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Multiple sclerosis (MS) has been studied for more than a hundred years, and Jean-Martin 

Charcot (1825-1893) was one of the first people who described the disease (Charcot JM 

1868). MS affects the central nervous system (CNS) and is a common cause of 

neurological disability affecting young adults. In a newly published Norwegian study 

including patients from the Oslo area, the prevalence among individuals of native 

Norwegian ancestry was found to be 170/100 000, while the general prevalence was 

148/100 000 (Smestad et al. 2008). This demonstrates that individuals of northern 

European ancestry have a high prevalence (Compston et al. 2005). The finding is in line 

with the known prevalence distribution worldwide, which shows an increased prevalence 

correlating with the distance from equator (Kurtzke et al. 1979). However, recent findings 

suggest that the latitude gradient is decreasing (reviewed in Alonso & Hernan 2008). 

� � !��	
���������
��

4.1.1 Clinical�aspects�of�MS�

The symptoms of MS depend on the location of the inflammatory and demyelinating 

lesions within the CNS, and are therefore very variable. In most of the patients the disease 

begins as episodic attacks of neurological deficits (MS attack, MS relapse or MS schub), 

which usually reach a plateau and resolve over days or weeks. This type of disease course 

is called relapsing remitting MS (RR-MS). Examples of symptoms are numbness and 

other sensory symptoms, spasticity, paresis, double vision, vision loss, ataxia or bladder 

control problems. Also more unspecific symptoms as depression, emotional lability, 

fatigue, cognitive impairment and pain are commonly seen. The RR-MS disease course 

often converts over time into a progressive disease, called secondary progressive MS (SP-

MS). In some patients the relapsing symptoms are missing and the disease evolves as a 

primary progressive disease (PP-MS). The PP-MS frequency is suggested to be between 

10-20% (Compston et al. 2005). MS is more commonly seen in females, with a 

female:male ratio of 2:1. Interestingly, a recent review by Alonso et al. reports that this 

ratio has increased in the last five decades (Alonso & Hernan 2008). The mean age at 

onset is in the early thirties, earliest in females with RR-MS and latest in PP-MS patients 

(Compston et al. 2005). 
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The MS diagnosis can often be made clinically, when episodes disseminating in time and 

neuroanatomical location are identified. However, both laboratory tests and magnetic 

resonance imaging (MRI) findings should support the diagnosis. In the cerebrospinal fluid 

(CSF) of MS patients one commonly finds a modest pleocytosis and raised intrathecal 

immunoglobulin G (IgG) synthesis, detected as oligoclonal bands by using isoelectric 

focusing or agarose gel electrophoresis. Approximately 95% of the MS patients have an 

increased CSF:serum ratio of IgG (Andersson et al. 1994). MRI is helpful both as a 

diagnostic tool and for following disease activity. On MRI scans, lesions are typically 

found in periventricular and subcortical regions as well as close to corpus callosum. MRI 

of both the brain and medulla may show multiple high signal lesions on a T2-weighted 

scan. However, such findings are not specific. Contrast enhancing lesions on a T1- 

weighted MRI scan (Gadolinium enhancement) is a sign of a permeable blood brain 

barrier (BBB), and thus a more specific sign of brain inflammation. Interestingly, clinical 

symptoms are not always correlated with the inflammation activity on MRI scans. RR-

MS patients often have more activity on the MRI scan than clinically recognized (called 

silent lesions) (reviewed in Goodin 2006). A set of criteria (called Barkhof’s criteria) are 

established for evaluation of MRI scans in MS (Barkhof et al. 1997). MRI data is often 

included in addition to other clinical information in different kinds of MS research. For 

instance, in a recent genome-wide association study (GWAS) of MS patients, MRI data 

were included in clinical subgroup analyses (Baranzini et al. 2009). 

In 1983 Poser et al. published a set of MS criteria for research purposes (Poser et al. 

1983). They defined the MS diagnosis in four categories; clinically definite MS, 

laboratory-supported definite MS, clinically probable MS and laboratory-supported 

probable MS. These criteria were later revised by “The International Panel on MS 

Diagnosis” (often called the McDonald criteria (McDonald et al. 2001)). MRI findings 

were then integrated into the criteria and it was recommended to use these categories; 

MS, possible MS and not MS. Later, the MS criteria have been evaluated (Miller et al. 

2008; Palace 2009; Polman et al. 2005). By using the expanded disability status scale 

(EDSS), the disability of MS can be measured. The EDSS scoring system is widely used 

to follow the progression of disability in MS patients over time, both for evaluation of 

treatment results and for scientific purposes (Kurtzke 1983). The EDSS is based on the 

scores in the eight functional systems (FSs) (pyramidal, cerebellar, brainstem, sensory, 

bowel and bladder, visual, cerebral and other), in addition to evaluation of walking 



13 

 

ability. An EDSS score of 0 means normal neurological examination, whereas a score of 

10 is death due to MS. EDSS steps between 1.0 and 4.5 refer to an MS patient who is 

fully ambulant without walking aid. EDSS steps between 5.0 and 9.5 are defined by the 

impairment of ambulation. The EDSS score is commonly used; however, the inter-rater 

variability may bias a study (Compston et al. 2005). The EDSS score do not measure 

psychological signs or cognitive dysfunction, which may have a huge impact on the 

quality of life for MS patients. Recently, a global multiple sclerosis severity score 

(MSSS) was established, based on an algorithm which estimates the severity when only 

single assessment data are available (Roxburgh et al. 2005).  

A MS schub or attack can be treated with corticosteroids in the acute phase. If a patient 

has more than two attacks during the last two-three years, immunomodulatory treatment 

has through the last decade been recommended. The recommendation guidelines are now 

changing towards an earlier start of immunomodulatory treatment. For patients with a 

clinical isolated syndrome (CIS) (one attack) with following silent MRI activity, 

treatment is now often recommended. Interferon beta (IFN-�) (Avonex®, Rebif®, 

Betaferon®) or glatiramer acetate (Copaxone®) are usually tried before monoclonal 

antibody therapies (reviewed in Feldmann & Steinman 2005; Linker et al. 2008). IFN-� 

and glatiramer acetate prevent approximately 30% of further attacks, however, it is still 

debated if the treatment delays the progression of the disease. In Norway, the monoclonal 

antibody natalizumab (Tysabri®) (Miller et al. 2003) has been registered for use in RR-

MS since 2006. However, since severe side effects of natalizumab have been reported (as 

progressive multifocal leukoencephalopathy), this treatment is usually recommended to 

patients with insufficient effect of first-line medication or a severe disease onset 

(reviewed in Goodin et al. 2008). Another monoclonal antibody therapy, alemtuzumab 

(Mabcampath®, previously Campath-1H®), is now in its third phase of clinical trials and 

reports show very promising results (Coles et al. 2008). Mitoxantrone (Novantrone®), an 

immune suppressive medication widely used in cancer treatment, is recommended in MS 

patients with rapid secondary progression. In addition to the treatments mention above, 

new promising treatments are under development and studied in clinical trials 

(summarized in Linker et al. 2008). However, many MS patients do not fulfill the criteria 

for immunomodulatory treatments and mainly receive different kinds of symptomatic 

treatment.  
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4.1.2 MS�as�an�immune�mediated�disease�

A review by Zhernakova and colleagues summarize that autoimmune diseases are 

believed to be caused by inappropriate destruction of normal tissue by the immune 

system, involving failure of the self-tolerance mechanism, whereas inflammatory 

disorders result from an excessive inflammatory response that is more harmful to the host 

than the exogenous antigens (Zhernakova et al. 2009). More concrete criteria have also 

been postulated to define an autoimmune disease (reviewed in Bar-Or 2008). First, 

presence of immune mediators (as auto-antigens) within the site of the pathologic lesion 

is required. Secondly, these immune mediators should not be present in people who do 

not have the illness. Thirdly, the presumed immune mediators should initiate the disease 

and fourth, when these are removed, therapeutic effects are seen. Also effects of anti-

inflammatory and immunomodulatory treatments strongly support an immune-mediated 

condition.  

It has been postulated that MS is an autoimmune disease affecting CNS (reviewed in 

McFarland & Martin 2007). Response of immunomodulatory drugs is often seen when 

treating MS patients, which supports the immune-mediated disease hypothesis. It has 

been difficult to identify auto-antigens in MS patients. Recently, Derfuss and others 

identified contactin-2 as an auto-antigen target by T cells, and they suggested that this 

could be important in development of grey matter pathology in MS (Derfuss et al. 2009). 

Quintana et al. found different auto-antibody patterns in serum of MS patients, suggesting 

that auto-antibody signatures are linked to different stages and pathologic processes in 

MS (Quintana et al. 2008). The findings in experimental autoimmune encephalomyelitis 

(EAE) (reviewed in Baxter 2007), an animal model for MS, strongly support an 

autoimmune or immune-mediated MS pathogenesis. In the EAE model, the animals are 

injected with myelin peptides (as myelin basic protein, proteolipid protein and myelin 

oligodendrocyte glycoprotein). An adjuvant is added to break the BBB. This induces an 

autoimmune response with activation of CD4+ T cells specific for myelin peptides. The T 

cells are essential for development of the inflammatory, demyelinating lesions in CNS in 

the animal model. When these activated T cells are transferred between animals in the 

EAE model, the same CNS response can be induced (Paterson 1960). 

The notion that one patient can have more than one immune-mediated disease more often 

than expected by chance, strengthens the hypothesis of common pathways for immune-
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mediated diseases. Also MS patients may have co-existence of other immune-mediated 

diseases. Barcellos and colleagues showed that 26% of MS patients had at least one co-

existing autoimmune disorder (Barcellos et al. 2006a). In that study, 64% of the families 

with a history of MS also reported other autoimmune disorders in one or more first-

degree relatives. For both the MS patients and the family members the most common 

diseases were; Hashimoto thyroiditis, psoriasis and inflammatory bowel disease 

(including both Crohn’s disease and ulcerative colitis). A study from Denmark supports 

these findings by showing an increased risk of ulcerative colitis in MS patients and first-

degree relatives compared with the general population (relative risk 2.0 and 1.3, 

respectively) (Nielsen et al. 2008).  

A strong evidence for shared molecular mechanisms among immune-mediated diseases, 

is the genetic association with the human leukocyte antigen (HLA) complex found for 

most of the immune-mediated diseases, MS included (reviewed in Fernando et al. 2008; 

Thorsby & Lie 2005). The HLA molecules are surface molecules essential for a proper 

immune response (McCluskey & Peh 1999). HLA class I molecules are expressed on 

most nucleated cells, and about 104 to 106 class I molecules are expressed on the cell 

surface. The three classical class I loci (A, B and C) are all expressed at the same time. 

These molecules are specialized to present peptides synthesized within the host cells. The 

molecules can therefore present intracellular antigens, as viral and tumour antigens, for 

the T-cell receptor (TCR) on the CD8+ T cells. The class I molecules act also as ligands 

for the killer immunoglobulin-like receptor (KIR) molecules, which are important 

receptors balancing the activation of natural killer (NK) cells (reviewed in Vivier et al. 

2008) and some subset of T cells (van Bergen J. et al. 2004). The NK cells are important 

components of the innate immune system, and elimination of virus-infected and 

malignant cells are among their functions. Recently, there has been renewed interest in 

the NK cells as cytokine-producing cells and as potential regulators of adaptive immunity 

(reviewed in Orange & Ballas 2006). HLA class II molecules are found mainly on 

antigen-presenting cells (APCs). These molecules are specialized to present peptides 

derived from outside the host cells to the TCR on the CD4+ T cells, such as bacterial 

fragments and other extracellular antigens. The HLA molecules are therefore key 

molecules both in innate and adaptive immunological pathways.  
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Among other key molecules in the immune response are the cluster of differentiation 28 

(CD28) molecule, the cytotoxic T-lymphocyte-associated protein 4 (CTLA4) molecule 

and the inducible T-cell co-stimulator (ICOS) molecule (reviewed in Rudd & Schneider 

2003). These molecules are all expressed on the T-cell surface. The CD28 molecule is 

expressed on naïve or immature T cells and act as a co-stimulatory molecule when the T 

cell is activated. Both the CD28 and CTLA4 molecules bind the same molecule on the 

APC, the B7 ligand (alias CD80 and CD86), but the CTLA4 molecule has 50-100-fold 

higher binding activity than the CD28 molecule. Whereas the CD28 molecule signal is 

essential for the initiation and progression of a T-cell response, interaction between the 

CTLA4 and the B7 molecule results in down-regulation of the ongoing immune response. 

The ICOS molecule is also important for the T-cell activation and proliferation, however, 

the exact function is more unclear. 

The list of molecules involved in immune responses is extensive. Therefore, the list of 

candidate genes of interest in MS is long. However, the search for susceptibility loci in 

complex genetic disorders as MS and type 1 diabetes (T1D) has been more difficult than 

expected. With new techniques and collaborations worldwide, the genetics of immune-

mediated diseases seems, however, to have taken a big step forward (reviewed in 

Gregersen & Olsson 2009; Lettre & Rioux 2008). Since at least 3-5% of the population 

worldwide suffers from immune-mediated diseases, a research breakthrough will have 

huge impact for many patients. Postulated similar pathways and shared molecular disease 

mechanisms create a combined research field for many diseases. Hopefully, within a few 

years, the impact of gene variants and the mechanisms in immune-mediated diseases will 

become clearer.  

4.1.3 Pathoimmunological�aspects�of�MS�

Also pathologically, MS has been described as an inflammatory disease of the CNS. 

Demyelination and a variable extent of axonal injury are seen, as well as perivascular and 

parenchymal inflammatory infiltrates. The demyelination seen is thought to be driven by 

the inflammation (summarized in Compston et al. 2005). This is strongly supported by 

findings in the EAE model (reviewed in Wekerle 2008). The inflammation is not only 

seen in the white matter, but also in grey matter of CNS (Bo et al. 2003). In addition to 

signs of inflammation, signs of degeneration are seen (reviewed in Geurts & Barkhof 

2008).  
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In active MS lesions, T cells and a smaller number of B cells, massive macrophage 

infiltration and microglia activation are seen. Based on such findings, the most 

established hypothesis suggests that the disease starts with activation of auto-reactive T 

cells in the peripheral immune system (reviewed in Holmoy & Hestvik 2008; Sospedra & 

Martin 2005). The auto-reactive T cells are usually guarded by regulatory T cells and NK 

cells. For reasons not known, the APCs probably present auto-antigens recognized by 

these T cells. The EAE model suggests that this antigen may be a myelin component, 

however, myelin auto-antigens are not yet identified in MS in humans.  

After the T cells have been activated peripherally, the T cells penetrate the BBB. 

Activated T cells express adhesion molecules binding to cerebrovacular endothelial cells, 

which facilitates the penetration. Interestingly, natalizumab (Tysabri®, the humanized 

monoclonal antibody against the cellular adhesion molecule �4-integrin on the T cells), 

used in MS treatment, blockades the T cell’s opportunity to adhere to the cerebrovascular 

endothelium (von Andrian & Engelhardt 2003). Also the humanized monoclonal antibody 

alemtuzumab (Mabcampath®, previously Campath-1H®), which binds CD52 expressed on 

lymphocytes and monocytes, leads to profound reduction in inflammatory activity (Coles 

et al. 2008). This suggests that these immune cells are strongly involved in CNS 

inflammation of MS patients.  

