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ABSTRACT

Introduction

The association of the HLA shared epitope with rheumatoid arthritis (RA) in black
South Africans is well established. The aims of the thesis were to identify non-HLA
risk loci associated with RA using the Immunochip array and to assess the
association of specific amino acids at specific positions of the DRB1 locus with the
risk for developing RA in black South Africans.

Methods

Ethnically and geographically matched RA cases (n=435) and controls (n=463)
were genotyped using the Immunochip array which has ~196 000 single
nucleotide polymorphisms (SNPs) previously associated with 12 autoimmune
diseases. After quality control, 103 700 SNPs were tested for association in 263
cases and 374 controls. For the amino acid study, DNA sequencing of exon 2 of
the DRBL1 locus was performed on the seropositive cases (n=261) using the Allele
SEQR HLA-DRB1 (Abbot) assay and four digit HLA typing was assigned using the
Assign software (Conexio Genomics). The amino acid sequences were inferred
from the called allele type. Association testing and conditional analysis were
performed.

Results

A total of 72 HLA SNPs reached statistical significance (p< 5x10) of which 71
SNPs locate to the HLA-DR or DQ genes or to the intergenic region between
these two genes. Specifically, 4 SNPs in the intergenic region between HLA-DRB1
and HLA-DQAL1 (rs3104413, OR=3.88, p=5.49x102%; rs3129769, OR=3.91,
p=4.60x102%; rs6931277, OR=3.97, p=1.03x10%%; rs9272353, OR=4.1, p=3.01x10"

21) were highly associated. Ten non-HLA SNPs on chromosome 6 reached
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significance of which 7 SNPs locate to the intergenic region between BTNL2 and
HLA-DRA and confer protection. Four “SNPs” on chromosome 1 locating to a copy
number variant region of the intergenic region between PLD5 and LOC400723
were significantly associated with RA in this study (rs2809867, OR=0.33,
p=5.01x107%; rs12738883, OR=0.33, p=3.98x10; rs78352781, OR=0.33,
p=3.98x108; rs12739315, OR=0.33, p=3.98x10%) and showed an even stronger
association with the rheumatoid factor positive subgroup. Valine at amino acid
position 11 of DRB1 demonstrated the strongest associated with RA (OR=5.1(3.7,
7.0), p=1.63x10 -?’) and serine at this position was protective (OR=0.4(0.3, 0.5),
p=2.46x10 -18), Interestingly, the frequency of valine in black South African RA
cases was much lower than in Caucasians with RA. Using principal component
analysis, black South Africans were found to be genetically distinct from west and
east African populations.

Conclusion

This study demonstrated both similarities and differences in the risk for RA
between Caucasians and black South Africans. Similar to Caucasians, the HLA
region confers the strongest genetic risk for RA in black South Africans. More
specifically, valine at position 11 of DRB1 confers the strongest risk for RA in black
South Africans and serine confers protection. Four novel non-HLA RA-associated
SNPs in the intergenic region between LOC400723 and PLD5 were identified.
Variants of the PTPN22 gene, although strongly associated with RA in
Caucasians, are not associated with RA in this population. Since this population is
genetically distinct, the findings need to be independently validated in other African

populations.
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Chapter 1. INTRODUCTION AND LITERATURE REVIEW

Rheumatoid arthritis (RA) is a chronic autoimmune rheumatic disease
characterised by inflammation and progressive destruction of synovial joints.
Poorly controlled disease is associated with significant physical disability and
reduced life expectancy of between 5-10 years. The last few decades have
brought progress in the understanding of the pathogenesis, genetics and thus
development of treatment for RA which has resulted in better outcomes for RA
patients. Today RA is considered the commonest potentially treatable cause of
disability in the western world (Emery and Salmon, 1995). However, despite these
developments, there remains much to be understood about the pathogenesis of
the disease and many unmet needs for patients at a clinical level.

The aims of the introduction of this thesis are to briefly describe the history of RA,
explain the pathogenesis and clinical manifestations, highlight the progress in
genetic studies and then describe the known HLA and non-HLA genes associated

with RA, especially how they relate to sub-Saharan Africa.

1.1 History of rheumatoid arthritis

Rheumatoid arthritis is considered to be a modern disease although there is
evidence of an arthritic disease suggestive of RA in the skeletal remains of Native
Americans in Alabama dating back as early as 450BC (Feitsma et al., 2008). In
contrast, there is little evidence of the existence of RA in the Old World prior to the
16" century. Historical characters such as Erasmus, considered as the ‘Prince of
Humanism’, Louis XIV, Kant and others had suffered some form of arthritis. The
paintings of Rubens, Renoir, Klee and Dufy depict physical changes which many
physicians have described as being consistent with ‘modern day’ RA (Dieppe and

Rogers, 1986).



Paul Rubens (1577-1640) who is considered to be the master of European
baroque paintings lived in the city of Antwerp, a centre of European culture, which
was frequented by sailors from the New World. It is hypothesised that shipments
from the New World
‘revolutionized eating habits, doubled the available therapeutic assortment
of medicinal plants, mixed genes of populations, swapped infectious
plants...This series of conditions taken together, enabled an infectious, but
in principle not aggressive, American agent to find genetically more
receptive European hosts, with mixed blood, triggered from certain cities
which were transit points in an ‘epidemic’ of rheumatoid arthritis.’
(Appelboom, 2005)
In 1800 a French physician, Dr Augustin Jacob Landre-Beauvais, who was based
in the famed Salpetriere Hospital in Paris described a type of arthritis distinct from
the commonly occurring monoarticular gout. Unlike gout which occurred in
otherwise healthy men, this type of arthritis occurred in females. The disease ran a
chronic course resulting in frail and weak patients. It affected multiple joints at the
time of disease onset and resulted in deformities. The title of his doctoral thesis
asks the question ‘Doit-on admettre une nouvelle espece de goutte sous la
denomination de goutte asthenique primitive?’ (Should we recognise a new type of
gout to be called primary asthenic gout?) (Landre-Beauvais, 2001). Landre-
Beauvais’s thesis is recognised as the first clinical description of RA. The term
‘rheumatoid arthritis’ itself was coined in 1859 by a British rheumatologist, Dr
Alfred Baring Garrod (Keitel, 2009). The name was based on the term ‘rheumatic
fever’, an illness which includes joint pain. The suffix -oid ("resembling") gives the

translation as joint inflammation that resembles rheumatic fever.



1.2 Epidemiology and clinical features

Rheumatoid arthritis is one of the most common autoimmune systemic diseases,
afflicting 0.5-1% of adults worldwide. It affects twice as many females than males.
The peak age of onset is the 4"-51" decade of life. The prevalence increases after
the age of 60 years (Gabriel et al., 1999). The disease is known to occur
worldwide, although there is considerable geographical and ethnic variation, with
respect to both prevalence and severity (Silman and Pearson, 2002).

The disease is characterised by persistent synovitis usually involving peripheral
joints in a symmetrical distribution. Classical RA causes swelling of the small joints

of the hand but can affect any peripheral synovial joint (Figl.1).

Figure 1.1 Swelling of the proximal interphalangeal joints in a patient with rheumatoid
arthritis.

Extra-articular inflammation is not uncommon in RA. Inflammation of the organs
may occur, especially in rheumatoid factor positive (RF+) patients. The
commonest extra-articular manifestations are rheumatoid nodules and
keratoconjunctivitis sicca which occur in 20-25% and 10% of patients respectively.
Other extra-articular features include rheumatoid lung (interstitial lung disease,

pleural effusions, pulmonary nodules and bronchiolitis), scleritis, serositis,



anaemia of chronic diseases, secondary Sjogren’s syndrome, Felty’s syndrome
and vasculitis (Cojocaru et al., 2010).

Other than the extra-articular features, RA patients are at an increased risk of co-
morbidities like osteoporosis, cardiovascular disease, infections and lymphomas

(Michaud and Wolfe, 2007).

1.3 Health and economic burden

Cost-of-illness studies have shown that RA is associated with a high health and
economic burden (Boonen and Mau, 2009). The economic ‘burden’ of disease
relates to both direct and indirect costs.

The direct cost relates to the actual payment made for diagnosis, therapy,
complications and prevention of the disease. The direct costs of RA are 2-3 times
higher than the average cost for individuals of a similar age and gender (Lubeck,
2001).

The indirect costs of RA are substantial and relate to loss of resources to the
individual, their family and society. These costs relate to work disability and early
retirement. Approximately a quarter of patients will discontinue paid work within 2
years of RA diagnosis (Kvien, 2004). A South African study showed that only 24%
of RA patients were employed and 35% were dependent on financial support from
the State (Mody et al., 1988).

Indirect cost of RA is also linked to an increased mortality due to RA. Life
expectancy is decreased by 5-10 years (Kvien, 2004). The five-year survival of
patients in the American College of Rheumatology (ACR) functional class four is
similar to those patients of triple vessel disease or stage IV Hodgkin’s lymphoma

(Pincus et al., 1984). The major causes for death in RA are infections,



cardiovascular and cerebrovascular disease (Douglas et al., 2006, Meune et al.,
2009).

The psychosocial burden of the disease includes loss of quality of life, pain,
frustration and lack of self esteem. Studies done in South Africa have shown that
RA has a significant effect on health-related quality of life (Benitha and Tikly, 2007)
and it is also associated with a negative impact on the individual’s psychological

and social functioning (Schneider et al., 2008).

1.4 Aetiopathogenesis

The aetiology of RA is not entirely understood but twin studies suggest that there
is a substantial heritable contribution to the risk for RA. The heritability of RA is
estimated to be as high as 60% (MacGregor et al., 2000). It is now widely
accepted that RA occurs in a genetically susceptible host that is exposed to an

environmental factor.

1.4.1 Environmental factors
No single environmental factor has been found to be causative in all RA patients.
However, there is evidence of varying strength to suggest that microbes, smoking

and dietary factors play role in the causation of the disease.

1.4.1.1 Infections

Microbes such as Epstein-Barr virus (Ollier, 2000, Saal et al., 1999), Parvovirus
B19 (Murai et al., 1999) and Mycobacteria (Tsoulfa et al., 1989) have been
thought to increase the susceptibility for RA, probably through molecular mimicry
of specific microbial peptides, with autologous molecules such as the rheumatoid
or cartilage-derived epitopes. However, convincing evidence of a specific

pathogen-derived antigen or of cross-reactivity of self-antigen specific T or B-cells



with pathogen-derived peptides is lacking. Periodontitis caused by Porphyromonas
gingivalis is associated with anti-citrullinated peptide antibodies (ACPA) (Hitchon
et al., 2010). Citrullination is the post-transcriptional modification of the positively
charged amino acid arginine to the neutral citrulline which is mediated through one
of the 5 isoforms of the enzyme peptidylarginine deiminase (PADI). It is
hypothesised that citrullination occurs in the oral mucosa following infection with

Porphyromonas gingivalis and in the lung as a result of smoking.

1.4.1.2 Smoking

Smoking is the strongest known environmental risk factor associated with RA and
is also the most prominent example of a gene-environment interaction in RA
pathogenesis. This association was first made by several epidemiological studies
(Silman et al., 1996, Stolt et al., 2003, Uhlig et al., 1999). Later, an association
with the HLA DRB1 shared epitope (SE) alleles and smoking was made with RF+
RA (Padyukov et al., 2004). Subsequently, Klareskog et al. (2006) showed that
smoking predisposes to RA by increasing citrullinated peptides in lungs of patients
carrying the HLA DRB1 SE alleles. Their findings were that smokers who do not
carry the SE alleles have a 1.5-fold increased risk of developing ACPA positive
(ACPA+) RA compared to non-smokers who do not carry the SE alleles. However
smokers who carry 2 copies of the SE alleles have a 21-fold increase in
developing ACPA+ RA compared to non smokers who do not carry the SE alleles.
Later, it was shown that the risk for RA increases further when smokers carry a
combination of the HLA DRB1 SE alleles and the R620W polymorphism of the
PTPN22 gene (Fig 1.2) (Kallberg et al., 2007). The risk increases with both
increasing duration of smoking and increasing number of cigarettes smoked.

Smokers with a greater than 40 pack year smoking history have a 2-fold increased



risk of RA compared to non-smokers. Tobacco exposure increases the risk for
ACPA+ RA, but only in SE positive patients (Linn-Rasker et al., 2006). A similar

gene-environmental risk has been observed in RF+ males and smokers

(Sugiyama et al., 2010).
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Figure 1.2 Histograms of odds ratios (OR) for developing ACPA+ (A) and ACPA- (B)
rheumatoid arthritis and the dose effect of the SE alleles and the R620W polymorphism of
the PTPN22 gene and smoking status (Kallberg et al., 2007).

1.4.1.3 Hormones

Rheumatoid arthritis occurs more frequently in women than men. It has been
hypothesised that this difference in frequency is due to the proinflammatory milieu

created by oestrogen. Oestrogen is known to exert a stimulatory effect on the



immune system by inhibiting T-cell suppressor function and facilitating T-cell
maturation (Cutolo, 2004). Women with older age at menarche (>15 years) have
an almost 2-fold increased risk of developing RA as compared to women with
early menarche (<12). Pregnancy increases the risk of developing RA. Twelve
percent of women with RA develop RA within a year after pregnancy. Furthermore,
females having multiple pregnancies are at risk of severe RA. Longer duration of
breastfeeding increases the risk of RA in individuals especially those who are
ACPA+ or IgM RF+ (Berglin et al., 2010). This is in contrast with previous studies
which show that long term breast feeding is associated with a decrease risk of RA
(Karlson et al., 2004). The use of the oral contraceptive pill (OCP) delays onset of
disease rather than protects against its occurrence (Doran et al., 2004).
Furthermore, in asymptomatic females there is an inverse relation between RF

seropositivity and the use of the OCP (Bhatia et al., 2007).

1.4.1.4 Dietary factors

In general dietary factors seem to play a minor role in RA susceptibility but some
associations have been described. A diet low in antioxidants, e.g. vitamin C and [3-
cryptoxanthin which is a constituent of yellow peeled food such as citrus, has been
found to increase the risk of RA, as has excessive coffee consumption, but only in
ACPA+ RA (Pattison et al., 2005). Alcohol was found to decrease the risk of
developing RA (Kallberg et al., 2009). The role of red meat and animal protein is
less clear, some studies show an increased risk for RA and other studies suggest
otherwise (Pattison et al., 2004, Benito-Garcia et al., 2007). The role of vitamin D
in RA risk remains equivocal with conflicting results from different studies

(Costenbader et al., 2008, Nielen et al., 2006).



Higher birth weight (Jacobsson et al., 2003, Mandl et al., 2009) and lower socio-
economic status (Bengtsson et al., 2005, Pedersen et al., 2006) increase the risk
of developing RA. Occupational exposure to mineral oils was found to increase the

risk of RA in a Swedish study (Sverdrup et al., 2005).

1.4.2 Genetic factors

Familial clustering, with RA occurring more frequently in first degree relatives of
RA and a higher concordance in monozygotic twins (15%) versus dizygotic twins
(3.5%) has been strongly suggestive of heritability or genetic contribution to RA
(MacGregor et al., 2000). The increased risk of the disease in siblings of patients
with RA compared with that of the general population has been estimated to be

between 2 and 17 fold (Seldin et al., 1999).

1.4.2.1 HLA associations with rheumatoid arthritis

The HLA DRB1 gene is estimated to contribute approximately a third of the
genetic risk for RA which is the strongest genetic association. Alleles that encode
for a specific sequence of amino acids on the third hypervariable region of the HLA
DRB1 chain called the ‘shared epitope’ alleles demonstrate the strongest
association with RA and confer risk in most of the ethnic groups studied thus far
(Holoshitz, 2010). The HLA association with RA will be discussed in detail in

chapter 3.

1.4.2.2 Non-HLA genes associated with rheumatoid arthritis

The non-HLA genes however show less consistent risk for RA across the major
ethnic groups. A summary of some of the polymorphisms associated with RA is

briefly described in Table 1.1.



Candidate gene and genome wide association studies (GWAS) have identified
numerous risk loci associated with RA. The function of these genes relate to T-
and B-cell activation such as HLA, PTPN22, STAT4, CTLA4, CD40 or to cytokine
expression such as IL-2, IL-21, CCL21 or to the NFkB pathway such as TRAF1,
TRAF6, TNFAIP3, REL, co-receptor stimulation (CTLA4 and CD28), transcription
signalling (STAT4), citrullination (PADI4), T-cell receptor signalling (PTPN22),
cytokine regulation (TRAF1/C5). Most of the loci identified are associated with

ACPA+ RA in Caucasians.
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Table 1.1 Non-HLA genes associated with ACPA+ rheumatoid arthritis in Caucasians and their function, the genetic variant and the effect
size of the risk it confers and their association with other autoimmune diseases

Gene Protein function SNP or OR (95% CI) Reference Autoimmune
(chromosome) allele disease
PTPN22 (1p13) | Encodes a lymphocyte specific phosphatase rs2476601 | 1.94 (1.81-2.08) | (Stahl et al., 2010) | T1D, SLE,
involved in the regulation of T-cells rs6679677 | 2.06 (1.68-2-53) | (Kurreeman etal., | GD, Vitiligo
2011)

CTLA4 (2933) The CTLA-4 gene is a member of the rs3087243 | 1.15(1.10-1.20) | (Stahl et al., 2010) | GD, HT, SS,
immunoglobulin family. It binds to the CD80/86 T1D, WG
molecule expressed on antigen presenting cells. It
down-regulates T-cells by preventing the binding
of the co-stimulatory molecule CD28 to CD80/86.

STAT4 (2932) The STAT4 gene is a member of the STAT family | rs7574865 | 1.16 (1.10-1.23) | (Stahl et al., 2010) | CD, JIA, SLE,
of transcription factors. They act as transcription SS, SSc, T1D,
activators of cytokines especially interferon y ucC
involved in the differentiation of CD4 T-cell into
Th-1 and Th-17 cells. STAT4 also signals in
dendritic cells.

FCGR Encode receptors for the Fc fragment of IgG and FCGR2B 1.35(1.09-1.66) | (Chen et al., 2008)

(1g21-23) is involved in clearing of immune complexes rs1050501 (Thabet et al.,

FCGR3A 1.3(1.01-1.55) | 2009)

rs393991 (Raychaudhuri et
FCGR2A 1.13(1.06-1.21) | al., 2009)
rs1274661

3

CD28 (2g33) CD28 is a co-stimulatory molecule required for T- | rs1980422 | 1.12(1.06-1.18) | (Stahl et al., 2010)
cell activation. CD28 binds to CD80 and CD86
molecules.

RBPJ (4p15) RBPJ is a transcription factor that is vital to the rs874040 1.18(1.12-1.24) | (Stahl et al., 2010)

Notch signalling pathway that is involved with
many cell-cell interactions and cell fate pathways.
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TRAF1/C5 The TNF associated factor 1(TRAF) gene is an rs3761847 | 1.13(1.08-1.18) | (Stahl et al., 2010) | AS, JIA, SLE
(9933-34.1) adaptor molecule that signals for TNF. The rs2900180 | 1.28 (1.13-1.44) | (Patsopoulos and

Complement 5 (C5) gene lies close to the TRAF1 | rs1011835 | 1.19 (1.05-1.34) | loannidis, 2010)

gene. 7 (Kurreeman et al.,

2011)

BLK (8p23) The B-lymphoid tyrosine kinase rs1327711 | 1.15(1.00-1.33) | (Begovich et al.,

gene encodes a tyrosine kinase of the src family 3 1.12 (1.07-1.18) | 2004)

which is involved in B-cell receptor signalling and | rs2736340 (Stahl et al., 2010)

B-cell development.

T1D = Type 1 diabetes, CD = Crohns disease, JIA = Juvenile inflammatory arthritis, SLE = Systemic lupus erythematosis, SSc = Systemic sclerosis, SS =
Sjogren syndrome, GD = Graves’ disease, WG = Wegners granulomatosis, PsA = Psoriatic arthritis, CeD = Celiac Disease, MS = Multiple sclerosis, AS =
Ankylosing spondylitis
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Unlike ACPA+ RA, only a few loci have been associated with ACPA negative
(ACPA-) RA. In Caucasians the HLA DR3 allele which is part of the conserved
ancestral haplotype (HLA A1-B8-DR3-DQ?2) is associated with ACPA- RA. A
GWAS study of ACPA- RA patients found the IRF5 and CLEC16A genes to be

associated with RA (Ruyssen-Witrand et al., 2012).

