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General Introduction
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DeoxyriboNucleic Acid, DNA, a substance of high molecular weight, was identified in 1871 by a
young Swiss scientist, Friedrich Miescher’. Decades later, in one of the culminating points in
biology of all time, James Watson and Francis Crick cracked the DNA code?. The two strands of
the double helix are anti-parallel, with a sugar phosphate backbone on the outside while bases
on the inside form the rung of the ladder. Each rung is composed of two base pairs. Either an
adenine-thymine (A-T) pair that form a two-hydrogen bond together, or a cytosine-guanine (C-
G) pair that form a three-hydrogen bond.

Nearly forty years later, a new defining moment was attained when the Human Genome Project
was initiated in 1990. It was successfully completed in 2003, a year which marks the 50th
anniversary of the discovery of the double helix structure of DNA by Nobel Prize winners, James
Watson and Francis Crick. The overall result was the generation of a high-quality reference
DNA sequence for the human genome's 3.2 billion base pairs.

Available to researchers worldwide, the human genome reference sequence provides a
magnificent and unprecedented biological resource that serves as a basis for research and
discovery and, ultimately, a number of practical applications. In 2002, it inspired a consortium of
researchers to embark on the HapMap project to characterize all single nucleotide
polymorphisms (SNPs) which are single base differences between individuals. By the end of
2005, researchers had created a map of these patterns across the genome by determining the
genotypes of one million or more sequence variants, their frequencies and the degree of
association between them, in DNA samples from populations with ancestry from parts of Africa,
Asia and Europe®. In 2007, this consortium reported the completion of over 3 million SNPs,
which represents a third of the estimated 10 million SNPs in the human genome®. Together,
these research milestones have successfully formed the foundation of current genetic and
genomic concepts.

The central goal of human genetics is to understand the inherited basis of human variation, not
only in determining differences in phenotypes between individuals but also in elucidating
predisposition to disease. With these tools in hand, we can now discover sequence variants that
affect common disease, facilitate the development of diagnostic tools and enhance our ability to
choose targets for therapeutic intervention.

This thesis focuses on investigating genetic risk factors in rheumatoid arthritis (RA), an
autoimmune disease with unknown etiology. While there is a clear genetic component to the
development of RA®, unraveling the genes predisposing to this complex disease, as well as
other autoimmune diseases, has been rather elusive. In this chapter, | will provide an overview
on rheumatoid arthritis, its genetic basis and the genes identified prior to the start of our
research.
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Rheumatoid Arthritis

Rheumatoid Arthritis (RA) (MIM 180300 [OMIM] ) is a chronic autoimmune disease that affects
approximately 0.5-1% of the adult population worldwide and is associated with significant
disability and early mortality®. Patients suffer from inflammation of the synovial membrane that
covers the joint. Joints become red, swollen and tender, and stiffness prevents their use. By
definition, RA affects multiple joints. Most commonly, small joints of the hands and feet are
affected, although larger joints like the shoulder and knee can also be involved, differing per
individual. Eventually, synovitis leads to erosion of the joint surface, causing deformity and loss
of function®. While the causes of early mortality in RA are not well-known, it may be explained
by several factors, e.g chronic exposure to inflammation and cumulative toxicity of
immunosuppressive drugs resulting in an increased risk to infectious, cardiovascular,
gastrointestinal and respiratory disease’.

Besides these deleterious consequences for the individual patient, there is a considerable
socio-economic impact leading to direct and indirect costs of many billion Euros per year. The
total cost of the disease in 2006 was estimated at €45 billion in Europe and €42 billion in the
United States®. It is therefore of the utmost importance to understand the basis of this disease
so as to prevent exorbitant socio-economic costs, but primarily to alleviate patient suffering.

Diagnosis and Clinical phenotypes of RA

The diagnosis of RA is based upon a set of clinical and laboratory measures as defined by the
American College of Rheumatology (Table 1). Once a diagnosis is established, the disease
course of RA patients remains highly variable, ranging from mild symptoms to chronic
inflammation and extensive joint damage.
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Criterion Definition

1. Morning stiffness Morning stiffness in and around the joints, lasting at least 1 hour before

maximal improvement

2. Arthritis of 3 or more joint At least 3 joint areas simultaneously have had soft tissue swelling or
areas fluid (not bony overgrowth alone) observed by a physician. The 14

possible areas are right or left PIP, MCP, wrist, elbow, knee, ankle, and

MTP joints
3. Arthritis of hand joints At least 1 area swollen (as defined above) in a wrist, MCP, or PIP joint
4. Symmetric arthritis Simultaneous involvement of the same joint areas (as defined in 2) on

both sides of the body (bilateral involvement of PIPs, MCPs, or MTPs is
acceptable without absolute symmetry)