After the T cells have passed the BBB a local reactivation of the T cells occurs in CNS, 

and the cells develop into T cell subtypes. Whereas CD4+ T cells (the T-helper cell, 

subset Th1 and Th17) are probably the main inducers of the disease, the CD8+ T cells 

may be more important for tissue damage. The pro-inflammatory Th1/Th17 T-cell 

subgroups may stimulate macrophages and microglia, which further attacks the brain 

tissue. These are possible mechanisms for the development of demyelination and axonal 

damage loss in MS (reviewed in McFarland & Martin 2007).� 

4.1.4 Genetic�epidemiology�and�environmental�factors�in�MS�

Even though the cause of MS is still unknown, a substantial amount of data indicates that 

both environmental and genetic factors contribute to the disease. Studies of familial 

clustering in MS have shown that 15-20% of the patients also have relatives with the 

disease. When comparing the risk in a sibling of an affected individual with the risk in the 

general population, lamda (�s) can be calculated (Risch & Merikangas 1996). The �s 
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measurement includes not only the shared genetic factors but also the shared 

environmental factors as shown in the function �s=1+G+E+(GxE), where G=genetic 

factors and E=environmental factors (Guo 2000). In MS, �s is around 15 and at the same 

level as other immune-mediated diseases, such as T1D. The risk of getting MS is 0.1% in 

the general population, while 3-5% in first degrees and siblings of an affected individual 

and 25-30% in monozygotic twins (Ebers et al. 1995; Mumford et al. 1994). The fact that 

adopted siblings of a MS patient have the same risk as the general population proves that 

the familial clustering occurs on a genetic basis and is not caused by factors in the family 

environment (Dyment et al. 2006). However, the concordance rate in monozygotic twins 

of only 25-30% in MS, indicates that environmental factors are also important for 

development of the disease. Furthermore, genetics can not explain the decline in risk of 

developing MS for people immigrating from high risk to low risk areas, or vice versa 

(Gale & Martyn 1995). So, regional, environmental risk factors are probably of 

significance in the way that environmental factors may trigger an immune-mediated 

reaction in a genetically susceptible individual (Hafler 1999). A series of infectious 

agents, especially viruses, have been studied in MS. The most promising candidate is 

most likely the Epstein-Barr virus (EBV) (reviewed in Salvetti et al. 2009). Especially, 

individuals affected in late age by EBV-infection have increased risk of developing MS 

(Thacker et al. 2006). Interestingly, Serafini et al. identified EBV-infection in a 

substantial proportion of brain infiltrating B cells and plasma cells in almost all MS 

patients examined (Serafini et al. 2007). They suggested that EBV persistence and 

reactivation in the CNS play an important role in MS immunopathology, but these 

findings have not yet been replicated by other research groups. Also, low levels of 

Vitamin D, as well as smoking, have been suggested as risk factors for MS (reviewed in 

Ascherio & Munger 2007b; Ascherio & Munger 2007a). In conclusion, MS is a multi-

factorial disease probably influenced by both multiple environmental and genetic risk 

factors.  
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4.2.1 Basic�genetic�concepts�

The genome variation makes every individual unique, but variations in the genome can 

also cause disease. The human genome consists of approximately three billion nucleotides 

or base pairs (bp). Roughly 25 000 genes are encoded. In the genome, billions of variants 
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are found, but it is estimated that only 10-14 millions are common variants, with a minor 

allele frequency (MAF) of more than 1-5% (Kruglyak & Nickerson 2001). 

Polymorphisms or common sequence variants are variations in the genome sequence. A 

locus is polymorphic in a population, if all alleles are seen in more than 1% of the total 

count (Wang et al. 2005). The most common variation is a single nucleotide 

polymorphism (SNP), which is a single bp variation between individuals at a specific 

locus. In the NCBI dbSNP Build 129 (http://www.ncbi.nlm.nih.gov) approximately 15 

million SNPs are currently listed, however only 6 millions of these are validated. 

Microsatellites (also called variable number of tandem repeats) are short, repeated 

deoxyribonucleic acid (DNA) sequences usually made up of 2-5 nucleotides. In addition 

to these relatively common variations, larger repeats and structural variations are seen. 

Structural variations normally involve segments of DNA that are larger than one kilo base 

pair (kb). If the structural change between individuals differs in number, the structural 

variation is called Copy Number Variation (CNV) (reviewed in Beckmann et al. 2007). 

This could for instance be large deletions, insertions or duplications.  

The consequence of a genetic variation depends on the location in the genome. The 

variation could for instance be in a protein-coding region and could therefore lead to 

different incorporated amino acids in the protein synthesis or a stop in the protein 

synthesis. If this leads to disease, this variation is a direct causal variant. Variation in a 

non-coding region could also influence the coding region, since non-coding regions may 

be regulatory sites for transcription of other genes and can also influence gene splicing.  

An allele is the specific nucleotide or sequence variant for a polymorphic locus (e.g. A 

and a). The combination of the two alleles is termed the genotype for that specific locus. 

For a SNP marker, three genotypes are possible; homozygous for one allele, heterozygous 

for the two different alleles and homozygous for the other allele (e.g. AA, Aa, aa). A 

haplotype is a combination of alleles at different loci at the same chromosome. For a 

specific haplotype, the alleles from the different loci are inherited together on the same 

DNA strand.  

4.2.2 Strategies�to�identify�disease�associated�or�linked�genes�

Broadly, there are two approaches for mapping and investigating genes causing complex 

(i.e. multifactorial) genetic diseases; one approach with a prior hypothesis (e.g. candidate 
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gene studies) and a hypothesis-free approach (e.g. genome-wide screen studies). These 

two strategies can again be addressed by two different genetic approaches; association or 

linkage. In candidate gene studies the investigated genes are selected based on their 

potential biological relevance to a disease. A huge number of candidate gene studies have 

been performed for most of the complex genetic diseases, however, until recently it has 

been difficult to point out susceptibility genes even with a prior hypothesis. The genome-

wide screen studies which could be either linkage or genome-wide association studies 

(GWASs), are hypothesis-free. Linkage studies aim at establishing linkage between a 

genetic marker and a disease locus and use sample sets of families with several affected 

members (Lander & Kruglyak 1995). Linkage is a term used to describe two or more loci 

that are inherited together because of their usually close location on the same 

chromosome. 

The goal of an association study is to find significant differences for a polymorphism 

between affected and unaffected individuals (risk-enhancing alleles or protective alleles). 

A case-control design is the most common for association studies. For a specific locus, 

the case-control study compares the allele frequencies of a set of unrelated affected 

individuals (the cases) to a set of unrelated unaffected individuals (the controls). Another 

study design is the family-based association study. In complex disease studies, trio 

families have often been used, which consist of the affected individuals and their parents. 

The advantage with trio-based association studies is that the “control group” is ethnically 

well-matched, since the parent’s non-transmitted alleles are used as controls. However, 

the blood sampling is time consuming and more difficult to administrate than in a case-

control study. The parents may not be available, since MS has a relatively late onset. 

Furthermore, for every affected case you have to genotype two individuals (the parents) 

as controls.  

Alleles of neighbouring loci are often inherited together, a phenomenon called linkage 

disequilibrium (LD). Alleles at loci that are in LD will therefore be transmitted together to 

the offspring more often than expected by chance from their respective allele frequencies 

in the general population (Slatkin 2008). The recombination rates and the LD throughout 

the genome vary, but the LD is generally stronger when the loci are close to each other on 

the chromosome. Regions with high LD are often named conservative regions. Two 

different terms are commonly used to measure LD; the correlation coefficient r2 and D’ 
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(Devlin & Risch 1995; Pritchard & Przeworski 2001). When r2=1, it is called perfect LD, 

and the alleles are completely correlated. For a two loci haplotype, both alleles will then 

always occur on the same haplotype (only two haplotypes are possible; e.g. the A-B 

haplotype and the a-b haplotype). In this case it is only necessary to genotype one of the 

markers to extract information for both markers in a bi-directional manner. When D’=1 it 

is called complete LD, compared to no LD when D’=0. D’ measurement is uni-directional 

and only one of the two alleles is fully tagged by the other marker. When D’=1 one allele 

always occurs on the same haplotype as the other, but not visa versa.  

The LD between nearby loci is used both in candidate gene and genome-wide approaches. 

Instead of typing all the variations in a DNA sequence, which would be exhaustive 

concerning cost and time, few variations can tag a region. If the genetic associated marker 

tested itself is not the causal variant, the marker is indirectly associated due to the LD 

with the causal variant. This implies that an associated polymorphism does not need to be 

the disease causing variant but rather a tag-maker (Johnson et al. 2001). In 2003 the 

Human Genome Project (HGP)  

(http://www.ornl.gov/sci/techresources/Human_Genome/home.shtml) had sequenced the 

first human genome and in 2004 the first human reference sequence (NCBI Build 35) was 

produced by the International Human Genome Sequencing Consortium 

(http://genome.ucsc.edu/). During these years the information in the public available 

databases on common genetic variations has increased substantially. The HapMap project 

(http://www.hapmap.org/) was performed by genotyping individuals from four 

populations (of African, Asian and European ancestry). Based on these individual’s 

genotypes, the LD pattern between alleles of different loci are calculated. By use of the 

HapMap database, release 2005 and 2007 (Frazer et al. 2007; The International HapMap 

Consortium 2005) and sophisticated software it is now easier to choose the most 

informative tagSNPs in a specific region.  

4.2.3 Disease�models�for�a�common�complex�disease�

Two models for the genetics in common complex diseases have been suggested. The first 

hypothesis is the “Common disease / common variants” (CD/CV) hypothesis (Pritchard & 

Cox 2002; Reich & Lander 2001), which suggests that 20-100 genes are involved in 

disease development and that each of these genes increase the risk only by a modest 

factor of 1.2-1.5 (Yang et al. 2005). This model suggests that the many genetic variants 
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which underlie complex diseases are common, and they may therefore be identified by a 

GWAS approach. The alternative model is the “Common disease / rare variants” 

(CD/RV) hypothesis or the heterogeneity hypothesis (Smith & Lusis 2002; Terwilliger & 

Weiss 1998). This hypothesis suggests the existence of hundreds possibly thousands of 

rare genetic variants. These rare and private variants are likely to have high penetrance, 

and each of the variants may increase the risk for disease by 10-20 times (Yang et al. 

2005). Since these variants are rare, a SNP-tagging approach is difficult, and each of these 

rare variants have to be genotyped, for instance by sequencing. In favour of the CD/CV 

hypothesis it could be argued that the common alleles which now are disease 

predisposing, were in the past an advantage. An example is the body’s ability to store fat, 

which in “older” times was an advantage, but which now is associated with lower 

survival. It could also be argued that the selection pressure for a common disease is 

moderate, since these diseases usually have a late at onset. 

4.2.4 GWAS���the�recent�approach�in�complex�genetic�studies�

Over the last couple of years, the research field of complex genetic diseases has taken a 

big step forward. With new high through-put techniques, decreased costs and increased 

size of case-control sample sets available, genome-wide association studies (GWASs) 

have been performed in many complex diseases. GWASs have mainly been performed in 

cases and controls, genotyping a dense set of SNPs genome-wide. The genotyped SNPs 

are supposed to tag a substantial proportion of the common variation in the genome. It is 

estimated that a few hundred thousand SNP markers could capture approximately 80% of 

the genome (Kingsmore et al. 2008; Wang et al. 2005). During the last few years, the 

numbers of GWASs have increased exponentially. The National Human Genome 

Research Institute provides an updated list of published GWASs 

(http://www.genome.gov/26525384). As shown in figure 1, the total numbers of GWASs 

in some selected immune-mediated diseases had reached 32 by the end of 2008. 

An alternative approach to a GWAS, is a screening of only the SNPs leading to a protein-

coding change in the genome. Non-synonymous SNP (nsSNP) screening might directly 

identify molecules of importance to disease development. In these kind of studies less 

numbers of SNPs need to be genotyped (approximately 15 000 compared to at least 500 

000 in a GWAS) and the cost is therefore less. 
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Figure: 1 Number of GWASs published in the years 2006, 2007 and 2008 for some 
selected immune-mediated diseases. The data in this figure is based on the 

updated list of GWASs (http://www.genome.gov/26525384) 
Abbreviations: CD: celiac disease; IBD: inflammatory bowel disease including Crohn’s disease 

and ulcerative colitis; MS: multiple sclerosis; RA: rheumatoid arthritis; JIA: juvenile idiopathic 

arthritis; SLE: systemic lupus erythematosus; T1D: type 1 diabetes 

Both these approaches are hypothesis-free, in terms of not picking candidate genes or 

regions for a study a priori. However, since the nsSNP screen only focuses on the 

variations that give an amino acid change in the encoded proteins, this approach is based 

on the assumption that the studied nsSNPs are of functional importance. A lot of positive 

associations in GWASs and nsSNP screens are expected to be type I errors (false positive 

results). It has been widely discussed how to correct for multiple testing without loosing 

the true signals. It is often required that the associated SNPs have to be replicated in other 

sample sets as well as explored in more detail by fine mapping or resequencing to 

establish definite associations. 
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4.3.1 The�HLA�complex���the�early�success�

The major histocompatibility complex (MHC) is located on the short arm of chromosome 

6 (6p21.3) and the region is divided into three; the class I region, which is the most 

telomeric region, followed by the class III and the class II gene region. The MHC spans 4 

megabases and consists of approximately 300 loci and over 160 protein-coding genes. 

Many of these genes have immune-related functions (Horton et al. 2004). Extensive LD 

exists in the region, and large haplotype blocks can be defined (Alper et al. 2006; 

Blomhoff et al. 2006). Several of the genes encode classical immune response molecules, 

important in the antigen presentation. In humans, these genes are called the human 

leukocyte antigen (HLA) genes and most of them are highly polymorphic. These genes 

are located both in the class I (HLA -A, -C, -B) and class II (HLA –DR, -DQ, -DP) gene 

regions.  

The first HLA-association with MS was reported for the HLA class I alleles; HLA-A3 

(Naito et al. 1972) and HLA-B7 (Jersild et al. 1972). Later it was shown that the HLA 

class I associations were mainly secondary to an association in the HLA class II region 

(Compston et al. 1976; Olerup & Hillert 1991) due to strong LD in the region. The HLA-

DRB1*1501-DQB1*0602 haplotype (often called the HLA-DR2 haplotype), is now well 

established as the strongest genetic association in MS. Since the two loci HLA-DRB1 and 

HLA-DQB1 are in strong LD in Europeans, it has been difficult to pin-point which of the 

two loci causes the primary association on the HLA-DR2 haplotype. However, by 

studying African American MS patients and controls who have less strong LD between 

these two loci, Oksenberg and colleagues found an independent effect of the HLA-DRB1 

locus and thus suggested this as causing the association (Oksenberg et al. 2004). This 

view seems now generally accepted, even though some studies have indicated that the 

HLA-DQB1 locus could cause the primary association (Caballero et al. 1999; Spurkland 

et al. 1997; ves-Leon et al. 2007). Recently, it has been suggested that within the HLA 

class II region, epistatic interactions between loci may occur (HLA-DRB1, HLA-DQA1 

and HLA-DQB1) and that both the HLA-DRB1*1501 and HLA-DQB1*0602 alleles each 

influence the MS risk in this way (Lincoln et al. 2009). Interestingly, in the study by 

Lincoln et al., incomplete haplotypes (carrying either DRB1*1501 or DQB1*0602) did 

not predispose to MS disease, thus the authors suggested that the HLA class II risk is 
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caused by the HLA-DR2 haplotype rather than one allele. The HLA-DR2 haplotype is 

especially frequent in Northern Europe. The allele frequency of HLA-DRB1*15 is found 

to be around 33-36% among Norwegian MS patients and 15-16% among Norwegian 

controls (odds ratio (OR) 2.9) (Harbo et al. 2004; Smestad et al. 2007). In almost all the 

studied MS populations in Europe there is an association to the HLA-DRB1*1501 allele 

(summarized in Ballerini et al. 2004). It has also been suggested that other HLA-DRB1 

alleles are associated with MS (Barcellos et al. 2006b; Dyment et al. 2005; Ramagopalan 

et al. 2007). The most established additional risk allele is HLA-DRB1*03 (Yeo et al. 

2007). In Sardinia, where HLA-DRB1*1501 has a low frequency, the HLA-DRB1*03 is 

significantly associated with MS (Marrosu et al. 2001). It is estimated that the HLA class 

II association accounts for 20-60% of the genetic susceptibility in MS (Haines et al. 

1998). 

It has also been reported that genes located in the MHC outside the class II region are 

independently associated with MS. For instance a variation in the myelin oligodendrocyte 

glycoprotein (MOG) located telomeric to the HLA-A locus was found to be associated 

among Italian MS patients (D'Alfonso et al. 2008). Among Swedish patients, the HLA-

A2 allele was found to decrease the risk of MS independently of the HLA-DR2 haplotype 

(Brynedal et al. 2007; Fogdell-Hahn et al. 2000). In a Norwegian study we found a higher 

genotypic relative risk in individuals carrying both HLA-DR2 and HLA-A3 compared to 

those who carry only HLA-DR2 or only HLA-A3 (Harbo et al. 2004). Recently, an 

independent effect of HLA-C was reported (Yeo et al. 2007). In this study the HLA-

Cw*05 allele showed a protective effect after stratification for the HLA-DRB1 

associations (HLA-DRB1*15, *03 and *01 alleles). In addition to the classical HLA 

typing (HLA-A, -B, -C, -DRB1 and DQB1), Yeo and colleagues genotyped 110 SNPs and 

50 microsatellites to increase the information. When Lincoln et al. genotyped more than 

1000 SNPs in the MHC complex in addition to HLA-DRB1 and DQB1 typing, they did 

not find any HLA class I effects (Lincoln et al. 2005). However, the study was not 

optimal to detect such associations since only 60% of the SNPs were successfully 

genotyped and the classical HLA class I loci (HLA-A, -B and -C) were not genotyped. 