1.4.2.3 Genetic diversity between major ethic groups

Genetic diversity exists between major ethic groups, therefore genetic
associations with disease in one population cannot be assumed to be causal in
another. Humans are thought to have originated in Africa and migrated out from
the East African gene pool, the so called ‘Out of Africa model’ (Tishkoff and
Verrelli, 2003). Africans have the largest number of population specific alleles and
non-Africans have much less genetic diversity (Gabriel et al., 2002, Verrelli and
Tishkoff, 2004). This could be as a result of a genetic bottleneck in populations
outside of Africa (Calafell et al., 1998). Apart from the differences in genetic
diversity, the level of LD in Africans and non-Africans differ significantly, with
Africans having lower levels of LD (Tishkoff and Verrelli, 2003, Tishkoff and
Williams, 2002). Furthermore, the genetic diversity within African populations has
been well established (Ramsay, 2012, Tishkoff et al., 2009). Specifically, black
South Africans are genetically distinct from other African populations (May et al.,
2013). This is evidenced by the significantly lower frequency of the SE alleles in
the west African, Cameroonians (Singwe-Ngandeu et al., 2010) compared to black
South Africans (Meyer et al., 2011). The genetic diversity and LD structure both
between and within ethnic groups emphasise the need for population specific

studies.
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1.4.2.4 Genetic variants associated with rheumatoid arthritis in different
ethnic groups

Genome wide association studies have been predominately performed on 2 broad
ethnic groups, the Caucasians and Asians. These studies indicate that shared and
ethnic specific risk loci exist. An example of the differences in risk between these
two ethnic groups is a functional single nucleotide polymorphism (SNP),
Arg620Trp (rs2476601), in the PTPN22 gene which confers the second strongest
genetic risk in Caucasians (Begovich et al., 2004) but does not confer risk in
Asians (Lee et al., 2009, lkari et al., 2006). Interestingly, this PTPN22 gene variant
is non-polymorphic in the black South Africans (Tikly et al., 2010). Likewise
genetic variants in the PADI4 gene confer risk in the Asians but not the
Caucasians (Stahl et al., 2010). However, using the Immunochip, a group from
Manchester in the UK, recently found an association with a SNP in intron 9 of the
PADI4 gene in a Caucasian population (Eyre et al., 2012). In addition, the RUNX1
and SLC22A4 (Tokuhiro et al., 2003) genes confer risk in the Asian but not the
European populations (Karlson et al., 2008, Barton et al., 2004b). Interestingly, the
STAT4 genetic variants confer risk in both the European and Asian populations
(Lee et al., 2009). In the admixed African American population it was found that of
27 candidate SNPs that confer risk in European populations, 23 also conferred risk
in African Americans (Hughes et al., 2010). Variants of the FCRL3 and CD244
genes confer risk for RA in Japanese but not Caucasians (Suzuki et al., 2008).
However, one study showed a FCRL3 gene marker to be a risk factor for ACPA+
RA susceptibility and severity in a Norwegian population (Maehlen et al., 2011).
Genetic variants that confer risk for RA in Caucasians such as markers associated

with PTPN22, TRAF/C5, CD40, CCL21, 6923 and the 4927 regions were either
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non-polymorphic or did not show association with RA in Koreans (Lee et al.,
2009). A study of North Indians of India showed limited replication of known
European and Asian RA risk loci (Prasad et al., 2012).

Together these results provide evidence that genetic diversity and RA
susceptibility differences exist between the major ethnic groups. These contrasting
findings suggest that further research is required to examine the role of the non-
HLA genetic variants in RA in various ethnic groups and may eventually provide

insight in the quest for personalised therapy.

1.4.2.5 Genetic variants associated with several autoimmune diseases
Numerous autoimmune diseases share similarities in terms of demographics,
clinical features and chronic inflammation of organs. In addition, GWAS have
identified over 200 genetic loci associated with one or more autoimmune diseases,
many of which are shared amongst various autoimmune diseases suggesting

common biological pathways (Fig 1.3).
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Figure 1.3 Chromosomes with overlapping risk regions amongst various autoimmune
diseases (Knight, 2013).

T1D = Type 1 diabetes, CD = Crohns disease, SLE = Systemic lupus erythematosis, SS = Sjogren
syndrome, Ps = Psoriasis, MS = Multiple sclerosis, AS = Ankylosing spondylitis, PBC = Primary
biliary cirrhosis, MG = Myasthenia gravis
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However, some diseases have distinct pathways of pathogenesis. These shared
and distinct pathways are found in the innate and adaptive immune systems and
more recently found to be involved in the threshold signals for cell activation. The
implications of these findings is that therapies can be tested for effect in different
autoimmune diseases known to have common biological pathways and more
sophisticated genotyping techniques are being designed such as the Immunochip
which take advantage of the knowledge of shared risk loci.

The HLA locus remains the strongest association with most autoimmune diseases.
The R620W risk allele in the PTPN22 gene confers risk for several autoimmune
diseases such as RA (Begovich et al., 2004), systemic lupus erythematosus (SLE)
(Orozco et al., 2005, Kyogoku et al., 2004), type 1 diabetes (Smyth et al., 2004,
Zheng and She, 2005), and Graves’ disease in populations of European descent
(Velaga et al., 2004, Skorka et al., 2005). Variants in the CTLA4 gene confers risk
for Addison's disease, autoimmune pancreatitis (Chang et al., 2007), autoimmune
hypothyroidism, celiac disease, chronic inflammatory arthritis (Suppiah et al.,
2006), multiple sclerosis (Heggarty et al., 2007) and RA (Plenge et al., 2007b).
Rheumatoid arthritis and SLE have been associated with the BANK1 gene
(Orozco et al., 2009, Kozyrev et al., 2008). The TNFAIP3 locus has been
associated with RA (Plenge et al., 2007a, Thomson et al., 2007), SLE (Graham et

al., 2008) and type 1 diabetes (Fung et al., 2009).

1.4.2.6 Genetic variants associated with rheumatoid arthritis severity
Risk factors for severe RA include RF and ACPA positivity (Niewold et al., 2007),
genetic susceptibility, smoking (Baka et al., 2009, Nyhall-Wahlin et al., 2009), poor

functional class at presentation (Pincus et al., 1994), poor socio-economic
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background (Camacho et al., 2012), older age at presentation (Bukhari et al.,
2007), and the presence of extra-articular disease (Cojocaru et al., 2010).

Over recent years, GWAS have identified numerous genetic variants associated
with RA susceptibility. However, few have focused on the contribution of genetic
markers to the severity of radiological damage. Current biomarkers only explain a
modest proportion of the variance in radiological damage. Apart from the HLA
DRB1 SE alleles, only few other genes have been associated with severe erosive
RA (van der Linden et al., 2009, Orozco et al., 2010, Marinou et al., 2010). A
polymorphism in the CD40 gene was found to be associated with joint destruction
in ACPA+ RA (van der Linden et al., 2009). A study of polymorphisms in the IL-1a
gene (Jouvenne et al., 1999) and the +3954 E2 allele of the IL-18 gene have
shown associations with severe radiographic damage (Cantagrel et al., 1999,
Buchs et al., 2001, Pawlik et al., 2005a). However the IL-13 511 allele 2 is
associated with milder radiographic disease (Genevay et al., 2002). The
association of the IL-6 174G polymorphism and RA severity shows conflicting
evidence for (Marinou et al., 2007) and against its risk for RA severity (Oen et al.,
2005). The 1082 GG polymorphism in the IL-10 gene has been associated with
high radiographic damage scores in one study (Huizinga et al., 2000). However
some studies show no association with radiographic disease (Cantagrel et al.,
1999, Oen et al., 2005, Pawlik et al., 2005b). Two studies showed no association
of the 590T allele in the IL-4 gene and erosive RA (Genevay et al., 2002,
Cantagrel et al., 1999). Genetic variants of the TGFB (Oen et al., 2005, Mattey et
al., 2005, Kim et al., 2004) and the MMP3 (Dorr et al., 2004, Constantin et al.,
2002, Mattey et al., 2004) genes are also associated with radiographic severity.

The role of the R620W polymorphism in the PTPN22 gene and disease severity is
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conflicting (Pierer et al., 2006, Steer et al., 2005, Lie et al., 2007). Carriers of the A
allele of the rs10818488 SNP in the TRAF1 gene had a twofold higher
radiographic damage score at 2 years than non-carriers (Kurreeman et al., 2007).
A polymorphism in the CCR5 gene was not found to be associated with juxta-
articular erosions (Zapico et al., 2000). A study showed that the amino acid at
position 70 in the epitope sequence can predict its risk for disease severity.
Glutamine or arginine increases the risk of RA, whereas aspartic acid not only
decreases the risk but also the severity of RA. The carriers had less radiographic
erosions at 30 months of disease onset compared to non-carriers (Carrier et al.,

2009).

1.4.2.7 Epigenetic factors

Despite the major role of genetic factors in RA susceptibility, the concordance of
this disease in monozygotic twins is only 15% (Silman et al., 1993). It has
therefore been hypothesized that whereas RA susceptibility is determined
genetically, disease onset may depend on non-genetic or epigenetic events.
Epigenetics refers to the changes in genomic function without alteration in the
DNA sequence. The biological modifications of epigenetics processes include
DNA methylation, histone methylation, acetylation, phosphorylation and
sumoylation and miRNA expression levels (Fig 1.4). Due to their role in
propagation of the disease many of the epigenetic studies have focused on the
changes to the RA synovial fibroblast (RASF). These cells are globally
hypomethylated which account for their activated phenotype (Karouzakis et al.,
2009b), in addition they reside in a hyperacetylated synovial milieu (Huber et al.,

2007) and are resistant to apoptosis due to sumoylation (Meinecke et al., 2007).
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The expression of a distinct miRNA, miR-203, in RASF has been shown to

increase the production of MMP-1 and IL-6 (Stanczyk et al., 2008).
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Figure 1.4 Epigenetic modification by DNA methylation, histone modification, and miRNA
(Karouzakis et al., 2009a).

For the first time an association with an X chromosome locus in RA, IRAK1
(encoding interleukin-1 receptor-associated kinase 1) was demonstrated. This
locus has been shown to escape X-inactivation in humans, pointing to a possible

epigenetic mechanism underlying the sex bias in RA (Eyre et al., 2012).

1.5 Immunopathogenesis and pathology

The immune response in RA is thought to be initiated by the presentation of the
putative antigen, possibly a citrullinated peptide, by antigen presenting cells (APC)
including dendritic cells, macrophages and B-cells to the T-cell receptor (TCR) of
the CD4+ T-cells (Huppa and Davis, 2003). In RA citrullinated peptides are

presented by APC through HLA class Il molecules to the TCR of CD4+ T-cells (Fig
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1.5). This immunological synapse allows for presentation of a putative antigen to
the TCR resulting in proliferation of T-cells in lymph nodes and joints. The antigen
alone is not adequate to stimulate T-cells, co-stimulation from CD 80/86 on APC
and CD28 on T-cells is required for complete activation. A negative regulator of T-
cell signalling, cytotoxic T lymphocyte antigen 4 (CTLA4), competes with CD28 for
binding with CD80/86.

APC

A
Peptide-
MHC

Figure 1.5 The immunological synapse showing the first signal (A) of T-cell activation
initiated by the peptide being presented to the TCR by the HLA molecule and the second
co-stimulatory signal (B) from one or more receptors (Huppa and Davis, 2003).

The T-cell phenotypes that predominate in RA are the T helper (TH)1(THl) and
Tnl7 subtypes (Cooles and Isaacs, 2011). Within the T-cell there are intracellular
transcription factor pathways which shuttle information about inflammatory stimuli
to the cell nucleus. These pathways include the mitogen-activated protein kinases
(MAPK) (Schett et al., 2008) and the janus kinase-signal transducers and
activators of transcription (Jak-STAT) pathway, Syk, PI3K, BTK and NF-kb
(Mclnnes and Schett, 2011). Transcription molecules stimulate the production of

proinflammatory molecules such as interleukin (IL) -1, 6, 17, vascular endothelial
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growth factor (VEGF) and tumor necrosis factor (TNF). These cytokines form an
autocrine and paracrine feedback loop for the further interaction of T-cells,
macrophages and B-cells. Although these cytokines have some unique roles,
collectively their actions result in amplifying the immune response by increasing
adhesion molecules, activation of monocytes, increasing the release of matrix
metalloproteinases (MMP), promoting angiogenesis, stimulating T- and B-cell
proliferation and differentiation and osteoclast activation. The upregulation of MMP
results in cartilage destruction. The proinflammatory cytokines, IL-6 and TNF,
upregulate receptor activator of nuclear factor kappa-B ligand (RANKL) and also
result in osteoclast differentiation which leads to joint erosions.

Regulatory T-cells (Tregs) are vital in the regulation of peripheral T-cells. In RA,
Tregs seem to have impaired regulatory function (Mclnnes and Schett, 2007). The
role of B-cells in the pathogenesis of RA is through the production of autoimmune
antibodies, cytokines and chemokines such as IL-6, IL-10 and leukotriene (LT)

and the ability to present antigen.
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Figure 1.6 Hypothesis of the development of RA showing citrullination of peptides in the

lung secondary to smoking (1), presentation of antigen to T-cells by APC (2), proliferation

and stimulation of B-cells to produce anti-citrullinated antibodies (3-5) followed by a
second hit resulting in local joint inflammation (6-8) (Klareskog et al., 2011).

1.5.1 Pathology of rheumatoid arthritis synovium

The pathological hallmark of RA is synovial hyperplasia known as ‘pannus’. The
synovial lining is inflamed by the influx of T- and B-cells, plasma cells, dendritic
cells, macrophages and mast cells. The pannus invades into cartilage and bone,
secreting proteinases resulting in erosions and damage of surrounding joint

structures such as the joint capsule and tendon (Pope, 2002) (Fig 1.7).

Figure 1.7 Histology of an ankle joint affected by rheumatoid arthritis (Pope, 2002).
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1.5.2 Autoantibodies

Rheumatoid arthritis is characterised by the presence of autoantibodies of which
rheumatoid factor (RF) are antibodies directed to the Fc component of IgG and
have been the principal antibody in RA diagnosis. For RA, the specificity of RF is
87% (Shmerling and Delbanco, 1992). More recently, however anti-citrullinated
protein antibodies have shown a better specificity of 93%-98% in RA (Niewold et
al., 2007). In black South Africans, however, the specificity of RF (90.7%) is higher

than the ACCP test (84.9%) (Hodkinson et al., 2010).

1.6 Rheumatoid arthritis in Sub-Saharan African

1.6.1 Prevalence and severity

Rheumatoid arthritis in Africans is thought to be less prevalent than in Caucasian
populations. These observations date back to as early as 1956 in Malawi (Goodall,
1956), Uganda (Shaper and Shaper, 1958) and Kenya (Hall, 1966). Furthermore,
earlier reports suggested that in Africans, RA was a mild disease and severe
radiographic changes were uncommon. It was also thought that deformities were
rare, extra-articular features were unusual and only symptomatic therapy was
necessary to control symptoms in most patients (Adebajo and Reid, 1991). A
study by Greenwood in 1969 described Nigerians with RA as having ‘a low
incidence of nodules, vascular lesions, and peripheral neuritis’. He also found that
RF was found no more frequently than in controls, radiological changes were mild,
and the prognosis was good when compared to English patients (Greenwood,
1969).

However later studies showed discrepancies in the prevalence and severity of RA
in Africans compared to those reported in earlier studies. A study in Uganda
described a higher frequency than reported in Nigeria but not as high as in
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Caucasians. In this study the radiological and clinical features of RA were similair
to Caucasians. In Kenya the prevalence and clinical presentation were similar to
Caucasians but there were no extra-articular manifestations and the disease had
less functional impairment compared to Caucasians (Bagg et al., 1979, Chikanza
et al., 1994, Ravindran et al., 2008). Later reports suggested the prevalence of RA
in urban African populations to be similar to that in Western Europe and with
severe disease more prominent than described in earlier reports (Kanyerezi et al.,
1970, Bagg et al., 1979, Moolenburgh et al., 1984, Ouedraogo et al., 2011,
Bileckot and Malonga, 1998). Rheumatoid arthritis, once a rarity in Africa, is now
reported in large numbers from many parts of Africa. Further epidemiological
studies are needed to confirm these findings in other parts of Africa and identify
factors contributing to this difference to provide a better understanding for the

emergence of RA in Africa.
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Figure 1.8 The number of prevalence studies of rheumatoid arthritis in different African
countries (Dowman et al., 2012).
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A recent and the only systematic literature review of the prevalence of RA in
different African countries revealed that the estimated prevalence is 0.4% in 2010
(Dowman et al., 2012). This is less than the estimated 1% observed in
Caucasians. Most of these studies were conducted in southern Africa (Fig 1.8).
There was a difference in the prevalence between community and hospital-based
studies, suggesting that less people in Africa present themselves to hospital with
RA. There was a constant trend amongst all the studies of increasing prevalence

with age.

1.6.2 Rheumatoid arthritis in black South Africans

1.6.2.1 Clinical and epidemiology aspects

Rheumatoid arthritis in black South Africans was initially thought to be uncommon
and milder than reported in Caucasians. Epidemiological studies in the 1970s
showed a higher prevalence of RA in urban compared with rural black South
Africans. The prevalence of RA in the rural Tswana speakers was 0.12%
(Beighton et al., 1975) which contrasted with the higher prevalence of 1%
documented in Caucasians. However, a study done in urban blacks of Soweto,
Johannesburg, showed that the prevalence was 0.9-1.4% and urban dwellers had
more severe disease and features resembling classical RA observed in the
Caucasian population (Solomon et al., 1975). Figure 1.9 shows the severe
articular disease commonly observed in black South Africans. The difference in
the prevalence of RA between rural and urban South African populations could be
explained by differences in environmental factors in the two areas. A higher
prevalence of smoking has been documented in urban versus rural populations
(Peer et al., 2013), which in part could account for the differences in RA
prevalence.
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Recent experience shows that severe disease with deformities and radiographic
changes are seen in black South Africans and a wide spectrum of extra-articular
features are noted, although they may be less common than in Caucasians.
Rheumatoid arthritis in black South Africans has a profound impact on functional
disability and health related quality of life (Benitha and Tikly, 2007, Tikly et al.,
2003). A third of black South Africans with RA require financial assistance from the
state (Mody et al., 1988). Furthermore, significant radiographic changes of RA are

frequently observed in black South Africans (Mody and Meyers, 1989) and the

cardiovascular risk of RA is not decreased (Solomon et al., 2005).

Figure 1.9 Severe deformities of hand and feet of a black South Africans with rheumatoid
arthritis.

Interestingly, a proportion of black South Africans present with a unique phenotype
of RA (Fig 1.10). Unlike classical RA some black South Africans develop
predominately larger joint disease with relative sparing of the small joints of the

rest of the hands (Maritz et al., 2005).
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A
Figure 1.10 Radiography of the hands showing the African variant of rheumatoid arthritis

with predominate wrist disease and sparing of the small joints of the hands.

1.6.2.2 Genetics of rheumatoid arthritis in black South Africans

Large scale genetic studies are lacking in African populations with RA. Studies in
black South Africans with RA showed a strong association with HLA-DR4
haplotypes, DR1 and DR4 (Martell et al., 1989, Mody et al., 1989, Pile et al.,
1992). It is thought that additional risk alleles within the major histocompatibility
complex (MHC) exist, but these alleles remain to be pinpointed precisely. The SE
still remains the only identified and confirmed genetic risk factor that confers
susceptibility for RA across all ethnic groups. Genetic heterogeneity exists within
Africans populations. Using low resolution HLA typing, 90% of black South
Africans with RA carry at least copy of the SE alleles (Meyer et al., 2011), this is in
contrast to only 30% in the Cameroonians of West Africa (Singwe-Ngandeu et al.,
2010).

Genetic variants of the non-HLA genes however have failed to show consistency
across ethnic groups. Recently a polymorphism in the PTPN22 gene, R620W was
found to be non-polymorphic in black South Africans (Tikly et al., 2010).
Furthermore, there are differences in susceptibility for RA of the interleukin 10

(IL10) (MacKay et al., 2003), the corticotrophin releasing hormone (CRH) gene
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(Baerwald et al., 2000) and p53 gene (Moodley et al., 2010) between black South
Africans and Caucasians.

