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ABSTRACT
Multiple sclerosis is a chronic neurological disease, where both genetic and environmental factors are
influencing the susceptibility and pathogenesis. Epidemiological studies have clearly demonstrated the
existence of a genetic component by comparing the degree of shared genetic material and the risk of MS,
where the degree of shared genetic material clearly correlates with the risk of MS. Until recently only one
confirmed genetic risk factor for MS has been identified, HLA-DR*1501. In this thesis we present
evidence for a new genetic risk factor for MS, interleukin 7 receptor alpha chain, (IL7R ) (study I and IV).
The IL7R was initially identified in study I, where 66 genes were investigated in up to 672 MS patients
and as many controls. The genes investigated were selected based on chromosomal location and
biological functions presumed to be of importance in MS. Two genes, the IL7R and the lymphocyte
activating gene (LAG3), were identified to be associated with MS. In addition, two haplotypes in IL7R
presented significant differences between cases and controls. The IL7R, located on chromosome 5p13, is
important in the maturation and survival of T-cells in humans. LAG3, located on chromosome 12p13, is
important in inhibiting activated T-cells.
In study II we analysed LAG3 and CD4 in two independent populations; a Swedish case/control material
used for the initial study and a Nordic case/control material used for confirmation. CD4 was included due
to the location close to LAG3 and the LD patterns between the genes as well as a prior association of CD4
with MS. None of the SNPs associated with MS in LAG3 in study I were confirmed in the Nordic
material. Initial analysis of nine SNPs in CD4 revealed three associated SNPs, but none of these survived
the confirmation step. From this data we conclude that CD4 and LAG3 do not present evidence to
influence the genetic susceptibility in these populations.
In study III we investigated two polymorphisms located in the promotor region of the myeloperoxidase
(MPO) gene. A number of studies have been reported for one of the SNPs (-463) and MS, without any
conclusive result. The other SNP (-129) has not previously been investigated in MS. Neither of the SNPs
presented any evidence of influencing the susceptibility to MS in this study. In addition, we investigated
if any of the two SNPs showed any association with disease severity by using Multiple Sclerosis Severity
Score, but no association between disease severity and genotype could be detected. We therefore
conclude that these two polymorphisms do not contribute to either disease susceptibility or severity in our
material.
In study IV we confirmed the three associated SNPs and the two haplotype associations in IL7R from
study I in a large independent Nordic case/control material. In addition we fine-mapped the LD block
harbouring the IL7R in a Swedish case/control material using a tagSNP approach. At this stage, three
additional SNPs showed significant associations with MS, where one non-synonymous SNP in exon 6
presented the most significant p-value, and the importance of this SNP was proved by logistic regression
analysis. Haplotype analysis presented convincing evidence for a protective effect of the most common
haplotype. Analysis of cerebrospinal fluid from MS patients and from patients with non-inflammatory
neurological diseases revealed an increased expression of IL7R in MS patients adding to the hypothesis
of this pathway in MS.
Due to the mounting evidence for an importance of IL7R in MS we investigated the ligand, interleukin 7
(IL7), in study V. Nine SNPs were genotyped and no significant association was identified for any of the
markers, thus we conclude that IL7 does not contribute to the genetic susceptibility in MS. These negative
findings strengthen the role of IL7R in MS, as the functional regulation of this complex has been
suggested to be due to the receptor and not the ligand.
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1 INTRODUCTION
1.1

MULTIPLE SCLEROSIS

The disease multiple sclerosis (MS) has been known and well documented since the
19th century. MS as a disease entity was described by J M Charcot in 1868 entitled “la
sclerose en plaques disseminées” [1]. It is characterised as a chronic inflammatory
disease affecting the central nervous system (CNS), with demyelination and axonal loss
as a consequence. The disease is considered to be mediated through an autoimmune
process, leading to breakdown of the myelin sheaths and to neuronal loss. The
beneficial effect of immunomodulatory and immunosuppressive treatments further
supports the autoimmune hypothesis (reviewed in [2]). MS is considered to be a
complex disease, where both genetic and environmental factors contribute to the
susceptibility and pathogenesis. In this thesis genetic factors influencing MS have been
investigated in order to further dissect the genetic contribution to the disease.
1.1.1 Clinical characteristics
MS is most often diagnosed during young adulthood and is more common among
women than men with a ratio of 2:1, an observation also made in other presumed
autoimmune diseases. In a fraction of MS patients, up to 25%, the disease never affects
daily living, whereas in 15% of cases, patients acquire severe disabilities within a short
period of time after diagnosis (reviewed in [3]).
The clinical course of MS is divided into three main categories; relapsing-remitting MS
(RRMS), secondary progressive MS (SPMS) and primary progressive MS (PPMS).
The RRMS is the most common form at onset of the disease (80-90%), and a majority
of these patients later develop SPMS involving a slow worsening of the symptoms. A
small fraction of patients, (10-20%), present with a progressive form of the disease
from onset, PPMS, without any relapses (reviewed in [4]). Today there is no consensus
whether the progressive forms of MS, PPMS and SPMS, represent the same or
different pathological processes, but recent studies suggest that these two entities could
be considered the same, where progression is suggested to be an age-dependent process
independent of previous relapse history [5].
MS patients present a broad range of symptoms which includes among others, motor
disturbances, sensory disturbances, pain, coordination and balance disturbances,
bladder dysfunction together with cognitive impairment and fatigue [3].
1.1.2 Diagnosis
Today, there are no laboratory tests or biomarkers available for a specific diagnosis of
MS. Instead the MS diagnosis is based on a combination of the patient history, the
clinical neurological examination and supporting laboratory tests. The present clinical
guidelines with diagnostic criteria for MS, the McDonald criteria , were published 2001
[6], and revised in 2005 [7] and these criteria include the use of magnetic resonance
imaging (MRI).
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To fulfil the criteria of a MS diagnosis the history and neurological examination should
reveal two or more episodes of neurological symptoms disseminated in time and space.
Today, MRI is widely used to present evidence of dissemination of lesions in time and
space. The MRI-image of an MS patient most often reveals multifocal white matter
lesions of different age and size. Gadolinium enhancement is used to demonstrate
active lesions with ongoing inflammation. Supporting laboratory tests include analysis
of the cerebrospinal fluid (CSF) to detect a characteristic oligoclonal pattern of
immunoglobulins (Ig) detectable in 95% of the patients [8].
To assess the clinical impact and disability of MS in patients, a number of different
measures are available, all with somewhat different foci [9]. The most widely used
instrument to assess disability and clinical outcome in MS patients is the Expanded
Disability Status Scale (EDSS) [10]. The scale is ordinal, ranging from 0-10, where 0
represents “normal by neurological examination” and 10 represents “death due to MS”.
Scoring of patients is based on the neurological examination.
1.1.3 Treatment of MS
The search for an effective treatment for MS has been a struggle for researchers and
pharmaceutical companies. Even today there is no drug available to cure MS, the
current treatments are mainly disease modifying agents. The Swedish Medical Products
Agency has approved five pharmaceutical compounds for disease modifying treatment.
The largest group is the three β-interferons; two IFN-β1a (Avonex® [11] and Rebif®
[12]) and one IFN-β1b (Betaferon® [13]). The exact mechanisms by which these
compounds exert their disease modifying actions are not identified. The effect could be
achieved through different pathways; decreasing antigen-presentation, shifting from a
Th1 to a Th2 response of the immune system, decreased production of tumor necrosis
factor alpha (TNF-α), and to some extent, limiting the trafficking of T-cells into the
CNS [14].
Glatiramer acetate (Copaxone® [15, 16]), consists of synthetic polypeptides, which is
suggested to alter the immune-regulatory balance in MS patients by shifting from a
Th1- to a Th2-response and to down regulate inflammation [17].
In 2004, a new compound was approved for treatment of MS, Natalizumab (Tysabri®
[18]). Tysabri® is a monoclonal antibody, which exerts its action by blocking the
trafficking of activated T cells from the periphery into the CNS, by VLA-4 molecules
on lymphocytes. It has also shown to substantially reduce the relapse rate and
progression of sustained disability. MRI findings also confirm that Tysabri® efficiently
prevents the formation of new lesions [19].
1.1.4 Pathogenesis
MS is traditionally considered as a chronic inflammatory demyelinating disease of the
CNS. The disease is associated with formation of focal lesions located in the white
matter – the MS plaque. The plaques are characterized by a demyelinated area with
glial scars, where axonal loss accompanies the demyelination process. During the
demyelination process, the myelin sheath is stripped from the axon, leading to a
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reduced conduction velocity of the axonal action potential. The recurrent bouts of
inflammation lead to accumulation of CNS damage with neurological impairment as
the result [20].
The biological processes that result in the development of MS are still poorly
understood, but a number of different processes are considered to be of importance
(Figure 1), these will be discussed in the following section.