4.3.2 Search�for�other�MS�susceptibility�loci���a�challenge��

The HLA association found in MS can not explain all genetic susceptibility in MS 

(Haines et al. 1998). Therefore the search for other MS susceptibility loci has been 
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intense over the last few years. The early discovery of the HLA association was detected 

with just 36 cases (Jersild et al. 1973), and a highly significant association was shown 

with less than 200 cases (Olerup & Hillert 1991). This created a false belief that the 

relevant genes could be identified by testing only 100-200 cases and controls or 100 

multiplex families (Oksenberg et al. 2008). Linkage screens were then performed, both 

with MS-affected sib pair families and trio families. The linkage studies were first 

performed by genotyping relatively few microsatellites (200-400 markers), since 

microsatellites are more polymorphic than SNPs and more informative in linkage studies 

(a low-density screen) (Ebers et al. 1996; Haines et al. 1996; Sawcer et al. 1996). The first 

linkage screens were small sized and proved to be underpowered, and some screens even 

had difficulties in finding the HLA association. Consortiums were established to perform 

larger studies, for instance, the Genetic Analysis of Multiple Sclerosis in EuropeanS 

(GAMES) (GAMES 2003). However, only the HLA association remained significant 

even in a larger high-density linkage screen performed by genotyping more than 5000 

SNPs (Sawcer et al. 2005). A genome-wide LOD score for the HLA complex around 12 

in this study indicated the limited power of the linkage studies to detect susceptibility loci 

outside the MHC in MS. Association studies have greater statistical power to detect 

common risks (the CD/CV hypothesis, see page 21-22) and an association approach was 

therefore chosen in the next generation of genome-wide studies in MS (reviewed in Wang 

et al. 2005).  

In parallel to genome screens, a series of candidate gene studies have been performed in 

MS. A range of genes have been studied, from genes encoding myelin components and 

neuroprotective genes to genes involved in the immune response. Many of these studies 

have claimed associations with MS, but the findings have seldom convincingly been 

replicated in other sample sets. This was the case for the CTLA4 gene, a gene located at 

chromosome 2q33 and expressed by T cells. The hypothesis was that polymorphisms in 

this gene, resulting in a dysfunction of the encoded molecule, could disrupt the immune 

response and contribute to immune-mediated disease. The CTLA4 gene has been shown to 

be associated with several immune-mediated diseases (reviewed in Serrano et al. 2006). 

In a Norwegian MS case-control sample set association with the CTLA4 +49 SNP was 

reported in 1999 (Harbo et al. 1999). A series of genetic analyses of the CTLA4 gene and 

other closely located genes have thereafter been performed in MS, but diverse findings 

have been reported (for an overview see Teutsch et al. 2004). Interestingly, a new 
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polymorphism (CT60 SNP) in the CTLA4 region was reported to influence gene splicing 

and thereby the relative abundance of soluble versus membrane-bound CTLA4 (Ueda et 

al. 2003). It was shown that a decrease in soluble CTLA4 protein resulted in an 

incomplete down-regulation of the immune response, a mechanism that could be involved 

in development of autoimmune disease. Association was shown for a haplotype including 

the CT60 SNP in autoimmune thyroid disease (AITD) and T1D (Ueda et al. 2003). Later, 

association with this gene region has been reported in celiac disease (Amundsen et al. 

2004) and Addison’s disease (Blomhoff et al. 2004). Regarding the CD28 and ICOS 

genes, few studies have shown an association with immune-mediated diseases in spite of 

the important functions of these genes.  

Another example of a candidate gene study in MS is the SH2 domain protein 2A gene 

(SH2D2A) gene, also investigated in this thesis. The SH2D2A gene, located at the 

chromosome 1q21 region was, identified by Spurkland et al. (Spurkland et al. 1998). It 

encodes the T-cell specific adaptor protein (TSAd) expressed in T cells (Dai et al. 2000; 

Sundvold et al. 2000) as well as NK cells (Nejad et al. 2004) and endothelial cells 

(Matsumoto et al. 2005; Wu et al. 2000). A microsatellite found in the gene’s promoter 

region was studied in a Norwegian MS case-control sample set (Dai et al. 2001). 

Homozygosity for short alleles of this polymorphism (ie GA13 and GA16) was associated 

with MS susceptibility in this study. A similar finding was found in another immune-

mediated disease, juvenile rheumatoid arthritis (Smerdel et al. 2004), supporting that 

short alleles of the SH2D2A promoter polymorphism may contribute to the genetic 

susceptibility in immune-mediated diseases.  

The list of other promising candidate genes in MS is long. Disappointingly, when genes 

found to be associated in other immune-mediated diseases have been investigated in MS, 

associations could seldom be replicated. For instance the PTPN22 gene, a well-

established susceptibility gene in numerous autoimmune diseases, has been investigated 

in MS without evidence of association (deJager 2006, Harbo 2006, Begovich 2005). Even 

though many studies have reported negative findings in MS, one can not conclude that all 

the genes examined in these studies are not involved in MS pathogenesis, since many of 

these studies have been underpowered.  
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4.3.3 New�optimism�in�MS�genetics���the�GWAS�success�

The introduction of GWAS has been like a revolution for studies of complex diseases and 

led to a breakthrough in MS genetics. In July 2007 the first GWAS in MS was published 

(Hafler et al. 2007) by the International Multiple Sclerosis Genetics Consortium (IMSGC) 

(https://www.imsgc.org/). The original screen included 931 trio families from United 

Kingdom (UK) and United States of America (US), and the replication sample set was 

similarly sized. Around 400 000 SNP markers located genome-wide were investigated. 

This study was able to identify novel significantly associated susceptibility loci outside 

the HLA, which also in this GWAS was highly significantly associated with MS. The two 

main findings (outside the HLA) were the associations to the interleukin receptor genes 

(IL2R� and IL7R). At the same time as this GWAS was published, two candidate gene 

studies of IL7R were published (Gregory et al. 2007; Lundmark et al. 2007). One of these 

reports included 600 cases and controls from the Oslo MS DNA-biobank (Lundmark et 

al. 2007). Interestingly, the IL2R� gene association has also been found in other immune-

mediated diseases like T1D (Lowe et al. 2007; Vella et al. 2005; WTCCC 2007), AITD 

(Brand et al. 2007) and celiac disease (Brand et al. 2007). It has therefore been postulated 

that this gene could mediate a shared susceptibility effect among immune-mediated 

diseases in general.  

In 2007, also a nsSNP screen was published in MS by the Wellcome Trust Case Control 

Consortium (WTCCC) and the Australo-Anglo-American Spondylitis Consortium 

(Burton et al. 2007). Approximately 14 500 nsSNPs were genotyped in 1000 British cases 

from four different diseases (AITD, ankylosing spondylitis (AS), breast cancer and MS) 

and 1500 controls. Not surprisingly, the HLA gene region showed the strongest 

association. But also some other associations were reported, for instance the previously 

found association with the IL7R gene. The paper listed nine nsSNPs outside the HLA 

gene region as promising MS susceptibility SNPs (Burton et al. 2007). In an additional 

analysis the paper grouped the three immune-mediated diseases investigated (AITD, AS 

and MS) and reported possible combined associations for the TYK2, C8B and IL17R 

genes in these diseases. 

In the first MS GWAS performed by IMSGC, a list of 14 loci were suggested to be 

associated to MS (Hafler et al. 2007). Several replication studies are reported recently and 

many of these gene regions are now firmly replicated and validated. Table 1 shows some 
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of the replicated MS-associated loci. Also other MS GWASs have been published 

recently and novel associations have been suggested (main findings listed in Table 1) 

(Aulchenko et al. 2008; Baranzini et al. 2009; Comabella et al. 2008). In conclusion, the 

GWAS revolution has led to the identification of a serious of genes outside the HLA 

complex in MS. 

 
Table 1: Overview of recently reported non-HLA loci associated with MS 

 
Abbreviations: Chr: chromosome; SNP: single nucleotide polymorphism; RA: risk allele; RAF: risk 

allele frequency in unaffected controls; OR: odds ratio; IL2R�: Interleukin 2 receptor alpha unit; 

IL7R: Interleukin 7 receptor; CD58: Clusters of differentiation molecule 58; CLEC16A: C-type 

lectin domain family 16, member A; RPL5: Ribosomal protein L5; FAM69A: Family with sequence 

similarity 69, member A; EVI5: Ecotropic viral integration site 5; CD226: Clusters of differentiation 

molecule 226; TYK2: Tyrosine kinase 2, GPC5: Glypican 5; KIF1B: Kinesin family member 1B. 

Comment: # RPL5, FAM69A and EVI5 are located close to each other at chromosome 1p22, and 

are possibly the same signal 

References: 1) (Hafler et al. 2007) 2) (Weber et al. 2008) 3) (IMSGC 2008) 4) (Rubio et al. 2008) 

5) (Alcina et al. 2009) 6) (Akkad et al. 2009) 7) (Gregory et al. 2007) 8) (Lundmark et al. 2007) 9) 

(Alcina et al. 2008) 10) (De Jager et al. 2009) 11) (IMSGC 2009) 12) (Martinez et al. 2009) 13) 

(Zoledziewska et al. 2009) 14) (Hoppenbrouwers et al. 2008) 15) (Hafler et al. 2009) 16) (Burton 

et al. 2007) 17) (Ban et al. 2009) 18) (Baranzini et al. 2009) 19) (Aulchenko et al. 2008) 

Gene Chr SNP Located RA RAF OR References 

IL2R� (CD25) 10p15 rs2104286 Intronic T 0.75 1.2 1, 2, 3, 4, 5, 6 

IL7R (CD127) 5p13 rs6897932 Exon 6 C 0.75 1.2 1, 2, 3, 5, 6, 
7, 8, 9 

CD58 (LFA3) 1p13 > 1 SNP Intronic   1.2 1, 4, 10 
CLEC16A 
(KIAA0350) 16p13 > 1 SNP Intronic   1.2 1, 4, 11,12, 

13 
RPL5# 1p22 rs6604026 Intronic C 0.29 1.3 1, 4 
FAM69A# 1p22 > 1 SNP Intronic   1.1 1 
EVI5# 1p22 > 1 SNP Intronic   1.1 1, 14 
CD226 (DNAM-1) 18q22 rs763361 Exon 7 T 0.47 1.1 11, 15 
TYK2 19p13 rs34536443 Exon 21 C 0.95 1.3 16, 17 
GPC5 13q32 rs9523762 Intronic A 0.35 1.3 18 
KIF1B 1p36 rs10492972 Intronic C 0.27 1.3 19 
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The overall aim of this study has been to investigate genetic factors contributing to 

disease susceptibility as well as clinical outcome in MS. The study design has been based 

on two different approaches; the hypothesis-driven candidate gene approach and the 

hypothesis-free GWAS approach. Gene regions of importance to the immune system 

were regarded as of special interest for further studies. 

The aim for Paper I-III and Paper V has been to investigate promising candidate genes 

in MS. Both the CD28/CTLA4/ICOS gene region (Paper I), the SH2D2A gene (Paper II) 

and the HLA class I genes and the KIR genes (Paper III), have previously been found of 

importance to MS or other autoimmune diseases, and we wanted to explore these regions 

more carefully. Furthermore, in a recent GWAS of T1D new susceptibility loci had been 

identified, and we aimed at studying these loci in MS in a large sample size (Paper V). 

The aim for Paper IV was to replicate the most promising loci identified in the non-

synonymous genome-wide SNP screen performed by WTCCC. Our Norwegian case-

control sample set was included in a large combined analysis and thus a statistically well-

powered sample set was achieved.  

 

% &�����$����	#������	�

,�������

In the first study, the chromosome region 2q33, which encodes the CD28, CTLA4, and 

ICOS molecules, was investigated. These molecules are of regulatory importance in the 

immune system, and the corresponding genes are thus good candidate genes for immune-

mediated diseases. An association to the CTLA4 +49 SNP had been reported in 

Norwegian MS patients (Harbo et al. 1999), however, the involvement of this 

polymorphism in MS was not clear (summarized in Teutsch et al. 2004). In our study we 

aimed to extend our previous study by genotyping more markers in the gene region as 

well as increase the Norwegian sample size investigated. Six microsatellites (CD28-A, 
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CD28-B, SARA-43 (D2S307), SARA-1, SARA-31 and SARA-47) and three SNPs 

(CTLA4 +49 (rs231775), CT60 (rs3087243) and CT61 (rs11571319)), were genotyped in 

575 Norwegian MS patients and 551 controls. One of the SNPs (CT60) had been 

proposed to be the causal variant for the genetic effect in T1D and AITD (Ueda et al. 

2003). No associations to MS susceptibility were observed for any of the markers 

analysed. When stratifying the sample set for HLA-DRB1*1501, gender, age at onset, 

disease course or familial aggregation association was neither found. Thus, this study 

could not confirm association with the CD28/CTLA4/ICOS gene region in MS. Our 

finding was in line with recent and more well-powered studies (Greve et al. 2008; 

Roxburgh et al. 2006). 

,��������

The background for study II was our previous report of an association to MS for the GA 

repeat sited in the SH2D2A gene promoter (Dai et al. 2001). The SH2D2A gene located at 

chromosome 1q23.1 encodes the TSAd molecule which is involved in regulation of T-cell 

activation. In this study we intended to replicate our previous finding in a large sample set 

as well as finemap the SH2D2A gene. In total 2128 Nordic (Danish, Finnish, Norwegian 

and Swedish) MS patients and 2004 controls were genotyped. By using a tagging 

strategy, the SH2D2A gene was finemapped in the Norwegian samples. Five tagSNPs 

(rs2768764, rs1800600, rs926103, rs909200, rs2768766) were chosen to tag the gene 

region. One of the tagSNPs was a non-synonymous SNP (rs926103) encoding a serine to 

asparagine substitution at amino acid position 52 in TSAd. In the Norwegians (624 MS 

patients and 562 controls) the haplotype, GA16 - rs926103*A was associated with MS 

(OR=1.4, P=0.004). The other Nordic sample sets were also genotyped for these two 

markers (the GA repeat polymorphism and the rs926103 SNP). A similar trend was 

observed in haplotype analysis among Danes (P=0.1). For single point analysis, when 

combining the OR between all the Nordic populations in a Cochran-Mantel-Haenszel 

analysis, association was found for the GA16 allele (OR=1.15 (1.04-1.28) and P=0.007). 

We conclude that the SH2D2A gene may contribute to susceptibility to MS. 

,���������

Traditionally, the HLA class I genes have been investigated in light of their ability to 

present antigen to the TCR on the T cells. But the HLA class I (HLA –A, -B, -C) variants 
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also serve as ligands for the KIRs expressed on NK cells and some subsets of T cells. KIR 

genes are members of the immunoglobulin (Ig) superfamily located in the leukocyte 

receptor complex (LRC) at chromosome 19q13 (Barrow & Trowsdale 2008). We 

investigated HLA class I alleles defined by their KIR binding motifs and evaluated 

whether these influenced MS susceptibility or severity, alone or in combination with their 

corresponding KIR genes. A sample set of 631 Norwegian MS patients and 555 

Norwegian controls were typed for HLA-A, -B, -C and –DRB1 alleles as well as the 

presence or absence of genes encoding inhibitory (KIR2DL1, KIR2DL2, KIR2DL3, 

KIR2DL5, KIR3DL1, KIR3DL2, KIR3DL3) and activating (KIR2DS1, KIR2DS2, 

KIR2DS3, KIR2DS4, KIR2DL4, KIR2DS5, KIR3DS1) KIRs. The frequency of the HLA-

Bw4 specificity, which binds the KIR3DL1, was significantly reduced in MS patients as 

compared with controls (41.4% versus 55.1%, P=4.6x10-6), even in individuals who did 

not carry any of the known HLA class II susceptibility alleles DRB1*1501 and DRB1*03, 

or the protective DRB1*01 allele (P=0.002). No significant differences in gene carrier 

frequencies of inhibitory and activating KIRs in MS patients as compared with controls 

were seen. However, our data indicate that MS patients who carry the inhibitory 

KIR2DL2 and the activating KIR2DS2 genes have a more severe disease than patients not 

carrying these genes. Also a trend of association was seen in the statistical interaction 

analysis between the KIR-HLA receptor-ligand pair KIR2DL1-HLA-C2. In conclusion, 

carriage of the ligand of the inhibitory KIR3DL1 receptor, HLA-Bw4, was found to 

protect against MS in an HLA-DRB1 independent manner. 