In black South Africans certain alleles in the HLA region, HLA DRB1 *0401 and
*0404, are associated with severe erosive disease (Meyers et al., 2004).
Polymorphisms of IL-1 receptor antagonist have been associated with RA severity
in black South Africans (Lubbe et al., 2008).

Rheumatoid arthritis clearly carries a significant health burden in Africa. Despite
the progress made in understanding the genetics of RA in Africans, there has
been a lack of large scale genetic studies which are warranted in this unique and

understudied population.

The objective of the study was to identify genetic contributions to susceptibility for
rheumatoid arthritis in a black South African population resident in Soweto.
The objectives of the present research were:
1) To test for known and novel genetic factors associated with RA in black
South Africans by dense SNP genotyping using the Immunochip array
2) To investigate the role of specific amino acid positions in the HLA DRB1
molecule as a risk factor for RA in black South Africans
Since these two aims have independent methodologies and discussions, | have
decided to present them as two chapters each with its own introduction, methods,

results and discussion.
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Chapter 2. DENSE GENOTYPING OF RISK LOCI USING THE IMMUNOCHIP

SNP ARRAY

2.1 Introduction

Studies of major ethnic groups such as Caucasians and Asians show both shared
and ethnic specific RA risk loci. It follows that the same would be found in Africans.
However this pattern has very rarely been demonstrated among Africans
principally because of the paucity of genetic studies performed in African patients
with RA. With the huge burden of communicable diseases in Africa such as
infections with the human immune-deficiency virus and tuberculosis, research into
non-communicable diseases, amongst them RA, has unfortunately not been given
priority. Often the infrastructure for conducting clinical research and recruiting
large numbers of patients with accurate phenotype data is lacking. Over the last
decade high-throughput genotyping techniques and improved bioinformatics
analyses, coupled with large multi centre studies, mainly in Caucasian

populations, have led to the discovery of several novel genetic risk loci for RA.

2.1.1 Progression of genetic studies for rheumatoid arthritis

There are two main types of genetic study designs to identify genetic variants
associated with diseases, linkage studies and association studies. Linkage is
usually the use of families to identify genetic variants segregating with a
phenotype, whereas association is a relationship between alleles and a phenotype

usually in a case:control design.

2.1.1.1 Linkage studies
Linkage analysis assesses alleles or chromosomal segments that are shared by

family members with the same disease. Linkage studies in complex diseases
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require no a priori hypothesis for the involvement of a particular gene. Thousands
of genetic markers are used to scan the genome in sibling pairs. Evidence of
linkage is obtained if analysis of large numbers of affected siblings show an
increased sharing of haplotypes inherited above the expected under random
segregation. Linkage studies of complex diseases have had limited success
mainly due to the low power and resolution to detect the modest effect size of
variants associated with complex diseases. The limitation with studying siblings is
that they have long linkage regions with many genes and identifying the causal
variant under a peak is difficult. Therefore a higher density of genetic markers is
used to refine linkage peaks. Fourteen candidate regions including genes
encoding the CD80 and CD86 molecules, which are involved in antigen specific T-
cell recognition, have been identified using linkage studies in RA (Cornelis et al.,
1998). In a Japanese study three principal chromosome regions of linkage,
D1S253/214, D8S556 and DXS1232, have been identified as RA disease loci
(Shiozawa et al., 1998). Another linkage study of multiplex RA families showed
association between a number of non-HLA loci on chromosomes 1 (D1S235), 4
(D4S1647), 12 (D12S373), 16 (D16S403), and 17 (D17S1301), and RA and other
autoimmune diseases (Jawaheer et al., 2001). Amos et al. studied 642 Caucasian
families with RA and described linkage peaks in 2933 and 11p12 (Amos et al.,
2006). This led to the identification of the association with genetic variants of the

STAT4 gene and RA (Remmers et al., 2007).

2.1.1.2 Association testing

2.1.1.2.1 Transmission disequilibrium tests
The transmission disequilibrium test (TDT) was proposed by Spielman, McGinnis
and Ewens (Spielman et al., 1993) as a family-based association test to detect the
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presence of genetic linkage between a genetic marker and a trait. Although case
control association studies have the benefit of identifying genes of modest effect
size, the disadvantage is that it is subject to population stratification. Association
tests may find association with disease merely due to population stratification and
not due to real association. One way of eliminating the problem of population
stratification is to use internal controls. The TDT starts with couples who have one
or more affected offspring. The families will be included in the analysis studied if
they have a parent that is heterozygote for an allele. The allele frequency of the
marker locus in random unrelated patients and controls is compared to the
frequency in the affected offspring. A Chi squared test is performed and if a
specific allele of the suspect SNP is in higher frequency among affected children it
is considered a risk allele. The advantage of TDT is that an affected sibling or
multiple affected family members are not required, only the parents and the
affected individual are needed in the TDT analysis. The disadvantage is that in
complex diseases the effect is modest. Hence, a large sample size is required.
Therefore many families have to be recruited to detect risk alleles. The TDT has
been used to test for association of the TNF and HLA-I and HLA-IIl genes with RA

(Kilding et al., 2004, Mulcahy et al., 1996, Martinez et al., 2000).

2.1.1.2.2 Case-control association testing

Candidate gene association studies rely on a priori knowledge about disease
aetiology. In contrast, genome wide association studies (GWAS) combine the
genomic coverage of linkage analysis with the power of association to have a

much better chance of finding complex trait susceptibility variants.

31



2.1.1.2.3 Candidate gene approach

Prior to the GWAS era, the candidate gene approach was the most widely used
study approach. The candidate gene approach studies selected genes with a
plausible biological role in the disease of interest or genes that have been shown
to have some association in another study. The candidate gene approach has the
advantage of showing an association even if the sample size is small and is thus
suited for replication studies. In small sample sizes, associations often do not
withstand multiple testing corrections typically done for GWAS. The disadvantage
though is that the selection of genes depends on prior knowledge of the biology
which is not always known and many candidate genes for complex traits are weak
candidates with weak prior probabilities. Candidate gene studies have identified
important susceptibility loci for RA that have been validated repeatedly such as
PADI4 (Suzuki et al., 2003), PTPN22 (Begovich et al., 2004, Gregersen, 2005),

CTLA4 (Plenge et al., 2005) and TRAF1/C5 (Kurreeman et al., 2007).

2.1.1.2.4 Genome wide association studies (GWAS)

Humans inherit genomic regions in blocks called linkage disequilibrium blocks.
GWAS and candidate-gene studies use information from high density SNP
genotyping and sequencing initiatives such as the HapMap and 1000 Genomes
projects to select SNPs that tag other SNPs that are in close linkage with it. In
populations of European origin, several hundreds of thousands of SNPs can be
used to tag for most of the genome. The tag SNPs may vary according to ethnicity,
particularly in African populations that generally have smaller blocks of linkage
disequilibrium and therefore would require more SNPs to provide genome-wide
coverage (Teo et al., 2010). Unlike the candidate gene approach, GWAS is not

hypothesis driven. Association studies are done to test for allele frequency
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differences in the diseased compared to the unaffected group. Genome wide
association studies have been performed for many diseases (GWAS catalogue,
NCBI). Genotyping in GWAS uses array-based formats. The number of SNPs per
array has increased dramatically over the last few years.

Genome wide association studies have made marked progress in identifying risk
loci in complex diseases such as RA. Genome wide association studies, unlike
candidate gene studies, are non-hypothesis driven and have therefore been
successful in identifying loci and biological pathways not previously thought to be
associated with RA. The first GWAS of European RA patients was performed in
2007 by the Wellcome Trust Case Control Consortium (WTCCC). The study aimed
to identify genetic variants in 7 autoimmune diseases (2007). The findings
confirmed the prior association of RA with the HLA region and variants of the
PTPN22 gene and discovered 5 novel associations with variants of the TNFAPI3,
PRKCQ, KIF5A, IL2RB and AFF3 genes. A number of successful GWAS of RA
patients of European decent soon followed the first. The second GWAS of RA
found an association with the gene TRAF1-C5 (Plenge et al., 2007b). The third
GWAS published within months of the first showed an association with markers on
60923 (Plenge et al., 2007a). A Spanish group showed association with the KLF12
gene (Julia et al., 2008). The following year REL, which encodes for members of
the NFkB family of transcription factors, was identified as a risk locus for RA
(Gregersen et al., 2009). Within just 5 years GWAS have identified more than 35

RA associated loci (Fig 2.1).
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Figure 2.1 Rheumatoid arthritis risk loci identified in Caucasians (McAllister, 2011).

Furthermore, loci common to multiple autoimmune diseases have been identified

suggesting common biological pathways. However despite the phenomenal
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progress made by GWAS in the last 5 years, a large proportion of the heritability of

complex diseases including RA remain unexplained. Currently only 51% of the

heritability of RA can be explained. The missing heritability can in part be

explained by poor capture of unmapped common and rare variants by the current

GWAS chips. The current GWAS chips do not cover all common SNPs especially

in African populations and even though chips with better coverage are being

produced, they will not cover all the variations in the 3.3 billion bases in the human

genome. Moreover, the sample size required to detect the modest effects of the

loci is ‘massive’ (e.g. >100 000) and with the price of GWAS chips averaging

$250/per sample, it would be too expensive to perform a well powered study even

if a chip that does cover most of the variation is developed. Another limitation of

GWAS is that although numerous RA risk loci have been identified, the causal

variant rarely is. These shortfalls can be overcome by fine mapping of the risk loci.

This prompted the design of custom made arrays, such as the Immunochip.
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2.1.2 Genotyping techniques

The ability to perform large scale genetic studies has improved rapidly over the
last decade. Sophisticated high throughput genotyping technology now makes it
possible for millions of SNPs to be tested simultaneously and with reduced cost.
Depending on the scale of the project, genotyping techniques are chosen
accordingly. In general terms low, medium and high throughput genotyping
techniques are available and determine the number of SNPs that can be
genotyped at once.

The techniques appropriate for candidate gene approachs include a 5’ nuclease
assay, TagMan SNP Genotyping Assays (Applied Biosystems) for individual SNPs
and for low level multiplexing of up to 10 SNPs the SNaPshot Multiplex Systems
(Applied Biosystems) which uses a primer extension based method with detection
by capillary electrophoresis. The SNPlex Genotyping System (Applied
Biosystems) uses the oligonucleotide ligation assay followed by polymerase chain
reaction (PCR) and capillary electrophoresis and can multiplex up to 48 SNPs.
The LightTyper system (Roche Applied Science) uses fluorescently labelled
oligonucleotides and melting curves analysis to discriminate from individual SNPs.
Pyrosequencing is a DNA sequencing technique that is based on the detection of
released pyrophosphate (PPi) during DNA synthesis. Flashes of light are released
when nucleotides are incorporated. Custom microarrays with thousands of SNPs
can be used or the lllumina Golden Gate assay which can test 384-1536 SNPs.
The need for denser mapping of the genome prompted the design of BeadChips
which can test hundreds of thousands to millions of SNPs. In addition, there are

custom chips for specific groups of diseases such as the Metabochip for
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cardiovascular and metabolic disorders, and the Immunochip for autoimmune

disorders.

2.1.2.1 The Immunochip array

The Immunochip was designed by a world-wide panel of experts in the genetics of
autoimmune disease who recognised that these diseases are genetically ‘related’.
The Immunochip was designed to allow for replication of the top ranked SNPs and
to identify pleiotrophic genes which are associated with more than one disease for
which the chip was designed. The Immunochip allows for fine mapping of loci
identified in immunogenetic studies in order to allow for better coverage of the
genetic variants in these regions (Cortes and Brown, 2011). Thus, the Immunochip
represents an extraordinary opportunity for fine definition of associated loci across
many autoimmune phenotypes, and to compare this information across diseases.
The Immunochip is an lllumina Infinium genotyping chip that was designed using
European GWAS data from studies of autoimmune diseases. The Immunochip
has 196 524 polymorphisms (718 small insertion deletions and 195 806 SNPs)
from 186 loci that reached genome wide significance criteria (p< 5 x 108) for 12
autoimmune diseases: autoimmune thyroid disease (AITD), ankylosing spondylitis
(AS), celiac disease (CeD), Crohn's disease (CD), IgA deficiency, multiple
sclerosis (MS), primary biliary cirrhosis (PBC), psoriasis (PS), rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), type 1 diabetes (T1D) and ulcerative
colitis (UC). The chip was designed by the Wellcome Trust Case Control
Consortium (WTCCC). The established risk loci were fine mapped using SNPs
from dbSNP and 1000 Genomes Project pilot European population variants (Sept
2009 release) which allows for cost effective fine mapping of these regions.

Included on the chip were ancestry informative markers to help with the
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identification of population structure. In addition, SNPs associated with non-
immunological conditions from the WTCCC2 studies such as Barrett's
oesophagus, oesophageal adenocarcinoma, glaucoma, ischaemic stroke, pre-
eclampsia, Parkinson's disease, psychosis endophenotypes, schizophrenia, and
visceral leishmaniasis were also included. Also included were SNPs related to the
genetics of reading and mathematics abilities in children. The Immunochip is also
cheaper than GWAS chips ($39/sample) mainly because they are produced in
bulk.

Table 2.1 The number of regions per autoimmune disease included in the Immunochip
(www.lmmunoBase.org)

Organism Disease Region Type %%gljg?
. o Spondylitis susceptibility regions identified
Human Ankylosing Spondylitis through association studies !
Human Celiac Disease Celiac susceptlblllty_ regions |o_Ient|f|ed through 39
association studies
. Crohn susceptibility regions identified through
Human Crohn Disease association studies 71
Human Multiple Sclerosis MS susceptibility regions |d§nt|f|ed through 85
association studies
Human Psoriasis Psoriasis susceptlblh_ty regions _|dent|f|ed through 37
association studies
Human Rheumatoid Arthritis RA susceptibility regions |de'nt|f|ed through 20
association studies
Systemic Lupus SLE susceptibility regions identified through
Human S - 26
Erythematosus association studies
Human Type 1 Diabetes T1D susceptibility regions |d(_ant|f|ed through 56
association studies

Cytogenetic bands are defined using data from UCSC genome browser

(genome.ucsc.edu); protein coding and non-coding genes were extracted from
ENSEMBL v67 (www.ensembl.org). Regions were defined by taking the index

variant as described in the publication. Starting at the variant of interest, the region
is extended out £0.1cM and this new region was investigated further for variants of

genome-wide significance (Table 2.2).

37



http://www.immunobase.org/

Table 2.2 Description of the 20 rheumatoid arthritis regions included in the Immunochip
(www.lmmunoBase.org)

Causal Immune
Region Location Markers Gene .
. Diseases
Candidate
1g21.3 | GRCh37:chr1:154370938-154666691 (0.30Mb) | rs7543174 IL6R RA
2 1g24.2 | GRCh37:chrl:167161573-167443423 (0.28Mb) rs840016 CD247 Celiac, RA,
SS
2pl4 GRCh37:chr2:65397595-65717094 (0.32Mb) rs934734 SPRED2 Celiac, RA
2g11.2 | GRCh37:chr2:100544267-101041684 (0.50Mb) | rs10865035, AFF3 JRA, RA,
rs1160542, T1D
rs11676922,
rs9653442
3p14.3 GRCh37:chr3:58549647-58601047 (0.05Mb) rs13315591 PXK RA, SLE
4p15.2 GRCh37:chr4:26028508-26132152 (0.10Mb) rs10517086, RBPJ RA, T1D
rs874040
7 4927 GRCh37:chr4:122938634-123565302 (0.63Mb) | rs13119723, IL2, IL21 Celiac, RA,
rs13132308, T1D, UC
rs6822844
8 5q11.2 GRCh37:chr5:55414956-55448425 (0.03Mb) rs6859219 IL6ST, Celiac, RA
ANKRD55
9 5021.1 | GRCh37:chr5:102034963-102749231 (0.71Mb) rs26232 C50rf30 RA
10 6q27 GRCh37:chr6:167348507-167547954 (0.20Mb) | rs3093023 CCR6 RA, Vitiligo
11 7932.1 | GRCh37:chr7:128551740-128777520 (0.23Mb) | rs10488631, IRF5 PBC, RA,
rs2070197 SLE, SS,
ucC
12 9p13.3 GRCh37:chr9:34680853-34996014 (0.32Mb) rs951005 CCL21 RA
13 | 10p15.1 GRCh37:¢chr10:6030243-6171924 (0.14Mb) rs11594656, IL2RA MS, RA,
rs706778, TiD,
rs7090512 Vitiligo
14 GRCh37:chr10:31101541-31480324 (0.38Mb) rs2793108 ZEB1 RA
10p11.22
15 GRCh37:chr12:111716376-113030487 (1.31Mb) | rs3184504, SH2B3 Celiac, MS,
12g24.12 rs653178 RA, T1D,
Vitiligo
16 | 14924.3 | GRCh37:chr14:75942923-76030642 (0.09Mb) rs7155603 BATF MS, RA
17 | 16pl11.2 | GRCh37:chr16:28295306-29032802 (0.74Mb) rs8045689 CD19, RA
NFATC2IP
18 17912 GRCh37:chr17:37382674-38240216 (0.86Mb) rs2290400, IKZF3 Crohn,
rs2872507 PBC, RA,
T1D, UC
19 | 21g22.3 | GRCh37:chr21:43809418-43878660 (0.07Mb) | rs11203203, | UBASH3A Celiac,
rs11209026, Crohn,
rs9988642 Psoriasis,
RA,
Spondylitis,
T1D,
Vitiligo
20 |22g11.21 | GRCh37:chr22:21809185-22003928 (0.19Mb) rs5754217 UBE2L3 Celiac, RA,
SLE
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The Immunochip has been very successful in identifying new loci for RA and
confirming previous associations. Thirteen novel loci have been identified in celiac
disease (Trynka et al., 2011), 1 in primary biliary cirrhosis (Juran et al., 2012), 5 in
Parkinson’s disease (2011), 7 in autoimmune thyroid disease (Cooper et al.,
2012), 2 in bipolar mood disorder (Green et al., 2012), and recently an impressive
14 in RA (Eyre et al., 2012). The findings of Eyre et al. bring the total number of
non-HLA loci associated with RA to 45 (Fig 2.2) and adds an additional 4% to the

estimate of heritability explained (Eyre et al., 2012).
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Figure 2.2 New rheumatoid arthritis loci identified using the Immunochip as a genotyping
platform (Eyre et al., 2012).

A disadvantage to using the Immunochip is that it was not designed to cover

genetic variations such as CNVs and SNPs that are common in non-European (i.e.

Africa, in this case) populations since they were chosen based on data from
populations of European origin. It is therefore, limited by the power of the original

studies from which it was designed. The Immunochip does not have good
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coverage of rare variants. Despite these limitations, the advantage of custom
made chips such as the Immunochip is that it densely covers common variants of
the loci of interest. Immunochips are cheap because they are produced in bulk at
$39 per sample compared to $250 per sample for a GWAS genotyping. There are
unfortunately no custom chips designed specifically for African populations.
Aims:
1) To provide descriptive statistics (demographic and disease characteristics)
for the black South African RA cohort
2) To identify new loci from among the candidate regions on the Immunochip,
associated with RA in black South Africans
3) To compare the minor allele frequencies of SNPs previously associated
with RA in Caucasians to black South Africans in order to assess their

relative roles
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2.2 Subjects and Methods

2.2.1 Study participants

2.2.1.1 Cases

Consenting, unrelated black South African RA patients fulfilling the American
College of Rheumatology (ACR) 1987 criteria for RA (Arnett et al., 1988) and 218
years at disease onset were studied. The cases were consecutively selected and
considered ‘black’ African if they self reported all 4 grandparents as being black
South Africans. All cases were recruited from a single centre, the Rheumatology
Clinic of the Chris Hani Baragwanath Academic Hospital (CHBAH) in
Johannesburg, South Africa. The CHBAH is a state sector tertiary hospital serving
the urban and peri-urban population of the south western townships (Soweto).
Apart from the demographic data, other clinical data such as history of joint
surgery, baseline swollen and tender joint count, presence of extra-articular
manifestations such as nodulosis were recorded. In addition, activity markers such

as ESR, CRP, DAS and SDAI scores were recorded.