3. Neurodegeneration
2. Autoimmunity
4. Remyelination

1. Inflammation
5. Lesion Pathology

Figure 1. Summary of different mechanisms presumed to be of importance in the development and
pathogenesis of MS. Each of the mechanisms will be presented in the following section.

Inflammation (1) and Autoimmunity (2)
MS is presumed to be an autoimmune disease, where inflammation is the key player.
By the 1960s adoptive transfer of experimental allergic encephalomyelitis (EAE),
suggested the existence of autoimmune mechanisms in neuroinflammatory diseases
[21]. Cellular infiltration into CNS and the reactivation of T- and B- cells by CNS
antigens further support this hypothesis in addition to the genetic association of HLA
class II (reviewed in [22]) and the effect of immunomodulatory agents in disease
modifying treatment.
Initiation of CNS inflammation is assumed to start by activation of autoreactive myelinspecific T-cells in the periphery. The initial activation of the T-cells could be caused by
either pathogens or self-proteins. Activation of lymphocytes by sequence or structural
homology of pathogens to self-proteins of the CNS is referred to as “molecular
mimicry” (reviewed in [23]). Upon activation, expression of integrins (VLA-4 and
LFA-1) is up regulated. These integrins interact with endothelial adhesion molecules
(ICAM-1 and VCAM-1) to facilitate cell recruitment into the CNS over the bloodbrain-barrier (BBB) [24]. The BBB functions as a physical and metabolic barrier to
protect the CNS by limiting immune cell trafficking into the brain. The properties of
the BBB are changed during neuroinflammation, facilitating the recruitment of immune
cells into the CNS [25].
3

The chronic inflammation starts when activated T-cells enter the CNS and are reactivated upon encountering their target antigens presented by microglial cells. This
results in the release of pro-inflammatory molecules, including chemokines, cytokines
and matrix-degrading enzymes, which will further facilitate the recruitment of immune
cells into the CNS [24].
The recovery from relapses could to some extent be due to the existence of regulatory T
cells (Tregs). These cells are specialised in counterbalancing the inflammatory
responses and suppress the immune response. The role of Tregs in MS is further
discussed in chapter 5.
MS has been considered a T-cell mediated disease; however, recent studies highlight
the importance of B-cells. The presence of oligoclonal bands in the CSF of MS patients
demonstrates an intrathecal (i.e. within the CNS) production of Igs and in addition,
histopathological studies have identified B-cells in active demyelinating regions as well
as in chronic lesions (reviewed in [26]).
Neurodegeneration (3)
In the past, demyelination was thought to be the main cause of neurological impairment
in MS. In recent years, this view has been challenged, and the degree of
neurodegeneration and axonal loss is proposed to correlate better with disability in MS
[27]. Axonal loss has been recognized to occur early in disease, as well as secondarily
to demyelination [28]. Primary neurodegeneration has been suggested as an initial
event in lesion formation, where changes in the oligodendrocytes could be the cause
[29], but ongoing axonal loss in older lesions has also been demonstrated.
The exact pathogenesis of axonal loss is not well understood, but two different
pathways could be considered; (a) axonal loss as a consequence of inflammation and
demyelination in plaques where the distribution of plaques and regions of axonal loss
would then be correlated, or (b) axonal loss independent of inflammatory
demyelination without any correlation with plaque load [30]. It is possible that axonal
loss with time will be associated with irreversible neurological deficits.
MS has been considered as a white matter disease, but recent data have demonstrated
lesions also in the grey matter, the most common being the cortical lesions. These type
of lesions have less macrophage and T-cell infiltration compared to white matter
lesions, thus suggesting that grey matter lesions are associated with less inflammation.
Extensive cortical demyelination has also been associated with the progressive phase of
MS as cortical demyelination are less abundant in RRMS [31].
Remyelination and repair (4)
The remyelination process is a spontaneous repair mechanism of the CNS, where new
myelin sheaths are generated around demyelinated axons. The occurrence of
remyelination in MS patients has been documented since the beginning of the 20th
century. The remyelination process could in part restore the conduction properties of
the axons and neurological function lost due to demyelination [32, 33]. The degree of
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remyelination varies between lesions, and depends on the stage of progression of the
lesion or pathological mechanisms underlying the lesion formation [34]. It has been
observed that the extent of remyelination is directly correlated to the number of
oligodendrocytes and macrophages in the lesion, where presence of oligodendrocytes
was correlated with remyelination, and a negative correlation was observed for
presence of macrophages in a lesion [35].
The remyelination process is most active during early disease phases, but decreases
with time and progression. However, this view has been challenged, and extensive
remyelination has also been observed in patients dying at an old age [36]. One study
has also shown that as much as 40% of the MS lesions show signs of remyelination
[37]. The loss of adequate remyelination could be due to a number of factors, and no
specific cause has been identified, instead it is presumed that the environment within
plaques does not favour the remyelination process [38].
The correlation of remyelination, disease severity and clinical outcome is not clear, but
it has been suggested the remyelination is not responsible for the resolution of relapses
early in disease. Instead it could be of importance in the later stages of functional
recovery [39]. The resolution of relapses is instead facilitated by rearrangement of
sodium channels (reviewed in [40]).
Lesion pathology (5)
Pathological studies of active MS lesions have revealed some heterogeneity in the
immunopathological patterns between patients. The lesion patterns have been
suggested to vary between patients and to be restricted to a single lesion type within
patients.
Four different patterns (pattern I-IV) have been suggested to occur in MS lesions [34,
41]. Pattern I is described as macrophage associated demyelination, pattern II
resembles pattern I, but with additional antibody and complement associated
demyelination. Pattern III is defined by distal oligodendrocyte dystrophy and finally
pattern IV, which resembles primary oligodendrocyte injury with secondary
demyelination associated with macrophages. This view has been challenged by other
scientists, stating that the lesion pattern may not be static, instead they suggest that
patients may have lesions presenting features of more than one of the lesion pattern
[29]. No association between the different lesion patterns and clinical features has been
identified.
1.1.5 Epidemiology
The fact that MS is a disease with an uneven global distribution over the world, has
lead to extensive investigations of the epidemiology of MS. In 1993, Kurtzke [42]
defined regions with varying prevalence of MS; high prevalence areas were considered
more than 30 cases per 100,000 inhabitants, intermediate prevalence 5-30 cases per
100,000 and low prevalence less than 5 cases per 100,000. The high prevalence regions
include Scandinavia, United Kingdom, northern Canada and USA, southern Australia
and New Zeeland. There is a correlation between the MS prevalence and the latitude,
with the highest prevalence figures closer to the Arctic/Antarctic circles. Several
5