5. Rheumatoid nodules Subcutaneous nodules, over bony prominences, or extensor surfaces,

or in juxtaarticular regions, observed by a physician

6. Serum rheumatoid factor Demonstration of abnormal amounts of serum rheumatoid factor by any
method for which the result has been positive in <5% of normal control

subjects

7. Radiographic changes Radiographic changes typical of rheumatoid arthritis on posteroanterior
hand and wrist radiographs, which must include erosions or
unequivocal bony decalcification localized in or most marked adjacent
to the involved joints (osteoarthritis changes alone do not qualify)

Table1. American College of Rheumatology (ACR) 1987 revised criteria for the classification of Rheumatoid Arthritis.
A patient is diagnosed with rheumatoid arthritis if he/she has satisfied at least 4 of the 7 criteria described below.

Criteria 1 through 4 must have been present for at least 6 weeks. Patients with 2 clinical diagnoses are not excluded.
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RA patients who fulfill the ACR criteria can be divided into two main subsets; those who
possess circulating autoantibodies “autoantibody positive” and those who do not “autoantibody
negative”. In the context of this thesis, the term autoantibody positive or negative will refer to the
presence or absence of either of the two autoantibodies that play a major role in RA, namely,
Rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA). The classical
autoantibody associated with RA is RF, an autoantibody directed against the Fc part of
immunoglobulin G. RF is not unique to RA, and is present in other autoimmune diseases,
infectious diseases and healthy (elderly) individuals. RF is found in 60-70% of RA patients®. In
contrast, ACPAs are antibodies directed against citrullinated proteins. Citrullination is the post-
translational modification of protein-bound arginine into the non-standard amino acid citrulline.
This process results in a small change in molecular mass and the loss of a positive charge'®.
These autoantibodies appear early in RA and can be detected years before disease onset'"'?.
While being found in 50-70% of patients, ACPAs display a unique specificity for RA and are
rarely detected in other diseases or in healthy controls'®'*'. The relevance of these
autoantibodies in disease is exemplified by the fact that patients harboring these autoantibodies
generally have a more severe disease course''. However, whether either of these two
autoantibodies are part of a mechanism of disease initiation is still unclear. In contrast, no doubt
exists that these autoantibodies represent a very useful tool in both diagnostic and prognostic
terms’®, as well as in defining a more homogeneous subset of patients to enhance the discovery
of risk factors involved".

The role of environment and genetics in RA

RA is considered to be a complex disease, and although the full etiology remains unclear, it is
widely accepted that interrelated contributions from environmental and genetic factors play a
major role'®. Interestingly, environmental risk factors so far encompass age, gender, smoking,
pregnancy, infections, diet and weather' (reviewed in Kobayashi et al). While there is an
elevated incidence with an increase in age®, the female to male ratio of RA patients is ~3:1°,
and generally smokers have a higher propensity to develop RA?'.

There is however a rather large genetic component to RA. Evidence from twin studies
demonstrates excess disease concordance between monozygotic (15%) when compared with
dizygotic (3.6%) twins(22). From such studies, the genetic contribution to RA has been
estimated between 50% and 60%%. The increased risk of disease in siblings of patients with RA
compared with that of the general population (As) has been estimated to be between 2 and 17
fold*. These data altogether provide compelling evidence of the role of genetics in the
development of RA.
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HLA, the most prominent genetic risk factor in RA

The most prominent genetic association is confined to the human leukocyte antigen (HLA) locus
on the short arm of chromosome 6. HLA-DR gene variants have been consistently associated
with RA across several populations and in microsatellite-based whole genome screens on
affected sibling pair families in Europe, US, UK and Japan®®'. This method involves a search
for increased sharing of particular genetic regions among affected siblings. The association of
HLA with RA has been mapped to the third hypervariable region of DRB-chains, especially aa
70-74, encoding a conserved amino acid motif (QKRAA, QRRAA, or RRRAA). This
susceptibility epitope, called the shared epitope (SE), is found in multiple RA-associated DR
molecules, including DR1, DR4, DR10 and DR14 (i.e DRB*0101, DRB*0102, DRB*0401,
DRB*0404, DRB*0405, DRB*0408, DRB*1001 and DRB*1402)(32). However, amino acids
encoding the DERAA moitif (i.e. DRB*0103, DRB *0402, DRB *1102, DRB *1103, DRB *1301,
DRB *1302 and DRB *1304) at the same position have a protective effect on the development
of RA¥%,

The HLA region is gene-rich consisting of over 100 immune-related genes that could be
potentially relevant to the pathogenesis of RA¥*°. Therefore, understanding of the biological
role of this region in RA remains to be discovered. However, since the association with the HLA
region only accounts for approximately 30% of the genetic burden to RA, it implies that
additional genetic risk factors play a role in RA*.