Disease activity markers available were swollen joint count (SJC), tender joint
count (TJC), DAS28 ESR and the Simplified Disease Activity Index (SDAI)
(Aletaha and Smolen, 2005). Severity parameters were the Larsen score, joint
replacement surgery (a surrogate for severe joint disease) and the modified health

assessment questionnaire (MHAQ) (Pincus et al., 1983).

The DAS28 ESR is a composite score of patient global health (patient self-
assessment), tender joint-counts and swollen joint-counts (up to 28), and the ESR

(erythrocyte sedimentation rate). It is scored as follows:
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DAS28 >5.1 = high disease activity
DAS28 <3.2 = low disease activity

DAS28 <2.6 = remission

The SDAI is the numerical sum of five outcome parameters: tender and swollen
joint count (based on a 28-joint assessment), patient and physician global
assessment of disease activity [visual analogue scale (VAS) 0—10 cm] and level of

C-reactive protein. It is scored as follows:

0.0 — 3.3 = Remission

3.4 —11.0 = Low activity

11.1 — 26.0 = Moderate activity
26.1- 86.0 = High activity

On a variable number of patients, radiographic scoring for erosions was

performed.

2.2.1.2 Control subjects

Control subjects were ethnically and geographically matched to the cases. They
were mainly recruited from the staff working at CHBAH and patients attending the
Casualty Clinic for minor trauma.

Written consent was attained from each study participant. The study was approved
by the Human Research Ethics Committee of the University of the Witwatersrand

(M10707) (Appendix 1).

2.2.2 Serological phenotypes
Antibodies and acute phase reactant
Rheumatoid factor (RF) (composite IgM, IgG, IgA) was assayed by nephelometry

(Siemens Healthcare Diagnostics, BN Prospec Nephelometer, Newark, USA). The
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AntiCCP2 antibodies (ACPA) were measured using a second-generation
immunofluorimetric assay with the Immunocap 250 system and reagents and
controls provided by the manufacturer (Phadia AB, Uppsala, Sweden).
Rheumatoid factor and ACPA levels were considered positive when the
concentrations were greater than 15 IU/ml and 10 U/ml, respectively. Levels of

CRP >5ug/ml were considered positive as per manufacturers’ supplier controls.

2.2.3 DNA extraction and normalisation

The DNA was extracted using the salting-out method that was first described by
(Miller et al., 1988). Patient’s blood was collected in EDTA tubes to prevent clotting
and was stored at -20°C until it was required for extraction. The blood was thawed
prior to proceeding with DNA extraction and thereafter approximately 10ml of
blood was transferred to NUNC tubes. The tube was filled with Sucrose-Triton
X(S-T X) Lysing buffer, which lyses the blood cells. The tubes were inverted a few
times to assist mixing. The tubes were centrifuged for 10 minutes at 2300rpm,
thereafter the supernatant was removed and a red pellet remained. The pellet was
resuspended in S-T X lysing buffer and placed on ice for 5 minutes. The mixture
was then centrifuged again for 5 minutes at 2300rpm. The supernatant was again
discarded and the pellet mixed with 1.5ml of T20E5 solution. Thereafter 100l of
10% SDS and 250ul of Proteinase K was added to the solution. The mixture was
incubated for 24 hours, allowing the Proteinase K to digest the remaining protein.
After 24 hours 1ml of saturated NaCl solution (approximately 6M) was added. The
mixture was vigorously shaken for 15 seconds and then placed on ice for 5
minutes. Thereafter the DNA was transferred to a NUNC tube. Two volumes of
absolute ethanol were added to the solution to allow the DNA to precipitate out.

DNA was visible as a stringy-like substance, was fished out using a pipette tip, and
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then washed in 500l of 70% ice cold ethanol to remove excess salt. The DNA
was air dried and resuspended in 1XTRIS-EDTA buffer. The DNA was stored at
4°C.

The DNA was quantified using the Nanodrop (ND-1000, Thermo Fischer Scientific
Inc.) and diluted using theTecan (Freedom Evo, Tecan Group Ltd.). The DNA
samples were normalised to a concentration of 50ng/pl. The quantification of DNA
was performed at the Division of Human Genetics, National Health Laboratory
Service, Johannesburg, South Africa.

The DNA samples studied belonged to RA patients from an existing registry. It had
been stored with the intent for future genetic studies. | extracted and quantified the
DNA in preparation for the genotyping process, which was then outsourced to the
Feinstein Institute for Medical Research in New York, permitting use of the

Immunochip array.

2.2.4 Selection of array and genotyping

An lllumina iSelect HD custom array BeadChip, the Immunochip was the
genotyping platform used in this study. Genotyping using the Immunochip is a 3
day long process which was performed at the Feinstein Institute for Medical
Research in New York, USA and in accordance with the manufacturer's manual,

Infinium®Assay Ultra Protocol Guide (Fig 2.3).
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Figure 2.3 Genotyping process (Infinium®Assay Ultra Protocol Guide) using the

Immunochip.




The genotyping process involves DNA amplification, fragmentation, precipitation,
resuspension, and hybridization to the Immunochips. Single base extension of the
primers with labelled nucleotides was followed by imaging of the primers. All
reagents were either supplied by lllumina or by the Feinstein Institute. Using a
laser the Illumina iScan reader excites the fluor on the single base pairs that
extended the primers. The raw optical images created by the emitted fluorescence
were obtained. The pixel value of the optical images was used to calculate the
signal intensity. Once all the signal intensities were calculated, they were
normalised and converted into genotype information. Assigning genotypes was
performed using the Genotyping Module (v1.8.4) of the GenomeStudio Data
Analysis Software package. Genotype clustering was performed using the default
lllumina cluster file Immunochip_Gentrain_June2010.egt and manifest file
Immuno_BeadChip_11419691.bpm (NCBI build 36) using the GenTrain2
clustering algorithm. Genotype calling was done using the Genotyping Module of
the GenomeStudio Data Analysis Software package. Only the genotype clustering
of the significantly associated SNPs were visually inspected. | spent time at the
Feinstein Institute for Medical Research in New York and observed the laboratory

processes.
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Figure 2.4 Pictures at different stages of the genotyping process: a) Immunochips in a
Hybridisation chamber b) Reagents used during single base pair extension and staining c)
Chamber rack with reagents being added to Immunochips d) Autoloader loading the
Immunochips into the iScan system e) iScan imaging of Immunochip

2.2.5 Data quality control

Extensive and stringent data quality control (QC) was implemented.
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2.2.5.1 SNP quality control
Single nucleotide polymorphisms were excluded if:
1) the per SNP missing genotype call rate was 22% in cases and controls
2) they were monomorphic or with a minor allele frequency (MAF) <0.05
3) the GenCall (GC) score <0.15. The GC score is the distance the sample is
from the centre of the nearest cluster.
4) they were sex chromosome markers or duplicated markers
5) there was extensive deviation from Hardy-Weinberg equilibrium (HWE) (p <

5 x 107) in the controls (Anderson et al., 2010).

2.2.5.2 Sample quality control
Pre-processing of data was performed in which poor performing samples
(genotype call rate < 90%) were removed.
Samples were excluded if:
1) The genotype missingness was =5%
2) The recorded sex differed from the genotype inferred sex
3) They were duplicated and related. Cryptic relatedness was assessed by
estimating identity by state (IBS) statistic. An IBS >0.95 PIHAT <0.05 using

PLINK v1.07. One from each pair of related individuals was removed.

2.2.6 Population structure

Using Eigenstat (Price et al., 2006) structure and principal component analyses,
plots were constructed based on a comparison with HapMap 3 data
(http://hapmap.ncbi.nim.nih.gov/). Individuals who met either of the two criteria

below were excluded from the analysis.
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1. Any individuals with a greater than 25% European descent (CEU) ancestry
or greater than 30% San ancestry.

2. From the principal component analysis (using the first 5 principal
components, weighted by Eigenvalue) we computed the centre of the study
group and computed the average distance of each individual to the centre
(average 0.0113). Any individual with a distance greater than 0.017 was
removed. This cut-off was chosen by plotting the distribution and picking the

inflection point.

2.2.7 Allele frequency comparisons between ethnic groups

For comparative purposes, the MAF of SNPs previously identified as risk variants
from GWAS of Caucasians with RA (Stahl et al., 2010) was correlated to the MAF
in black South Africans and other ethnic groups such Asians and the Yoruba of
West Africa. Of the 34 SNPs studied in the meta-analysis, the MAF of 20 SNPs
were correlated to the MAF of various ethnic groups. The MAF of these SNPs in
other ethnic groups were derived from the 1000 Genomes Project
(http://hapmap.ncbi.nlm.nih.gov; www.1000genomes.org). In order to calculate the
sample size required in black South Africans to detect the effect size of known RA
risk variants in Caucasians, the sample size calculator, QUANTO

(http:/hydra.usc.edu/gxe) was used.

2.2.8 Statistical Methods

Once the genotypes were scored and allele frequencies calculated, a Chi-squared
test was performed to determine if the difference in allele and genotype
frequencies between patients and controls was statistically significant. A corrected
value of p < 5x108 for multiple testing was considered significant for novel RA-
associated SNPs and a p < 0.05 for SNPs previously associated with RA.
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As described previously (Viatte et al., 2012), the Pearson correlation test was

applied to determine the correlation of the MAF between the major ethnic groups.
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2.3 Results

2.3.1 Demographic and clinical features of rheumatoid arthritis patients

The majority of RA patients were female with established disease. A high
percentage of patients were seropositive RF+ (95%) and ACPA+ (89%). Between
the cases and controls there was a statistically significant difference in the mean
age (p=0.0001) and the female to male ratio (p=0.001) (Table 2.3).

Table 2.3 Demographic and clinical features of the patient and control subjects

Variable Cases Controls P value
(n=263) (n=374)

Age at enrolment, mean +SD 54.39 (10.84) 41.89 (10.32) 0.0001

years

Female (%) 235/263 (90) 228/374 (61) 0.001

Disease duration at enrolment, 8.86 (8.66)

mean £SD years

Smokers (%) 47/230 (20)

RF+, n (%) 234/248 (94.7)

ACPA+, n (%) 195/219 (89)

Although the objective of this study was not to explore associations of genetic
variants with severe RA, Table 2.4 has been included to describe the clinical data
recorded of the study participants. A high proportion of cases had a high baseline
swollen and tender joint count. Less than 1% of cases had joint surgery, nodulosis
or serious extra-articular manifestations. The mean modified health assessment
questionnaire (MHAQ) was high. The disease activity markers at baseline were
very high. The mean disease activity scores (SDAI and DAS ESR) were in the
high disease activity range. The Larsen score showed high radiological damage

scores. Fifty two percent of cases with reported radiographs had erosive disease.
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Table 2.4 Clinical and laboratory variables related to severe rheumatoid arthritis

Variable

Joint surgery (%)

16/259 (6.18)

Swollen joint count, mean (SD), n=145

9.4 (6.09)

Tender joint count, mean (SD), n=145

12.7 (7.58)

Nodulosis (%)

40/233 (17.16)

Serious extra-articular manifestations (%)

22/256 (8.5)

mMmHAQ, mean (SD), n=227 1.8 (0.69)
ESR, mean (SD), n=131 47.02 (32.28)
CRP, mean (SD), n=128 29.7 (31.75)
SDAI, mean (SD), n=52 41.8 (15.45)
DAS ESR, mean (SD), n=59 6.3 (1.2)
Larsen score, median (SD), n=60 22 (26.67)
Erosive disease (%) 25/48 (52)

2.3.2 Genotyping and quality control

2.3.2.1 SNP quality control (QC)

A total of 5422 SNPs were excluded from the analysis using a per SNP genotype

missingness of 22% (Fig 2.5). This followed the initial basic minor allele frequency

(MAF) pruning at (MAF<0.01), where 51 556 SNPs were removed; therefore the

analysis for missingness started with approximately 140 000 SNPs rather than the

initial 196 000. Further stringent QC was performed.
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Figure 2.5 Plot of the genotype missingness and the number of SNPs at each
missingness threshold.

A total of 6759 SNPs were found to be monomorphic in the data and removed
before further analysis. Therefore the analysis for MAF began with a total of 185
918 not the initial 196 000 SNPs. The majority of the SNPs excluded from the
analysis were due to low MAF. A total of 75 082 SNPs had a MAF < 0.05 and were
excluded from the analysis (Fig 2.6). A MAF <0.05 was used because genotype

calling of rare variants is not robust in a small sample as in this study.
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Figure 2.6 Plot of the minor allele frequency (MAF) and the number of SNPs at each MAF
threshold.

Only autosomal SNP loci were included in the final analysis, the sex chromosome

markers were excluded. After QC, 103 770 SNPs remained in the final analysis.
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2.3.2.2 Sample quality control

Twenty one samples were excluded with a genotype missingness of 25% (Fig

2.7).
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Figure 2.7 Plot of the number of individuals that are retained at each genotype
missingness threshold.

There was a higher number of males than females in the control group. We
addressed whether gender differences between cases and controls were a
confounder in the analysis by testing the minor allele frequency of the significantly
associated SNPs in 2 groups, males and females controls. No statistically

significant difference was found, suggesting that sex was not a confounder in this

study.
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Figure 2.8 Flow diagram of quality control summarising the SNPs and samples that
survived the QC procedures.

2.3.3 Population structure

The ancestry informative markers and principle component analyses (PCA)
showed a distinction of the black South African RA cases and controls from
Caucasians (CEU), West African populations i.e. Yoruba of Nigeria (YRI) and the

East Africans, the Luhya (LWK) and Maasia (MKK) tribes of Kenya (Fig 2.9). The
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majority of the samples formed a homogenous cluster however, some of the cases
and controls showed admixture with 2 other populations encountered in South
Africa, namely representative populations for Caucasians and Gujarati Indians,
and where excluded from the analysis. Thirty seven samples, 5 controls and 30

cases were excluded based on admixture using the structure analysis.
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Figure 2.9 Principle component (PC) analyses plot showing (a) the structure of black
South African RA cases and controls in relation to CEU, YRI, LWK, MKK populations and
(b) admixture with CEU and GJH. The individuals with significant European admixture are
circled. A total of 13 355 SNPs were used for the analysis.

In the final analysis 103 770 SNPs were tested for association in 263 cases and
374 controls.

Case control association testing

Quantile plot

The Q-Q (quantile) plot is a probability plot, which is a graphical method for

comparing two probability distributions by plotting their quantiles against each
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other. It is used during quality control because a large inflation from the expected p
values could point to poor QC. The Q-Q plot shows a strong correlation between
the expected and observed p values once the extreme p values of the HLA region
were accounted for (Fig 2.10) and only a few SNPs deviate from the expected p

values.

10av(p)

Expecied -og.(p)

Figure 2.10 A Q-Q plot showing the expected versus the observed p values with
(a) and without (b) the p values of the HLA SNPs. The circled SNP did not show
robust genotype clustering and was discarded.

2.3.4 Association testing of the overall cohort

In the overall cohort, 88 SNPs were significantly associated with RA. The
strongest SNPs associations were found on chromosome 6, most of which
localised to the HLA region. A total of 72 SNPs in the HLA region, a further 10
non-SNPs on chromosome 6 and 6 non-HLA SNPs outside of chromosome 6
reached genome wide significance. The significant associations of these regions
will be described in more detail in the following sections grouping them into these
three categories: HLA, non-HLA on chromosome 6, and non-HLA outside of

chromosome 6.
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Figure 2.11 A Manhattan plot showing the strength of association between the cases and
controls for each SNP in each of the chromosomes.

As shown by the Manhattan plot of the association study (Fig 2.11), a few SNPs
on chromosome 1 reached genome wide significance (red circle). A SNP on

chromosome 2 did not show robust genotype clustering and was discarded from
the analysis (green circle). A few SNPs on chromosome 2 and 5 formed a ‘tower’

of SNPs but did not reach genome wide significance (black circles).

2.3.4.1 HLA region

A total of 72 HLA SNPs reached statistical significance at the 5x108 level. The
strongest association was with a SNP in the intron of HLA-DR B5 (rs34083746,
OR=5.9, p=2.86x10-%%). Of the SNPs that reached statistical significance, 71 SNPs
locate to the HLA-DR or DQ genes or to the intergenic region between these two
genes. Of the above, 4 SNPs in the intergenic region between HLA-DRB1 and
HLA-DQAL (rs3104413, OR=3.88, p=5.49x102%; rs3129769, OR=3.91, p=4.60x10-
21:1s6931277, OR=3.97, p=1.03x102%; rs9272353, OR=4.1, p=3.01x10?) were
highly associated. Table 2.5 lists 20 of the most strongly associated SNPs in the

HLA region, the rest are listed in supplementary Table 1.
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Association testing was also performed on two homogenous subgroups, the RF+
and ACPA+ patients. In the RF+ subgroup the strength of association of the SNPs
that were significantly associated with the overall cohort were similar. Of note is
the strong association of a SNP in the intron of HLA-DR B5, rs34083746, in the
subgroups. Cases have 6-fold increased odds of developing RA in the RF+
subgroup and a 7-fold increased odds in the ACPA+ subgroup compared to the
odds in healthy controls. Furthermore, SNPs were more strongly associated with

the RF+ subgroup than the ACPA+ subgroup.
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Table 2.5 Significantly associated SNPs (p < 5 x 108) in the HLA region on chromosome 6

SNP BP position | A| A| Overall cohort RF + subgroup ACPA+ subgroup (n=172) Gene Region
2|1 (n-263)
Cases Control P value OR MAF P value OR MAF P value OR
n=263 ] cases cases
n=374 _
rs3408374 32493589 | A| G 0.26 0.06 | 2.86E-24 | 5.942 | 0.27 6.832E-26 | 6.35 0.30 3.59E-24 7.15 | HLA-DRB5 intron
?59272353 32604456 | G| ¢ 0.31 0.10 | 3.02E-21 | 4.094 | 0.32 4.414E-22 | 4.28 0.35 2.62E-20 4.84 | HLA-DRB1|HLA- intergenic
rs6931277 32583357 | T| Al 0.32 0.11 | 1.30E-20 | 3.869 | 0.33 1.249E-21 | 4.06 0.35 9.44E-20 4.56 58:\-]&)R81|HLA- intergenic
rs3129769 32597022 | G| A] 031 0.11 | 5.92E-20 | 3.809 | 0.32 6.598E-21 | 3.99 0.35 2.99E-19 451 58:\-]&)R81|HLA- intergenic
rs3104413 32582650 | C| G 0.31 0.11 | 6.95E-20 3.78 | 0.32 7.669E-21 | 3.96 0.35 4.69E-19 4.46 a(l_?:-:ll-DRBllHLA- intergenic
rs1964995 32449411 | A| G 048 0.23 | 1.29E-19 | 2.999 | 0.48 2.982E-19 | 3.02 0.35 1.99E-16 3.36 a(l_?,i:E)RNHLA- intergenic
rs3998158 32681992 | A| G 0.39 0.17 | 1.23E-18 | 3.118 | 0.40 1.992E-18 | 3.14 0.45 3.52E-19 3.91 355-?3Q81|HLA- intergenic
rs9268838 32428715 | G| A|  0.40 0.17 | 1.75E-18 | 3.094 | 0.39 6.294E-18 | 3.09 0.41 2.02E-14 3.26 a(l?:-?)RAlHLA- intergenic
rs9275428 32670978 | A| G 0.53 0.29 | 2.27E-18 2.8 | 0.53 1.21E-21 2.7 0.57 2.28E-15 3.18 355—?3Q81|HLA- intergenic
rs7764856 32680640 | A| T| 0.54 0.30 | 3.48E-18 2.82 | 0.53 1.59E-16 2.72 0.57 4.29E-15 3.18 38:\-?3Q81|HLA- intergenic
rs9275393 32669439 | G| A| 0.53 0.29 | 3.67E-18 | 2.781 | 0.52 2.01E-16 2.68 0.56 3.17E-15 3.15 a(l?:-?)QBllHLA- intergenic
rs9275407 32670037 | C| Al 0.53 0.29 | 3.89E-18 | 2.777 | 0.52 2.07E-16 2.68 0.57 2.28E-15 3.18 38:—?3QBI|HLA- intergenic
rs9275371 32668296 | A| G 0.53 0.29 | 5.00E-18 2.77 | 0.52 2.68E-16 2.67 0.56 3.99E-15 3.14 38?—?3Q81|HLA- intergenic
rs9268853 32429643 | A| G 0.39 0.17 | 5.75E-18 | 3.045 | 0.40 2.18E-17 3.04 0.41 2.02E-14 3.26 38:\-?DRA|HLA- intergenic
rs9268923 32432835 | G| A| 0.39 0.17 | 5.75E-18 | 3.045 | 0.40 2.18E-17 3.04 0.41 2.02E-14 3.26 555—?3RA|HLA- intergenic
rs2395185 32433167 | C| A] 0.39 0.17 | 5.75E-18 | 3.045 | 0.39 2.18E-17 3.04 0.41 2.02E-14 3.26 aEE-EISDRAlHLA- intergenic
rs9268969 32434349 | G| A] 0.39 0.17 | 5.75E-18 | 3.045 | 0.39 2.18E-17 3.04 0.41 2.02E-14 3.26 355—?3RA|HLA- intergenic
DRB5
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SNP