attempts have been made to elucidate the cause of this latitude gradient, but no specific
cause has been identified. The view of MS as a complex disease is supported by these
regional differences. The fact that within high prevalence areas, cluster of ethnic
minorities report low prevalence of MS, such as Samis in Scandinavia and Hutterites in
Canada further supports the interaction of genes and environment in MS [43].
Over the years, reports describing epidemic MS have been presented, for example in
Iceland [44, 45], the Shetland and Orkney Islands [46] and the Faraoe Islands [47], but
the findings have been questioned [48, 49]. Today, there is no consensus regarding the
existence of epidemics in MS.
A number of migration studies have been performed in MS. These type of studies could
be difficult to interpret and to draw general conclusions from, due to the fact that the
migrating individuals rarely represent the general population, even so, the data is fairly
consistent [50]. Individuals migrating from a high prevalence area to a low prevalence
area, lower their risk of getting MS, whereas individuals migrating in the opposite
direction, seem to retain their low risk of MS (reviewed in [51]). Also, these data
suggest that environmental factors are of importance at the population level.
A correlation between the age of migration and the risk of MS has also been observed,
where individuals migrating from a high risk area to a low risk area before the age of
15 acquire the risk of the new residence, whereas individual migrating after the age of
15 retain the risk of the area of origin (reviewed in [52]). These observations have lead
to speculations about the importance of early life events in MS.
Several investigators have tried to pin-point potential environmental factors
contributing to MS. The hygiene hypothesis, suggesting that the immature immune
system needs to be challenged early in life in order to develop normally, has been
proposed to be of importance in many autoimmune diseases including MS [53].
Viruses, including human herpes virus 6 (HHV-6) [54, 55] and Epstein-Bar virus
(EBV) [56, 57], have been investigated and proposed to be involved in MS, but no
consensus has been reached regarding the importance of these viruses. Sunlight
exposure and the vitamin D status are other factors that have been suggested to
influence the risk of MS. High levels of vitamin D in serum have been suggested to
decrease the risk [58]. Further studies of the possible role of vitamin D in the causation
of MS are needed to fully understand the mechanisms in action.
In a recent meta-analysis of environmental factors, smoking before onset of the disease,
was identified as a risk factor for subsequent development of MS [59]. In relation to
this, the authors speculate whether the increase in smoking among women may be an
explanation for the increase in female predominance in MS observed in the recent years
[60].
1.1.6 Genetic Epidemiology
Epidemiological data for MS (see 1.1.5 Epidemiology) have suggested the disease to be
caused by a combination of genetic factors and environmental agents. The genetic
component in MS has been thoroughly investigated through studies of individuals
6

sharing genetic material to different degrees and their corresponding risk of developing
MS. In general, a higher degree of genetic sharing corresponds to an increased risk of
developing MS. Among patients, 15-20% have a close relative diagnosed with MS
[61].
To establish the existence of a genetic component in MS, a number of twin studies have
been performed, investigating the concordance rate among monozygotic (MZ) and
dizygotic (DZ) twins [62-66]. The concordance rate among MZ twins varies between
24-30%, and among DZ twins from 2-5%, clearly demonstrating the effect of genetic
sharing and the risk of MS. On the other hand, these data also point to the presence of
risk factors other than genetic modulators, since a pure genetic cause of MS would
present nearly 100% concordance in MZ twins (Figure 2).

Concordance rate in MS patients
30

% concordance

25
20
15
10

Monozygotic twin
Dizygotic twin
Full sibling
Adopted sibling
General population

5
0

Figure 2. Concordance rates for individuals with different degree of genetic sharing, in relation to the
MS patient [62-66].

The familial aggregation of MS has raised the question whether this is due to genetic
sharing or the presence of environmental factors in these specific families. Studies of
adopted individuals living in families with MS have not revealed any increased
frequency of MS in these individuals as compared to the general population, thus
suggesting that the familial aggregation is due to genetic factors rather than the shared
environment [67].
On the other hand biological relatives to MS patients do have an increased risk of MS.
The increase in risk is correlated to the degree of genetic sharing and children of
parents, both suffering from MS, present an increased risk, as compared to children
with only one affected parent [68, 69]. In one of these studies, the risk of MS was
examined in 13,000 spouses to MS patients, without showing an increase in MS
frequency, as compared to the general population [69].
In conclusion, present data clearly indicate the importance of genetic factors in the
aetiology of MS, but environmental factors may also be of importance, presumably
affecting the risk of MS at the population level rather than at the family level.
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1.2

GENETICS OF MENDELIAN DISEASES

In 1865, Gregor Mendel, the “father of genetics”, published his work dealing with the
inheritance of colour and form of garden peas. This was the starting point of modern
genetics. Gregor Mendel also gave his name to a group of genetic diseases,
“Mendelian” disorders, in which the inheritance pattern resembles the mode of
inheritance he described in 1865. These diseases are most often monogenic – the cause
of the disease is attributable to mutations in one single gene.
Linkage studies in families with several affected individuals have been successful in
identifying the disease causing mutations in a number of Mendelian diseases. More
than 1,822 genes for 1,200 Mendelian traits have been identified. Studies of monogenic
disorders have greatly contributed to the understanding of pathogenic mutations and
gene regulation and brought genetic research to its next challenge, to elucidate the
genetics behind complex diseases [70].

1.3

GENETICS OF COMPLEX DISEASES

A disease is defined as a ”complex disease” when combinations of genetic and
environmental factors contribute to the aetiology of the disease. Individuals may have
different genetic risk factors presented in different combinations, which all result in an
increased risk of the disease. Each individual genetic component may not be sufficient
to cause the disease and neither may the combination of variations sufficient to cause
disease in one individual, be attributable to all cases. In addition, the genetic
components most likely interact with environmental factors, making studies in complex
diseases – complex.
In contrast to Mendelian disorders, the genetic modulators in complex diseases seldom
