arginine-reactivity and no
polyreactivity. Cit-vimeo-7s and CPP3 share a similar “citrulline motif”, which could explain the
cross-reactivity, and we speculate that the initial ACPA response would have targeted Pg CPP3,
with epitope-spreading to Cit-vimeo-7s (and CCP2) occurring during affinity maturation. Data
from another group give some support for this hypothesis, as they could demonstrate loss of
CCP2 reactivity but maintained Pg reactivity when reverting a CCP2/Pg cross-reactive
plasmablast clone to its germline sequence(240). However, we need to mention the small
number of patients in our study. We have been able to recover GT mAbs from two individuals.
In addition, the labour-intensive nature of producing mAbs has limited us in the number of
clones that were expressed(241). Nonetheless, the fact that we can find citrulline-reactive B
cells in the gums, although in low numbers, supports the need for further investigation of these
cells in the context of RA and PD.
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5.3 B-cell phenotyping in the Risk-RA phase

In study V, we aimed to characterize B cells in Risk-RA individuals to assess if changes in B-cell
phenotype occur before onset of RA and whether these changes can predict progression to
arthritis. We applied multicolour spectral flow cytometry followed by manual gating strategies
and unbiased analysis approaches on flow cytometry data from healthy controls (HC),
longitudinal samples of Risk-RA individuals and RA patients.

Figure 6. Overview of B-cell changes in the total B-cell population, and among naive B cells and
class-switched B cells. The blue box illustrates the identification of CXCR5"CD19° B cells in longitudinal
Risk-RA samples, identification of CXCR5"CD19"° B cells at a higher frequency in RA compared to HC, and
validation of the presence of these cells in a separate scRNA-seq dataset comprising four RA patients.
The yellow box shows significantly increased frequencies of naive (IgD*CD27") B cells in Risk-RA and RA,
compared to HC. The green box illustrates CD27 expression in class-switched I1gG* B cells; increased
levels of CD277B cells were detected in Risk-RA and RA versus HC, and in addition a large proportion of
the ACPA+ B cells in RA were CD27-negative.

Investigation of total CD19* B cells in longitudinal Risk-RA samples using the unbiased algorithm
T-REX revealed CXCR5°CD19" B cells to increase over time. The increase was most pronounced
in Risk-RA progressors, but also a number of non-progressors showed an increase of CXCR5~
CD19" B cells over time. This finding led us to investigate this population further. CXCR5CD19'"°
B cells could indeed also be found at increased frequencies among RA patients compared to
healthy controls. Importantly, we did not only confirm presence of the CXCR5°CD19°
population by flow cytometry, but also using a published 10X scRNA-seq dataset, where we
were able to validate presence of this population among B cells in four RA patients using an
RNA-based method(72). We found CXCR5CD19" B cells both in the naive (IgD*) and in the
double negative (IgD"CD27") compartment.

Applying manual gating based on CD27 and IgD showed an increase of naive and a decrease of
unswitched B cells among RA patients as well as Risk-RA individuals at time of inclusion when
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compared to healthy controls. A decrease of memory B cells was detected in RA patients, but
not in Risk-RA, compared to controls. However, when assessing the time of arthritis onset in
Risk-RA progressors, a significant reduction in memory and unswitched memory B cells was
observed compared to controls. Comparing Risk-RA progressors with non-progressors at the
time of inclusion, showed no statistical differences for naive, unswitched or memory or DN B
cells.

Investigation of ACPA+ B cells using fluorophore-coupled citrullinated peptide antigens
(tetramers) in RA patients showed presence of class-switched ACPA+ B cells. The majority of
the 1gG* ACPA* B cells had no expression of the classical memory B-cell marker CD27, in
contrast to what has previously been reported for ACPA+ B cells(73, 76). This finding led us to
further explore the total IgG* B cells in RA patients, Risk-RA individuals, and controls. A
significantly higher proportion of IgG* B cells derived from RA patients were negative for CD27
(median: 45%, IQR:28-59%) compared to controls (median: 22%, IQR 20-39%), p=0.035.
Comparing progressors with non-progressors, we could observe a similar trend, with a higher
proportion of CD2771gG* B cells among progressors (median 37%, IQR:28-55%) compared to
non-progressors (median 29%, IQR:19-30%), p=0.022. These cells, being IgD~and CD27", are
referred to as double negative (DN), and have been described to be expanded in multiple
autoimmune diseases, including RA. However, we did not see a significant increase of DN B
cells among total B cells in Risk-RA or RA, compared to controls, but within the IgG* population,
a larger fraction was indeed CD27". Besides reduction of CD27, these cells also expressed lower
levels of CD21 and CD24.