,������-�

This paper aimed to replicate the findings identified in the recent genome-wide non-

synonymous SNP screen (nsSNP screen) performed by WTCCC (Burton et al. 2007) 

including genotyping of 12 374 nsSNP. This is a consortium paper, including samples 

collected by research groups in five different countries (Australia, Belgium, Norway, UK 

and the US), thereby increasing the power of this study. A number of possible MS 

candidate genes were found in the nsSNP screen. Our study describes the extended 

analysis of 17 of these loci performed in samples from 4234 MS patients, 2983 controls 

and 2053 trio families. Among these, 638 Norwegian MS cases and 1026 Norwegian 

controls were genotyped. The SNPs were chosen among the 1% SNPs with lowest P-

value in the nsSNP screen. Further interesting loci based on possible immunological 
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function were favoured even though their P-values were not amongst the lowest (but still 

in the 1% group). The previously reported MS-associated nsSNP in the IL7R gene was 

also genotyped and showed association also in our study. When combining all available 

data, we found strong association for one of the 17 loci investigated. This MS-associated 

nsSNP (rs34536443) is situated in exon 21 of the TYK2 gene located at 19p13   

(P=2.7x10-6, OR=1.32 (1.17–1.47)) and cause an amino acid change from proline to 

alanine (P1104A). This SNP could have a functional role in MS, for which further studies 

are needed.  

,�����-�

In recent years it has been shown that some susceptibility genes predispose to more than 

one immune-mediated disease (for instance the CTLA4 and PTPN22 loci), and a common 

pathway for autoimmune susceptibility genes has been suggested. This is supported by 

familial clustering of immune-mediated diseases. In this paper, we tested seven SNPs, 

that were shown to be associated with T1D, in a large MS cohort consisting of 2369 trio 

families, 5737 cases and 10 296 unrelated controls collected in six different countries 

(Australia, Belgium, Norway, Sweden, UK, US). These seven SNPs were located in 

genes encoding molecules with a possible immunological function. The Norwegian 

sample set consisted of 644 MS cases and 1023 controls. Two of the seven genotyped 

SNPs showed association with MS in our study; rs12708716, an intronic SNP in the C-

type lectin domain family 16, member A (CLEC16A) gene (P=1.6x10-15) (located at 

chromosome 16p13) and rs763361, an intronic SNP in the CD226 gene (P=5.4x10-8) 

(located at chromosome 18q22). In addition the SNP rs3184504 in exon 3 in the SH2B 

adaptor protein 3 (SH2B3) gene (located at chromosome 12q24) showed a borderline 

genome-wide association in the total sample set (P=4.4x10-6). Thus, in this study we 

confirm association of two novel MS susceptibility loci and support that some loci are 

shared amongst immune-mediated disease. 
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The Norwegian MS cases and their parents as well as the healthy controls used in this 

thesis are volunteers who have given informed written consent according to approved 

protocols by the Regional Medical Research Ethics Committee and the Data Inspectorate. 

Similar approvals have been given for the samples from other countries. The different 

case-control sample sets as well as trio families that have been include in our studies are 

listed in table 2 and 3 below. 

Table 2: Overview of the case-control sample sets studied in this thesis 

Case-
control 
sample set 

Study I Study II Study III Study IV Study V 

case cont case cont case cont case cont case cont 
Norway 575 551 624 562 631 555 638 1026 644 1023 
Belgium       368 374 398 461 
Denmark   620 553       
Finland   240 240       
Sweden   644 649     1014 1173 
UK       1871 1583 2370 7078 
US       1357 543 1311 561 
WTCCC       979 1470   

TOTAL 575 551 2128 2004 631 555 5213 4453 5737 10296

Table 3: Overview of the trio sample sets studied in this thesis 
Abbreviations for Table 2 and 3: case: number of 

cases; cont: number of controls; trio: number of 

trio samples; Study I: CD28/CTLA4/ICOS gene 

region; Study II: SH2D2A gene; Study III: KIR-

HLA; Study IV: TYK2 gene (nsSNP screen); 

Study V: CLEC16A and CD226 gene (T1D 

overlap); UK: United Kingdom; US: United States 

of America 

In all studies included in this thesis (Paper I-V), samples from the Oslo MS DNA-

biobank have been used. This biobank contains blood samples and extracted DNA from 

MS patients living in Oslo or its suburban areas. The collection started around 1992 and 

continues to this date. The majority of the patients have been recruited through the 

Department of Neurology, Ullevål, Oslo University Hospital, by neurologists working at 

Trio   
sample 
set 

Study IV Study V 

Trio Trio 
Australian 372 356 
Belgium 113 113 
UK 693 1143 
US 875 757 

TOTAL 2053 2369 
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the department (organized by Dr Elisabeth G. Celius and Dr Hanne F. Harbo). In addition 

to the DNA samples from the Oslo MS DNA-biobank, patients from the Nordic MS 

Genetics Network (Denmark, Finland, Sweden and Norway (additional samples from 

Bergen before the Norwegian MS registry and Biobank was establish) (Paper I, II and V) 

and the International MS Genetics Consortium (IMSGC, https://www.imsgc.org/) (Paper 

IV and V) have been included.  

To minimize possible population stratification, it is important that the controls used in 

genetic studies are well-matched with the cases, particularly concerning ethnicity. The 

Norwegian controls were all randomly collected among healthy blood donors recruited 

through the Norwegian Bone Marrow Donor Registry (NBMDR; 

http://www.nordonor.org/), placed at the Institute of Immunology, Rikshospitalet, Oslo 

University Hospital. The controls were healthy at the time of collection and are of 

Norwegian ancestry. NBMDR includes approximately 28 000 individuals, of which 58% 

are female (a ratio of 1.4 in 2008). Most of the control samples used in our studies were 

collected during the years 1992-1994. The distribution of the HLA-A, -B and -DRB1 

alleles in these controls has previously been compared with the allele distribution in the 

total NBMDR. No significant differences for allele frequencies above 0.05 were found 

between our controls and the total NBMDR, suggesting that the HLA distribution among 

the Norwegian controls used in these studies reflect the general Norwegian population. 

On a group level, the controls have been sex-matched to have more females than males 

due to the expected excess of females in the MS group.  

To avoid running out of Norwegian DNA samples, whole-genome amplification (WGA) 

was performed using the GenomiPhi® kit (GE Healthcare, Global Headquarters, Chalfont 

St Giles, UK) prior to genotyping. The genotyping using amplified DNA has been 

validated with very good consistency between genotyping with genomic and amplified 

DNA (please see the sections “KIR-typing“ and “HLA-typing” page 41-42). Amplified 

DNA was used for genotyping in Paper II-V.  

' � ,#���	$����

In genetic studies an overall goal is to identify genes that influence disease phenotypes 

and use of well-defined phenotypes are essential. To restrict misclassification, all MS 

patients included in the studies presented here, have been diagnosed in neurological 
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departments by neurologists. The MS criteria according to Poser (Poser et al. 1983) or 

McDonalds (McDonald et al. 2001) have been used in the clinical assessment. In a review 

by Sawcer, he points out that the total amount of misclassification is probably low in MS 

studies (1-2%) (Sawcer 2008). On the other hand, for large sample sets (like 10 000 cases 

and controls), the misclassification could be as much as 25% without dramatically 

reducing the power, based on the common variants hypothesis (OR=1.3 and MAF>0.1) 

(Sawcer 2008). In the Norwegian collection, MS patients with a Norwegian ancestry were 

preferred, to avoid possible ethnical genetic heterogeneity. 

It could, however, be argued that MS patients are a heterogeneous group. The first 

symptoms of the disease, the localisation in CNS, the age at onset and age at diagnosis 

may be very variable between patients. Also the disease course and progression are 

variable in MS. A heterogeneous phenotype may contribute to more noise than a 

homogenous phenotype. Characterisation of the patients according to clinical parameters 

is therefore essential. However, a sub-grouping strategy in the statistical analysis may 

also run the risk of losing power, since each test-group will include less number of cases.  

In this thesis, the following parameters have been used for sub-phenotype analysis: 

1) Gender (Paper I and II): Since the disease affects females more often than males 

(ratio 2-3:1), sub-grouping by gender is often suggested. Many immune-mediated 

diseases have an overrepresentation of affected females (for instance AITD), and sub-

grouping by gender is frequently used. 

2) Age at onset (Paper I-III): This parameter is often used, since the genetic burden is 

suggested to be heavier among patients with early age at onset than for patients with late 

age at onset. Confavreux et al. showed that age at onset correlated with disability in the 

way that patients with younger age at onset also had earlier “milestone” disability 

(Confavreux & Vukusic 2006). However, it could be argued that the age at onset 

parameter is unreliable. The first symptom of the MS disease is very variable. Some 

symptoms are for instance more recognisable both for the patients and the doctors and 

hence the age at onset may vary accordingly. Therefore, some registries rather record age 

at diagnosis. An argument against use of age at diagnosis is the variable delay before 

patients consult a doctor. It has been observed recently that the time gap between age at 
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onset and age at diagnosis has decreased, suggesting that which of these parameters to use 

is less important.  

3) Initial disease course (Paper I-III): Initial disease course is usually defined as RR-MS 

or PP-MS. However, the disease course may change over time and especially for RR-MS 

patients the relapsing phase often converts to a progressive phase, SP-MS. It may be 

difficult to exactly pin-point when the patient converts to the progressive phase. We have 

therefore only included the initial disease course in our studies. It should also be 

mentioned that the recruitment of MS patients to research projects could favour one 

clinical subgroup, for instance the RR-MS patients. This is the case in Denmark, where 

the recruitment of MS patients to research projects is done in treatment clinics. Therefore, 

most of the Danish patients recruited to our studies, are RR-MS patients. This is different 

from our recruitment in Oslo, where all patients in the Department of Neurology, Ullevål, 

Oslo University Hospital, will be asked to join research projects. However, this will not 

affect the results as long as the sub-group analysis evaluates these differences. 

4) Presence or absence of familial cases of MS (Paper I): In study I, 485 MS patients 

were available for clinical evaluation. Among these 17% had familial cases of MS (data 

not shown in the study). This is in line with the report form the Oslo MS registry. Among 

782 patients, 134 patients (21%) knew other MS cases in the family (C Smestad, personal 

communication).  

5) MSSS (Paper III): In study III, the parameter MSSS was included. The MSSS was 

described in 2005 by Roxburgh and colleagues (Roxburgh et al. 2005). By using clinical 

data from 9 892 MS patients from eleven countries, the Oslo MS registry included, 

Roxburgh et al. established an MSSS algorithm, which is based on the EDSS score from 

each patient as well as the disease duration. Against this background data, a global MSSS 

reference table was established. The global MSSS table is a helpful tool for analyses of 

disease progression when only single assessment data is available. In our Oslo MS 

registry many patients were given an EDSS score, and time from age at onset to the 

measured EDSS score had been noted. Thus, we could on this background estimate as a 

measure of disease progression (MSSS) in our patients.  
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We have used a candidate gene approach when selecting the markers investigated in both 

Paper I-III and partly in Paper V. However, the selecting strategy has slightly changed 

during the progress of the studies. The candidate genes investigated in Paper I 

(CD28/CTLA4/ICOS) were, in addition to the functional aspect, good candidates due to 

previous association found to the gene region both in MS and other immune-mediated 

diseases. The markers were selected based on previous or ongoing studies (Ling et al. 

2001; Ueda et al. 2003; Wiencke et al. 2006). Before the publicly available databases 

were launched, as the UCSC genome browser (http://genome.ucsc.edu/) and the HapMap 

(http://www.hapmap.org/), few tools were available to choose which markers to 

investigate.  

In the study behind Paper II, we used publicly available databases to find the most 

informative SNP markers to finemap the SH2D2A gene. However, due to financial 

restrictions, we genotyped only a small fraction of the known variation in this candidate 

gene region in Norwegian samples. We used the tagging approach to select a minimal 

number of SNPs that cover as much as possible of the genetic variation in a gene region 

(reviewed by Balding 2006; Carlson et al. 2004). The tagging approach is based on the 

fact that most neighbouring SNPs are highly correlated. TagSNPs allow us therefore to 

indirectly test the genetic variations across the gene region of interest or the entire 

genome (as in GWASs). The tagSNPs are selected based on the correlation coefficient 

(r2) values between alleles at variable sites. By using the tagging tool program Haploview 

(http://www.broad.mit.edu/haploview/) (de Bakker et al. 2005), five tagSNPs in the 

SH2D2A gene region were chosen. The r2 between the tagSNPs and not genotyped 

variants were >0.8 and the MAF of the tagSNPs were estimated to be >0.1. Lately, new 

HapMap versions have been released where more SNPs are reported in the database, 

improving the possibilities for better genetic coverage (Frazer et al. 2007). 

Over recent years large-scale genotyping technologies have improved 

(http://www.illumina.com/ and http://www.affymetrix.com/), and also statistical software 

has become more advanced. However, the tagging approach will still be essential in 

association studies until whole-genome sequencing becomes routinely available at a low 

cost. Both study IV and V are based on results from large-scaled studies, respectively a 

genome-wide nsSNPs screen (Paper IV) and an ordinary GWAS (Paper V). The SNPs 
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tested in our studies are tagSNPs from the original studies chosen both because of their 

significant association to disease, as well as possible impacts in immune pathways. 

Finemapping or resequencing is needed in future studies to decide whether the associated 

SNPs are causal variants or SNPs indirectly correlated to the causal variants.  

7.4 �$�
�����	#��������������$ 

Genotyping errors due to poor DNA sample quality, bad primer/probe design or 

unfavourable PCR conditions are important issues for all genetic laboratory studies. As 

shown in the time line for this PhD project, different methods have been used in this 

thesis (Figure 2B).  

2000       2001       2002      2003       2004       2005      2006       2007      2008       2009       2010

SH2D2A (II)

B: Papers included in this thesis 

CD28/CTLA4/ICOS (I)

KIR-HLA (III)

ns-SNP repl (IV)

T1D overlap (V)

Different HLA typing methods used

A: General scientific achievements and methods

RFLP (1980)
Microsatelites (1989)

Human 
genome

HapMap
phase I

TaqMan®

GWAS from WT
First GWAS in MS

Ongoing GWAS in MS

Figure 2 Time line for scientific achievements and methods as well as my PhD 
project 
Abbreviations and information: Each arrow corresponds to each marker investigated, while the 

colours correspond to typing method; microsatellites (violet), RFLP and DCE (pink), TaqMan® 

(blue), SSP-PCR (yellow). RFLP: restriction fragment length polymorphism; DCE: denaturant 

capillary electrophoresis; SSP-PCR:  sequence-specific primer - polymerase chain reaction 
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During the project period there has been a considerable development in the field, both 

concerning knowledge about polymorphisms, laboratory technologies, publicly available 

genetic databases and statistical software (Figure 2A). My projects have followed this 

development, and therefore different methods and approaches have been used in this 

thesis (Figure 2B).  

7.4.1 Microsatellite�detection�

At the start of the project period (2001-2002), the markers commonly used in genetic 

studies were microsatellites, both as a tool for linkage and mapping of a candidate gene 

regions (Nakamura et al. 1987; Weber & May 1989). This was thought to be the optimal 

approach, since microsatellites are often highly polymorphic. A general worry regarding 

the genotyping success rate (GSR) as well as the genotyping accuracy, appeared to be an 

issue for these types of studies (Broquet & Petit 2004). A GSR of 90-95% has previously 

been classified as a good rate, but it is now recommended that the rate should be a least 

98-99%. It was also observed that analyses of “difficult” markers with a low success rate, 

could be skewed because one or some of the alleles could be more difficult to amplify 

than others (allele dropouts or “false” alleles). Reference samples and duplicated samples 

as well as the GSR, give important information regarding genotyping quality. In our 

studies, the GSR for the microsatellites in Paper I (CD28-A, CD28-B, SARA-43, SARA-

1, SARA-31 and SARA-47) were >95%. The GA repeat in the SH2D2A promoter region 

(Paper II) had a genotype success rate above 94% in all sample sets used. In family data 

a good quality check is to look for Mendelian errors. This option is not possible in case-

control sample sets and makes it even more important to have a high genotyping quality 

standard. As mentioned under “Quality measurements”, page 42-43), both testing for 

Hardy Weinberg Equilibrium (HWE) and differences in GSR between the cases and 

controls, are good measurements for quality, which we have used in our studies. 