cause the disease, instead they influence the susceptibility. Identifying genetic
variations involved in a certain complex disease is a difficult and very expensive task,
due to the need of extremely large sample sizes and top of the line laboratory
equipment. Instead, other approaches have been developed to elucidate the genetic
contribution, and recently, the genome wide association (GWA) approach has made the
goal of capturing most disease associated variants come a bit closer.
1.3.1 Strategies to identify genetic variations in complex diseases
When studying complex genetics, there are a number of different approaches available,
all with certain benefits. The different strategies will be further discussed below.
Most genetic studies are based on the hypothesis of “common disease common variant”
(CDCV) stipulating that common genetic variants, present in a significant proportion of
the population, both affected and unaffected individuals, are the cause of common
diseases with a genetic component [71]. The validity of the CDCV hypothesis may be
questioned, as rare variants may be as likely to confer risk to complex diseases. This
issue will be further discussed in chapter 5.
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Genetic markers
Most genetic studies are performed using various genetic markers instead of direct
sequencing. These markers may function as surrogate markers for linked and associated
disease variants or be causative themselves. The markers most often utilized are
microsatellites and single nucleotide polymorphisms (SNPs), but recently copy number
polymorphisms (CNPs) have been introduced as a new group of markers.
Microsatellites
Microsatellites are tandemly repeated DNA sequences, generally di-, tri- or
tetranucleotide repeats. The number of repetitions varies between markers, but up 50
repeat units occurs. Microsatellites are more common in uncoding regions of the
genome, making them less likely to be the direct cause of a disease; instead they are
often used as indirect markers of a disease causing variation. However, there are
exceptions to this, for example the “CGA” trinucleotide repeat in Huntington’s disease
has been shown to be the direct cause of the disease [72].
Microsatellites are highly polymorphic, making them an excellent choice for linkage
studies, which rely on recombination events. The mutation rate of microsatellites is
high, 10-3 to 10-4 per locus per generation, more than 10,000 times higher than in nonrepeated sequence [73, 74].
Single nucleotide polymorphisms
SNPs are defined as dinucleotide variations in the DNA sequence, where the rare allele
is present in at least 1% of the population. Variations less frequent are instead regarded
as mutations. Just like microsatellites, SNPs can be utilized as surrogate markers in
genetic studies, but in contrast to microsatellites, SNPs are more likely to be directly
causative, or in strong LD with a disease causative SNP. This is true, especially for
SNPs located in coding regions of the genome.
SNPs are the most abundant DNA variations, around 1 SNP per 1200 base pairs on the
average, and the distribution of SNPs in the genome is fairly even. This makes SNPs
especially well suited for association studies. The biallelic nature of the SNP enables
low-cost genotyping, another feature making SNPs an attractive choice in genetic
studies.
Copy number polymorphisms
Recently, a new group of markers has been proposed to be important when trying to
dissect complex diseases, copy number polymorphisms (CNPs). These markers are
described as structural alterations in the genome ranging from kilobases (kb) to
megabases (Mb) in size. CNPs include deletions, insertions, duplications and multi-site
variations (reviewed in [75]. The distribution of CNPs in the human genome is still not
fully understood, and the utilization of CNPs in genetic studies has just started. Further
evaluation of the contribution of these markers to our understanding of complex
diseases will be needed in order to understand the function and distribution of these
polymorphisms.
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Linkage studies
The linkage approach has its origin in genetic studies of rare Mendelian disorders and is
based on recombination events in the genome. Linkage studies have also been
extensively used to dissect complex diseases. The basic idea of linkage studies is to
identify markers inherited through families in the same manner as the disease.
The studies have been most often performed as genomic screens, where about 250-700
microsatellites spread over the genome are genotyped. In this respect, linkage studies
can be assumed to be unbiased. The studies are based on family materials, preferably
large extended pedigrees with multiple affected individuals, although these are rare to
find in complex diseases. Instead, affected sib-pairs are often the family material at
hand in these type of studies [76]. An advantage of using affected sib-pairs is the
statistical analysis; which is fairly simple and straightforward in comparison to analysis
of extended pedigrees. Moreover, TDT analysis of trios within the cohort is possible.
The purpose of linkage studies is to follow the co-segregation of a marker and disease
status. In the presence of linkage, the affected individuals are presumed to share a
higher degree of DNA close to the disease gene than would be expected by chance
[76].
Although extensive work has been put into linkage studies in complex diseases, the
approach has not been as successful as hoped [77]. Very few disease causing genes
have been identified in this way, and there are a number of reasons for this. First, the
genetic contribution of each individual component may be too small in order to be
captured in a linkage scan and secondly, in a 250 marker screen too few markers are
genotyped and in addition, the power of the studies have not been sufficient (reviewed
in [78]). Overall, linkage studies have usually less power to detect disease associated
genes with modest effects than for example the association approach (described below)
[79].
Association studies
In contrast to linkage studies, association studies are most often performed in groups of
unrelated cases and controls; case/control studies. The basic idea of the association
studies is to unravel differences in the genetic composition between patients and
controls. Association studies using family-based materials, often trios consisting of two
parents and one affected child, can also be performed. In these cases, the transmission
disequilibrium test (TDT) is commonly used [80]. TDT compares the transmission
versus non-transmission of an allele from heterozygous parents to affected offspring. In
general, TDT has less power than case/control studies, but is also less sensitive to
population stratification.
In this thesis, the studies have been focused on association analysis using the
case/control strategy.
Until recently, association studies have been hypothesis driven, the so called candidate
gene approach, where specific genes of interest are selected. This is still the most
common way to perform an association study, but there is now also the possibility to do
10