BP position | A| Al Overall cohort RF + subgroup ACPA+ subgroup (n=172) Gene Region
201 (n-263)
Cases Control P value OR MAF P value OR MAF P value OR
n=263 S cases cases
n=374
rs9405108 32438648 | G| A 0.39 0.17 | 5.75E-18 | 3.045 | 0.39 2.18E-17 3.04 0.41 2.02E-14 3.26 | HLA-DRA|HLA- intergenic
DRB5
rs9275390 32669156 | A| G 0.53 0.29 | 6.92E-18 | 2.756 | 0.52 3.68E-16 2.66 0.29 5.36E-15 3.13 | HLA-DQB1|HLA- intergenic
DQA2
rs9275482 32672932 | C| A 0.52 0.28 | 8.70E-18 | 2.776 | 0.51 5.83E-16 2.66 0.55 8.61E-15 3.13 | HLA-DQB1|HLA- intergenic
DQA2
BP= base pair
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2.3.4.2 Significantly associated non-HLA related SNPs on chromosome 6
Ten SNPs located to non-HLA genes on chromosome 6 reached genome wide
significance. Single nucleotide polymorphisms in the intergenic region between
LOC442175 and ZNF165 (rs149974, OR=2.2, p=1.64x10), the coding region of
CCHCR1 (rs130071, OR=1.9, p=8.69x10), the intergenic region between
PSMB9 and HLA-DMB (rs241406, OR=7.8, p=7.9 x 101°) and 7 SNPs locating to
the intergenic region between BTNL2 and HLA-DRA were significantly associated
(Table 2.6). All 7 SNPs locating to the intergenic regions between BTNL2 and

HLA-DRA showed a strong trend toward protection with odds ratios of ~0.5.
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Table 2.6 Significantly associated non-HLA SNPs on chromosome 6

Variant Al Overall cohort RF+ subgroup (n=234) ACPA+ subgroup (n=172) Gene Region
allele
Al Allele Al Allele P value OR Al Allele OR P value Al OR P value
freq cases | freq freq Allele
(n=263) controls freq
(n=374)
rs241406 | C 0.08 0.01 7.98E-10 7.79 0.08 8.21 2.15E-10 0.08 7.69 2.30E-08 PSMB9 | intergenic
HLA-DMB
rs149974 | A 0.26 0.14 1.64 E-08 2.22 0.27 2.30 7.91E-09 0.25 2.1 2.23E-05 LOC44217 | intergenic
5 | ZNF165
rs6926737 | G 0.34 0.49 4.28E-08 0.53 0.34 0.56 8.75E-07 0.33 0.52 1.35E-05 BTNL2 | intergenic
HLA-DRA
rs5007263 | A 0.35 0.51 6.23E-09 0.51 0.36 0.53 6.82E-08 0.34 0.48 1.01E-06 BTNL2| intergenic
HLA-DRA
rs5007259 | A 0.35 0.51 6.23E-09 0.51 0.36 0.53 6.82E-08 0.34 0.48 1.01E-06 BTNL2| intergenic
HLA-DRA
rs9268507 | A 0.35 0.51 8.28E-09 0.51 0.36 0.53 8.82E-08 0.34 0.48 1.21E-06 BTNL2| intergenic
HLA-DRA
rs6932542 | A 0.35 0.51 8.28E-09 0.51 0.36 0.52 5.50E-08 0.34 0.49 1.21E-06 BTNLZ2| intergenic
HLA-DRA
rs5007265 | A 0.36 0.52 1.01E-08 0.51 0.36 0.53 1.09E-07 0.35 0.49 1.91E-06 BTNL2| intergenic
HLA-DRA
rs4502931 | T 0.35 0.51 3.58E-08 0.53 0.36 0.55 3.43E-07 0.35 0.50 4.24E-06 BTNL2| Intergenic
HLA-DRA
rs130071 | A 0.41 0.27 8.69E-08 1.89 0.41 1.93 8.55E-08 0.41 191 1.52E-05 CCHCR1 coding
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2.3.4.3 Significantly associated non-HLA SNPs outside chromosome 6

Six novel non-HLA SNPs outside of chromosome 6 reached genome wide
significance. Five SNPs located to chromosome 1 and one SNP to chromosome
11 (Table 2.7).

The four SNPs on chromosome 1 localising to the intergenic region between PLD5
and LOC400723 were significantly associated with RA in this study (rs2809867,
OR=0.33, p=5.01x10%8; rs12738883, OR=0.33, p=3.98x108; rs78352781,
OR=0.33, p=3.98x10%8; rs12739315, OR=0.33, p=3.98x108). Three of the 4
SNPs have the same minor allele frequencies in the cases and controls and the
same p value suggesting that the SNPs are in near perfect linkage disequilibrium.
Furthermore, the two additional significantly associated SNPs locating to
chromosome 1(rs2809867, OR=0.34, p= 4.67x10°®) and 11(rs35198051,
OR=0.31, p=7.06x10) have similar allele frequencies compared to the 4 earlier
described SNPs. In dbSNP there is some ambiguity regarding the SNP on
chromosome 11, rs35198051and when the DNA sequence surrounding the “SNP”
is aligned to the reference sequence using BLAT, the map locations are not to a
single region of the genome, one of the flanking sequences map to chromosome
1. Itis therefore highly possible that the SNP on chromosome 11, in view of the
same MAF and clustering (Fig 2.13), also locates to chromosome 1.

The SNPs that showed significance in the overall cohort reached similar strengths
of association in the RF+ subgroup. However, the association of these SNPs in the

ACPA+ subgroup was weaker.
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Table 2.7 Significantly associated non-HLA loci identified outside chromosome 6

Chr | Variant Al Overall cohort RF+ subgroup (n=234) ACCP+ subgroup (n=172) Gene Region
Al Al P value OR Al P value OR Al P OR
frequency | frequency frequency frequency
control cases
(n=374) (n=263)
1 | rs12739262 | A 0.17 0.06 3.73E-08 0.34 | 0.126 9.10E-08 0.34 | 0.05 5.75E-06 | 0.29 | PPP1R12B Intron
1 | rs2809867 A 0.17 0.06 4.67E-08 0.34 | 0.125 1.12E-07 0.34 | 0.05 6.55E-06 PLD5|LOC400723 Intergenic
0.29
1 | rs12738883 | A 0.17 0.06 3.73E-08 0.34 | 0.126 9.10E-08 0.34 | 0.05 5.75E-06 | 0.29 | PLD5|LOC400723 Intergenic
1 | rs78352781 | A 0.17 0.06 3.73E-08 0.34 | 0.126 9.10E-08 0.34 | 0.05 5.75E-06 PLD5|LOC400723 Intergenic
0.29
1 | rs12739315 | A 0.17 0.06 3.73E-08 0.34 | 0.126 9.10E-08 0.34 | 0.05 5.75E-06 PLD5|LOC400723 Intergenic
0.29
11 | rs35198051 | A 0.17 0.06 7.06E-08 0.31 | 0.124 1.71E-08 0.31 | 0.05 2.98E-06 | 0.27 | Cllorf76| Intergenic
LOC100133306

Chr=chromosome
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In order to assess whether the SNPs on chromosome 1 were in LD, a LocusZoom
plot was designed to visually inspect the intergenic region between PLD5 and
LOC400723 using LocusZoom Version 1.1 (http://csg.sph.umich.edu/locuszoom).
The software utilizes LD information from HapMap Phase Il (CEU, YRI and
JPT+CHB) or 1000 Genomes (CEU) and gene information from the UCSC
browser. LocusZoom visually displays regional information such as the strength
and extent of the association signal relative to genomic position, local linkage
disequilibrium and recombination patterns and the positions of genes in the region.
The plot (Fig 2.12) showed dense SNP coverage of the region and the 4

significantly associated SNPs. The region has no recombination hot spots.
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Figure 2.12 LocusZoom plot of the intergenic region between PLD5 and LOC400723 on
chromosome 1.

Genotype cluster plots

It is good practice to manually inspect the genotype clusters plots of the

significantly associated SNPs. The “SNP genotype” clusters for these 6 SNPs are
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not typical, with just 2 parallel clusters representing “genotypes” (Fig 2.13). Similar
clustering of these SNPs was observed in African Americans (unpublished data,
communications with Dr R. Reynolds, University of Alabama at Birmingham) and
in Caucasians (unpublished data, communications with Professor A. Bowcock,
Washington University School of Medicine). The SNPs passed the HWE QC of
p<10-in the controls in this study, but not in the two studies by Reynolds and
Bowcock. The reason is likely the smaller sample size of the present study,
tolerating the absence of a “third genotype cluster”. Interestingly, when examining
the allocation of individuals to specific “genotype” clusters, there is complete

concordance between the cluster designations across all 6 “SNPs".

Cases Controls Cases Controls
rs78352781 rs12738883
| L PSRRI~ s
rs35198051 rs12739262
; : - ¥ &
rs2809867 rs12739315

| e 5 5

Figure 2.13 Genotype cluster plots of the significantly associated non-HLA SNPs outside
of chromosome 6.
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Copy number variants

In order to account for the atypical genotype clustering, we considered alternate
genetic variants as an explanation. Copy number variants (CNV) are known to
produce ‘odd’ clustering patterns. The Database of Genomic Variants
(http://projects.tcag.cal/variation/) was used to identify possible known genetic
variants, such as CNVs which could explain the peculiar clustering of the
“‘genotypes”. The 4 SNPs in the intergenic region between PLD5 and LOC400723
locate to 2 previously described CNVs 107685 and 71544 (Fig 2.14). The
coordinates of the CNV 107685 is chrl:242,954,573.242,984,788 (Genome
Browsers: UCSC , Ensembl) on chromosome 1g43. The size is 30kb. It was found
in a control, J. Craig Venter (Pang et al. (2010) in whom there was an observed
gain of the CNV region. The second variation in this region is also a CNV, 71544,
The coordinates and the size are similar to the first CNV,
chrl:242,954,573..242,984,842 (Genome Browsers: UCSC , Ensembl). This CNV
was detected in 7 controls (Conrad et al. (2009)). There was an observed loss of
the CNV region.

Together with the similar MAF, it is possible that the “genotype” clusters of the 4
SNPs on chromosome 1 can be explained by a CNV previously described in this

region.
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Figure 2.14 The documented copy number variants in the intergenic region between PLD5
and LOC400723 (Database of Genomic Variants [human genome build 37]). The arrows
point to the positions of the 4 SNPs that are significantly associated with RA. (SNP,co-
ordinates), (1=rs2809867, 2429 56205; 2=rs12738883, 242979398; 3=rs78352781,
242980991; 4=rs12739315, 242982941).

2.3.4.4 Analysis of previously RA associated loci in Caucasians
None of the previous SNPs associated with RA in Caucasians was found to be

associated with risk for RA in black South Africans (Fig 2.15).
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Figure 2.15 Manhattan plot showing the strength of association of SNPs in the RA
case-control by only examining SNPs from previously identified RA risk loci in
Caucasians.

Of the SNPs previously associated with RA only 1 SNP rs874040 locating to the
intergenic region between LOC389203 and RBPJ reached a statistically significant
level for replication (p=0.001248, OR=1.446). This SNP locates to chromosome
4p15 and has been associated with RA and type ldiabetes in Caucasians. The

MAF in black South African RA cases is 0.53 and 0.43 in controls, whereas in
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Caucasians the MAF is 0.34 and 0.33 in cases and controls, respectively. This
SNP has a modest effect in Caucasians with RA conferring an OR of 1.18. In this
study nine other SNPs in the intergenic region between LOC389203 and RBPJ
region reach p values between p <5 x 10°and p <5 X 10 (Table 2.11).

Power calculation

After QC, 263 cases were available for association testing. With this sample size
the study was 80% powered to detect an odds ratio of 1.8 if the minor allele
frequency is 0.20. The study was not designed on power calculation; the samples
used were those available at the time the study was initiated.

An online genetics power calculator QUANTO (http:/hydra.usc.edu/gxe) was used
to estimate the power of the study.

Allele frequency comparisons between ethnic groups

The MAF of SNPs previously associated with RA in Caucasians show poor
correlation with the black South African controls (Fig 2.17), with a number of SNPs
showing significant differences in MAF. In particular, two SNPs in the ILR2B gene,
rs3218258 and rs3218253, have marked differences between these two
populations, 39% versus 6% and 26% versus 8% in Caucasians and black South
Africans, respectively. In addition, a SNP in the CCR6 gene, rs3093023 has a low
MAF in black South Africans compared to Caucasians, 6% and 39%, respectively
(Table 2.8).

Moreover, based on the effect size observed in Caucasians, this study was
sufficiently powered to detect only 2 SNP, rs74377 in the intergenic region
between IL2RB and C1QTNF6 and rs2240335 in PADI4. For the rest of the SNPs

the present study was in most cases underpowered, with samples sizes required
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to detect a similar effect size ranging from as little as 447 to as much as 17000

cases.
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Table 2.8 Some SNPs previously identified through GWAS as RA risk variants in Caucasians and the minor allele frequency in black South

Africans (BSA), Caucasians (CEU), Chinese (CHB) and the Yoruba (YRI)

Chr dbSNP131 Al OR in Caucasians | MAF MAF in MAF in MAF in MAF in BSA *Sample A2 Gene
Allele in CHB YRI BSA RA cases size allele
CEU Controls required
4 | rs874040 C 1.18 (1.12- 1.24) 0.28 0.05 0.38 0.43 0.52 | 2645 G LOC389203#RBPJ
9 | rs2812378 A 1.10 (1.05-1.16) 0.35 0.06 0.49 0.46 0.44 | 8354 G CCL21#L0OC259308
9 | rs3761847 A 1.13(1.08-1.18) 0.45 0.46 0.61 0.40 0.38 | 4577 G TRAF1#C5
6 | rs3093023 A 1.11 (1.06-1.16) 0.39 0.38 0.08 0.06 0.05 | 15714 G CCR6
5 | rs6859219 A 0.85 (0.78-0.93) 0.22 0.005 0.21 0.21 0.20 | 2647 C LOC727984#ANKRD55
2 | rs934734 G 1.13 (1.06-1.21) 0.45 0.21 0.38 0.29 0.31 | 4208 A SPRED2#L.0C100129850
6 | rs3093023 A 1.11 (1.06-1.16) 0.40 0.38 0.08 0.27 0.28 | 5797 G CCR6
2 | rs3087243 A 0.87 (0.83-0.91) 0.49 0.19 0.20 0.16 0.16 | 4172 G CTLA4#ICOS
22 | rs743777 A 1.72 (1.40-1.11) 0.28 0.11 0.47 0.38 0.39 | 244 G IL2RB#C1QTNF6
12 | rs1678542 C 0.91 (0.87-0.96) 0.62 0.22 0.55 0.44 0.44 | 7922 G KIF5A
1 | rs10919563 A 0.88 (0.82-0.94) 0.13 0.28 0.44 0.39 0.37 | 4008 G PTPRC
1 | rs11586238 G 1.13 (1.07-1.19) 0.24 0.05 0.09 | 13822 C CD2, CD58
2 | rs1980422 G 1.12 (1.06-1.18) 0.62 0.99 0.99 0.21 0.23 | 5229 A CD28/CTLA4
9 | rs2812378 G 1.10 (1.05-1.16) 0.34 0.28 0.54 0.56 | 10 319 A CCL21
9 | rs3761847 G 1.13 (1.08-1.18) 0.43 0.46 0.59 0.60 0.62 | 7834 A TRAF, C5
12 | rs1678542 G 0.91 (0.87-0.96) 0.38 0.61 0.59 0.56 0.56 | 10 634 C KIF5A
22 | rs3218253 A 1.09 (1.03-1.15) 0.26 0.08 0.07 | 17 537 G IL2RB
2 | rs934734 G 1.13 (1.06-1.21) 0.49 0.29 0.31 | 4208 A SPRED2
5 | rs6859219 A 0.85 (0.78-0.93) 0.21 0.01 1.00 0.21 0.20 | 2647 C ANKRD55/IL6ST
1 | rs2240335 A 1.50 (1.37-1.54) 0.26 0.65 0.37 0.41 0.40 | 447 C PADI4

*sample size required in black South Africans to detect known
black South Africans controls.

RA risk variants, using the effect size observed in Caucasians and the MAF in
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In contrast to the Caucasians, after excluding just 2 extremely deviated SNPs from

the analysis, the MAF of the SNPs studied correlated well between the black

South Africans and another African population, notably the Yoruba (Fig 2.18).
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Figure 2.17 Correlation plot of the minor allele frequency (MAF) of SNPs associated with

RA in Caucasians and black South Africans.
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Figure 2.18 Correlation plot of the minor allele frequency (MAF) of SNPs associated with
RA in Caucasians in the West African Yuroba populations and black South Africans.

PTPN22

Some of the SNPs in the PTPN22 gene were monomorphic in black South

Africans. For the other SNPs with reasonable allele frequencies in black South

Africans, this study was at least 80% powered to detect a number of the known

variants associated with RA in this gene. None of these SNPs reached statistical

significance (Table 2.9).
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Table 2.9 SNPs in the PTPN22 gene with the odds ratio described in Caucasians and the
power to detect significance at a minor allele frequency observed in Black South Africans

dbSNP131 Al MAF MAF A2 | P OR Region Power
Cases controls

rs3789607 G 0.02 002 | A 0.7696 0.89 | Intron <0.60
rs12730735 G 0.02 0.02 | A 0.7696 0.89 | Intron <0.60
rs76853721 A 0.04 002 | G 0.008491 2.47 | Intron <0.60
rs12069381 A 0.03 004 | G 0.3876 0.76 | Intron 0.61
rs2358816 T 0.04 005 | A 0.2136 0.70 | Intergenic 0.71
rs17031885 G 0.06 0.06 | A 0.9894 1.00 | Intron 0.79
rs2257036 c 0.06 0.08 | A 0.2546 0.78 | Intron 0.88
rs1217412 G 0.06 0.08 | A 0.2265 0.77 | UTR 0.88
rs1217388 G 0.07 0.08 | A 0.2265 0.77 | Intron 0.88
rs1217395 G 0.07 0.08 | A 0.2265 0.77 | Intron 0.88
rs1217407 A 0.07 0.08 | G 0.2265 0.77 | Intron 0.88
rs1599971 A 0.07 0.08 | G 0.2337 0.77 | Intron 0.88
rs1217421 G 0.07 0.08 | C 0.2164 0.76 | Intron 0.88
rs1217389 G 0.07 0.09 | A 0.1212 0.72 | Intron 0.88
rs3811021 G 0.11 0.10 | A 0.6538 1.09 | UTR >0.90
rs6700802 A 0.11 0.10 | G 0.8949 1.03 | Intron >0.90
rs3761935 C 0.11 0.10 | A 0.5947 1.10 | Intron >0.90
rs3765598 A 0.11 0.10 | G 0.5785 1.11 | Intron >0.90
rs1217415 A 0.11 012 | C 0.3633 0.85 | Intron >0.90
rs2488458 A 0.26 024 | G 0.4879 1.10 | Intron >0.90
rs6665194 A 0.34 032 | G 0.4831 1.09 | Intergenic >0.90
rs1235005 G 0.34 032 | C 0.3872 1.11 | Intergenic >0.90
rs1217385 A 0.35 034 | C 0.6554 1.06 | Intergenic >0.90
rs7555634 G 0.37 035 | A 0.3716 1.11 | Intron >0.90
rs2476600 A 0.37 035 | G 0.3716 1.11 | Intron >0.90
rs2797416 A 0.37 035 | G 0.3198 1.13 | Intron >0.90
rs1217414 G 0.40 038 | A 0.3492 1.12 | Intron >0.90
rs1217406 A 0.42 038 | C 0.102 1.21 | Intron >0.90
rs1310182 A 0.44 040 | G 0.1848 1.17 | Intron >0.90
rs1217419 A 0.44 040 | C 0.2043 1.16 | Intron >0.90
rs2476604 A 0.44 041 | T 0.2255 1.15 | Intron >0.90
rs1970559 A 0.46 043 | G 0.2955 1.13 | Intron >0.90
rs2476602 G 0.46 043 | A 0.2863 1.13 | Intron >0.90
rs2476599 G 0.46 043 | A 0.3056 1.12 | Intron >0.90
rs1217403 A 0.50 045 | G 0.0815 1.22 | Intron >0.90

*MAF=minor allele frequency, UTR=untranslated

PADI4

This study was underpowered to detect associations with common SNPs in the

PADI4 gene. To detect association with minor allele frequencies of between 0.2
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and 0.3 and an OR=1.5, the study was only 70% powered (Fig 2.19). A meta-
analysis of RA and PADI4 studies showed that variants of this gene exert a very
modest effect with an OR=1.14 (Iwamoto et al., 2006), therefore this study was

underpowered to detect these effects.
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Figure 2.19 A plot showing the power of this study to detect minor allele frequencies in the
PADI4 gene given an OR=1.5
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2.4 Discussion

This was the first study of RA in Africans to use a high-throughput genotyping
technique to identify new loci among candidate regions for autoimmune traits. The
Immunochip was able to validate the previously known association with the HLA
DRB1 and RA in black South Africans. Four SNPs on chromosome 1 showed
significant association with RA and are located within a known CNV region. A
potential intergenic CNV on chromosome 1 may be associated with RA in black
South Africans and may have a regulatory function. PTPN22 variants confer the
second strongest risk, after the HLA locus, for RA in Europeans, but variants at
this locus did not confer risk in black South Africans, if the effect size is similar. In
addition, black South Africans were found to be genetically distinct from other

African populations.