7.4.2 SNP�detection�

Regarding the SNP detection, different methods have been used in the studies included in 

this thesis. As discussed in Paper I, method accuracy could differ between methods. For 

instance, the genotyping results from the PCR-restriction fragment length polymorphism 

(PCR-RFLP) method (Botstein et al. 1980; Wyman & White 1980) deviated much 

compared with the results performed by denaturant capillary electrophoresis (DCE) 
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(Fischer & Lerman 1983) or the TaqMan® technology (De Jong et al. 2003; de Kok et al. 

2002). The difference in accuracy between TaqMan® and DCE was only 1% compared 

with 13% between PCR-RFLP and the two other methods. The PCR-RFLP method has 

more steps and is relying on manual genotype calling, so the risk for errors is much higher 

than for more automatic techniques. TaqMan® is now a method frequently used, 

especially if few SNPs are to be genotyped in a moderate sized cohort. TaqMan® 

technology has become more robust during the past few years and more assays are also 

pre-tested before sending it to the customers. Most of the TaqMan® assays used in this 

thesis are pre-tested. Obviously, the accuracy is even more important in small sample 

sets. If the MAF is low, an error could change the results dramatically. In addition to 

more precise techniques, the techniques are now more efficient and with a high-through-

put potential. For instance, the genotyping format in TaqMan® has been changed from 

genotyping 96 wells (96-format) in one run, to 384 wells (384-format) in one run. When 

analysing 384 instead of 96 wells, outliers are easier to detect and the chance for 

misclassification is therefore lower. For large-scale genotyping, both in terms of more 

SNPs as well as more samples to be genotyped, SNPlex and GWAS-related technology 

could be more beneficial, both concerning time and cost. 

7.4.3 KIR�typing�

By using the multiplex PCR sequence-specific primer (SSP) approach the presence or 

absence of 14 KIR genes encoding inhibitory and activating KIRs was determined in 

Paper III (Sun et al. 2004). This technique was time consuming and based on manually 

calling of the gels, hence it was important that two independent observers interpreted the 

gels. Inconsistencies were resolved by discussions or retyping of the samples in question. 

The KIR typing protocol in our laboratory was also validated by 100% consistency 

obtained when genotyping International Histocompatibility Workshop cell-line DNAs 

with known outcome. These cell-lines were also subjected to WGA before KIR 

genotyping since we used amplified DNA for our cases and controls. 

7.4.4 HLA�typing�

Concerning HLA typing there has also been a change of preferred methods during the last 

years. We have used both serological HLA typing (by using lymphotype HLA-ABC 120 

from Biotest AG (Dreieich, Germany) (Vartdal et al. 1986), the sequence-specific 



42 

 

oligonucleotide (SSO) method (Dynal RELI™ SSO from Invitrogen, Paisley, UK), kits 

with sequence-specific primers (OLERUP SSP™ from Qiagen, Hilden, Germany) and a 

sequencing-based approach (Sayer et al. 2004). The most recently developed sequencing-

based method is more automatic as well as more specific regarding allele detections and 

is now the method of first-choice in our laboratory. However, many of our samples have 

been typed using the other methods prior to this PhD project period. As addressed in 

Paper III, the resolution level has been downscaled and alleles assigned a two-digit level 

to be consistent between all MS patients and controls, since four-digit resolution 

(sequenced based method) is only available for a proportion of our sample set. HLA 

typing is expensive and laborious, and we did not find it necessary to spend restricted 

resources to retype all our samples using more than one method. Still, many samples have 

been typed by more than one method, which has served as an excellent quality control of 

our typing.  

The possibility of allele dropouts is a concern when using WGA-DNA. We have been 

aware of this possible pitfall and have regenotyped 37 of the WGA samples which were 

genotyped as homozygote using sequencing based HLA typing. These 37 samples 

showed exactly the same results as with the SSO method. Furthermore, several samples 

have been genotyped with sequencing-based HLA typing both in WGA and genomic 

DNA. For the HLA DRB1 locus, 192 samples were genotyped both using genomic and 

WGA-DNA and only two samples showed inconsistencies. Also in the TaqMan® assays 

performed on WGA-DNA samples, we have genotyped some genomic samples as well, to 

test for allele dropouts regarding the use of WGA-DNA. This test showed 100% 

consistency between the genotyping of WGA- and genomic DNA. 
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7.5.1 Quality�measurements��

In addition to the GSR and the genotyping accuracy, the test for deviations from Hardy 

Weinberg Equilibrium (HWE) is used as a data quality check. Deviations from HWE 

among controls at the significance level �<10-3, would normally discard the marker from 

the data set investigated. Usually deviations from HWE are seen when genotyping errors 

have skewed the genotype distribution, but also extensive inbreeding, population 

stratification and strong selection (migration or hidden subdivision) could provide 

deviations. Skewed HWE in the cases could also be caused by a true association to a 
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disease (Nielsen et al. 1998). It should also be noted that HWE could be due to common 

deletions, which could influence the PCR amplification resulting in a misclassification of 

a heterozygote as a homozygote, or segmental duplications (Conrad et al. 2006), which 

could be of importance in disease (Bailey & Eichler 2006).  

In Paper I and II, all markers were in HWE in the MS cases and controls in all 

populations tested. In Paper III, HWE for the KIR genes could not be calculated, since 

the KIR genes investigated were only typed for presence or absence of the genes. The 

HLA loci often deviate from HWE in healthy controls, and strong HLA disease 

associations cause deviations from HWE among cases. The HWE calculation was 

therefore of little practical use for this paper. For Paper IV and V, all included markers 

were in HWE. One marker was excluded for further genotyping and analysis in study IV 

(rs11080149), since the SNP showed deviations from HWE. 

Another quality test is to test whether the GSR is significantly different between the cases 

and the controls in a study. By coding all the observed genotypes as one and the missing 

genotypes as zero, a simple test for association of this variable will show association if 

the cases compared to the controls have a different number of missing genotypes (Balding 

2006). In Paper IV and V this test was performed. While the top five SNP markers in 

study IV did not show any significant difference between cases and controls regarding the 

genotyping failure rate, the associated SNP (rs763361) in study V showed significant 

difference of missing genotypes between cases and controls. However, the associated 

SNP marker differed with only 1.5%. The difference was too small to account for the 

observed case-control difference in the allele frequency. 

For large-scale studies, the quality measurements are of great importance. A set of 

different quality steps are defined. The genotyping call rate for each SNP should be high; 

>0.95 for markers with MAF >0.1 and even higher if MAF is decreased (>0.99). The SNP 

markers should also be in HWE. For each individual the total genotyping call for all 

markers tested should be high (>0.95). DNA quality check, as well as a test for gender is 

included in the pre-testing of the samples before genotyping. Tests for individual 

relatedness are performed and if relatedness between samples is identified, only one of 

the samples is included. Also tests for ethnic ancestry are performed, and individuals with 

other ethnic ancestry than the rest of the case-control samples are excluded. Finally, the 
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use of data imputation can replace the missing genotypes with predicted genotypes based 

on observed genotypes on neighbouring loci (SNPs). These quality control methods are 

widely used in large-scale studies. 

7.5.2 Effect�size�and�statistical�power�

Over the past few years, it has become clear that most of the MS susceptibility loci 

outside the HLA complex are of moderate effect size. The search for novel susceptibility 

loci has to include as many as a hundred common variants (reviewed in Oksenberg et al. 

2008; Sawcer 2008). The difficulties to find and even replicate associated loci can be 

explained by low power of previous studies due to small sample sets. As shown in figure 

3 below, for susceptibility loci with a MAF=0.1 and a modest effect size range (OR range 

1.1-1.2) a large sample set is essential to achieve necessary statistical power. The power 

refers to the probability that a study will detect a true association. 

 
Figure 3: The correlation between power, sample size (2n) and odds ratio (OR) for 
a marker with MAF=0.1  
The coloured lines show the different OR range 1.1-1.5. The significance level �=0.05. The graph 

is performed in the PS power calculator version 2.1.31 (Dupont & Plummer, Jr. 1990) 

Prior to genetic studies, a power calculation should be performed. Many genetic power 

calculators are freely available, as the PS power calculator by Dupont et al. (Dupont & 

Plummer, Jr. 1990). Table 4 in the general discussion (page 50), gives an overview of the 

power in our studies for markers previously investigated. As described in the review by 

Sawcer based on the formula employed by Risch & Merikangas, the change in power is 

small when the risk allele frequency (RAF) are above 0.1 if the other conditions are the 
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same (sample size and effect size) (Risch & Merikangas 1996; Sawcer 2008). As seen in 

figure 4, for a sample size of 2000 cases and controls, the power decreases when the 

MAFs (or RAFs) are low. Thus, the sample size has to increase to still have the same 

power. 

 

Figure 4: The correlation between power and odds ratio (OR) for a sample set of 
2000 cases and controls, when the minor allele frequency (MAF) vary  
The coloured lines show the different MAF range 0.01-0.3. The significance level �=0.05. The 

graph is performed in the PS power calculator version 2.1.31 (Dupont & Plummer, Jr. 1990) 

Even when the effect size is higher, as postulated for the CD/RV hypothesis (page 21-22) 

it may be difficult to detect these susceptibility variations, since the amount of samples 

needed is high. In Paper IV, the MS-associated SNP in the TYK2 gene had a MAF below 

0.05 in the general population. To replicate this finding is a challenge since a very high 

number of samples are needed.  

Note also that for the tagging SNP approach, in both candidate studies as well as GWASs, 

the chance to detect a disease-causing variant is dependent on the correlation of the 

tagSNP to the disease allele. Lower correlation between a tagSNP and a causal variant 

results in less power if all the other conditions are fixed. For poorly tagged causal variants 

with low correlation to a tagSNP, the sample size has to increase to still reach the same 

power. 
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The fact that initial findings tend to overinflate the effect size, could indicate that the 

effect size found in replication studies may be closer to the “true” effect size, a 

phenomenon called the “Winner’s Curse’ phenomena” (Lohmueller et al. 2003). If a 

sufficiently large replication sample set can not replicate the finding, it may be that the 

true effect is more moderate than first expected.  

7.5.3 Increasing�sample�sets�and�meta�analyses�

There has been increasing knowledge about the importance of large sample sizes in 

studies of complex diseases over the last few years, leading to a demand for larger sample 

collections to be included in genetic studies. Also a more extensive use of meta-analyses 

in collaborations between research groups has increased the power in many studies. In the 

papers included in this thesis, we have used both strategies. Even though a high power is 

a great advantage in a meta-analysis, population stratifications could bias the results as 

well as dilute associations that may be found in subgroups of patients.  

A test for heterogeneity, like a Breslow Day test, is often recommended before combining 

genetic data from case-control sample sets collected in different populations. The 

Breslow-Day statistic tests whether different clusters have different ORs and thus is a test 

of homogeneity. The Cochran-Mantel-Haenszel test combines the ORs between the 

different sample sets, adjusting for control variables (K) in 2x2xK stratified tables. One 

advantage with this statistical approach, is that each population-specific set of samples is 

treated as a separate stratum. This allows the RAF to vary without influencing the total 

effect size, as long as the trend for associations in all populations goes in the same 

direction.  

If heterogeneity is seen between the populations investigated, this can often be explained 

by true differences in population structures. The patient collection could also be biased, in 

terms of being different for variables like disease course, sex or other clinical parameters. 

The diagnostic criteria should be generally agreed on and be easy to follow, to restrict the 

misclassification to a minimum. As pointed out by Seldin & Amos, case-control samples 

may be overlapping between study reports and thus the studies may not be independent 

replications of each other (Seldin & Amos 2009). Such studies may also be difficult to 

include in meta-analysis. Furthermore, the authors discuss the use of the same “general 

controls” sample sets available from studies of different diseases. They say, that in large-
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size control sample sets the controls probably reflect the general population; however, 

cases and controls should be scored according to genetic background. 

7.5.4 Significance�level�and�multiple�testing��

When testing the significance of a genetic association, hypothesis testing is performed. 

Two hypotheses are suggested; the null hypothesis (H0) states that there are no differences 

between the cases and controls, while the alternative hypothesis (H1) states that there are 

differences between the two groups. If a significant difference is found between the 

groups, the H0 hypothesis is rejected. Traditionally, with a P- value below 0.05 it has been 

acceptable to reject H0. However, 5% of the tests will by chance have a P-value under this 

limit, resulting in a type I error (false positive finding). In this case, the H0 hypothesis is 

incorrectly rejected (Plenge & Rioux 2006). Therefore, when testing many genetic 

markers in a study, a “multiple testing problem” occurs. Fore instance, when testing 20 

markers for association, one marker will just by chance be significantly associated, but is 

a false positive finding (Balding 2006). 

Correction for multiple testing is therefore required, and different approaches could be 

used. The most used method is the Bonferroni correction, which corrects for multiple 

testing by multiplying the nominal P-values with the number of testes performed in the 

study. This correcting method has been used in Paper I-III. However, it can be argued 

that this correction strategy is too conservative and overestimates the number of 

independent hypotheses. For example, both in Paper I and II, small gene regions were 

investigated (262kb and 18kb, respectively) and since many of the markers within a gene 

region are in LD, the statistical tests performed are not fully independent. The weight-free 

Bonferroni correction may therefore be too strict in such studies, and one may in this way 

miss true positive results. In study II we chose to replicate only one of the tagSNPs in the 

Nordic MS samples since, most of the tagSNPs tested in the Norwegians were in strong 

LD with each other (see Figure 2 in Paper II). Thereby we restricted the number of 

statistical tests performed. Also by grouping multi-allelic markers the numbers of 

comparisons can be minimized. For instance, the SH2D2A GA repeat marker was 

grouped in to GA16 and GAother in study II. 

An alternative to the weight-free Bonferroni correction approach is the Bayesian 

correction approach, which incorporates the prior probability of a hypothesis. This 
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approach will favour a true association, by taking into account prior knowledge regarding 

the loci. By using this approach less stringent P-values could be considered as significant 

(Wacholder et al. 2004).  

There has been much debate concerning the significance level for GWASs. The large 

GWAS performed by WTCCC recommended a Bayesian approach and suggested that a 

P-value at 10-7 should be regarded as significant in GWAS (WTCCC 2007). This 

significance level accounts for the very small prior probability that any given locus or 

region is truly associated with disease (Wang et al. 2005). But it is also quite clear that 

associations with a lower degree of significant levels could represent real effects, and that 

this strict threshold will cause false negative findings. 

7.5.5 The�need�for�replication�of�true�associations�

Even though a study has sufficient statistical power, independent replication is often 

regarded as the final step to confirm or refuse the claimed association. Most large studies 

(as GWASs) therefore apply a two stage-approach; the original screening and an 

independent replication. If an association is true, it should be replicable in a large, 

independent sample set.  

Until recently, most candidate studies have not been independently replicated. This may 

be due to lack of power in the replication study or a false positive finding in the original 

study. However, also technical artefacts leading to genotyping errors, inappropriate 

matching of cases and controls and clinical heterogeneity across study populations could 

dilute a true association. Also failure to correct appropriately for multiple testing in the 

initial study may explain failures in replication.  