a genome wide association study [78], which resembles linkage studies in the unbiased
selection of markers genotyped (described further later in this chapter).
Practically all recent association studies have been performed using SNPs as the genetic
markers, regardless of whether single genes or the whole genome are to be genotyped.
The concept of association studies is to detect differences in allele frequencies of
polymorphisms comparing groups of cases and controls. To test for an association,
either direct or indirect association tests can be performed. The direct association test
investigates SNPs with a functional consequence that are hypothesised to influence the
risk of the disease, while indirect association analysis investigates markers in close
genetic proximity to the actual causative variant. The possibility to perform indirect
association studies relies on the presence of high linkage disequilibrium (LD) between
the marker tested and the causative SNP (further discussed in the section “Linkage
Disequilibrium mapping”).
In contrast to linkage studies, association studies have been somewhat more successful
in identifying genes conferring risk to complex diseases [81-86]. A reason for the
success can in part be ascribed to the international HapMap consortium. It was founded
in 2002, and set out to “determine the common pattern of DNA variations in the human
genome” in the “International HapMap Project” [87]. HapMap has aimed for a
comprehensive map of SNPs, providing information of allele frequencies and LD
structures in different human populations. In the project, a total of 270 individuals from
three different ethnic groups (African, Asian and European ancestry) have been
genotyped, thus capturing the most common haplotypes in these populations. All data
are made public, accessible for all researchers, and thus provide valuable information
for designing of genetic studies.
Recently, a new strategy to dissect complex diseases using association analysis has
been developed, the genome wide association (GWA) approach. By taking advantage
of microarray technologies, large numbers of SNPs can be simultaneously genotyped.
At present, up to 500,000 SNPs (out of 5 millions validated SNPs) can be typed for
each individual. In studies with adequate power, this will be helpful in search for genes
with reasonable effect [88], but further fine mapping and confirmation will still be
required.
To cover the genome, the selection of SNPs is an essential issue when designing the
SNP arrays, and questions have been raised as to whether the selection and number of
SNPs are sufficient in order to identify risk genes. Recently, the Wellcome Trust Case
Control Consortium published a screen of 17,000 individuals for seven diseases
(bipolar disease, coronary artery disease, Crohn’s disease, hypertension, rheumatoid
arthritis, type 1 diabetes and type 2 diabetes), presenting convincing evidence of
association for a number of genes [89]. Two follow-up studies have already confirmed
the initial findings for two of the diseases, type 1 diabetes [90] and Crohn´s disease
[91].
In complex diseases these studies provide a careful validation of GWA as a method to
identify genetic associations, and show that studies with sufficient power are successful
in identifying genetic associations that survive the crucial confirmation step and
represent true disease genes.
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Linkage disequilibrium mapping
Linkage disequilibrium, LD, is defined as non-independent association of alleles at two
or more loci on a chromosome within a given population. In the presence of high LD,
combinations of alleles are inherited together more often than would be expected by
chance. LD is often considered to be higher in isolated populations originating from a
limited number of founders [92]. The extent of LD is largely influenced by population
history; migration and population bottle-necks, but molecular events like recombination
and mutation rate also contribute to the degree of LD. The term LD should not be
confused with linkage, which describes the association of two loci on a chromosome
with limited recombination between these loci.
There are a number of different measurements for LD [93], the two most important
being D’ and r2.
D is defined as;
D = f(AB)- f(A) f(B)
where f(AB) represents the observed haplotypes frequency of the haplotype AB, and
f(A) f(B), the random segregation of each allele. D represents the difference between
the observed and expected frequencies of haplotypes. D is a function of the allele
frequencies and normalization of the measure is often performed to facilitate
interpretation. The most common normalization is the D’ measure, defined as [94];
D’ = D / Dmax
where Dmax is the maximum of D given the allele frequencies at the two loci. D’= 1 is
defined as complete LD, perfect disequilibrium and D’= 0, equilibrium. A disadvantage
using D’ as a measure of LD is the influence of small sample sizes and allele
frequencies in SNPs with rare alleles. In these cases, the degree of LD is often
overestimated and intermediate values of D’< 1, should be used with caution.
The measure r2 describes LD in terms of correlation between the alleles at two loci.
r2 is defined by;
r2 = D2 / (f(A) f(a) f(B) f(b))
where A/a and B/b represents the alleles at two bi-allelic loci. In contrast to D’, r2 is
considering the difference in allele frequency of the two loci, avoiding an
overestimated LD.
r2 is also related to the power of association in genetic association studies. In order to
achieve the same power at the marker locus as if the actual disease mutation was
genotyped, the sample size should be increased by a factor of (1 / r2), where r2
represents the LD between the marker tested and the disease mutation. r2 = 1 represents
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perfect LD, and intermediate measures r2 < 1, are more easy to interpret than
intermediate D’ measures.
TagSNPs and Haplotypes
The large number of SNPs identified within the human genome in combination with
the knowledge of LD patterns, has made genetic association studies more appealing in
the recent years. Tagging SNPs (tagSNPs) make it possible to study genomic regions
by capturing genotype information for a large number of SNPs, but with a rather
limited number of markers actually genotyped. The use of tagSNPs can also be
beneficial in haplotype analysis, when comparing haplotype frequencies in cases and
controls
The tagSNP approach utilizes LD in terms of r2 measures, where the genotyped tagSNP
functions as a proxy for a number of other SNPs. TagSNPs are selected due to their LD
(r2 measures) with other SNPs, inferring genotype information for these markers. In
order to acquire high quality data, the cut-off for r2 between the tagSNP and captured
SNPs should be conservative, at least r2 > 0.8. Several different methods for selection
of tagSNPs have been developed; even so, there is as yet no “gold-standard” for
selection of tagSNPs. “Tagger” [95] is one method widely used and integrated in the
Haploview software, but many additional options are available [96, 97].
Haplotypes can be described as combinations of alleles in high LD within a genomic
region that are inherited together more often than would be predicted by chance. The
existence of haplotypes in the human genome is a consequence of molecular
mechanisms of sexual reproduction and the history of human evolution. The human
population migrated out of Africa, and thus, haplotypes identified outside Africa
represent a subset of all haplotypes, since not all genetic variations present in the
ancestral population in Africa were brought outside. The frequency of haplotypes varies
between populations due to the migration pattern, random mating, and natural
selection, for example genetic bottlenecks, which reduce genetic variation and increase
genetic drift (reviewed in [98]). The absolute definition of a haplotype is still not
completely clear. In some cases haplotypes can be considered as a combination of
alleles over long genomic distances, without presence of high LD. In this section, I will
refer to haplotypes as combinations of alleles in regions with high LD.
Haplotype block structures have been identified throughout the genome, capturing most
genetic variations within that particular region [99]. The length of haplotypes varies
within the genome and each meiosis decreases the extent of the haplotype.
Haplotype association analysis may reveal presence of protective- or risk haplotypes
and in addition, the distribution of haplotypes can be investigated, identifying
differences in the distribution between cases and controls.
In order to perform haplotypes association analysis, the phase of the genotype data is
essential, i.e. the parental origin of each allele should be known. In most association
studies, based on unrelated case/control material, information regarding phase is not
available. The haplotypes are instead inferred and haplotype frequencies are estimated
from the genotype data. Estimation of haplotypes can be performed with different
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methods, the most commonly used methods are the Expectation-Maximisation
algorithm (EM) [100], Bayesian methods [101] and log-linear modelling [102]. The
lack of phase information and the implications of using estimated haplotypes
frequencies have been debated. The main issue is the robustness of the estimated
haplotypes, and the reliability of the subsequent haplotype analysis.
Haplotype association tests include two main strategies; comparing the distribution of
haplotypes between cases and controls identifying differences in distribution between
the groups (global analysis), or comparing haplotype frequencies between cases and
controls to identify predisposing or protective haplotypes (individual haplotype
analysis). Often both analyses are performed in parallel.
Linkage or association – benefits and weaknesses
As previously mentioned, linkage screens have been rather unsuccessful in finding
disease genes in complex disease for the reasons discussed above. Still, linkage screens
can be beneficial in complex diseases. This is especially true for studies using extended
families with many affected individuals. The linkage approach can take advantage of
the increased genetic sharing in these extended families.
Although association studies have been successful in identifying a number of genes in
complex diseases, there are issues to be aware of when performing these kind of
studies.
The choice of statistical methods is critical for a correct interpretation of the data.
Lately, large efforts have been put into the development of statistical methods capable
of dealing with large quantities of genotype data although this issue is not yet resolved.
In addition, the need for sufficient statistical power is essential. This depends largely on
the allele frequencies, sample sizes, mode of inheritance and disease effect size,
proving the need for large case/control materials [103].
Population heterogeneity is another important issue to address. It could potentially lead
to population stratification with spurious association as a result [104]. Stringent
inclusion criteria regarding ethnicity for patients and controls are needed in order to
avoid this. As a complement genomic control can be performed in order to control for
population stratifications within a case/control material (reviewed in [105]).
There are a very high number of genes suggested to be associated with a certain
disease. The proportion of true associated gene variants does not correspond to this
number though, proving the urgent need for independent replications to confirm true
genetic associations [106].