2.4.1 HLA region

Previous studies in black South Africans with RA showed a strong association with
HLA-DR4 haplotypes, DR1 and DR4 (Matrtell et al., 1989, Mody et al., 1989, Pile et
al., 1992). This study validates those findings. As expected, the strongest
associations in this study were with SNPs in the HLA class Il genes. These SNPs
were either located in the introns of the HLA DR or DQ regions or in the intergenic
regions between these genes. Whilst the association between HLA DRB1 and RA
is well established, the association with HLA DQ region is thought to probably be
due to strong LD with the HLA DRB1 gene region and not due to an independent
association (Newton et al., 2004). In contrast, few studies in Caucasians have
demonstrated an association between HLA DP and RA (Lee et al., 2008,

Raychaudhuri et al., 2012, Ding et al., 2009) independent of HLA DRB1. This
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study showed no significantly associated SNPs in HLA DP and black South

Africans with RA.

2.4.2 Significantly associated non-HLA SNPs on chromosome 6

Ten SNPs reached genome wide significance on chromosome 6 outside of the
HLA region. Seven of these SNPs locate to the intergenic region between BTNL2
and HLA DRA. Other significantly associated SNPs locate to the intergenic regions
between LOC442175 and ZNF165, PSMB9 and HLA-DMB and to the coding
region of CCHCR1. Many of these genes have a plausible biological role in RA
pathogenesis because of their role in immunity. However, the SNPs locate to the
intergenic regions and therefore the true functional roles in association are not

known.

2.4.3 Significantly associated non-HLA SNPs outside of chromosome 6

Six novel non-HLA SNPs were found to be associated in this study. Although
these SNPs localize to 2 different chromosomes, 1 and 11, in view of the similar
MAFs and “genotype” clustering, they are likely poorly annotated and all localize to
chromosome 1. Four of these SNPs locate to a CNV (30kb insertion/deletion)
region. These are likely pseudo SNPs, but the fact that they are so strongly
associated makes them interesting in terms of the association of this region with
RA.

Four of the significantly associated SNPs locate to the intergenic region between
LOC400723 and PLD5. Interestingly, the PLD4 gene is associated with RA in
Japanese (Okada et al., 2012).

The CNVs, 107685 and 71544, have been implicated in a number of mental

retardation and developmental defect phenotypes
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(http://genome.ucsc.edu/ENCODE/pilot.html), however there has not been an
association with the RA phenotype.

Copy number variants have been rarely described as risk factors for RA and other
complex diseases. A large study conducted by the Wellcome Trust Case Control
Consortium on 8 common diseases only identified 3 associated CNVs (Craddock
et al., 2010). However in the first large analysis of CNVs in a genome wide study
of RA, there was a 2-fold higher burden of CNVs in cases than controls (Uddin et
al., 2011). Furthermore, 11 rare CNVs were found to be associated with RA,
suggesting that CNVs may play a more significant role in RA susceptibility than
previously thought. The HapMap data show that the Yuroba population have more
CNVs than do Caucasians. This may imply that similar to the Yuroba, black South
Africans too may have more CNVs accounting for common complex diseases.
The Encyclopedia of DNA Elements (ENCODE) Consortium is an international
collaboration of research groups funded by the National Human Genome
Research Institute (NHGRI). The goal of ENCODE is to build a comprehensive
parts list of functional elements in the human genome, including elements that act
at the protein and RNA levels, and regulatory elements that control cells and
circumstances in which a gene is active. Analysis using ENCODE
(http://encodeproject.org/ENCODE/) database showed that these SNPs are within
regions of predicted repressed or low gene activity (Table 2.10).

From the ENCODE data, there are a number of possible transcription factor
binding sites and promoter associated histone marks identified in the CNV region
suggesting a possible role of the region in regulation with both repressive and
transcription signals. Chromatin immuno-precipitation-sequence data has

validated the binding of a number of transcription factors.
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Table 2.10 Known ENCODE regions covering the intergenic region between PLD5 and

LOC400723
Feature Set Start | End Feature Type Feature Type
(bp) (bp) Description
SegmentationState - 24297 | 24298 | Predicted Predicted repressed or
GM12878 Enriched Sites 9118 | 2054 | Repressed/Low low activity region
Activity
SegmentationState - 24298 | 24298 | Predicted Predicted transcribed
GM12878 Enriched Sites 2055 | 2242 | Transcribed region
Region
SegmentationState - 24297 | 24298 | Predicted Predicted transcribed
HelLa-S3 Enriched Sites 9801 | 0000 | Transcribed region
Region
SegmentationState - 24298 | 24298 | Predicted Predicted repressed or
HelLa-S3 Enriched Sites 0001 | 1855 | Repressed/Low low activity region
Activity
SegmentationState - 24298 | 24298 | Predicted Predicted transcribed
HelLa-S3 Enriched Sites 1856 | 1947 | Transcribed region
Region
SegmentationState - 24298 | 24298 | Predicted Predicted repressed or
HelLa-S3 Enriched Sites 1948 | 2965 | Repressed/Low low activity region
Activity
SegmentationState - 24298 | 24298 | Predicted Predicted transcribed
HUVEC Enriched Sites 1636 | 1727 | Transcribed region
Region

2.4.4 Rheumatoid arthritis risk loci previously identified in Caucasians

Genetic studies have identified numerous RA risk loci in Caucasians bringing the

total number of associated loci to 46 (Eyre et al., 2012). The Immunochip array

was designed from Caucasian GWAS data. We therefore attempted to determine

if loci previously associated with RA and other autoimmune diseases in

Caucasians confer risk for RA in black South Africans. It would have been

interesting to assess whether loci associated with risk for RA in Asians are

associated with RA in this study population; however, Asian specific loci would not

have been included on the Immunochip array.
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Numerous loci have been associated with RA in Caucasians and Asians. A few of
these loci are shared risk loci between these two populations, however many are
ethnic specific as shown in the Manhattan plots for 3 different ethnic groups, the

Caucasians, Asians and the black South Africans (Fig 2.20).
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Figure 2.20 Manhattan plot of RA risk loci identified in a) Japanese (Okada et al., 2012) b)
Caucasian (Eyre et al., 2012) and c) black South Africans

None of the previously associated non-HLA RA risk loci in Caucasians were
associated with RA in black South Africans. The lack of association could be due

to these loci being ethnic specific and that these are genetically distinct
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populations. This is evidenced by the structure analysis and by the striking
differences in allele frequencies of risk variants between the two populations.
Many Caucasian RA risk variants are rare or non-polymorphic in black South
Africans.

However, the lack of association is more likely due to the study’s lack of statistical
power to detect the moderate effects that the non-HLA loci confer in complex
diseases such as RA.

PTPN22

PTPN22 variants confer the second strongest risk, after the HLA locus, for RA in
Caucasians and increase the risk for multiple autoimmune diseases. However,
these variants do not confer risk for RA in Asians. The R620W polymorphism was
previously shown to be non-polymorphic in black South Africans (Tikly et al.,
2010). None of the SNPs associated with the PTPN22 gene was significantly
associated in this study, even though this study was at least 80% powered to
detect significance, given the effect sizes observed in Caucasians. There is now
sufficient evidence to conclude that the genetic variants of the PTPN22 gene are
not associated with a major effect on RA in black South Africans.

PADI4

A haplotype of peptidyl arginine deiminase 4 (PADI4) has been associated with
rheumatoid arthritis (RA) in several Asian populations, including Japanese (Suzuki
et al., 2003, Ikari et al., 2005) and Korean (Kang et al., 2006), but not with the Han
Chinese (Chen et al., 2011) population. Similarly, results are contradictory in
Caucasian populations. Most studies in Caucasians show lack of association of
genetic variants with the PADI4 gene and RA (Gandjbakhch et al., 2009, Barton et

al., 2004a, Martinez et al., 2005). However, recently an association with RA in
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Caucasians was found using the Immunochip (Eyre et al., 2012). We therefore
specifically tested for association of this gene in black South Africans. Given the
allele frequencies and expected effect size, this study was underpowered to detect

associations with common SNPs in the PADI4 gene.

Replication of Caucasian SNPs in black South Africans with rheumatoid
arthritis

Of the SNPs previously associated with RA in Caucasians, 1 SNP on chromosome
4, rs874040 in the intergenic region of LOC389203 and RBPJ reached significance
(p = 0.001248, OR = 1.44) as defined for replication studies (p < 0.05). Although
this study was not powered to detect the very modest effect that this SNP confers
for RA in Caucasians (OR = 1.14) (Stahl et al., 2010), the strong association
indicates that this may be a risk SNP in black South Africans with RA and requires
validation. This SNP is close to the RBPJ gene which is essential for the Notch
pathway. Notch signalling controls numerous cell-fate specification events. The
protein encoded for by the RBPJ gene is a transcriptional regulator that plays a
central role in Notch signalling. It binds specifically to the immunoglobulin kappa-
type J segment recombination signal sequence and acts as both a transcriptional
repressor and activator (Nakazawa et al., 2001).

Differences of allele frequencies between black South Africans and
Caucasians of SNPs associated with rheumatoid arthritis in Caucasians

Of the SNPs associated with RA in Caucasians, the minor allele frequencies of 20
SNPs were compared to that of Asians and different African populations.
Interestingly, no correlation was observed between the Asian, Caucasian and

black South Africans populations. Many of the studied SNP variants had a low
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allele frequency in black South Africans. This suggest that possibly these may not
be major risk variants for RA in black South Africans.

Despite the PC plots showing that the Yuroba of West Africa and black South
African populations are genetically distinct, there is a tighter correlation of the
minor allele frequencies in these 2 populations. The population structure and
minor allele frequency analysis findings highlight that African populations are
distinct, but more closely related than the Caucasians and Asians who are much

more distantly related to Africans as shown in Fig 2.21.
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Figure 2.21 Principal component plot showing the genetic relationships between major
ethnic groups based on data from 460 568 SNPs (May et al. unpublished).

Further evidence of genetic diversity between Africans is provided by the
frequency of carriers of the SE alleles. In black South Africans at least 80% of RA
cases carry at least one copy of the SE alleles (Meyer et al., 2011) compared to a
much lower frequency of 30% in a Cameroonian population in West Africa
(Singwe-Ngandeu et al., 2010).

A significantly high proportion of alleles on the Immunochip were uncommon in

black South Africans. A total of 74 558 SNPs had MAF< 5% and a further 6759
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SNPs were non-polymorphic, emphasising the differences in genetic structure
between black South Africans and other populations. The genetic diversity
between Africans and the relatively constant allele frequency amongst different
European and Asian populations support the ‘out of Africa’ hypothesis that led to a
severe population bottle-neck and reduced population diversity in the migrating

populations (Tishkoff and Kidd, 2004).

2.4.5 Additional non-HLA SNPs of interest but not reaching genome wide
significance

On chromosome 2 and 4 of the Manhattan plot of the overall cohort there are
‘towers’ of SNPs, however none of the individual SNPs reaches genome wide
significance but the regions may be of interest for testing in future studies.

The ‘tower’ on chromosome 2 has six SNPs locating to the intergenic region
between LOC100131131 and IL1R1 and 2 SNPs locating to the intron of ILLR1 on
chromosome 2. Nine SNPs on chromosome 4 also form a ‘tower’ on the
Manhattan plot and locate to the intergenic region between LOC389203 and
RBPJ. These SNPs reached statistical significance of p<5x10-° and p<5x10-
(Table 2.11).

The protein encoded for by the IL1R1 gene is a cytokine that belongs to the IL1
receptor family. IL1 receptor is an important mediator of immune and inflammatory
responses (Dinarello, 2011). As described earlier, RBPJ is a transcription factor
that is vital to the Notch signalling pathway that is involved with many cell-cell
interactions and cell fate pathways. The RBPJ genes have been associated with

RA in Caucasians (Stahl et al., 2010).
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Table 2.11 SNPs with p <5 x 10®° and p < 5 X 10*for association with RA in black South Africans

Chr SNP Al | Al frequency Al frequency A2 | Pvalue OR Gene Region
Cases Controls

2 | ccc-2-102110447-A-T A 0.34 046 | T 2.51E-05 0.6096 | LOC100131131|IL1R1 intergenic
2 | ccc-2-102113137-G-A A 0.34 0.46 | G 2.51E-05 0.6096 | LOC100131131|IL1R1 intergenic
2 | ccc-2-102129642-G-A A 0.38 050 | G 4.14E-05 0.6222 | LOC100131131|IL1R1 intergenic
4 | imm_4_25729576 G 0.48 037 | A 4.25E-05 1.604 | LOC389203|RBPJ intergenic
2 | ccc-2-102127970-C-T A 0.38 049 | G 4.61E-05 0.6239 | LOC100131131|IL1R1 intergenic
4 | imm_4_25731956 A 0.45 035 | C 0.000157 1.553 | LOC389203|RBPJ intergenic
4 | imm_4_25694578 G 0.48 037 | A 0.000158 1.548 | LOC389203|RBPJ intergenic
4 | rs10517086 A 0.48 038 | G 0.000172 1.544 | LOC389203|RBPJ intergenic
4 | imm_4_25707908 A 0.52 041 | G 0.000176 1.537 | LOC389203|RBPJ intergenic
4 | imm_4_25732417 C 0.53 042 | A 0.000194 1.534 | LOC389203|RBPJ intergenic
4 | imm_4_25704412 G 0.46 036 | A 0.000223 1.535 | LOC389203|RBPJ intergenic
2 | ccc-2-102130269-T-C G 0.37 048 | A 0.000261 0.6546 | LOC100131131|IL1R1 intergenic
2 | ccc-2-102131210-C-G G 0.37 048 | C 0.000261 0.6546 | LOC100131131|IL1R1 intergenic
4 | imm_4_25695667 G 0.467 037 | A 0.000342 1.514 | LOC389203|RBPJ intergenic
2 | ccc-2-102138297-G-C G 0.38 047 | C 0.000461 0.6658 | IL1R1 Intron

2 | ccec-2-102102452-A-G G 0.22 032 | A 0.000484 0.6275 | IL1R2|LOC100131131 intergenic
4 | imm_4_25727853 A 0.42 052 | G 0.000512 0.6713 | LOC389203|RBPJ intergenic
2 | imm_2_204484099 A 0.19 027 | G 0.000623 0.6207 | CTLA4|ICOS intergenic
2 | imm_2_204466940 A 0.09 015 | G 0.000725 0.5357 | CTLA4|ICOS intergenic
1 | imm_1_67441558 A 0.15 022 | G 0.00075 0.6019 | IL23R Intron

2 | imm_2_102446420 G 0.27 0.37 | A 0.000766 0.6564 | ILIBRAP|SLC9A4 intergenic
6 | imm_6_138316386 A 0.51 042 | G 0.000866 1.464 | TNFAIP3|PERP intergenic
6 | imm_6_138316386 A 0.51 042 | G 0.000866 1.464 | TNFAIP3|PERP intergenic
6 | imm_6_159371045 A 0.24 0.17 | G 0.000995 1.594 | RSPH3|TAGAP intergenic
6 | imm_6_138314497 A 0.09 015 | G 0.001034 0.5533 | TNFAIP3|PERP intergenic
6 | imm_6_138314497 A 0.09 015 | G 0.001034 0.5533 | TNFAIP3|PERP intergenic
2 | ccc-2-102145251-G-A A 0.13 0.08 | G 0.001066 1.828 | IL1R1 Intron

*Chr=chromosome
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2.4.6 Subgroup analysis

Specific homogeneous subgroups with complex traits like RA may be useful in
establishing specific genetic predisposition. Distinct subgroups in RA are RA+ and
ACPA+. In this study there was a slight increase in the strength of association in
the RF+ subgroup but not with the ACPA+ subgroup. The stronger association
with the RF+ subgroup in black South Africans is supported by a study by
Hodkinson et al. (2010) that showed that the diagnostic utility of the ACPA test is
no better than RF. It follows that perhaps auto-antigens that trigger RA differ
between ethnic groups and that there is a stronger association of ACPA with

Caucasians than black South Africans.

2.4.7 Population structure

African populations are the most genetically diverse. Within Africa there are 2000
distinct languages which correlate well with different ethnic groups
(http://www.ethnologue.com/region/Africa/**EDITION***). Initiatives such as the
HapMap and 1000 Genomes Projects (http://hapmap.ncbi.nim.nih.gov;

www.1000genomes.org) have concentrated on the population structure of the

western and central African populations. Much data are therefore available the
Yoruba of Nigeria and the Luhya and Maasia populations of Kenya. However, very
little is known about the population structure of southern Africans because only a
few studies with small sample sizes and few genetic markers have been
performed which may not reflect the population structure of black southern
Africans well.

One of the contributions of this study is insight into the population structure of a

black southern African population which has been largely understudied.
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The CHBA Hospital from where the participants of the study were recruited is
located in an urban area in Soweto, south of Johannesburg, South Africa. The
southern Africa region is defined as the collection of Botswana, Lesotho,
Swaziland, Namibia and South Africa (according to the United Nations
Geoscheme; http://unstats.un.org/unsd/methods/m49/m49regin.htm). Southern
Africa is home to a predominant population of Bantu-speakers; a sub-group of the
Niger-Kordofanian (NK) linguistic group that expanded into the region
approximately five thousand years (Campbell and Tishkoff, 2010). Specifically,
speakers belong to the “S” group of Bantu language classification, consisting of
mostly Sotho-Tswana, Venda and Nguni languages (Lane et al., 2002).The
genetic architecture of NK-speakers, in general, has been described as fairly
homogenous (Tishkoff et al., 2009, Veeramah et al., 2012).
Soweto-Johannesburg is a metropolitan area of the Gauteng province. As one of
the urban centres most densely populated by south eastern Bantu-speakers, the
area is a suitable microcosm for the larger southern Africa region as a whole.
Historically, Soweto attracted migrant labourers from various rural areas that
worked in the mines and has therefore been considered the ‘melting pot’ of ethnic
groups. Even today, Soweto remains a major contributor of urbanisation. Soweto
is a major contributor to South Africa’s leading rates of urbanization (Richter et al.,
2009) retaining a regular influx of migrant workers (and refugees) since the gold-
mining era, who intermix with local inhabitants.