Conversely, under-powered studies with negative results do not rule out that there are 

genetic variants which influence disease in the studied gene region. As pointed out by 

Hafler et al. in a commentary to the first published MS GWAS, under-powered, 

promising candidate loci may have been wrongly rejected and may ultimately prove to be 

genuine (Hafler et al. 2007). In conclusion, well-powered studies are needed to exclude or 

confirm true susceptibility genes. 
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In this thesis, the studies have been based on two different approaches. The three first 

studies (Paper I-III) are based on a candidate gene approach, while Papers IV and V are 

based on previously published genome-wide screens, a non-synonymous SNP screen 

(Burton et al. 2007) and a GWAS (Todd et al. 2007), respectively. MS researchers were 

enthusiastic in the decades after the early identification of the HLA association (Jersild et 

al. 1972; Naito et al. 1972), but experienced series of disappointments when attempting to 

explore true MS susceptibility loci outside the HLA complex. Our understanding 

regarding the effect size of MS-associated loci has changed dramatically during this PhD 

period, which is reflected in a recent trend of large collaborative studies in order to 

increase the power to detect associations. After the “GWAS revolution” the genetics of 

MS is proven to involve more than the HLA complex. The novel susceptibility genes 

found to be associated with MS so far are involved in immunological pathways. This 

supports the notion that MS as an immune-mediated disease, share immunological 

pathways with other immune-mediated diseases. 
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In both Paper I and II the aims of our studies were to investigate in more dept candidate 

gene regions, which we had previously shown to be associated with MS (Dai et al. 2001; 

Harbo et al. 1999). Both the CD28/CTLA4/ICOS gene region (Paper I) as well as the 

SH2D2A gene (Paper II) encode proteins of importance for T-cell regulation (Granum et 

al. 2006; Rudd & Schneider 2003). In mice models, both mice lacking the CTLA4 or 

TSAd molecule, show spontaneous development of autoimmunity in the form of lethal 

autoimmune multiorgan destruction (Tivol et al. 1995; Waterhouse et al. 1995) or lupus-

like autoimmune disease (Drappa et al. 2003). These genes were therefore found to be 

good candidates for further investigation.  

However, the loci aimed to study appeared to have small or moderate risk effects. The 

knowledge about the modest effect size of MS-associated loci and thus the need for large 

sample sizes to detect these effects, has come gradually. In Paper I and II the Norwegian 

case-control sample set was of similar size as our original studies, which had shown 

association to MS in approximately 300 cases and 300 controls. Looking back, this 
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replication size is now considered to be relatively small. As shown in table 4, the power 

of the Norwegian replication set in study I can now be calculated to be only 52% for the 

CTLA4 +49 marker. The table gives an overview of the power in all the studies in this 

thesis for markers previously investigated by others. The power calculations are based on 

effect sizes (ORs) and the RAFs in the controls reported by others (see references in the 

table) prior to our studies as well as the sample sizes of our studies.  

Table 4: Calculated power for our sample sets for the markers investigated based 
on odds ratios (ORs) and risk-allele frequencies (RAFs) reported in previous 
studies as listed in the table 

Study Previously 
investigated markers OR Ref RAF 

Cases / 
controls in 
our studies 

Power in our 
studies 

I CTLA4 +49 (rs231775) 1.3 1 0.65 273 / 269 52% 
 CT60 (rs3087243) 1.15 / 1.5 2 0.53 575 / 551 38 / 100% 
II GA16/other repeat 1.3 3 0.19 1815 / 1727 99% 
 rs926103 1.2 4 0.33 1504 / 1442 92% 
III HLA-Bw4 -/- 2.0 5 0.45 631 / 555 100% 
 HLA-Bw4 -/ stratified    233 / 389 78% 
IV TYK2 (rs34536443) 1.3 / 1.7 6 0.96 5213 / 4453 92 / 100% 
V CLEC16A (rs12708716) 1.2 7 0.78 5737 / 10296 100% 
 CD226 (rs763361) 1.2 7 0.47 5737 / 10296 100% 

Abbreviations and information: For study I (CTLA4 +49) and II (SH2D2A promoter GA16/other 

repeat) only half of the Norwegian sample set was a replication sample set, not genotyped 

previously. In study II, the rs926103 data in the Norwegian sample set was used as reference for 

the power calculation for the other Nordic samples. 

RAF: risk allele frequency. The HLA-Bw4 -/- was stratified for HLA-DRB1*1501. The power was 

calculated using the PS power calculator version 3.0.4 in allelic or phenotypic models (Dupont & 

Plummer, Jr. 1990). Note that the power can be slightly different if calculated using other genetic 

calculators. Significance level was set at �=0.05 

References: 1) = (Harbo et al. 1999), 2) = (Ueda et al. 2003) investigated AITD OR=1.5, and T1D 

OR=1.15, 3) = (Dai et al. 2001), 4) = (Lorentzen et al. 2008) (in this thesis), 5) = (Karlsen et al. 

2007) investigated primary sclerosing cholangitis, 6) = nsSNP screen from WTCCC (Burton et al. 

2007), 7) = (Todd et al. 2007) investigated T1D 

The first reported associations tend to overinflate the effect size, a phenomenon called the 

“Winner’s Curse’ phenomena” (Lohmueller et al. 2003). This makes it difficult to 

replicate a finding in a sample set of similar size to the original sample set, as in our case. 
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If a sufficiently large replication sample set can not replicate a finding, the true effect 

might be more moderate than first expected. Then the replication study will show a false 

negative finding. On the other hand, the first study could report a false positive finding, 

while the replication shows the true negative result. 

In Paper I and II, in addition to trying to replicate or refute markers associated in 

previous studies, more markers in the specific gene regions were genotyped to try to pin-

point the associations more carefully. For the CTLA4 gene region (Paper I), no 

associations were found neither to our previously associated marker CTLA4 +49 

(rs231775), nor to new markers genotyped in the region. Especially the SNP CT60 

(rs3087243) was of interest, since this marker had shown association with both T1D and 

AITD, and was believed to be associated with differences in the levels of soluble versus 

membrane-bound CTLA4 molecules (Ueda et al. 2003). It was suggested that the CTLA4 

gene increased the susceptibility to immune-mediated diseases in general. It was also 

hypothesized that the CTLA4 pathway could be of general interest in autoimmunity. 

However, our study of Norwegian MS cases and controls did not find any significant 

association in the CTLA4 gene region including the CT60 SNP. This is in line with recent 

publications (Bagos et al. 2007; Greve et al. 2008; Roxburgh et al. 2006). Interestingly, 

Barcellos and colleagues, who studied MS patients and their families with the focus on 

immune-mediated diseases in general, found an association to the CT60 SNP only in MS 

patients from families with increased prevalence of immune-mediated diseases (Barcellos 

et al. 2006a). This supports the idea of general susceptibility loci in autoimmune diseases.  

Similarly, for Paper II, no convincing association was shown for the previously claimed 

associated marker (the SH2D2A promoter GA repeat polymorphism) in a new sample set 

of Norwegian MS cases and controls. We then genotyped more SNPs mapping the gene 

region (five tagSNPs covering approximately 17.5kb gene region; rs2768764, rs1800600, 

rs926103, rs909200, rs2768766). The tagSNP closest to the GA repeat polymorphism in 

the promoter region showed the strongest association in the total Norwegian sample set 

(rs1800600; OR=1.3 (1.1-1.5) and P=0.01), when including both new and previously 

typed samples. The SH2D2A study was then extended to include Nordic sample sets 

(Danes, Swedes and Finns) to further increase the power of the study (see Table 4, page 

50). These samples were genotyped for the GA repeat polymorphism as well as one of the 

five tagSNPs, the nsSNP rs926103 in exon 3 of the SH2D2A gene. Only one tagSNP was 
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chosen to restrict the analysis, since the LD was strong between the SNPs, and an nsSNP 

may directly explain a biological effect. The LD between the two tagSNPs rs926103 and 

rs1800600 was strong (D’=0.99 and r2=0.82). A Cochran-Mantel-Haenszel test 

combining the OR between the populations (Norwegians, Danes, Swedes and Finns) 

showed OR=1.15 (1.04-1.28) and P=0.007 for the GA16 allele in all sample sets 

combined, and OR=1.1 (0.99-1.24) and P=0.09 in the independent replication set alone. 

This shows that the GA16 allele can not be excluded to be of importance for MS 

susceptibility, albeit with a weak effect.  

Hundreds of SNPs are located in the CD28/CTLA4/ICOS gene region (262kb) and above 

fifty SNPs are located in the SH2D2A gene region (18kb). Thus, in Paper I and II we 

were unable to genotype all variations in the two gene regions due to high financial costs. 

Therefore we chose some markers that were thought to capture some of the variations in 

the gene regions through LD. In the CD28/CTLA4/ICOS study we used six microsatellites 

which are in general often more informative than SNPs due to a high variation in addition 

to three SNPs. These two projects were initiated when the databases for choosing genetic 

markers were more limited than today. In addition, the technology has later progressed 

markedly. Thus, if the study had been initiated today, with current knowledge of effect 

size and power, and having the advantage of improved tagging tools and reduced 

genotyping costs, our strategy would probably have been slightly different. However, the 

most likely causal variant in T1D and AITD in the CTLA4 gene region, the CT60 SNP 

(Ueda et al. 2003), was genotyped in our study and showed no association in MS, in line 

with other publications (Greve et al. 2008). In the SH2D2A study (Paper II) a tagging 

approach was performed. An advantage with a tagging strategy is that the cost as well as 

the laboratory work could be decreased. When defining the range of the SH2D2A gene 

region wider than in our study (25kb), three to five novel tagSNPs are now suggested by 

the tagging tool program Haploview version 3.32 

(http://www.broad.mit.edu/mpg/haploview/). This exemplifies that we can not rule out 

that other variants not properly tagged in study I and II are associated with MS, an that 

our studies may have lost these signals.  

In Paper II, a prominent finding was the differences in the allele frequencies between the 

Nordic controls (Norwegian, Danish, Swedish and Finnish) used in the study. Among the 

Nordic MS cases the allele frequencies were relatively similar (for both the GA repeat 

polymorphism and the SNP rs926103), while frequencies among the Nordic controls 
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differed more. However, the Breslow-Day test for homogeneity of the OR was not 

significant (P=0.09 and P=0.4 respectively for the two markers), meaning that a combined 

analysis still could be performed. The Danish controls carried the GA16 allele (0.21 allele 

frequency) and rs926103*A allele (0.35 allele frequency) with similar frequencies as the 

Norwegians (0.20 and 0.33, respectively), while the Swedes and Finns differed more 

(0.25 and 0.40 in Swedish controls, while 0.24 and 0.40 in Finnish controls, respectively). 

This allele frequency difference between the Norwegian and Swedish controls was 

surprisingly large. The Finnish population on the other hand, could be expected to have a 

somewhat different genetic structure due to population bottlenecks (Service et al. 2006). 

Also the fact that the Finnish sample set was half the size of the Swedish set makes the 

frequency estimates among the Finns more uncertain. For comparison, the frequency of 

the rs926103*A allele was 0.36 among UK MS patients and 0.35 among UK controls 

(OR=1.07 (0.95-1.21) and P=0.2, calculated in EpiInfo version 5) in the nsSNP screen 

performed by the WTCCC (Burton et al. 2007). This is in line with our Norwegian and 

Danish data, supporting our conclusion, that we can not exclude a weak effect of this 

locus in MS. 

The problem with control frequencies that deviate and drive an association in a significant 

direction has also been observed in other studies. For instance, the KIF1B association in 

MS was first reported by Aulchenko and colleagues (Aulchenko et al. 2008). In this 

paper, the KIF1B gene was studied in a small isolated cohort (45 MS samples and 195 

controls), as well as replicated in three independent case-control sample sets. 

Interestingly, when other groups, ourselves included, genotyped the claimed associated 

SNP (rs10492972), no association was found. A total of approximately 5000 cases and 

5000 controls have so far been genotyped for this SNP within the IMSGC without 

replicating this association (S Sawcer, personal communication). The most prominent 

difference between the sample sets in the paper by Aulchenko et al. compared to the 

IMSGC replication is that the allele frequencies were different among the controls in the 

two studies. In the paper by Aulchenko et al. the allele frequency in the combined 

controls was 0.27, while it was 0.32 in the IMSGC controls. Also in these two studies the 

Norwegian and Swedish controls differed in allele frequency (0.32 among Norwegians in 

the IMSGC replication versus 0.29 among Swedes in the Aulchenko paper). Many of the 

Swedish controls used in the SH2D2A study were also included in the KIF1B study. 

Therefore, we cannot rule out that differences in the control sets from Sweden and 
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Norway could bias also our SH2D2A study and drive our combined analysis in a false 

negative direction. 

The WTCCC GWAS, looked into geographic differences for the genetic markers 

investigated (WTCCC 2007). The study was performed by genotyping 2000 individuals 

from seven different diseases (in total 14 000 individuals) and a shared control sample set 

of 3000 healthy individuals. All individuals were from the UK. The main finding 

regarding the population structure among the UK samples, was that the differences were 

small and that none of the disease-associated SNPs were located in regions with large 

population variations. Thirteen regions showed strong geographical variations, and the 

predominant pattern was a north-south gradient in the SNPs allele frequencies. However, 

none of the genomic regions identified with geographic variations in this GWAS where 

located close to the SH2D2A gene region studied in Paper II. 

8.2 ���
�	
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The discovery of the HLA molecule’s function has been of great importance. In the 

1960’s and 1970’s it was observed that differences in the HLA molecules between a 

donor and a recipient could cause rejection of organ transplants. At the same time as the 

transplant immunology developed, genetic associations to specific HLA loci were found 

for different immune-mediated diseases (reviewed in Klein & Sato 2000). Later, it was 

shown that especially HLA class II genes carry a strong risk for immune-mediated 

diseases. Different immune-mediated diseases show different primary HLA loci 

associations and also different allele associations (reviewed in Fernando et al. 2008; 

Thorsby & Lie 2005). The HLA allele most frequently shared in autoimmunity is HLA-

DRB1*03. It has been suggested that both common and disease-specific pathological 

mechanisms are involved in the HLA associations. The strong HLA associations for most 

immune-mediated diseases have convincingly been replicated when applying the GWASs 

approach. In the GWAS performed by the WTCCC in 2007, the most strongly associated 

SNPs in T1D and RA were located in the HLA complex (P<10-115 and <10-26, 

respectively) (WTCCC 2007). 

The fact that the strongest genetic associations are located in the HLA complex for most 

immune-mediated diseases, indicates that HLA gives the largest genetic contribution in 

these diseases. In MS it has been proposed that 20-60% of the genetic variation could be 
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explained by the HLA complex (Haines et al. 1998). The tight LD between the MS-

associated HLA-DRB1*1501 and HLA-DQB1*0602 alleles has been well-known for 

more than a decade. In addition to effects of other HLA-DRB1 alleles (Barcellos et al. 

2006b; Dyment et al. 2005), there are also effects from genes outside the HLA class II 

region. The HLA class I genes are good candidates for an additional HLA effect in MS. 

Traditionally, the HLA class I genes have been investigated in light of their ability to 

present antigen to TCRs on T cells. But the HLA class I (HLA –A, -B,-C) variants have 

also been shown to serve as ligands for inhibitory and activating KIRs expressed on NK 

cells (Vivier et al. 2008) and some subsets of T cells (van Bergen J. et al. 2004). In Paper 

III, we studied whether HLA class II independent associations could be detected for HLA 

class I variants relevant to their KIR binding capacity. Our study (Paper III) is the first 

study specifically addressing this in MS. Our main finding was a significantly reduced 

frequency of the HLA-Bw4 specificity in MS patients compared with controls. All HLA-B 

alleles can be grouped into the two groups; HLA-Bw4 and HLA-Bw6. This is described 

in detail in Paper III. 

The gene encoding HLA-Bw4 is associated with protection from MS in our study. Figure 

2, panel A shows the HLA-Bw4 molecule as as a ligand for KIR3DL1. The interaction of 

HLA-Bw4 with KIR3DL1 will lead to an inhibitory signal limiting the activation of the 

NK cell. Panel B shows the HLA-Bw6 molecule, which is not known to be a ligand for 

any inhibitory KIR receptors. Hence the HLA-Bw6 does not bind to KIR3DL1 and the 

balance is altered in favour of activation of the NK cell. The frequency of patients 

homozygous for the HLA-Bw6 group of alleles (i.e. lacking the HLA-Bw4 group) was 

significantly higher in MS patients compared to the healthy controls in our study 

(OR=1.74 (1.37-2.20) and P=4.6x10-6). However, since some of the alleles in the HLA-

Bw6 group are situated on the HLA-DRB1*1501 and HLA-DRB1*0301 haplotypes, it 

could be argued that the HLA-B effect seen in our study, simply mirrored the HLA-DRB1 

effect. After removing the susceptibility alleles DRB1*15 and DRB1*03 and the possibly 

protective DRB1*01 allele from the statistical analysis, the observed HLA-Bw6 

association was still significant (OR=2.22 (1.35-3.64) and P=0.002). Thus, the HLA-B 

observed was shown to be independent of known HLA class II associations in MS. 