Non-HLA genes in RA

A number of markers outside the HLA region did emerge from these four microsatellite-based
whole genome studies which were suggestive of linkage with RA, although the effect of the HLA
region is by far the strongest. One problem is that such studies have weak power to detect
modest effects. In contrast, because such studies are simultaneously testing a large number of
regions which may be linked with disease, the likelihood of a false-positive result is very high.
Regions of linkage also tend to encompass large genetic regions containing a large number of
genes making it difficult for researchers to progress from the linkage region to the causal gene.
It is therefore not surprising that studies often failed to replicate their results.

One of the few success stories came from a Japanese group. Following indications of linkage
from the overlapping locus on chromosome 1p36 among certain genome-wide scans,
Yamamoto and colleagues observed that this genomic region contains a cluster of enzymes that
is functionally associated with the production of rheumatoid arthritis—specific autoantibodies.
These enzymes are the peptidylarginine deiminases (PADIs), which posttranslationally convert
arginine residues to citrulline. Fine-mapping of this region containing four of these enzymes
(PADI 1-4) located next to one another revealed that polymorphisms in the PADI4 gene are
strongly associated with RA in the Japanese*'. However, whether this gene is associated with
RA in Caucasians remains a question of debate and so far, no conclusive evidence has been
obtained****,

Another major breakthrough, employing a large-scale approach did not come from classical
linkage studies but association studies between patients and healthy individuals in 2004.
Begovich and colleagues performed a large-scale screen utilizing putative functional SNPs and
identified a non-synonymous SNP (R620W) in the gene, protein tyrosine phosphatase non-
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receptor type 22 (PTPN22) more frequently in patients than in healthy individuals*. Well
powered studies have successfully replicated the same association of rheumatoid arthritis and
the R620W polymorphism, in populations of European descent from the UK, Finland, Sweden,
Germany, Netherlands, Spain and Canada* (reviewed by Bowes et al, 2008). Such consensus
was previously unprecedented. Intriguingly, both HLA-SE alleles and PTPN22 are associated
with the development of ACPA positive disease(17). It is of note that the PTPN22 R620W SNP
is not polymorphic in the Japanese population and a haplotype analysis of the region reveals no
association*®.

The same PTPN22 polymorphism has also been associated with several autoimmune diseases
in Caucasians including among others Juvenile ldiopathic Arthritis and Systemic Lupus
Erythematosus, Graves disease and Addison’s disease*’™°, indicating the genetic risk factors
may not be unique to a specific disease but can be promiscuously associated with other
autoimmune diseases.

An alternative approach to genome-wide strategies is to use a candidate gene screen which
takes a hypothesis-driven approach. While this strategy has generated a huge amount of
literature, it has not been very fruitful in the identification of consistent and replicable risk factors
for RA outside the HLA region. With the advent of new technologies in genotyping a large
number of variants and the availability of SNP data from the HapMap consortium, considerable
progress has been made in this field, enabling researchers to perform highly improved
association studies.

Outline of this thesis

The identification of RA-associated genes outside of the HLA region has been a challenge.
Although the expected effect of genetic factors outside the HLA region are modest, the
identification of risk loci through human genetic studies offers prima facie evidence that a
biological pathway is critical in disease pathogenesis. Therefore, the aim of this thesis was to
take a candidate gene approach to identify risk factors involved in rheumatoid arthritis. It is
divided into three parts in which part one is dedicated towards the investigation of a region of
the genome encompassing genes highly involved in the immune system, namely Tumour
Necrosis Factor (TNF) Receptor associated factor 1/Complement component 5 (TRAF1/C5) on
chromosome 9g33. In the second part, we have investigated the role of an immunoregulatory
cytokine interleukin 10 (/IL10) located on chromosome 1g32 and in part three we have
investigated the role of additional genetic risk factors in RA.

13



;“ Chapter 1

In the first part of the thesis, we have investigated the role of the TRAF1/C5 region in RA as
well as other autoimmune diseases. In chapter 2, we have described the TRAF1/C5 region as
one of the few widely-replicated genetic risk factors for RA. Based on available information in
mouse models®**? and indications from human studies®, we hypothesized that the C5 region
may play a role in the development and/or exacerbation of arthritis. By genetic fine-mapping
studies, we identified the haplotype associating with disease and replicated our findings in 4
different cohorts derived from three different populations from the Netherlands, US and Sweden.
Intriguingly, a genome wide association study (GWAS) on SNPs performed by Plenge et al
identified the same TRAF1/C5 region, in addition to the previously known HLA and PTPN22, as
genetic risk factors for RA%.