In this study, participants were recruited if they self reported all 4 grandparents as
being ‘black’ South Africans. The majority of the participants of this study clustered
together suggesting that those that migrated to this area are of the same genetic

ancestry. The SNPs on the Immunochip were used to examine population
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structure, even though they are biased towards SNPs in genes and regions
previously associated with autoimmune diseases. There was loose clustering with
the cases, suggesting more admixture within the cases. The admixture was found
to be with two of the other larger populations in South Africa, the Caucasians and
the Indians. The comparative data were from north American Caucasians and
from Guijarati Indians living in the USA, so these were used as proxies for the SA
equivalents. The tighter clustering in controls compared to cases can be explained
by the fact that the controls were predominately the staff of the hospital who live in
and around Soweto, however since CHBAH is a tertiary referral centre the cases
often live a distance away from the hospital and occasionally even come from
neighbouring countries seeking specialised health care in South Africa.

One other major finding is that southern Africans are distinct from other African
groups such as the Yoruba, Maasia, and the Luyha. It is clear that tag SNP data
from the other African populations cannot be used effectively as a proxy for south
African populations. It is now clear that a reference set of markers for southern
Africans are necessary. This has implications for future medical and genetic
research.

Genetic studies assessing ancestry informative markers, such as in the present
study is an advancement from previous studies. A candidate gene approach in
which PCA plots can identify admixed samples is thus a valuable quality control

step.

2.4.8 Limitations of the study
One of the limitations of the study was that the Immunochip was designed on the
basis of Caucasian GWAS data and therefore not ideally suited for genotyping

other ethnic groups. Africans differ from Caucasians and Asians in terms of their
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low LD structure and therefore many more tagging SNPs are required to cover the
African genome. The flip side is that once association is detected, it is likely that
the causal variant is relatively close to the associated tag SNP, because of the
lower LD. Whereas current arrays cover 94% of the common variation of the
European populations, it only covers 81% in Africans (Teo et al., 2010). Using the
1000 Genomes Project data from 90 Yoruba individuals, it is estimated that 1.5
million SNPs will have the same power as 0.6 million SNPs in Caucasians (Teo et
al., 2010). Current genotyping platforms have inadequate cover of variation in
African genomes.

This study did not address other causes of missing hereditability such as gene-
gene interaction, gene-environmental interaction and epigenetic factors. Gene-
environmental interactions may account for the differences in the genetic risk for
RA between Caucasians and black South Africans. There is evidence that urban
black South Africans are exposed to some environmental risk factors that rural
blacks are not. This may account for the differences in prevalence of RA between
rural and urban black South Africans (Beighton et al., 1975). Gene-gene and
gene-environmental interaction studies are still in their infancy and there is a need
for future research in this area.

The statistically significant difference in ages between the cases and controls
(controls being younger) could have led to potential cases being recruited as
controls.

Another limitation of this study was the relatively small sample size and the
inadequate power to detect the modest effects of genes that confer susceptibility

for RA in black South Africans.
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Chapter 3. ASSOCIATION OF SPECIFIC AMINO ACIDS IN VARIOUS
POSITIONS IN THE HLA DRB1 PROTEIN WITH RHEUMATOID ARTHRITIS IN

BLACK SOUTH AFRICANS

3.1 Introduction

3.1.1 The HLA region

The HLA region has evolved over millions of years to become the master co-
ordinator of the immune system. The key role of the HLA complex in regulating the
inflammatory response, complement cascade and the immune system is well
known (Choo, 2007). The genes in the HLA region encode proteins involved in
immune regulatory functions such as ligands, receptors, signalling factors and
transcription regulators that are involved in antigen processing and presentation
(Shiina et al., 2009). One of the primary functions of the HLA region is to
discriminate ‘self’ from ‘non-self’ and although highly efficient, breakdown in self
tolerance occurs resulting in autoimmune and auto-inflammatory diseases.

The HLA is the human major histocompatibilty complex (MHC); the terms are
usually used interchangeably. The HLA region is situated on the short arm of
chromosome 6 (6p21.3). The region spans over 3.6Mb and is highly gene-dense
comprising over 160 protein-coding genes (Fig 3.1) (Newton et al., 2004).
Although the HLA region occupies only 0.1% of the human genome, it contains
approximately 0.5% of the known protein coding genes. The HLA region is highly
polymorphic and has some of the most dense linkage disequilibrium (LD) regions
in the genome. The classical HLA region is divided into 3 sub-regions: the
telomeric class I, class Il and the centromeric class Il region. The class | region

has the HLA A, B and C genes, the class Il contains the class DQ, DR, DP genes
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and the class lll is made up of many genes, some of which are involved in the
complement cascade and cytokine production.

The classical HLA region was extended to include genes in close LD. This region
is now known as the extended MHC (xMHC) and is subdivided into 5 regions, the
extended class |, classical class I, class Il and classical class Il and the extended
class Il. The xXMHC spans 7.6 Mb and consists of 421 genetic loci of which
approximately 60% are expressed and 22% have a role in immune function

(Fernando et al., 2008).
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Figure 3.1 Some of the genes within the HLA including the HLA class I, II, Ill regions

(Newton et al., 2004)
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3.1.2 The HLA molecules: structure and function

The HLA class | molecule is encoded for by the class | genes. The molecule has 3
a chains and a 32 microglobulin chain encoded by a gene on chromosome 15.
The extracellular B2 microglobulin chain is invariant, however the a1 and a2
chains have variable amino acid sequences which determine antigen specificities
(Engelhard, 1994). The HLA class Il genes have a series of A and B genes which
encode the a and B chain, respectively. The HLA DR genes have been associated
with numerous autoimmune diseases including RA. There is only one HLA DRA
gene and nine HLA DRB genes which encode the invariable a chain and the highly
polymorphic B chain, respectively. The HLA DR antigen specificity is determined
by the highly polymorphic DRB1 chain which is encoded for by the HLA DRB1
alleles. The a and B chains form a heterodimer comprising a1, a2, 1 and 2
chains. These chains form an antigen binding groove which is highly polymorphic.
The peptide binding specificity is determined by a limited number of amino acids in

the peptide binding pockets (Strominger, 1987).

(a) Class | (b) Class 11
PBS

PBS
D‘.ECD o o C I B1

03 C Bam 02 C B2

Membrane

Cytoplasm

Figure 3.2 Structure of the HLA class | and Il molecules with a and 8 chains and the
peptide binding site (PBS) (Choo, 2007).
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The HLA class | molecules present mainly endogenous peptides whereas the
class Il molecule present exogenous peptides (Fig 3.2). Class | molecules present
antigen to CD8+ cytotoxic T-cells whereas the class Il molecules which are
present on APC, such as B-cells, monocytes, macrophages, dendritic cells and

Langerhans cells, present antigen to CD4+ T cells.

TCR
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Figure 3.3 The pathways of processing endogenous and exogenous peptides (Pep) and
presentation to T-cell receptors (TCR) by HLA molecules (Thorshby et al., 2004).

3.1.3 The role of HLA in rheumatoid arthritis

As discussed in Chapter 1, the heritability of RA is estimated to be 50-60% and the
HLA contributes the strongest genetic risk for RA accounting for a third of the total
risk. Within the HLA, the HLA DRB1 alleles confer the strongest association. The
first association with HLA Dw4 was made by Stastny (1976) when it was found
that the frequency of the HLA Dw4 serotype was increased in RA cases compared
with healthy controls. With the improvement in resolution of HLA DRB1 genotyping
it was discovered that not all HLA DR4 alleles conferred the same risk. In1986,

using molecular typing, Gregersen et al. (1987) showed that the risk for RA was
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associated with specific alleles in the HLA DRB1 that encode a conserved
sequence of amino acids on the third hypervariable region (HVR3) of the HLA
DRB1 chain at position 70-74 ("°QRRAA4, 'RRRAA™, P°QKRAAA). This
sequence of amino acids is termed the shared epitope and the alleles that they
encode are called the SE alleles. It was postulated that this portion of the HLA
DRB1 molecule controls susceptibility to disease. The SE alleles are the HLA
DRB1 *0401, *0404,* 0405, *0408, *0409, *0410, *1402, *1406, *0101, *0102, *09,
*1001 alleles. The SE locates to pocket 4 of the peptide binding groove of the HLA
class Il molecule and is thought to play a role in antigen presentation (Fig 3.4).
The mechanism by which the SE alleles predispose to RA is not fully understood.
The hypothesis is that the SE allows for presentation of specific arthogenic
peptides (Wucherpfennig and Strominger, 1995) or it selects a specific T-cell
repertoire or acts as an immune stimulatory ligand that guides the differentiation of

T-cells to Thl cells (Bhayani and Hedrick, 1991).

Figure 3.4 The HLA-DR4 molecule (Bax et al., 2011)
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3.1.4 The shared epitope and rheumatoid arthritis in different ethnic groups
Different ethnic groups express different SE alleles (Taneja et al., 1992). DRB1
alleles show variable association with RA in different populations: DRB1*0404 in
Caucasians, DRB1*0405 in Japanese, *0408 in Mediterranean Caucasians, *1402
in Native Americans, *0401 in North European Caucasians, *0401 in North
American Caucasians, *0101 in Israeli Jews and *0404 and *0401 in black South
Africans. However in some populations the frequency of the SE alleles are low in
RA patients such as in African Americans and the Cameroonians in West Africa
(Singwe-Ngandeu et al., 2010). The association of SE alleles is particularly with

RF and ACPA seropositive RA.

3.1.5 The shared epitope and other autoimmune diseases

The SE alleles have also been associated with other autoimmune diseases
including polymyalgia rheumatica (Weyand et al., 1994), giant cell arteritis
(Weyand et al., 1994), Type 1 diabetes (Tait et al., 1995), and erosive joint

disease in psoriatic arthritis (Korendowych et al., 2003).

3.1.6 Gene-gene and gene-environmental interaction with the shared epitope
alleles

There is a gene-environmental interaction between the SE alleles and smoking
and the risk of RA. As discussed in Chapter 1, smokers that are non-carriers of the
SE alleles have a 1.5-fold increase in ACPA+ RA. However at the other extreme
smokers who carry 2 copies of the SE alleles have a 21-fold increased risk in
developing ACPA+ RA (Kallberg et al., 2011).

In addition to the gene-environmental effect, there is some evidence to suggest a
gene-gene interaction between HLA DR SE alleles and the R620W polymorphism
of the PTPN22 gene. In individuals who do not carry any of these polymorphic
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variants and had never smoked, there is no observed increased risk of RA,
however in smokers who are carriers of the SE and the R620W polymorphism, the

risk increased 23-fold (Kallberg et al., 2007).

3.1.7 The shared epitiope alleles and rheumatoid arthritis in Africans
Studies in black South Africans with RA showed a strong association with HLA-
DR4 haplotypes, DR1 and DR4 (Martell et al., 1989, Mody et al., 1989, Pile et al.,
1992). High resolution genotyping has shown that specifically DRB*0401 and
*0404 are susceptibility alleles and associated with severe disease in this
population (Meyers et al., 2004). Ninety-two percent of black South Africans with
RA carry at least one copy of the SE alleles (Meyer et al., 2011). This finding
contrasts with that found in the Cameroon, where the SE allele carriers occur at a

much lower frequency of approximately 30% (Singwe-Ngandeu et al., 2010).

3.1.8 The amino acid positions of HLA DRB1 and their association with
rheumatoid arthritis

Since the landmark discovery of the association of the SE alleles with RA in 1987,
it has been found that the SE does not entirely explain the genetic contribution of
HLA region to RA. Recently, Raychaudhuri et al. (2012), using sophisticated
genotyping and statistical analysis, demonstrated that just 5 amino acids in 3
genes account for most of the genetic risk for seropositive RA in the HLA region.
The amino acids at positions 11, 71 and 74 of HLA DRB1, 9 of HLA B and 9 of
HLA DPB1 account for most of the HLA region risk in RA. Interestingly, all these

amino acids locate to peptide binding grooves (Fig 3.5).
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Figure 3.5 Amino acid positions that are significantly associated with RA in the HLA DRB,
B and DPB molecules (Raychaudhuri et al., 2012).

The peptide binding groove of HLA DRB1 has 9 pockets that accommodate the
side chains of peptides. Larger pockets at positions P1, P4, P6, P9 and smaller
ones at P3 and P7 account for most of the polymorphism of the HLA class Il
molecules (Zavala-Ruiz et al., 2004). Most of the polymorphism of these
molecules is in residues along the lining of the pockets of the peptide binding
groove, which determine the peptide binding specificity. The SE residues are
crucial in determining peptides specific for pocket 4. In addition, only peptides with
negatively charged residues (aspartic acid and glutamic acid) at these positions
increase the risk for RA.
Amino acids at position 11 of pocket 6 is of the HLA DRB1 molecule which is
~200 base pairs away from the SE was found to be the most strongly associated
with RA in Caucasians. Of the 6 potential amino acids at this position, valine
conferred the highest risk. Amino acid position 11 is the only variable amino acid in
pocket 6 and is thought to be responsible for the antigen specificity. Conversely,
serine was found to confer protection for RA (Raychaudhuri et al., 2012).
Aim

1) To investigate the association of specific amino acids at various

positions in the HLA DRB1 chain with RA in black South Africans
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3.2 Patients and Methods

3.2.1 Patients and controls
Controls and only the subgroup of RF positive and/or ACPA positive RA patients

described in Chapter 2 were studied.

3.2.2 HLA DRB1 exon 2 sequencing

Four digit high resolution HLA typing was performed by DNA sequencing of exon
2, using the AlleleSEQR HLA DRBL1 reagent kit and protocol (Celera Corporation,
Alameda, CA). After polymerase chain reaction amplification of HLA DRB1 exon 2
from genomic DNA, forward and reverse cycle sequencing was performed, and
the resulting fragments were collected and analyzed on an ABI 377 automated
sequencer (Applied Biosystems, Foster City, CA). An additional sequence reaction
was performed to analyse the GTG (valine) motif of codon 86 sequences, thus
enabling resolution of ambiguous results for some exon 2 sequences. The
sequences were analysed using Assign software (Conexio Genomics, Fremantle,
Western Australia, Australia) (Fig 3.6), which enables assignment of genotypes at
the four digit level of resolution based on a library file of HLA DRB1 alleles (Cano

et al., 2007). This method detects all of the SE-positive alleles.
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Figure 3.6 Analysis of the HLA DRB1 sequence using the Assign software (Assign 3.6
software manual)

Reference sequences of amino acids from the IMGT/HLA data base (URL:

http://www.ebi.ac.uk/ipd/imgt/hla/index.html) were used to infer amino acid

sequences corresponding to called four digit alleles (Table 3.1).

Table 3.1 Four digit HLA DRB1 sequence and inferred amino acid

HLA DRB1 allele Amino acid at position 11

*0404,*0405, *0408, *0402, *0403, *0407,*1001 Valine

*1303, *1301, *1302, *1101, *1102, *1103, *1104,*1401 Serine

*0102, *0101, *0103 Leucine
*1601, *1501, *1502 Proline
*0701 Glycine
*0901 Aspartate
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3.2.3 Statistics

All possible combinations of amino acid residues were tested for risk of disease.
Alleles were converted to binary variables indicating the presence/ absence of a
specific amino acid residue at a given position. A series of linear models were
fitted to assess whether the joint effect of amino acid residues within each position
was a significant source of variation for the presence of RA. The effect of each
residue was determined using a logistic regression model and calculating the log-
likelihood improvement in model fit over a null model.

Specifically, to determine whether a specific amino acid position, containing “n”
residues in our sample, is significantly associated with RA, logistic regression
models were fit with the sum of “n-1” indicator variables of the presence/absence
of particular amino residues. This was repeated for all positions with polymorphic
residues, e.g. valine, serine, leucine. To determine if additional variation was
explained by other position after accounting for the most statistically significant
positions (e.g., 11, 13), conditional logistic regression was used. In these models
the p-value of the test that additional explanatory covariance is explained by a
given position was obtained by comparing two models: 1) A base model with only
the most significant positions’ residues, and 2) the base model plus additional
residues from the position in question. The p-value was determined by considering
the difference in residual deviance between two models as c¢? with DF = the

difference in number residues between the two models.
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3.3 Results

3.3.1 Demographic and autoantibody features of rneumatoid arthritis
patients and control participants

As shown Table 3.2, the majority of patients were middle-aged-females and with
established disease with a mean symptom duration of 7.2 years. The control
participants were from the same ethnic and geographic background, but were
younger and there was a higher proportion of males. Not all data were available
for all participants, and where this was the case, the numbers are given.

Table 3.2 Demographic and clinical features of the seropositive rheumatoid arthritis
patient and control subjects

Variable Cases (n=262) Controls (n=362)
Age at enrolment, mean +SD years | 55.0 (10.8) 41.89 (10.32)
Disease duration at enrolment, 7.29 (8.9)

mean +SD years

Female (%) 234/262 (89.7) 194/322 (60)
Smokers (%) 47/230 (20)

RF+, n (%) 234/248 (94.7)

ACPA+, n (%) 195/217 (90.7)

3.3.2 HLA DRB1 allele frequencies

Twenty-eight different 4-digit HLA DRBL1 alleles in the controls and 26 in the cases
were identified, of which 17 alleles occurred at low frequency (<0.05). Of the 9 SE
alleles, 6 were identified in this study (Table 3.3). The frequencies of DRB1*0401,
*0404, *0405 and *1001, all of which carry the SE motif, were significantly higher
in RA patients compared to controls. Conversely, the frequencies of DRB *1101

*1301 and *1302 were significantly lower in the RA patients compared to controls.
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Table 3.3 The allele frequencies of the different 4 digit HLA DRB1 alleles in black South
Africans controls and RA cases

HLA DRB1 Controls n (allele | Cases n (allele | OR (95% ClI) P value
allele frequency) n=724 | frequency)
n=524
0101 2 (0.0 1(0.0)
0102 30 (0.04) 26 (0.04)
0201 0 (0.0) 1(0.0)
0301 63 (0.08) 28 (0.05)
0302 73 (0.10) 50 (0.09)
0401 24 (0.03) 63 (0.12) 4.0 (2.5-6.5) <0.0001
0402 0(0.0) 1(0.0)
0404 15 (0.02) 67 (0.13) 6.9 (3.9-12.2) <0.0001
0405 4 (0.01) 14 (0.02) | 4.96 (1.6-15.2) 0.0018
0408 0 (0.0) 1(0.0)
0410 2 (0.0) 3(0.0)
0701 41 (0.06) 30 (0.06)
0804 30 (0.04) 13 (0.02)
0901 10 (0.01) 8 (0.02)
1001 21 (0.02) 27 (0.05) 1.8 (1.0-3.3) 0.039
1101 101(0.14) 41 (0.08) 0.5 (0.4-0.8) 0.0008
1102 36 (0.05) 12 (0.02)
1114 1(0.0) 2 (0.0)
1201 28 (0.04) 19 (0.04)
1202 4 (0.0) 1(0.0)
1301 92 (0.13) 40 (0.08) 0.6 (0.4-0.8) 0.004
1302 47 (0.06) 21 (0.04) 0.06
0.6 (0.4-1.0)
1303 14 (0.02) 6 (0.01)
1336 1(0.0) 0 (0.0)
1340 1(0.0) 0 (0.0)
1401 8 (0.01) 2 (0)
1404 0 (0.0) 1(0.0)
1417 0(0.0) 2 (0.0)
1501 14 (0.02) 10 (0.02)
1503 61 (0.08) 32 (0.06)
1506 1(0.0) 0 (0.0)

3.3.3 Specific amino acid associations

Of the 29 amino acid positions examined amino acid position 11 (p = 3.4E-26), 13

(p = 1.2E-27), and 33 (p=2.1E-28) were the most highly associated with RA in

black South Africans (Fig 3.7). The shared epitope position 71 was less
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significantly associated (p=2.6E-05) whilst position 74 was not associated
(p=0.15).