56 

 

NK

Target
cell+

-

Activating receptor

Inhibitory  KIR3DL1 HLA-Bw4 (specific ligand for 
the KIR3DL1 molecule)

NK
+

Activating receptor

Inhibitory KIR3DL1

HLA-Bw6 (no known
KIR ligand motifs)

Target
cell

A.

B.

Activation

Figure 2: Schematic figure of how the MS associated HLA-B KIR ligand may 
influence natural killer cell activation. The figure is from Paper III 

When grouping the HLA-A and HLA-C loci according to the KIR ligands properties, 

association to neither HLA-A nor HLA-C was found. The two loci have both been 

suggested to add to the genetic risk in MS in addition to HLA-DRB1 (Fogdell-Hahn et al. 

2000; Harbo et al. 2004; Yeo et al. 2007). Recently, both Brynedal et al. and Yeo et al. 

demonstrated that after controlling for HLA DRB1*1501, significant associations in MS 

were found to HLA-A*02 (Brynedal et al. 2007) and HLA-Cw*05 (Yeo et al. 2007). 

The HLA class I and II regions are very polymorphic, and the HLA-B locus is the most 

polymorphic seen in humans. Extensive research has investigated the HLA complex 

carefully. There is an extensive LD in the region, and haplotype blocks have been 

defined. The blocks are very variable in length, depending on which alleles at each HLA 

locus are included (Blomhoff et al. 2006). The HLA-DRB1*1501 and *0301 alleles are 

both on conserved ancestral haplotypes (AH) (AH 7.1 and AH 8.1, respectively) (Alper et 

al. 2006; Thorsby & Lie 2005). Both AH 7.1 and AH 8.1 are risk haplotypes for MS (AH 

7.1; HLA A*03-Cw*07-B*07-DRB1*1501-DQB1*0602 and AH 8.1; HLA A*01-
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Cw*07-B*08-DRB1*0301-DQB1*0201). These haplotypes are common in Europeans, 

and especially AH 8.1 is also found to be associated in many immune-mediated diseases, 

for instance T1D (Thorsby & Lie 2005).  

The extensive LD in the HLA complex has also made it difficult to conclude which 

variants are causal in MS. In a SNP screen of the HLA complex in MS no other risk loci 

than HLA-DRB1 were identified (Lincoln et al. 2005). However, the gene region was not 

explored comprehensively in this study. The study had a high genotyping error rate (40% 

drop out of SNPs attended to be genotyped) and some regions were poorly tagged (for 

instance few tagSNPs in the HLA class I region). This combined with the fact that HLA 

loci are multi-allelic, in contrast to SNPs which are di-allelic, may explain why this SNP 

screen could not detect the HLA class I associations (Lincoln et al. 2005). Thus, there are 

still unanswered questions regarding associations in the HLA complex.  

The 1000 Genomes Project, a deep catalogue of human genetic variation, was recently 

initiated (http://www.1000genomes.org/). The intension is to create the most detailed and 

useful picture of human genetic variation to date. The project involves sequencing of the 

genomes of approximately 1200 people from around the world, HapMap samples 

included. The project also includes classical HLA class I and II typing. The data are made 

available through freely accessible public databases. With this new tool, combining 

sequencing and classical HLA typing data from many populations, the HLA gene region 

will hopefully be easier to explore. 

Recently, an editorial by Trachtenberg was published in Annals of Neurology 

(http://www3.interscience.wiley.com/journal/76507645/home) with the title 

“Understanding the Role of Natural Killer Cell Receptors and their HLA Ligands in 

Multiple Sclerosis” as a comment to our KIR-HLA paper (Paper III). Based on our 

findings Trachtenberg suggests, that a deficit in HLA-Bw4 could decrease the function of 

NK cells, resulting in a diminished response to infectious diseases and increased 

susceptibility to MS. Furthermore, the author points out that HLA-Bw4 homozygous 

individuals have a strong protection against HIV infection compared to individuals that 

are HLA-Bw4/Bw6 heterozygous or HLA-Bw6 homozygous (Flores-Villanueva et al. 

2001). A recent paper studying cancer development in MS patients showed an overall 

reduction in cancer risk for MS patients (Bahmanyar et al. 2009). This finding strengthens 
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our hypothesis that the KIR-HLA interaction is involved in MS pathogenesis. 

Interestingly, it has been shown that the ligands for inhibitory KIRs are important to 

“educate” the NK cells to act more rapidly (also called licensing). In a study by Kim et al. 

they showed that the responsiveness to tumor stimulation in KIR3DL1+ individuals was 

increased in individuals homozygote for HLA-Bw4 (Kim et al. 2008). In contrast, 

individuals lacking KIR3DL1, showed no differences to tumor stimulation. From our 

point of view, it is interesting that this association is found on the HLA-Bw4 and thus the 

ligand side of the interaction. However, both the HLA and the KIR genes are highly 

polymorphic and the mechanisms for possible involvement in MS need to be further 

investigated.  
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The KIR genes in combination with their corresponding ligands have been shown to be of 

importance in several diseases, for example cancer, infectious diseases, autoimmunity and 

pregnancy complications (reviewed in Kulkarni et al. 2008; Parham 2005). We were the 

first to investigate possible involvement of the KIR genes in MS (Paper III). A lower 

gene carrier frequency was seen for the inhibitory KIR2DL1 gene among MS patients 

compared with the healthy controls (95.7% versus 98.4%, P=0.01), but after Bonferroni 

correction for multiple testing, no significant difference was seen (Pcorrected=0.1). More 

interestingly, our data indicate a possible association between severity of MS disease, 

measured by MSSS, and the presence of KIR2DL2. MS patients carrying the inhibitory 

KIR2DL2 gene had a higher median MSSS (5.61; range 0.13-9.99, n=204) compared with 

MS patients not carrying KIR2DL2 (MSSS=4.55; range 0.13-9.98, n=254), indicating a 

more severe disease (P=0.009). These findings did neither remain statistically significant 

after correction for multiple testing (Pcorrected=0.3), but it can be argued that applying 

Bonferroni correction is too conservative since the KIRs genes are in strong LD. 

Nevertheless, the observation merits further study and replication.  

The KIR molecules are thought to be important in balancing the activity of the NK cells. 

Schematically, two main subsets of NK cells exist. The cytotoxic (CD56dim) NK cells are 

important components of the innate immune system and involvement in elimination of 

virus-infected and malignant cells. The subset producing cytokines and chemokines 

(CD56bright) may act as a bridge towards the adaptive immune system (Vivier et al. 2008). 

Recently, there has been a renewed interest in NK cells related to MS development 
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(Lunemann & Munz 2008). A recent study by De Jager et al. investigated the cytometric 

profiles of circulating blood cells in RR-MS, CIS and healthy controls (De Jager et al. 

2008). A reduced frequency of the NK cell profile corresponding to the cytokine 

producing NK cells (CD56bright cells) was found among RR-MS and CIS patients 

compared with the healthy controls. The finding is supported by others who found that 

reduced MS disease activity during the last trimester in pregnancy, was associated with a 

significant increase of circulating CD56bright NK cells in blood (Airas et al. 2008). 

Simultaneously, the proportion of circulating CD56dim NK cells was clearly reduced. Also 

studies of MS treatments (IFN-� and daclizumab, a IL2R� target treatment (Zenapax®)) 

have examined the CD56bright NK cell proportion in peripheral blood and found an 

expansion of these cells in the blood of RR-MS patients following these treatments 

(Bielekova et al. 2006; Saraste et al. 2007). Bielekova et al. could also show a relationship 

between the daclizumab-induced expansion of CD56bright NK cells and its therapeutic 

effect. These studies give important evidence for a key role for NK cells in 

immunoregulatory pathways in MS pathogenesis and progression.  
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The year 2007 has already been mentioned as a milestone in MS genetics as well as other 

complex diseases (WTCCC 2007) due to the introduction of GWASs. In July 2007 the 

first GWAS was published in MS (Hafler et al. 2007). When it was realized that the 

linkage approach did not have the power to detect MS-susceptibility loci with modest 

effect sizes, the association approach was chosen. Association studies have more power to 

detect modest risks, and the case-controls sample sets are also easier to obtain (Risch 

2000). Finally, novel associations were found with high degree of significance, however, 

the effect size was as expected of modest for each locus identified outside the HLA 

complex. In the following years many of the MS-associated SNPs identified in the first 

MS GWAS have been replicated and validated. The list of replicated and validated gene 

regions associated with MS is now constantly growing (see Table 1, page 29 for the list of 

references to MS GWASs as well as replication studies). Out of the 13 suggested loci 

(outside the HLA complex) in the 2007 MS GWAS, seven of them have now been 

replicated (IL2R�, IL7R, CD58, CLEC16A, RPL5, FAM69A, EVI5). Three of these genes; 

RPL5, FAM69A and EVI5 are located close to each other at chromosome 1p22 and could 

cause the same signal. Both Paper IV and V have contributed to this list of validated 
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SNPs. Without doubt, the large sample sizes in study IV and V have been of great 

importance for the ability to replicate associations. Even though many research groups 

have increased their sample sizes through new collections (the Oslo MS Genetics Group 

as well), collaborations are needed to achieve the number of patients and controls 

included in study IV and V (see Table 2 and 3 page 34). Advantages of collaborative 

projects are not only increased sample sizes, but also interplay between researchers with 

different expertise.  

The nsSNP screen by WTCCC showed evidence of association for in total 21 nsSNPs in 

the MS dataset, but the screen did not include a MS replication sample set (Burton et al. 

2007). Thus, independent replications of the findings were needed. Since our 

collaborators in UK had been involved in the original nsSNP screen, we had an advantage 

of having early access to the results. This formed the basis of Paper IV, where a two-

stage approach was applied. In the first stage, samples from Belgium, Norway and UK 

were genotyped for 17 nsSNPs picked among the most strongly associated SNPs in the 

original screen (both based on MS results alone as well as combined autoimmune disease 

results). NsSNPs in interesting pathways were favoured even though their P-values were 

not among the lowest in the data sets. In the second stage, the five most strongly 

associated SNPs from stage one were genotyped in samples from Australia, Sweden, UK 

and US. Only a few SNPs were chosen in this stage. Furthermore, a combined analysis 

including the two replication sample sets as well as data from the original WTCCC screen 

was performed.  

The most strongly associated nsSNP in our study (Paper IV) was the SNP (rs6897932) in 

the IL7R gene at chromosome 5q13. This SNP was also recently identified by using a 

candidate gene approach (Gregory et al. 2007; Lundmark et al. 2007) as well as a 

genome-wide approach (Burton et al. 2007; Hafler et al. 2007), so this SNP proved to be a 

positive control for our replication study. This illustrates that screens only based on 

nsSNPs are capable of identifying genuine associations (Burton et al. 2007). Interestingly, 

the associated IL7R SNP (rs6897932, C/T) is located in exon 6 and codes an amino acid 

change from tyrosine to isoleucine (T244I). This amino acid change has shown functional 

effect on gene expression (Gregory et al. 2007). Two splicing variants exist, either a 

soluble form of the protein (skipped exon 6) or a membrane-bound IL7R (exon 6 

included). The protein is a trans-membrane protein, expressed in T cells. The MS-
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associated C allele results in increased soluble form of the protein, which may reduce the 

function of the protein. In MS patients elevated levels of IL7R and IL7 mRNA in CSF 

have been found (Lundmark et al. 2007). This supports that the IL7R molecule is 

involved in MS pathogenesis.  

The second most strongly associated nsSNP in the combined analysis in Paper IV, was 

the SNP in the tyrosine kinase 2 gene (TYK2). The nsSNP (rs34536443, C/G) codes an 

amino acid change from proline to alanine (P1104A) in exon 21. This SNP was found 

associated in the combined analysis between the three immune-mediated diseases in the 

nsSNP screen performed by WTCCC (AITD, AS and MS, P-value at 10-4) and was 

therefore selected in our study. In the original screen the P-value for the comparison 

between MS patients and controls was 0.004. Also in systemic lupus erythematosus 

(SLE), associations to the TYK2 gene have been shown (Cunninghame Graham et al. 

2007; Sigurdsson et al. 2005; Suarez-Gestal et al. 2009). However, the SLE studies have 

not genotyped the MS-associated SNP, but other SNPs close by. The strongest SNP signal 

in SLE was found to the nsSNP rs2304256 (V362F) (MAF=0.27-0.32 in unaffected 

controls) (Sigurdsson et al. 2005; Suarez-Gestal et al. 2009). When looking at the 

genotypes for our MS-associated SNP (rs34536443) in the CEU HapMap samples 

(http://www.hapmap.org), only two individuals among 90 CEU samples has the C/G 

genotype, the rest the G/G genotype. This illustrates the low MAF for the MS-associated 

SNP. In the CEU samples the calculated LD between the MS-associated SNP 

(rs34536443) and the SLE-associated SNP (rs2304256) is r2=0.044 (Haploview version 

4.1, http://www.broad.mit.edu/mpg/haploview/). Thus, there is no evidence for LD 

between the MS SNP and the SLE SNP. However, the SNPs in the TYK2 gene reported in 

the HapMap database (HapMap Release 27, Phase II + III, February 09, on NCBI B36 

assembly, dbSNP b 126), seem so far to be in relatively strong LD (measured by D’). The 

SNP database at NBCI (http://www.ncbi.nlm.nih.gov/) shows that 329 SNPs are located 

in the TYK2 gene and 23 of them are nsSNPs. It is still unclear whether the MS-associated 

TYK2 SNP is the causal variant or indirectly associated. It should also be mentioned that a 

second nsSNP (rs35018800, A928V) in the TYK2 gene was associated in the combined 

analysis between the immune-mediated diseases in the nsSNP screen (AITD, AS and MS, 

P-value at 10-6). However, the MAF for this ns-SNP was only 0.01 and we did not 

genotype this SNP in our replication study.  
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The TYK2 gene is a promising candidate gene for immune-mediated disease, and it 

encodes the TYK2 protein which is part of the Janus kinase family of non-receptor 

protein tyrosine kinases (Ghoreschi et al. 2009). The receptor is involved in the pro-

inflammatory immune responses and has a crucial role in signal transduction for a wide 

range of cytokines (Shaw et al. 2006). Mutations leading to loss of the TYK2 function 

give severe combined immunodeficiency, with reduced Th1 and increased production of 

Th2 cytokines (Minegishi et al. 2006; Watford & O'Shea 2006). The MS-associated SNP 

in the TYK2 gene has a major allele frequency of 95.3% in our combined control 

population and increases the MS risk with an OR of 1.3. To detect associations with a low 

frequent minor allele (MAF<0.05) the sample size needs to be very large, as discussed in 

the methodological considerations page 44-46. From a functional point of view, 

Nejentsev and colleagues found by resequencing the interferon induced with helicase C 

domain (IFIH1) gene, that associations to rare variants consistently protected from T1D 

(Nejentsev et al. 2009). Associations to IFIH1 alleles carried by the majority of the 

population (common variants) predisposed to disease. They further suggested that these 

rare risk variants were selected negatively due to disrupted antiviral function, rather than 

selected by their protection against T1D. This could also be the case for the MS-

associated SNP in the TYK2 gene, as the gene has role in the immune function. 

In Paper V, two MS susceptibility loci were confirmed. The strongest signal was the 

association to a SNP in the C-type lectin domain family 16, member A (CLEC16A) gene 

(alias KIAA0350) located at chromosome 16p13. All the seven SNPs investigated in 

Paper V were selected based on previous reported associations to T1D (Todd et al. 

2007). Our hypothesis was that the two diseases had some degree of overlap regarding the 

genetic predisposition to immune-mediated diseases (Zhernakova et al. 2009). The 

CLEC16A SNP rs12708716 (intron 18) was previously found associated to T1D 

(Hakonarson et al. 2007; Todd et al. 2007). In the paper by Todd et al. the exons in the 

CLEC16A gene were sequenced without finding support for novel SNPs which could 

explain the association to T1D better than the rs12708716 SNP (Todd et al. 2007). In 

comparison, in the first MS GWAS, a SNP (rs6498169) in intron 21, of the CLEC16A 

gene was associated with MS (Hafler et al. 2007) and was later replicated in an Australian 

case-control sample set (Rubio et al. 2008). A study by Zoledziewska and colleagues 

found association to another SNP (rs725613) in the CLEC16A gene both among T1D and 

MS patients (Zoledziewska et al. 2009). The latter study was performed in Sardinia, 
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where the co-occurrence of T1D and MS is common. The associated SNP (rs725613) in 

the paper by Zoledziewska et al. was, in perfect LD (r2=1) with the “T1D-SNP” 

(rs12708716) identified by Todd and colleagues (Todd et al. 2007). Between the “MS-

SNP” (rs6498169) (first identified in the MS GWAS (Hafler et al. 2007) and the “T1D-

SNP” (rs12708716) there is some degree of LD (D’=1, r2=0.3 in the CEU HapMap 

samples (http://www.hapmap.org/). Thus, all evidence point at CLEC16A as a 

susceptibility genes for several immune-mediated diseases.  