Together, the three main findings of study V are: i) the increase of naive B cells in Risk-RA and
RA, ii) the increase of a CXCR5"CD19" population over time in Risk-RA and in RA compared to
HC, and, iii) the increase of CD27 B cells among IgG class-switched B cells in Risk-RA and RA.
Importantly, the increase of CD27" B cells among IgG* B cells was even found to be significantly
different between progressors and non-progressors at baseline, and might thus point towards
an early feature of immune-dysregulation.

The increase of naive B cells in the risk-RA phase, going hand in hand with a decrease of
memory B cells, has been described previously in individuals with arthralgia, being at risk for
RA(242, 243). Increased CXCR5CD19"° B cells have been shown in RA and SLE patients
compared to controls(244). The fact that we can show an increase of CXCR5"CD19% B cells over
time in the risk phase, although not significant, points towards a potential contribution to onset
of RA. CXCR5 is a chemokine receptor binding to its ligand CXCL13, that is secreted in lymphoid
tissues. The CXCR5 and CXCL13 axis mediates the homing of B cells and T follicular helper cells.
The downregulation of CXCR5 has been described in SLE, Sjogren’s syndrome, and human
immunodeficiency virus (HIV) infection(245-247). Interestingly, in Sjégen’s syndrome, lower
numbers of CXCR5* peripheral blood B cells was detected while higher numbers of CXCR5* B
cells were found in infiltrates in the salivary glands, suggesting that lower CXCR5 expression in
the periphery could be explained by increased homing into follicular structures.
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A strength of our data is the longitudinal nature of the Risk-RA samples. On the other hand, a
limiting factor of the longitudinal data were the small numbers. Whereas we had baseline
samples from 18 Risk-RA individuals, we only had 14 individuals (six progressors and eight non-
progressors) where multiple samples were available. Further research is needed to be able to
validate an increase in CXCR5CD19'° B cells over time in Risk-RA individuals, and to expand our
understanding of this CXCR5-CD19" population in the at-risk phase.

Loss of CD27 on IgG* B cells, which not only increased in the risk phase, but also marked a
difference between progressors and non-progressors at baseline, has previously been shown
in the context of autoimmunity and specifically RA, where this feature is linked to hypomutated
BCR sequences, a characteristic of autoimmunity(78, 248, 249). In line with findings in other
diseases like HIV, the CD27 cells also showed reduced expression of CD21, and these cells
were suggested to be anergic or exhausted(250, 251). In addition, synovial CD2771gG* B cells
derived from RA patients showed higher TNF secretion upon stimulation compared to
CD27*IgG* B cells. Further understanding of the role of these cells in the risk-RA phase is
needed, and the potential predictive role of this feature on development of RA needs to be
elucidated.

Multiple studies have described alterations in the T- and B cell populations in the risk phase of
ACPA+ RA using mass cytometry(252), flow cytometry(243) or methylation analysis of Band T
cells(253). Generally, these studies show altered lymphocyte profiles in Risk-RA compared to
healthy controls but also compared to RA patients, indicating that these individuals are
immunologically in an “in-between” state. This supports the idea of a window of opportunity
for intervention aimed at delaying or ideally preventing disease onset. To this date, only one of
the studies has implemented lymphocyte subset alterations in a model for predicting onset of
RA(243). Although in this study, B-cell phenotypes had relatively low predictive capacity on
their own, while combined lymphocyte subset data together with clinical, serological and
genetic data resulted in good prediction models. Our findings of B-cell subsets in Risk-RA need
to be validated in larger cohorts and their contribution in prediction models need to be
investigated.

Synovial tissue cellular signatures have been investigated in the context of predicting response
to therapy in RA(254). However, since synovial biopsies cannot be collected from individuals
without arthritis, monitoring of B cells and other PBMCs should be considered in prediction of
treatment response in Risk-RA individuals. Importantly, interventions in the risk phase,
specifically using abatacept, which blocks T-cell activation(39, 255, 256), but also using
rituximab, which depletes CD20+ B cells, have shown effectiveness(38). With the identification
of B-cell subsets changing during the risk phase, like the ones described in this work, we should
also consider targeting these cells specifically to prevent onset of RA. But first, their
contribution to driving RA must be investigated in more detail, and confirmed.
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6 Conclusions and future perspectives

In conclusion, the findings in my thesis support the link between oral infection and

autoimmunity on the path towards rheumatoid arthritis.
The studies on anti-Rgp IgG show that:

= anti-Rgp 1gG cannot discriminate well between PD patients and periodontally healthy
individuals