After conditioning on position 11, the effects at the other positions were diminished
(pos 13: p = 0.01; pos 33: p= 0.004) (Table 3.4), suggesting that in this sample
amino acid position 11 was the primary contributor to the association with HLA

DRBL1.
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Table 3.4 The amino acid positions and p values of the strength of association before and
after conditioning on the most highly associated amino acid positions 11

Amino acid p value p value after conditioning on
position position 11
33 2.14E-28 0.0043
13 1.16E-27 0.015
11 3.39E-26 N/A
12 7.74E-17 N/A
10 7.88E-16 0.004
47 8.30E-14 0.35
67 3.11E-13 0.27
70 5.78E-10 0.007
37 2.30E-05 0.43
71 2.58E-05 0.7
58 3.84E-05 0.32
32 0.0003 0.96
40 0.04 0.004
26 0.08 0.48
31 0.08 0.004
73 0.1 0.16
38 0.12 0.009
74 0.15 0.53
16 0.18 0.68
86 0.19 0.32
57 0.33 0.73
60 0.56 0.58
30 0.57 0.69
28 0.72 0.46
9 0.73 N/A
85 0.86 0.32
14 0.95 N/A
25 0.95 N/A
78 0.96 N/A

N/A means that the effect at the position in question was completely collinear with the
conditioned variable, i.e., there were no polymorphic residues to test with case/ control

status after conditioning on a position
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Figure 3.7 A plot of the strength of association between amino acid positions in the HLA
DRBL1 locus and RA in black South Africans before conditioning on position 11.
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Figure 3.8 A plot of the strength of association between amino acid positions in the HLA
DRBL1 locus and RA in black South Africans after conditioning on position 11.

Within position 11 the odds ratios (+/- 95% CI) of association were: valine 5.1 (3.7,
6.97); leucine 1.2 (0.70, 2.00); aspartate 1.1 (0.4, 2.9); glycine 0.98 (0.6, 1.6);

serine 0.38 (0.30, 0.48) with proline as the referent, depicted in Table 3.5.

Table 3.5 The frequency and strength of association of amino acid residues at HLA DRB1
position 11

AA Frequency Frequency OR (95% CI) P value
cases controls

Valine 0.34 0.09 | 5.1 (3.74-6.97) 1.63E-27
Leucine 0.05 0.04 | 1.2 (0.70-2.00) 0.5273
Aspartate 0.02 0.01 | 1.1 (0.43-2.85) 0.8188
Glycine 0.06 0.06 | 0.98 (0.60-1.61) 0.9482
Proline 0.08 0.10 | 0.6 (0.50-1.11) 0.1507
Serine 0.46 0.69 | 0.3 (0.30-0.48) 2.46E-16
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3.4 Discussion

The association of the HLA region and RA is well established and accounts for a
third of the genetic risk. Despite the shared epitope hypothesis being the
foundation for numerous genetic studies over the last 30 years, it does not fully
explain the association at DRB1. Furthermore there has always been suspicion of
the presence of independent associations in the HLA region, outside of DRB1.
Moreover, although GWAS has identified numerous associations with RA,
identifying the true causal variant in this highly polymorphic region has been
challenging and identifying a functional variant with a plausible biological role has
been difficult.

With the use of DNA sequencing and inference, this study was able to replicate an
association observed in two other continental populations, Caucasians and South
Koreans, in black South Africans. Amino acid position 11 of DRB1 which locates to
the peptide binding groove of the molecule, and thus plays a role in antigen
presentation, was identified as the most strongly associated amino acid position in
black South Africans with seropositive RA.

The present study validates the previous known association with the *0404 and
*0401 alleles (Meyer et al., 2004), however it is an advancement of studies done
previously in that it examines all the allelic variation in HLA DRB1 to 4 digit
resolution. Two other alleles apart from those already known to be associated with
RA in black South Africans were found to be associated, *0405 and *1001. The
*0401, *0404, *0405 and *1001 were identified as risk alleles and encode valine at
position11 of DRB1. Conversely, *1301, *1302 and *1101 alleles were found to be

protective and encode for serine at position 11. These risk and protective RA
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alleles are very similar to that from Caucasian studies and highlight similarities in
the HLA risk for RA across Caucasian and black South African populations.

The association of the SE alleles and RA has long been known, even in African
populations. However identifying additional independent risk for RA in the HLA
region has remained challenging until recently. Raychaudhuri et al., using a
sophisticated imputation, technique examined the extended HLA region and found
amino acid positions 11, 71 and 74 of DRB1 to be significantly associated with RA
in Caucasians (Raychaudhuri et al., 2012). Amino acid position 11 was found the
most significantly associated with RA in Caucasians.

This study demonstrated that similar to Caucasians, position 11 of DRB1 is the
most highly associated with RA. Furthermore, valine was the most highly
associated amino acid and leucine conferred a similar risk and serine was
protective in black South Africans.

Unlike in Caucasians, amino acid position 71 and 74 was not found to confer risk
in black South Africans. The difference in findings could be because these are two
genetically distinct populations or because of this study being underpowered to
detect the smaller effect exerted by position 71 and 74. Typically a study size of at
least 1000 cases and controls to feel confident about the presence of a second
amino acid effect. Approximately 90% of the DRB1 signal in Caucasians is from
amino acid position 11.

Amino acid position 11 locates to the peptide binding groove of the HLA class Il
molecule emphasizing its role in antigen presentation. This position is also found
to confer risk for ulcerative colitis (Achkar et al., 2012) and hydrophobic residues

confer protection for sarcoidosis (Foley et al., 2001).
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Raychaudhuri et al. used existing GWAS SNP data of 5,018 seropositive RA and
14,974 controls and imputed their allele and amino acid sequence from a large
reference set. Their study spanned the HLA A, B, C, HLA DP, DQ and DR. The
authors tested the accuracy of the imputation by comparing the imputed DRB1
classical alleles to genotyped alleles (Raychaudhuri et al., 2012). High accuracy of
the imputation was observed. The authors’ findings were that just 5 amino acid
positions in 3 proteins accounted for most of the risk for RA in the HLA, positions
11, 71, 74 of DRB1, 9 in HLA B and 9 in HLA DPB1. In the DRB1 position 11
showed the strongest association and similarly positions 11 and 13 in the Koreans
were the most significantly associated.

However due to the small sample size of this study, distinguishing the causal
variant between the two positions, 11 and 13, just 2 codons apart was difficult.
Nonetheless, position 11 has shown to be strongly associated with RA in 3 major
ethnic groups, Caucasians, Asians and as shown in this study in black South
Africans.

Amino acid position 11 locates to pocket 6 of the antigen binding groove of the
HLA class Il molecule. It is the only variable residue in pocket 6 thus accounting
for all of the antigen variability of this pocket (Achkar et al., 2012). Valine confers
the strongest risk for RA in European and the black South African populations
however the effect size is higher in black South Africans. Similar to Caucasians,
serine confers protection in both populations. Furthermore, position1l has also
been identified as a major determinant in the risk for UC and sarcoidosis.
However, unlike in RA, valine confers protection for UC which may highlight

differences in antigen specificity of the two diseases. It is not known why valine
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confers risk for RA; it is thought that it could be related to its non-polarity versus
serine, which is highly polar.

Although the trend for risk and protection of these amino acids are the same in
Caucasian and African populations, the allele frequencies are different. The
frequency of valine in Caucasians is higher than in black South Africans and
serine occurs at a much higher frequency in black South Africans (Fig 3.11). It is
interesting that the frequency of the valine in controls is much lower in black South
Africans than Caucasians. This can either be due to genetic drift or natural
selection. Together, these results give the impression that Caucasians have more

susceptibility and black South Africans more protection for RA.

M controls M cases

34
24
9 I i

BSA Caucasians Caucasians

Allele frequency

Valine Serine

Figure 3.11 The frequency of the valine and serine in black South Africans and
Caucasians.

One of the limitations of this study is the relatively small sample size. Although it
was adequate to detect the large effect of amino acid position 11 it may not have

been large enough to detect the smaller effects of other amino acid positions.
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Now that the precise position at which the antigen that triggers the immune system
in RA is known, the next step is to understand the antigen and the receptors that it

interacts with, in the hope of finding new approaches to therapy.
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CHAPTER 4: CONCLUSION

In this study, the first large scale genetic project performed on an African
population with RA, the association of the HLA region and RA was validated. This
association was further refined to a specific amino acid position in the HLA DRB1
molecule. Similar to Caucasians, valine at amino acid position 11 the HLA DRB1
chain is the most strongly associated with RA and serine is protective. Position 11
locates to the binding groove of the HLA DRB1 molecule and its role in antigen
presentation makes its association a plausible and likely causal one. Furthermore
by understanding the antigen that binds to this position, the receptors that it binds
to and pathways that are triggered, a better understanding of the pathogenesis of
RA will be achieved.

In addition, this study identified four novel non-HLA variants, pointing to copy
number variation rather than SNPs that locate to the intergenic region of
LOC400723 and PLD5 on chromosome 1 as being associated with RA in black
South Africans. The possible significance of this finding is currently being
investigated. The association of these 4 variants is stronger in the RF+ subgroup,
suggesting this group is probably a more genetically homogenous.

None of the non-HLA loci previously associated with RA in Caucasians could be
definitively shown to confer risk for RA in black South Africans. The possible
reason for the lack of association in these genetically distinct populations may be
that these loci are truly not risk loci in the studied population. However, this study
was underpowered to detect the modest to small effects of many of these loci. In
addition, mining of the data shows that some of the risk variants in Caucasians are
non-polymorphic in black South Africans and in others the MAF is significantly

lower and rare. To support this, it was shown that Caucasians and black South
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Africans are genetically distinct in that the variants of the PTPN22 gene which
confer the strongest non-HLA risk for RA in Caucasians was found not to confer
risk in black South Africans. This study was sufficiently powered to detect the
effects that these variants exert in Caucasians. In particular, the well studied
variant rs2476601, which encodes an amino acid change (R620W) in one of four
SH3 domain binding sites in the PTPN22 molecule, is non-polymorphic in black
South Africans. These findings therefore suggest that previously described non-
HLA risk variants in Caucasians with RA probably do not confer significant risk in
black South Africans.

Perhaps the subgroup of RA patients with the unique phenotype, ‘the African
variant’ carries genetic variants that contribute to this phenotype. Another
unanswered question is why the association of the non-HLA SNPs identified in this
study have a stronger association with the RF+ than the ACCP+ subgroup.

Using a sophisticated high-throughput genotyping technique such as the
Immunochip array, allowed for the identification of admixed individuals and thus for
better quality control of the dataset where population structure as a confounder
could be avoided. One of the interesting points of this study is that black South
Africans are genetically distinct from populations resident in the East and West
Africa. These findings emphasise the need for a unique reference set of data for
southern Africans, which is currently lacking. Moreover, the currently available
reference data for other African populations cannot necessarily be extrapolated to
south Africans. The broader implications of these findings are that development of
more effective vaccines, therapeutics and public health interventions elucidated in
one African population cannot be simply applied to the rest of the African

continent.
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The overall significance of this study is that it has given great insights into a poorly
studied field, the genetics of RA in black South Africans. There are risk loci that
have been shown to be shared and others that are specific to this study
population.

Importantly, despite the study’s limitations the HLA region has been shown to
contain shared risk loci between the major ethnic groups, but several of the non-
HLA loci are probably population specific and there is a need for larger studies to
be performed in different African populations with the hope of identifying
pathogenic pathways that may be used in designing of individualized, targeted

therapy.

4.1 The way forward

There is a clear need to conduct genetic studies in a larger sample size of black
South Africans with RA to tests for risk variants with smaller effect sizes.

The significance of the non-HLA variants on chromosome 1 that locate to the
intergenic region between PLD5 and LOC400723 needs to be determined.
Furthermore, there is a need to replicate the potential association of the RBPJ and
ILR1 loci in a larger sample size.

Identifying the antigen that binds to position11 of DRB1 will no doubt lead to a
better understanding of the pathogenesis of RA. Another future project entails
identifying non-HLA loci and amino acid position 11/13 of HLA DRBL1 for
association with severe RA in this population. Lastly, determining whether carriers
of valine at amino acid postion11 have a unique cytokine profile compared to non-

carriers is necessary and may lead to targets of therapy.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1 Significantly associated SNPs (p < 5 x 10-8) in the HLA region on chromosome 6

SNP *BP Al *MAF **MAF A2 Chi sq P OR Gene region
Cases Controls

rs9368726 32438542 | G 0.3887 0.1743 | A 72.27 1.88E-17 3.013 | HLA-DRA|HLA-DRB5 intergenic
rs9268835 32428115 | A 0.4077 0.1903 | G 71.86 2.31E-17 2.928 | HLA-DRA|HLA-DRB5 intergenic
rs9275332 32666943 | A 0.5191 0.2855 | G 71.13 3.34E-17 2.701 | HLA-DQB1|HLA-DQAZ2 intergenic
rs9275338 32667343 | T 0.3697 0.1622 | A 70.99 3.58E-17 3.03 | HLA-DQB1|HLA-DQA2 intergenic
rs9271488 32589000 | A 0.3569 0.1555 | C 68.71 1.14E-16 3.014 | HLA-DRB1|HLA-DQA1 intergenic
rs9271588 32590953 | G 0.5115 0.2836 | A 67.91 1.72E-16 2.644 | HLA-DRB1|HLA-DQA1 intergenic
rs3104389 32595097 | A 0.3544 0.1555 | C 67.12 2.56E-16 2.981 | HLA-DRB1|HLA-DQA1 intergenic
rs9275425 32670874 | A 0.51 0.2832 | C 65.55 5.67E-16 2.634 | HLA-DQB1|HLA-DQA2 intergenic
rs477515 32569691 | A 0.3582 0.1609 | G 65.2 6.76E-16 2.912 | HLA-DRB1|HLA-DQA1 intergenic
rs660895 32577380 | G 0.3378 0.1475 | A 63.75 1.41E-15 2.949 | HLA-DRB1|HLA-DQA1 intergenic
rs3021061 32651839 | G 0.4244 0.2158 | C 63.07 1.99E-15 2.679 | HLA-DQB1|HLA-DQA2 intergenic
rs521539 32581973 | A 0.3352 0.1465 | G 62.8 2.28E-15 2.938 | HLA-DRB1|HLA-DQA1 intergenic
rs2856691 32653435 | A 0.4804 0.2638 | G 61.43 4.59E-15 2.58 | HLA-DQB1|HLA-DQA2 intergenic
rs4947342 32653070 | A 0.4195 0.2158 | G 60.73 6.54E-15 2.626 | HLA-DQB1|HLA-DQA2 intergenic
rs7774434 32657578 | G 0.5595 0.3387 | A 59.85 1.03E-14 2.48 | HLA-DQB1|HLA-DQA2 intergenic
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rs9275313 32665759 | A 0.1609 0.04313 | C 51.01 9.19E-13 4.255 | HLA-DQB1|HLA-DQA2 intergenic
rs9272358 32604538 | A 0.4748 0.2842 | G 47.58 5.29E-12 2.278 | HLA-DRB1|HLA-DQA1 intergenic
rs9275334 32667107 | G 0.1456 0.04178 | A 42.62 6.64E-11 3.908 | HLA-DQB1|HLA-DQA2 intergenic
rs482044 32576064 | G 0.5288 0.3446 | C 42.54 6.91E-11 2.135 | HLA-DRB1|HLA-DQA1 intergenic
rs9275495 32673574 | T 0.145 0.0429 | A 41.27 1.32E-10 3.785 | HLA-DQB1|HLA-DQA2 intergenic
rs9275530 32675523 | C 0.145 0.0429 | G 41.27 1.32E-10 3.785 | HLA-DQB1|HLA-DQA2 intergenic
rs9275532 32675634 | G 0.145 0.0429 | C 41.27 1.32E-10 3.785 | HLA-DQB1|HLA-DQA2 intergenic
rs3957146 32681530 | G 0.145 0.0429 | A 41.27 1.32E-10 3.785 | HLA-DQB1|HLA-DQA2 intergenic
rs7454108 32681483 | G 0.145 0.04301 | A 41.07 1.47E-10 3.775 | HLA-DQB1|HLA-DQA2 intergenic
rs9275184 32654714 | G 0.1325 0.03641 | A 38.64 5.10E-10 4.043 | HLA-DQB1|HLA-DQA2 intergenic
rs3129882 32409530 | G 0.2996 0.4732 | A 38.59 5.24E-10 0.476 | HLA-DRA intron

rs3998159 32682019 | C 0.1409 0.0429 | A 38.57 5.28E-10 3.66 | HLA-DQB1|HLA-DQA2 intergenic
rs9271850 32595060 | G 0.281 0.4536 | A 38.16 6.52E-10 0.470 | HLA-DRB1|HLA-DQA1 intergenic
rs6457617 32663851 | G 0.3552 0.5309 | A 37.97 7.19E-10 0.486 | HLA-DQB1|HLA-DQA2 intergenic
rs9275224 32659878 | A 0.3544 0.5282 | G 37.36 9.80E-10 0.490 | HLA-DQB1|HLA-DQA2 intergenic
rs6457620 32663999 | G 0.3569 0.5296 | C 36.94 1.22E-09 0.492 | HLA-DQB1|HLA-DQA2 intergenic
rs2647012 32664458 | A 0.3053 0473 | G 35.88 2.10E-09 0.489 | HLA-DQB1|HLA-DQA2 intergenic
rs241406 32863143 | C 0.07443 0.01072 | A 35.05 3.22E-09 7.418 | PSMB9|HLA-DMB intergenic
rs6911777 32409996 | G 0.3263 0.1823 | A 34.84 3.59E-09 2.173 | HLA-DRA intron

rs2858324 32660375 | A 0.3046 0.4688 | G 34.27 4.80E-09 0.496 | HLA-DQB1|HLA-DQA2 intergenic
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rs5007263 32378982 | A 0.3525 0.5174 | G 33.76 6.23E-09 0.507 | BTNL2|HLA-DRA intergenic
rs5007259 32379101 | A 0.3525 0.5174 | G 33.76 6.23E-09 0.507 | BTNL2|HLA-DRA intergenic
rs35198051 70845204 | A 0.05792 0.1662 | G 33.52 7.06E-09 0.308 | C11orf76|LOC100133306 intergenic
rs9275206 32657565 | G 0.1284 0.04032 | A 33.46 7.28E-09 3.506 | HLA-DQB1|HLA-DQA2 intergenic
rs2856717 32670308 | A 0.2977 0.4584 | G 33.36 7.65E-09 0.500 | HLA-DQB1|HLA-DQA2 intergenic
rs9268507 32377539 | A 0.3525 0.5161 | G 33.21 8.28E-09 0.510 | BTNL2|HLA-DRA intergenic
rs6932542 32380262 | A 0.3525 0.5161 | G 33.21 8.28E-09 0.510 | BTNL2|HLA-DRA intergenic
rs9275596 32681631 | G 0.2958 0.4558 | A 33.11 8.69E-09 0.501 | HLA-DQB1|HLA-DQA2 intergenic
rs5007265 32378866 | A 0.355 05174 | C 32.82 1.01E-08 0.513 | BTNL2|HLA-DRA intergenic
rs7754768 32420179 | A 0.5498 0.3892 | G 31.84 1.68E-08 1.917 | HLA-DRA|HLA-DRB5 intergenic
rs2239803 32411833 | A 0.5496 0.3901 | G 31.58 1.91E-08 1.908 | HLA-DRA intron

rs9275582 32680070 | A 0.2977 0.1662 | G 30.96 2.63E-08 2.126 | HLA-DQB1|HLA-DQA2 intergenic
rs4502931 32380782 | T 0.3544 0.5107 | A 30.37 3.58E-08 0.525 | BTNL2|HLA-DRA intergenic
rs9275580 32679462 | G 0.2977 0.1676 | A 30.26 3.78E-08 2.106 | HLA-DQB1|HLA-DQA2 intergenic
rs1612904 32669018 | C 0.3036 0.4602 | A 30.12 4.06E-08 0.511 | HLA-DQB1|HLA-DQA2 intergenic
rs9275578 32679384 | A 0.2946 0.1662 | C 29041 5.86E-08 2.095 | HLA-DQB1|HLA-DQA2 intergenic
rs2097432 32590771 | G 0.32 0.4732 | A 28.48 9.46E-08 0.523 | HLA-DRB1|HLA-DQA1 intergenic
rs9275766 32689362 | G 0.1603 0.06702 | A 28.38 9.98E-08 2.657 | HLA-DQB1|HLA-DQAZ2 intergenic
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