To further establish this risk factor, we have reproduced this association in trio families in which
both parents are unaffected and one offspring affected with RA (Chapter 3). This locus
represents the third genetic risk factor for which association is found in family-based studies as
well. Together, these findings firmly establish the TRAF1/C5 region as the one of the confirmed
genetic risk factors for RA.

In the recent years, it has been suggested that there may be a considerable heritable
component to autoimmune diseases®. While certain diseases such as RA tend to occur among
several members of the same family indicating a genetic component to that specific disease, it
is also common to observe different autoimmune diseases in various family members as well as
in a particular individual, suggesting that certain individuals may have inherited a set of genetic
risk factors predisposing them to the development of an autoimmune disease. Our work has
now shown that the TRAF1/C5 region is not only relevant for RA but is also relevant in patients
with a polyarticular form of juvenile arthritis (JIA) (Chapter 4). Behrens and colleagues have
now also independently reported an association of a perfect proxy to JIA further supporting our
findings®®.

To test whether this region predisposes to other diseases we also investigated its relevance in a
well-powered study including four additional autoimmune diseases including Type | Diabetes
(TID), Celiac Disease (CD), Systemic Sclerosis (SSc), Systemic Lupus Erythematosus (SLE)
patients and a common set of controls consisting of healthy unrelated individuals that were
geographically and ethnically matched. We observe and replicate modest associations to both
T1D and SLE and did not observe any evidence of association to CD and SSc (Chapter 5).

With these studies, we have provided considerable evidence that the TRAF1/C5 region is not
only relevant to RA but that the frequency of the same allele is increased in JIA, T1D and SLE.
It is therefore highly likely that the TRAF1/C5 region is a genetic risk factor involved in a shared
pathway underlying multiple autoimmune diseases.
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The second part of this thesis addresses the role of interleukin 10 (IL10) genetic variants in
regulating expression levels and their role in disease. IL10 is a cytokine with key regulatory,
anti-inflammatory and immuno-stimulatory functions involved in the pathogenesis of various
diseases® . Interindividual differences in the production of IL10 have been extensively
associated with polymorphisms and haplotypes of the IL10 gene®'. The A allele of IL10-2849, a
polymorphism located in the promoter region, is associated with decreased IL10 production as
measured by lipopolysaccharide (LPS) stimulated whole blood cultures®®. A low innate
production of IL10 using the same assay is associated with an increased risk of familial
osteoarthritis (OA)®®. Therefore, in chapter 6, we investigate the role of /L10 in osteoarthritis
and observe no association of 7 promoter SNPs with disease.

While there is a direct correlation between IL10 mRNA and protein levels and high and low IL10
producers have similar mRNA halflife(64), little evidence existed that this variation in clinically
relevant levels of IL10 is actually dictated by /L7170 haplotypes. In chapter 7, by using the
technique of allele-specific transcript quantification (ASTQ), the ratio between two alleles (A and
G) of the IL10 gene was characterized in 15 healthy heterozygous individuals. We show that
IL10 alleles are indeed differentially transcribed in cells from heterozygous individuals and that
IL10 haplotypes likely dictate the production of IL10. These findings show, for the first time, that
interindividual differences in IL10 protein levels could be partially explained at the allele-specific
transcriptional level.

In RA, the IL10-A2849 G allele has been shown to be associated with differences in titres of
autoantibodies (RF and ACPA). Moreover the rate of joint destruction in RA patients from the
early arthritis cohort was twice as high in patients that were —2849G carrier to those who were
not (median rate per year 8 versus 4 SHS units on X-rays of hand and feet)(65). As the length of
the haplotype block around /L710 is highly relevant to the search for the functional
polymorphism(s), we characterized the level of linkage disequilibrium in a region of 217 kb,
encompassing /L10 as well as its neighbouring homologues (/L19, IL20 and IL24). We showed
that the neighboring genes are unlikely to harbor functional cis-acting variants (chapter 8). In
this chapter we also report an association of IL10 polymorphisms with restenosis. Stenosis
occurs when a coronary artery constricts or narrows. One way to widen a coronary artery is by
using percutaneous coronary intervention (PCl, or balloon angioplasty). Some patients who
undergo PCI have restenosis (renarrowing) of the widened segment within about six months of
the procedure. Restenosed arteries may have to undergo another angioplasty. Inflammation is
thought to play a key role in the development of restenosis and concordantly, we observed that
patients with a lower innate ability to make IL10, favouring a pro-inflammatory environment, are
at a high risk of undergoing restenosis.