1.4

GENETICS IN MULTIPLE SCLEROSIS

Already in the 1890s, the existence of familial aggregation of MS was recognized,
suggesting that genetic factors may play a role in MS. 80 years later in the 1970s, the
first genetic association was reported, within the HLA complex [107, 108]. The HLA
haplotype associated with MS was later specified to be the class II haplotype,
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DRB1*1501,DRB*0101,DQA1*0102,DQB1*0602, often referred to as DRB1*15
[109]. The importance of HLA class II in MS genetics has been demonstrated and
replicated in numerous studies, and is now considered to be a genetic risk factor for
MS. The class II molecules are involved in the presentation of externally derived
antigens to CD4+ T-cells, thus, the class II association with MS strengthens the
hypothesis that MS is an autoimmune, T-cell mediated disease.
In Northern European populations, 60% of the MS patients carry the risk haplotype,
whereas only 30% of the controls do. In Sardinia however, the prevalence of DRB1*15
is lower than in Northern Europe, 2.5% in MS patients and 1.5% in controls. The
association with MS is still present but much weaker and it is mainly the DRB1*03 and
DRB1*04 that are associated with MS in this population [110-112].
In a recent publication by Dyment at al. two class II alleles other than DRB1*15, were
reported to be associated with MS [113]. The allele DRB1*17 was associated with an
increased risk of MS, whereas the allele DRB1*14 was identified as a protective allele.
These results suggest that additional alleles may influence the risk of MS within the
HLA class II locus.
A dose-effect for the risk of MS has been observed for carriers of DRB1*1501, where
individuals carrying one copy present a 2.7 fold increase in risk while two copies
confer a 6.7 fold increase in risk of MS [114]. These observations have later been
confirmed in a Swedish study, with slightly higher risk ratios observed for both carriers
of one and two copies [115].
Several attempts have been made to associate DRB1*15 with different clinical features.
Association with female gender and early onset of the disease has been observed, but
no association with clinical outcome or disease severity has been established [116-118].
HLA-A, located in the class I region, has been identified to harbour an independent
association with MS [119, 120]. The allele HLA-A*0201 has been suggested to confer
a protective effect to MS, a finding recently replicated in a large case/control material
[121].
1.4.1 Linkage screens in MS
A vast amount of research has been invested into linkage screens in MS. In total eleven
microsatellite-based whole genome linkage screens have been performed in a number
of populations [122-132]. None of the screens revealed any persuasive evidence for
linkage. A meta-analysis, including all microsatellite screens, presented evidence for
linkage in the MHC region, harbouring HLA-DRB1*15, but no genome-wide linkage
to other genomic regions was identified. Suggestive linkage was observed in two
chromosomal regions, 17q21 and 22q13 [133].
Recently, the International Multiple Sclerosis Genetics Consortium (IMSGC) published
a SNP based linkage screen [134]. DNA samples from 730 multiplex families in
Australia, UK, USA and Scandinavia were collected and in total 2,692 individuals were
genotyped for 4,506 SNPs. Apart from the MHC region, LOD 11.7, no other genomic
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regions presented evidence of linkage with genome wide significance. Suggestive
linkage was observed for three chromosomal regions, chromosome 19p13, 17q23 and
5q33.
Genome wide screens in multigenerational families with several affected individuals,
have been carried out in MS [135-137]. Yet no genome wide significance has been
identified for any region, but suggestive evidence for linkage has been shown on
chromosome 9q and 12p12 [136, 137]. Further attempts to elucidate the genetic
inheritance pattern of MS in multiplex families may be of importance in unravelling the
genetic mechanisms.
The absence of additional identified linkage regions demonstrates the problems with
low resolution and insufficient power in linkage screens, even when large sample sizes
are genotyped in a significant number of markers. The genetic effect from each
contributing factor is presumably too small to be captured in a linkage screen,
suggesting that future genetic studies should be performed using association analysis.
1.4.2 Association studies in MS
Over the years, numerous studies focusing on non-HLA candidate genes for MS
susceptibility, disease severity and progression have been performed, but with few
exceptions, the results are inconclusive. Apart from the HLA associations no other
genes have been confirmed to be associated with MS [2, 52, 138-141].
The selection of candidate genes has been focused on biological candidates involved
mainly in inflammation and neurodegeneration, and positional candidates, located in
chromosomal regions with presumed importance in autoimmune diseases. Many of the
candidate studies have reported initial associations with MS, but attempts to confirm
their genetic importance in MS have failed. The lack of success in this area can in part
be attributed to the heterogeneity of disease. Different populations could display
separate panels of susceptibility genes, which show a varying degree of overlap
between populations. The uneven geographical distribution of MS further supports the
notion that genetic heterogeneity is important to consider in genetic studies of MS. In
addition, each single genetic risk factor confers only a modest risk effect, thus implying
that a large number of different genetic factors are contributing to the development of
MS. Due to the modest effect of each genetic modulator, the obtained odds ratios (ORs)
will subsequently be modest. In the case of a complex disease like MS, the ORs that we
can expect to find will in most cases be modest. Even a confirmed true association may
not present OR<1.4, even so it still represents a significant and important finding. This
is important to keep in mind when assessing genetic studies in MS. Judging genetic
findings solely on the basis of the magnitude of ORs and p-values may be misguiding.
The number of candidate genes studies in MS is extremely high, and a full overview is
impossible to present here. Instead some examples are presented representing
interesting genes in MS, analysed in well-designed studies.
The gene APOE (apolipoprotien E), conferring risk to Alzheimer’s disease [142], has
received a great deal of attention in MS genetics. The involvement of this gene in
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disease susceptibility, disease course and progression has been extensively studied
(reviewed in [143]). It has been suggested that the ApoEε4 allele is associated with a
more severe disease progression, but the results are contradictory [143].
PRKCA (protein kinase C alpha), located on chromosome 17q22, is another gene
suggested to predispose for MS [144]. The initial finding has been confirmed in a
Finnish and Canadian population, but with different polymorphisms [145]. This
discrepancy in associated polymorphisms needs further evaluation in order to fully
understand the role of PRKCA in MS genetics. PRKCA has been shown to be involved
in signal transduction in T-cell activation [146].
Recently, MHC2TA (MHC class II transactivator) was reported to confer risk to three
autoimmune diseases, including MS [147]. Attempts to confirm the association with
MS have been inconclusive, possibly due to insufficient power [148-150]. MHC2TA is
involved in the assembly of several transcription factors at MHC promoters [151].
Further confirmation of this gene will be essential to elucidate the genetic involvement
of MHC2TA in MS susceptibility.
In addition to the candidate gene approach represented by the above examples, the first
GWA study for MS has recently been published [152]. In total 12,360 individuals were
included in the analysis, identifying two genes apart from the HLA locus that presented
significant association with MS, IL2RA and IL7R. The IL7R has been extensively
studied and confirmed in MS, study IV and [153], whereas IL2RA still needs
confirmation.
In conclusion, the search for MS genes has been a struggle throughout the years. The
lack of positive findings has made researchers pessimistic about the ability to elucidate
the genetic factors contributing to MS. But lately, the optimism in MS genetics has
increased as a result of technical development and collaborations such as the HapMap
project. These achievements will in the near future hopefully increase the number of
successful attempts to identify genes of importance in MS susceptibility and clinical
features.
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2 AIMS OF PRESENT STUDIES
The overall aim of the five studies included in this thesis was to identify genetic
variants contributing to the risk of MS in order to gain knowledge about the disease
mechanisms.
Study I
66 candidate genes – 123 SNPs
Two associated genes – IL7R and LAG3

Study II
Initial study of CD4 and confirmation of LAG3 and CD4

Study III
Study of two SNPs in the MPO gene, not included in Study I

Study IV
Confirmation and fine-mapping of IL7R and mRNA expression analysis of IL7R and IL7

Study V
Initial association study of IL7

Study I
To investigate the genetic importance of 66 genes in the susceptibility to MS. Genes
were selected based on chromosomal location and previous literature, as well as
biological functions presumed to be of importance in autoimmune diseases.
Study II
To confirm the genetic contribution of LAG3, identified to be associated with MS in
study I. CD4 was selected due to the close evolutionary relationship between the LAG3
and CD4, as well as the chromosomal location, adjacent to the LAG3 gene on
chromosome 12.
Study III
To evaluate the genetic influence of two promoter polymorphisms in the MPO gene in
MS susceptibility and severity. One of the polymorphisms has previously been reported
to be associated with MS,
Study IV
To further investigate the role of IL7R located on chromosome 5 discovered to be
associated with MS in study I. We wanted to confirm the initial findings, as well as
refine the genetic data for IL7R in order to dissect the genetic association with MS in
more detail.
Study V
To investigate the genetic role of IL7 on chromosome 8, the ligand to IL7R, in MS
susceptibility, based on the results from study IV, implicating an important role of the
IL7R.
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3 MATERIAL AND METHODS
A brief overview of the material and methods used in this thesis is presented here. For
more detailed information, please refer to the individual papers.

3.1

PATIENTS AND CONTROLS

All patients with MS included in this thesis fulfilled the Poser criteria [154] for definite
MS and/or MS according to the McDonald criteria [6] and informed consent, to
participate in research, was obtained from all patients and controls and the work was
approved by the local ethical committees.
The patients were recruited through the Neurology department at Karolinska University
Hospital, Huddinge/Solna. An independent Nordic case/control material was used for
confirmatory studies in study II and IV, fulfilling the criteria mentioned above,
including informed consent and approval from the ethical committees .
In study I 672 MS patients and 672 controls were included. The control set consisted of
288 blood donors and 384 randomly selected non-related members from the Swedish
twin registry, as well as 456 healthy controls in a second control set, used to evaluate
the SNPs in the HAVCR2 gene.
Study II included 920 MS patients and 778 controls, and 1,720 MS patients and 1,416
controls from the Nordic material.
In study III 871 MS patients and 532 controls were analysed.
In study IV, 1,210 MS patients and 1,234 controls consisting of blood donors from the
Stockholm area were included, together with 1,820 patients and 2,634 controls from the
Nordic material.
In study V, 1,210 MS patients and 1,234 controls were included, i.e. the same patients
and controls as in study IV.
In the analysis of mRNA expression in study IV, peripheral blood mononuclear cells
(PBMC) and cerebrospinal fluid (CSF) were collected from 75 MS patients, 65 patients
with relapsing-remitting MS (53 patients in remission and 12 patients in relapse), and
10 patients with a progressive form of the disease, PPMS or SPMS. PBMC and CSF
was collected from 48 patients with non-inflammatory other neurological disease
(ONDs) (primarily patients diagnosed with headache) as a control group, along with
PBMC from 20 healthy individuals.
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3.2