= anti-Rgp 1gG identifiies a subgroup of patients with severe periodontal disease,
characterised by advanced jawbone loss and active gingivitis

= anti-Rgp IgG levels are increased in ACPA+ at-risk individuals compared to ACPA-
controls

= anti-Rgp 1gG cannot predict onset of arthritis in ACPA+ at-risk individuals with

musculoskeletal complaints

These findings lead to the conclusion that anti-Rgp 1gG is not a good biomarker for periodontitis
per se but has potential as a biomarker for individuals who will suffer from severe forms of PD.
Moreover, this subset of PD patients may be at increased risk of developing systemic
autoimmunity and eventually ACPA+ RA. The fact that anti-Rgp 1gG associates with the risk
phase, but does not predict progression to RA, suggests that Pg infection is an early event in
RA aetiology, possibly causatively involved in triggering the initial ACPA response, rather than

contributing directly to arthritis onset.
Investigating the antibody response to another Pg epitope, CPP3, taught us that:

= anti-CPP3 antibodies are part of the ACPA immune response in RA patients

= anti-CPP3 antibodies show cross-reactivity between human and bacterial sequences
on a monoclonal and polyclonal level

= CPP3+ B cells reside in the gums of PD patients (with or without ACPA+ RA)

= Many CPP3+ gingival tissue B cell clones are polyreactive

From these findings, we conclude that the ACPA response might start but does not mature in
the oral mucosa, and that Pg may play an important role in driving the ACPA response through

mechanisms of molecular mimicry.
The B-cell study in the risk-RA phase reveals that:

= B-cell populations in the peripheral blood are altered already before onset of RA, with
increased levels of naive B cells
=  The percentage of CXCR5"CD19% B cells increases over time in the risk-RA phase
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= (CD2771gG* B cells are increased in RA patients compared to controls and also elevated
in Risk-RA indidivuals, with a higher proportion of CD2771gG* B cells in progressors

compared to non-progressors at baseline.

Here, we conclude that the observed B-cell alterations pinpointing specific cell types — that
have previously been linked to autoimmunity — could potentially play a role in driving RA.
Moreover, the increased proportion of CD2771gG* B cells among progressors could possibly

contribute to predicting the onset of arthritis in Risk-RA individuals.

—> From our data on anti-Rgp IgG, together with the cross-reactivity between citrullinated
human and bacterial epitopes that we have demonstrated on a monoclonal level, we propose
an aetiological model where Pg infection contributes to the first “hit” on the path towards RA,
i.e., the break of (B cell) tolerance and a systemic ACPA response, triggered by Pg in the gum
mucosa. Further research is needed to dissect the mechanistic link and to understand the role

of oral health and specific bacteria in the at-risk phase.
Future research should clarify the following points:

= The role of the anti-Pg antibody response in long-term prediction of RA onset.
Progression to RA needs to be re-evaluated in the Risk-RA cohort at a later timepoint,
with repeated analysis of anti-Rgp IgG levels in relation to arthritis onset.

= The role of periodontitis versus Pg in the risk phase. Periodontal assessment as well as
analyses of the oral microbiome should be performed in Risk-RA individuals to gain
better insight into the oral health during the at-risk phase of RA, and to determine
whether periodontitis itself, or other oral bacteria, rather than Pg infection, can predict
onset of arthritis.

= The impact of periodontal treatment on progression to RA. Importantly,
presence/absence of certain oral bacteria, including Pg, should be studied in this
context. While periodontal treatment of Risk-RA individuals with PD will tell us weather
RA can be prevented, more subtle effects, including delayed onset and milder disease
course, will be more difficult to assess, given that confirmed PD should always be

treated, hence from an ethical point of view there could never be an untreated control
group.

On a cellular level, the following points need to be addressed:

= The role of B cells in the gum mucosa during the risk phase of RA. Studying gingival
tissue biopsies and single sorted gingival B cells derived from ACPA+ Risk-RA individuals
with severe PD can contribute to our understanding of break of tolerance in the gum

mucosa.
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The characteristics of circulating ACPA+ B cells in at-risk individuals over time.
Citrullinated peptide tetramers should be used (in combination with an extensive B-cell
panel) to monitor ACPA+ B cells in at-risk individuals, and in severe PD patients.

The role of CXCR5°CD19° B cells and CD2771gG* B cells in progression towards RA.
Functional assays are needed to understand the potential pathogenic properties and
mechanisms.

Whether B-cell sighatures can be used to predict response to preclinical interventions.
RA therapies need to be further investigated in the context of preventing/delaying RA
onset, and phenotypic B-cell changes should be studied in such settings to determine
if they can help identify individuals at risk that will benefit the most from treatment
(and which treatment).
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