We further fine-mapped the immediate /L 10 region. Six tagging SNPs have been genotyped in
our extensive and clinically well-defined RA cohorts to determine their relevance to clinical
remission and severity of RA (Chapter 9). While there is conflicting evidence that the IL710 gene
is associated with the development of RA, there is no indication in our cohort of the involvement
of IL10 in either clinical remission or the progression of joint destruction in RA.
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In the third part of this thesis, the role of other genetic risk factors (besides /L10 and
TRAF1/C5) is described. In chapter 10, the role of TNFa in predisposing patients towards a
more severe disease course is investigated. While increased levels of TNFa are found in
patients with RA'™ and the treatment of patients with anti-TNF agents do provide beneficial
effects®®, very little evidence exists that variations in the gene predispose individuals to the
development or progression of rheumatoid arthritis, implying that increased TNF production in
RA patients is most likely due to other molecules in the signaling cascade leading to the
enhanced production of TNFa protein. One such molecule TNFa-induced protein 3 (TNFAIP3)
on chromosome 6g23 has recently been associated with development of RA(67;68). TNFAIP3
is a negative regulator of NFKB and as such is involved in inhibiting TNF-Receptor mediated
signaling effects®. Interestingly, the initial association was detected in cohorts of patients with
long-standing RA. However, no association was found in a Swedish early arthritis cohort. We
therefore hypothesized that the 6q23 locus containing TNFAIP3 may be predominantly
associated with a phenotype consistent with more severe disease. To determine whether this is
the case, we set out in chapter 11 to analyze the effect of the 6923 region on the rate of joint
destruction in our large and well-described early RA cohort.

One of the rare success stories for RA from the classical microsatellite-based linkage approach
came in 2007, when candidate genes were investigated under a linkage peak on chromosome
2q in the US study. The 13 candidate genes investigated revealed strong association at four
strongly linked SNPs in an intron of the gene signal transducer and activator of transcription 4
(STAT4)®. The data from STAT4 (Chr2q33) has already been consistently replicated in not only
Caucasians but also in East Asians®®’". This is however not the case for the other signal
observed under the same linkage peak in this study, namely cytotoxic T lymphocyte associated
4 gene (CTLA4). Originally identified as a determinant of susceptibility to autoimmune diseases
including Grave’s disease, Type 1 Diabetes and autoimmune hypothyroidism™, this locus has
been a constant debate in RA*2. In chapter 12, we perform independent replication and a meta-
analysis of three loci including STAT4, CTLA4 and the recently described 4927 region
containing the /L2 and /L21 genes’. We show a strong association with STAT4 and as
previously described, no preferential association was observed with ACPA status. More
importantly, we confirm the role of CTLA4 in RA, resolving a longstanding debate of whether
does or does not predispose to RA. We additionally show for the first time that the association is
restricted to ACPA positive individuals only. For the 4q27 locus, we provide independent
replication of the data and indicate that for this locus, in contrast to previous findings, no
differences in effects are seen in ACPA positive and ACPA negative individuals. However, these
data have to be interpreted with caution due to a possible lack of power. Interestingly, we also
observe an association between the 4927 locus and juvenile arthritis as described in chapter
13.
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While most described genetic risk factors in RA either predispose to the autoantibody positive
subset of patients or both, data is extremely scarce when it comes to patients who harbor none.
One genetic risk factor in the HLA region, DRB*0301, has been consistently associated with
ACPA negative disease™’®. In chapter 14, we describe the identification of the only non-HLA
genetic factor, Interferon Regulatory factor 5 (IRF5), showing a predominant association with
ACPA negative disease. A recent report confirmed these findings but also show a small effect in
ACPA positive disease’.

Chapter 15 provides an overview of novel genetic risk factors in ACPA positive RA, identified
with the use of a meta-analysis of three well-powered GWAS studies from the US, Sweden and
the UK. Simultaneously, the UK group confirmed 3 of the loci identified in the meta-analysis
including MMEL1, PCRKQ and KIF5A®. Two additional loci surfaced in their study providing
compelling evidence for IL2RB and suggestive evidence for IL2RA. In Chapter 16, we provide
the first independent study replicating these two risk factors in a non-UK population, underlining
the relevance of the IL2 pathway in RA. Finally in Chapter 17, | discuss the biological relevance
and potential implications of all these identified RA loci, summarizing the recent explosion of
genetic findings in RA.
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