GENETIC ANALYSIS

3.2.1 DNA extraction
Total genomic DNA was extracted from leukocytes using three different methods;
salting out method [155], QiAMP DNA extraction kit (Qiagen Gmbh, Germany) and
PureGene (Gentra Systems, USA).
3.2.2 Genetic markers
In all studies (I-V), single nucleotide polymorphisms (SNPs) were selected as genetic
markers.
In study I, we genotyped 123 SNPs, selected in 66 genes in a two-stage approach. A
significance level of 8% was selected in order to be passed on to the second stage.
Twenty-two genes survived to the second stage, and were genotyped in a larger group
of patients and controls, in order to increase the statistical power to detect a true
association. In addition, the number of SNPs in the genes and in flanking regions were
increased. The SNPs were accessed via NCBI dbSNP (www.ncbi.nlm.nih.gov), The
SNP consortium, TSC, (http://snp.cshl.org) and proprietary databases of AstraZeneca.
In study II, three SNPs in the LAG3 gene identified to be associated in study I were
selected for confirmation analysis. In the CD4 gene, nine SNPs were selected, evenly
distributed over the gene for optimal coverage, from the NCBI dbSNP database. SNPs
genotyped and validated by the HapMap consortium were prioritised.
In study III, two SNPs in the MPO gene (-463 and -129) were selected. One of the
SNPs, (-463), has previously been associated with MS [156-159], and was therefore of
special interest. Both SNPs have been suggested to influence the expression levels of
MPO and they are located in the promoter region of the MPO gene.
In study IV, three SNPs in the IL7R gene, shown to be associated with MS in study I,
were genotyped to confirm the initial associations. In addition twelve other SNPs were
selected in order to fine-map the LD block harbouring the IL7R gene. Ten of these
SNPs were selected due to their tagging properties, allowing inferring genotypes from
69 SNPs in total. To further pinpoint any functional variations in the gene, two nonsynonymous SNPs were added for genotyping. Due to the dense SNP map of the IL7R
gene in HapMap, the selection of SNPs were primarily based on the HapMap
consortium genotype information in the CEU population (Utah residents with northand western European ancestry).
In study V, nine SNPs were selected based on their ability to tag for a total of 23 SNPs
in the IL7 gene. The selection was based on genotype information from the HapMap
consortium and NCBI dbSNP.
3.2.3 SNP discovery
SNP discovery in the LAG3 gene was performed to follow up an initial finding in this
gene, due to the lack of additional markers at the time of the study. All coding
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sequences of the gene, as well as its promoter and 5'- and 3'-untranslated regions, were
amplified in 96 subjects, by 16 separate polymerase chain reactions (PCRs). Denaturing
high-performance liquid chromatography (DHPLC) was then performed using the
Transgenomic WAVE System (Transgenomic, Omaha, Neb, USA). PCR products
were then separated on a preheated reverse-phase column (DNASep; Transgenomic).
Individuals detected by DHPLC as being heterozygous were then sequenced using ABI
PRISM Big Dye Terminator (Applied Biosystems, Foster City, CA, USA), and the
sequencing products were analyzed on an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems), in order to detect the nature and position of the polymorphism in
the amplified fragment.
Two novel SNPs, located in noncoding sequences of LAG3, were discovered in this
manner, these SNPs were later registered by others in dbSNP under the identification
numbers rs2365095 and rs7488113.
3.2.4 Genotyping
In this thesis, three different SNP genotyping methods were applied; Pyrosequencing –
short sequencing via primer extension, restriction-enzyme genotyping and matrixassisted laser desorption/ionization time of flight (MALDI-TOF) - mass spectrometry
of allele-specific primer extension products (Sequenom Inc., San Diego, USA). Each of
the methods will be described below. Appropriate controls were included in all
genotyping experiments.
Pyrosequncing
All genotyping in study I and the SNP -129, in study III, were performed using the
Pyrosequencing method [160] according to the protocol provided by the manufacturer
(Biotage, Uppsala, Sweden). Primers, both PCR primers and sequencing primers were
designed using the Oligo 5.0 software.
Restriction-enzyme genotyping
In study III, the -463 polymorphisms, was genotyped using a restriction-enzyme assay.
A 350-bp DNA fragment was amplified and the following PCR product was digested
using 5 U of the restriction enzyme AciI (New England Biolabs, England). The reaction
was incubated in 37° for 5 hours, before separation on a 2.5% agarose gel with
ethidium bromide, identifying the genotypes.
MALDI-TOF
The genotyping in study II, IV and V were performed by the Mutation Analysis Facility
(MAF) at Karolinska Institutet using matrix-assisted laser desorption/ionization timeof-flight (MALDI-TOF) mass spectrometry (Sequenom Inc., San Diego, USA), of
allele-specific primer extension products. Two different protocols were used, hME, in
study II and the confirmatory part of study IV, and iPLEX for the fine-mapping in
study IV and for all SNPs genotyped in study V.
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All amplification-reactions within respective protocol were run under the same
conditions. The PCR and allele-specific primer extension were performed using the
Mass EXTEND reagents kit and primers were designed using the SpectroDESIGNER
software (Sequenom Inc., San Diego, USA). The primer extension products were
analysed using a MassARRAY mass spectrometer and the resulting mass spectra was
analysed with SpectroTYPER software (Sequenom).
3.2.5 Statistical analysis
Single point analysis
In all studies (I-V), a test of Hardy-Weinberg equilibrium (HWE) was performed in
order to assure that allele frequencies in the control group conformed to HWE. In study
I, two-sided p-values were calculated comparing carriage counts in patients and
controls using a χ2-test, without correction for multiple testing (GraphPad, Instat). In
study II and III, two-sided p-values were calculated using Fischer’s exact test, with no
correction for multiple testing (GraphPad, Instat). In study IV, the single-point
calculations for two-sided p-values were based on a χ2-test, comparing carriage counts
in patients and controls (GraphPad, Instat). Bonferroni correction was used to correct
for multiple testing. In study V, two-sided p-values were calculated using Fischer’s
exact test (GraphPad, Instat) and Bonferroni correction was used to adjust for multiple
comparisons. Power analysis for detecting association was performed for all studies,
assuming a two-sided significance level of 0.05 and one-sided power for detecting an
OR at least 1.5 for study I, and 1.3 in study II-V, without adjustment for multiple
comparisons.
Odds ratio calculation
For study I-V, odds ratios for single SNPs were calculated using Instat (Graphpad,
Instat), with the approximation of Woolf for the 95% confidence interval (CI). In study
IV, Mantel-Haenzsel combined ORs were calculated using Instat (Graphpad, Instat).
Meta-analysis
The meta-analysis in study III, was performed using the method of Woolf [161].
Logistic regression
Logistic regression was performed for single SNPs in study IV, to test for independent
associations of SNPs with MS (SAS Institute Inc). In study IV and V, test for
interaction between HLA-DRB1*1501 and SNPs in IL7R and IL7 were performed
using logistic regression routines available in the R-package.
Haplotype analysis
In study I, the pair-wise measures of LD was obtained using EH [162]. Based on the
LD measures the haplotype structure was defined, a cut-off of |D’| greater than 0.85
was required. Estimation of haplotype frequencies based on the identified haplotype
blocks
was
performed
using
the
SNPHAP
software
(http://wwwgene.cimr.cam.ac.uk/clayton/software/snphap.txt). Test for significance of the
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haplotypes was performed using the T1 statistic of CLUMP with 10,000 simulations
[163]. The distribution of estimated haplotype frequencies was tested for significance.
In study II and V |D’| measures of LD between pairs of SNPs was calculated using the
Haploview software, based on the EM algorithm [164]. The algorithm by Gabriel et al.
implemented in Haploview was used for the generation of haplotype blocks Test of
haplotype association was performed using the same software, with 10,000
permutations [99].
Construction and estimation of haplotypes in study IV, was performed using the
Haploview software [99, 164]. Due to the limitations of the EM algorithm, the
robustness of the same analysis was performed with the PHASE software [165]
(Bayesian based), with virtually identical results as compared to Haploview. Sliding
window analysis of the haplotype block was performed using the Haploview software.
To test for haplotype association, the same software was used, with 10,000
permutations.