It is important to underline that GWASs are picking up a signal in a region tagged by an 

associated SNP. Consequently, the associated signal could either be the causing variant, 

or more likely, an indirect signal of association in the region. Thus, after a locus is 

identified in GWASs, much work remain to establish which variant is the causative 

variant (Plenge & Rioux 2006). Hence, it is difficult to conclude whether the causal 

variant in the CLEC16A gene region in MS and T1D will be the same. Also another 

autoimmune disease, Addison disease, has shown association to the CLEC16A gene 

region (Skinningsrud et al. 2008). However, both Skinningsrud et al. and Todd et al. point 

out that the CLEC16A gene is located close to other genes (SOCS1 and CIITA), and the 

primary signal could come from these genes (Skinningsrud et al. 2008; Todd et al. 2007). 

For the CLEC16A gene, the function is yet not known. Other C-lectin molecules are 

important in recognition of carbohydrates (Robinson et al. 2006). Since the CLEC16A 

protein has a small C-lectin domain (consisting of less than 20 amino acids), it is more 

likely that the effect of this molecule is related to other domains rather than the C-lectin 

domain. Todd and colleagues have suggested that a tyrosine-based activation motif 

(ITAM) in exon 12 could be of importance for the function of the gene. However, more 

functional studies are required to establish the function of CLEC16A and how this 

molecule is implicated in immune-mediated diseases.  

Our study (Paper V) also found association to the SNP rs763361 located in the CD226 

gene, encoding the CD226 molecule also known as DNAX accessory molecule 1 

(DNAM-1). This membrane-bound surface molecule is expressed on haematopoietic cells 

such as NK and T cells and has a role in NK cell cytotoxicity as well as Th1 mediated 

immune responses (Shibuya et al. 1996). Studies in mice have shown that anti-CD226 

monoclonal antibodies delay onset and severity of EAE (Dardalhon et al. 2005). The 

T1D-associated nsSNP in exon 7 in the CD226 gene changes the amino acid at position 
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207 from glycine to serine (G207S). In the study by Todd et al. they suggested that this 

nsSNP disrupt a splice site enhancer or a silencer, and may alter the RNA splicing or alter 

the signalling cascade by affecting the known phosphorylation site on the molecule (Todd 

et al. 2007). Further finemapping studies by Hafler et al. also suggested that this nsSNP is 

the causal variant in the CD226 gene (Hafler et al. 2009). However, due to the tagging 

approach it can not be excluded that another SNP in strong LD could be the causal variant 

or that SNPs not properly tagged could cause independent effects in the gene.  

The GWASs have until now not been able to capture the entire genome completely, so 

some gene regions may have been poorly mapped. However, the growing list of novel 

MS-associated SNPs identified in GWASs, demonstrates a successful approach (Table 1, 

page 29). As mentioned by Hafler et al. the associated SNPs identified in the first MS 

GWAS, could just explain a small proportion (probably less than 0.2%) of the risk 

variants involved in the development of MS (Hafler et al. 2007). The fact that there is a 

huge discrepancy between the number of validated MS susceptibility loci found in the 

GWASs and the estimated number from the CD/CV model, has changed our focus to also 

consider the alternative hypothesis (CD/RV) (Wang et al. 2005). The CD/RV model 

suggests that genetic heterogeneity consists of many rare variants, which each confer a 

high risk. Recently, it has been shown in T1D that in addition to associations to common 

genetic variants discovered in GWASs, rare variants could also occur in these associated 

gene regions (Nejentsev et al. 2009). Nejentsev et al. resequenced the IFIH1 gene, 

associated in T1D with a common SNPs, and found independent associations to rare 

variants. Interestingly, Nejentsev and colleagues showed for the IFIH1 gene that these 

rare variants predicted biological effects as truncation of the protein or affection of 

essential splicing positions or highly conserved amino acids. In conclusion, both the 

CD/CV and CD/RV hypotheses are supported by the present GWAS data. 
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Since the recently discovered non-HLA genes have low effect sizes in MS, they are 

unsuitable as clinical markers.  However, identification if these genes is important since 

this may generate new hypotheses about disease mechanisms (reviewed in Gregersen & 

Olsson 2009). Not surprisingly, the MS susceptibility genes identified so far are genes 

related to regulation of the immune response (the HLA complex, IL2R�, IL7R, CLEC16A 

and TYK2 genes, among others). 
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Figure 5: Schematic drawing showing how some MS-associated genes are 
expressed (marked red) in immune cells. Molecules that are encoded by genes not 
substantially proven to be implicated in MS susceptibility are marked grey. 
Abbreviations: APC: antigen presenting cell; CD28: clusters of differentiation molecule 28; CD58: 

clusters of differentiation molecule 58; CD226: clusters of differentiation molecule 226; CLEC16A: 

C-type lectin domain family 16, member A; CTLA4: cytotoxic T-lymphocyte associated protein 4; 

HLA: human leuckocyte antigen; ICOS: inducible T-cell co-stimulator; IL2R�: interleukin 2 

receptor alpha unit; IL7R: interleukin 7 receptor; KIR: killer immunoglobulin-like receptor; NK cell: 

natural killer cell; TCR: T-cell receptor; TSAd: T-cell specific adaptor protein; TYK2: Tyrosine 

kinase 2 

These findings support the notion that several immune-mediated diseases may share the 

same genetic associations. It has been hypothesized that some common genetic variants 

may contribute to a general immune-mediated phenotype (Hafler et al. 2007). A recent 

review by Zhernekova et al. suggested that shared genetic associations among immune-

mediated diseases could be grouped in four main immune pathways (Zhernakova et al. 

2009). These shared pathways are; 1) T-cell differentiation, 2) Immune cell activation and 

signalling, 3) Innate immunity and TNF signalling, 4) Other categories. Also Gregersen & 

Olsson have categorized the genetic findings in immune-meditated diseases and suggest 
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similar categories (Gregersen & Olsson 2009). Figure 5 shows schematically how some 

of the MS-associated genes are expressed in immune cells (marked red). Also some 

molecules that are encoded by genes not substantially proven to be implicated in MS 

susceptibility, are marked in the figure for comparison (marked grey). 

Table 5: Overview of recent reportedly MS-associated loci, with references to 
publications reporting the same gene region as associatied in other immune-
mediated diseases. 

Gene Chr CD IBD Pso RA SLE T1D References 

HLA class II  6p21 X X  X X X 1,2 
HLA class I 6p21   X   X 2 
IL2R�  10p15 X     X 3, 4, 5, 6 
IL7R  5p13      X 7 
CD58  1p13        
CLEC16A 16p13  X    X 7, 8, 9, 10, 11 
RPL5# 1p22        
FAM69A# 1p22        
EVI5# 1p22        
CD226  18q22      X 7, 
TYK2 19p13     X  12, 13, 14 
GPC5 13q32        
KIF1B 1p36        

Abbreviations and information: CD: celiac disease; IBD: inflammatory bowel disease including 

Crohn’s disease and ulcerative colitis; Pso: psoriasis; RA: rheumatoid arthritis; SLE: systemic 

lupus erythematosus; T1D: type 1 diabetes; IL2R�: Interleukin 2 receptor alpha unit; IL7R: 

Interleukin 7 receptor; CD58: Clusters of differentiation molecule 58; CLEC16A: C-type lectin 

domain family 16, member A; RPL5: Ribosomal protein L5; FAM69A: Family with sequence 

similarity 69, member A; EVI5: Ecotropic viral integration site 5; CD226: Clusters of differentiation 

molecule 226; TYK2: Tyrosine kinase 2, GPC5: Glypican 5; KIF1B: Kinesin family member 1B;  

Comment: # RPL5, FAM69A and EVI5 are located close to each other at chromosome 1p22, and 

are possibly the same signal. 

References: 1) (Fernando et al. 2008) 2) (Thorsby & Lie 2005) 3) (Brand et al. 2007) 4) (WTCCC 

2007) 5) (Lowe et al. 2007) 6) (Vella et al. 2005) 7) (Todd et al. 2007) 8) (Hakonarson et al. 2007) 

9) (Martinez et al. 2009) 10) (Zoledziewska et al. 2009) 11) (Marquez et al. 2009)  12) 

(Sigurdsson et al. 2005) 13) (Cunninghame Graham et al. 2007) 14) (Suarez-Gestal et al. 2009) 

Interestingly, many of the gene regions now confirmed to be associated with MS have 

also been identified in other immune-mediated diseases. Table 5 above lists the MS-

associated genes, and refers to publications which show association to the same gene 
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regions in other immune-mediated diseases. If different immune-mediated diseases share 

common pathways, collaborations between different kinds of research-groups are even 

more important. For instance, since many of these genes have modest effects, cases from 

different diseases can be grouped together as a wider phenotype to increase the power to 

detect shared susceptibility genes. This strategy was successfully used for the 

identification of the TYK2 gene in the nsSNP screen by WTCCC (Burton et al. 2007).  

The National Human Genome Research Institute provides an updated list of published 

GWASs (http://www.genome.gov/26525384). As mention (see Figure 1, page 23), during 

the years 2006-2008, 32 GWASs were reported for some selected immune-mediated 

diseases. Roughly, 120 gene regions were suggested among these diseases, and eleven of 

the regions were shared with another autoimmune disease. Even though some of the 

suggested associations may have been false positive findings, 10% of the gene regions 

were shared among some of the immune-mediated diseases. Overall, there are 

accumulation evidence for shared susceptibility genes in immune-mediated diseases. 

Grouping the genetic associations found in MS could give clues to the underlying 

mechanisms (Zhernakova et al. 2009). In this thesis, we identified a protective effect in 

MS for the HLA-Bw4 group (the ligand for the KIR3DL1 (Paper III), association to the 

CLEC16A gene and the CD226 gene (Paper V) and association to the TYK2 gene (Paper 

IV). The three first genes mentioned here, are all important for NK cell functions. Based 

on these findings, studies of innate immunity may be considered as of particular interest. 

In MS, EBV is a promising candidate for an environmental factor that could trigger 

underlying genetic predisposition. The involvement of innate immunity provides links to 

environmental triggers. Improved knowledge about these mechanisms might provide new 

tools for disease prevention (Zhernakova et al. 2009).  
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Although until now only genes in immunological pathways are validated and replicated as 

MS-associated loci, there are possibly also other mechanisms for MS-disease 

development. As earlier mentioned, the KIF1B gene is suggested to be associated with 

MS (Aulchenko et al. 2008), a gene that is neuronally expressed. The encoded protein is 

hypothesized to be implicated in the axonal transport of mitochondria and synaptic 

vesicle precursors. However, the MS-associated SNP (rs10492972) is so far not replicated 
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in other MS cohorts. Since MS is a disease of the CNS, mechanisms shared with other 

CNS diseases may also be expected. Pathological findings point towards both an 

immunological and a degenerative component of MS disease, suggesting to that shared 

pathways with degenerative diseases are likely. Such data are however warranted. 

Identified MS-associated loci outside the HLA region are mainly found by a hypothesis-

free approach using GWASs and ns-SNP screens. As discussed in the methodological 

section (see page 47-48), an expected amount of false positive findings may make it 

difficult to identify the true associations among the highest-ranked associations. To 

restrict the amount of false positive findings, a P-value below 10-7 is usually applied in 

GWASs. Consequently, some true findings will have a P-value over this limit and fall 

into the false negative group. On this background, it is often challenging to select which 

results should be selected for follow-up analysis. Due to cost restrictions, not all initial 

associations can be selected for replication studies, and the selection of SNPs for the 

replication phase could be biased. Many will favour SNPs in loci of immunological 

importance. This was the case in the MS GWAS. For instance, the IL7R and IL2R� had 

not the lowest P-values in the study, but were selected for replication partly because of 

the known importance of the encoded molecules (Hafler et al. 2007). Thus, our current 

list of MS-associated loci is probably biased towards genes of importance in 

immunological pathways.  

Compared to diseases like T1D and Crohn’s disease, MS has not yet been studied in 

many GWASs (Figure 1, see also updated list at http://www.genome.gov/26525384). It 

has been seen for both T1D and Crohn’s disease that different GWASs may identify some 

different susceptibility genes, even though many of the same associations are replicated. 

This may be due to slightly different study designs, for instance genotyping of different 

tagSNPs. Recently also meta-analyses of published GWASs have been available. Barrett 

et al. found 40 novel susceptibility loci in T1D when combining the data from two 

previously published GWASs (Barrett et al. 2009). The meta-analysis increased the 

sample size (up to 7514 T1D cases and 9045 controls), and thereby increased the power 

to detect novel susceptibility genes. In the near future meta-analysis of available GWAS 

data will also be performed in MS, and the numbers of new MS-associated loci are 

thereby expected to increase. 
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Another problem in the interpretation of GWASs is the bias towards identifying common 

alleles. The power to detect common alleles is larger than to detect rare alleles, as 

discussed in the methodological considerations (page 44-46). Missense SNPs are more 

often chosen for replication, which could bias a study. SNPs in protein-coding regions 

may have relevance for the function of proteins, but we also know that non-coding 

genetic variation also could influence for instance regulatory sites for transcription. Other 

genetic variations are not properly detected by most GWAS. For instance, until recently 

most GWASs did not include screening of CNVs. CNVs and somatic genetic changes are 

for instance suggested to explain the relatively discordance between twins in autoimmune 

diseases (Bruder et al. 2008), and studies need to explore this suggestion more carefully.  
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Approximately one year ago, Oksenberg et al. wrote in their review that “the tools finally 

exist to identify the full set of genes influencing the pathogenesis to MS” (Oksenberg et 

al. 2008). As pointed out in the reviews by Wang et al. and Hirschhorn & Daly, at least 10 

000 cases and controls will be needed to finally conclude which are the common genetic 

risk factors for a complex genetic disease (Hirschhorn & Daly 2005; Wang et al. 2005). 

With this sample size problems, related to genotyping and phenotype errors, 

misclassifications and confounding factors are less. 

Based on today’s knowledge, the “ultimate” GWAS project in MS has been planned for 

some years and is now ongoing. This has been possible by international collaborative 

efforts through the IMSGC, which includes groups from Australia, Belgium, Denmark, 

Finland, France, Germany, Ireland, Italy, Norway, Poland, Spain, Sweden, the UK and 

the US. The study, which is a part of the second phase of the Wellcome Trust Case 

Control Consortium study (WTCCC2), will genotype as much as 11 000 cases using the 

Illumina 610 Quad chip, performed at the Sanger Institute, UK 

(http://www.sanger.ac.uk/). The chip includes assays for nearly 700 000 genetic variants, 

most of them SNPs, but also a set of CNVs. In addition, a replication sample set of 

similar size is collected. This next generation MS GWAS is therefore very well-powered 

and should be able to identify common risk alleles with an OR above 1.2. The results of 

this project will hopefully substantially influence our understanding of this enigmatic 

disease. There is optimism that this study will identify a series of MS candidate genes. 

But as in other GWASs, the novel SNPs and suggested gene regions need to be validated 

and further studied (for instance by resequencing or finemapping) to finally conclude 

which are the causal variants. Thereafter, the mechanisms of how the associated variants 

are involved in MS pathogenesis need to be analysed in extensive functional studies. So 

even though results from the “ultimate” MS GWAS is soon available, there is still more 

to do for MS researchers for years to come. 

Last but not least, we need to consider how this new genetic information may have an 

impact on the quality of life of patients suffering from MS. Will this work help the 

patients? In large collaborative projects it is possible to study specific subgroups of 
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patients without losing too much power. We need to define how the genotypes associated 

relate to the different phenotypes of the disease, and how clinical characteristics of MS 

relate to molecular mechanisms involved in MS pathogenesis. This will be an important 

step towards development of better therapies. For instance, patients may be grouped into 

treatment responders or non-responders, and genetic markers might indicate which 

treatment should be initiated. Hopefully, in the near future newly acquired knowledge 

will have a positive impact for MS patients and their quality of life (Lettre & Rioux 

2008). 
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