3.3

EXPRESSION ANALYSIS

This section relates to the methods used in study IV.
3.3.1 Preparation of PBMC and CSF-MC
Peripheral blood was collected using sodium citrate-containing cell preparation tubes
(Vacutainer CPT, Becton Dicksinson and Company, USA), and CSF was sampled in
siliconized glass tubes, immediately centrifuged and the pellet stored in –70oC until
use. PBMC were separated by density gradient centrifugation, and washed twice with
Dulbecco´s PBS. Ninty-five percent of the cells were viable, assessed using trypan blue
exclusion. Cell pellets from PBMC were stored in –70oC until use.
3.3.2 mRNA preparation
Total RNA was extracted from lysed cell pellets (PicoPure RNA isolation kit, Arcturus
Bioscience, USA). The quality of the RNA was determined using the Agilent 2100
Bioanalyzer (Agilent Technologies, USA) and only samples with completely pure
RNA were used in the following RT-PCR analysis.
3.3.3 Quantitative RT-PCR
Reverse transcription was performed using 1-5 ng (10 μl) of the total RNA, 0.1 μg
random hexamers (Gibco BRL) and 200 U of Superscript Reverse Transcriptase (Gibco
BRL). Real-time PCR was performed using a Byroad iQ5 iCycler Detection System
(BioRad Laboratories, Ltd). All primers were designed with the Primer Express
Software (Perkin Elmer). GAPDH was used as endogenous control, and all samples
were run in duplicate. The PCR efficiency was above 90% in all PCR runs. A
comparative threshold cycle (CT) was used to determine gene expression relative to the
control (calibrator). Hence, steady-state mRNA levels were expressed as n-fold
difference relative to the calibrator.
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3.3.4 Statistical analysis
Differences in relative mRNA levels in CSF and PBMCs were tested for significance
with the non-parametric Wilcoxon’s signed-ranks test. Analysis of correlation between
mRNA and genotype was performed using the Kruskal Wallis rank sum test.
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4 RESULTS AND INTERPRETATIONS
4.1

STUDY I

In the first study, performed in collaboration with AstraZeneca R&D 66 genes were
investigated for association with MS susceptibility. In total 123 SNPs were genotyped
in up to 672 MS patients and 672 controls, in a two-stage study-design. Thirty-four of
the genes were genotyped for a single SNP and the remaining 32 genes for two or more
SNPs. The selection of genes was based on chromosomal location suggested to
influence susceptibility for MS and other autoimmune diseases [133, 166, 167] as well
as biological and functional properties considered to be of importance in MS. Out of
the 66 genes, 21 were selected only on the basis of the biological function or previous
genetic associations reported for MS [168-172]. As well as being aimed at
understanding the disease processes per se, the study was an attempt to validate
potential novel drug targets.
After completion of the first stage (149-288 MS patients and 84-288 controls), 22 genes
showed association with susceptibility to MS at the 8% significance level. All of the 22
genes were transferred to the second stage of the study, to confirm the preliminary
associations. To increase the power of the analysis, the number of cases and controls
were increased at this stage. In addition, more markers were added within genes and in
flanking regions of associated genes.
After finishing the second stage of the study, two genes showed a significant
association with MS, the LAG3 gene on chromosome 12p13 and the IL7R gene located
on chromosome 5p13. Both genes presented three or more significantly associated
SNPs (p<0.05). Linkage disequilibrium (LD) analysis of the LAG3 gene did not
identify any LD block within the gene, and no haplotype analysis was performed. The
IL7R gene on the other hand presented an altered distribution of the haplotypes between
MS patients and controls. In the IL7R gene we also identified two associated
haplotypes, one haplotype conferring risk of MS and one protective haplotype.
Both genes are important players of the immune-regulatory mechanisms in the immune
system. LAG3 (CD223) is an MHC class II ligand that is evolutionary related to CD4,
and downregulates the activated T cells by blocking the binding of CD4 [173]. The
interaction of the MHC class II and LAG3 during inflammation may also be of
importance in the activation of antigen-presenting cells [174].
IL7R is a member of the haematopoietic receptor family and is a type 1 membrane
glycoprotein capable of binding alpha-helical cytokines [175]. The IL7R complex
consists of the IL7R alpha chain (IL7R-α) and the common cytokine-receptor gamma
chain (CD132), where IL7R-α transduces transmembrane signals through the
recruitment of intracellular messengers to its cytoplasmic tail, while CD132 activates
this transduction [175, 176] (Figure 3). It is expressed by cells of the lymphoid lineage,
in which it has essential non-redundant functions. IL7R is required for the development
of γδ T- cells but not natural killer (NK) cells, in addition, NK T-cells do require
signals from IL7R for proper development [177].
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IL7R-α also binds to the thymic stromal lymphopoietin receptor (TSLPR) to form
another receptor complex, where TSLP is the ligand [178, 179] (Figure 3). This
complex has been shown to be of importance in the maturation and activation of
dendritic cells (DCs) (reviewed in [180]), and decreased levels of TSLP have been
shown to be associated with Crohn´s disease, suggesting TSLP to be of importance in
autoimmune diseases [181].

TSLP

TSLPR

IL7R-α

IL7

γc

IL7R-α

Jak3

Jak1

Figure 3. The IL7R-α is part of two different receptor complex. The IL7R-α binds to yc to form
the IL7R, where IL7 is the ligand. IL7R-α also binds to TSLPR, where TSLP is the ligand.

Signalling via IL7R induces somatic recombination of T-cell receptor and
immunoglobulin genes, and IL7R is expressed on both mature T and B cells. The
receptor is essential for the human T-cell proliferation and survival [182]. IL7R has
also recently been suggested to function as a marker for regulatory T-cells (Tregs),
where absence of IL7R on CD4+CD25+ T-cells could function as a Treg marker [183].
The need for large case/control materials when performing association studies in
complex diseases has been illustrated in this study. Of the 22 genes that showed an
initial association in the first stage, only two genes, IL7R and LAG3, survived the
second stage, and were considered to be associated with MS in this population. The
lack of sufficient power in many genetic studies has resulted in an increasing number of
suggested MS genes, where very few have been confirmed in independent studies. The
limited number of markers studied in each gene in the present study, the possibility of
false negative findings, and genetic variants of the non-associated genes in the present
study may still be of importance in MS susceptibility [184].

4.2

STUDY II

In order to validate and confirm the association of LAG3 identified in the previous
study, a follow-up study was performed. The CD4 gene was included in the study as we
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were unable to exclude that the association with LAG3 was in fact attributable to a
signal arising from the neighbouring CD4 gene due to the LD between the two genes.
The evolutionary relationship between them and a previously observed association
between the CD4 gene and MS also encouraged us to study both genes [185].
LAG3 and CD4 were analysed in two independent case/control materials, a Swedish
and a Nordic (Norway, Denmark and Finland) material. The Swedish material
consisted of 920 MS patients and 778 controls, and the independent Nordic material
was comprised of 1,720 MS patients and 1,416 controls.
In CD4, nine SNPs were initially genotyped in the Swedish case/control material to test
for association with MS. The markers were selected to be evenly distributed over the
gene region. Three of these markers showed a significant association (p<0.05) with
MS, encouraging us to test these markers in the independent Nordic case/control
material. None of the initial associations were replicated in the larger Nordic material.
The ethnic similarity between the populations as well as the high power, due to the
large sample size indicates that the initial association detected was likely due to a type I
statistical error. Pair-wise LD was calculated using the |D’|, and two LD blocks were
identified within CD4. The haplotype analysis did not reveal any difference in
distribution of the haplotypes between cases and controls, and subsequently no risk or
protective haplotypes were identified.
In order to seek confirmation for the preliminary associations in the LAG3 gene, three
SNPs were selected for genotyping based on previous results from study I. None of the
markers genotyped were confirmed when analysed in the independent and larger
Nordic material. One of the SNPs, rs879849, did present a significant p-value (p=0.01),
but a deviation from HWE was observed in the control group, indicating a false
positive result, and therefore it was considered as a non-significant finding.
The genes studied, CD4 and LAG3, had increased prior probability in a genetic context
to be involved in MS and they are both involved in the regulation of immune responses,
acting on the regulation of activated T cells [173].
The CD4 gene is located on chromosome 12pter-p12, and the protein it encodes is
expressed on mature T-helper cells together with the T-cell receptor (TCR) [186, 187].
During antigen recognition CD4 interacts with non-antigen-binding regions of the
MHC class II molecules [188]. Further, a low expression of CD4 on the cell surface
results in impaired TCR response to antigenic stimulation, and reduced efficiency on
immune responses [189].
The LAG3 gene is located on chromosome 12p13.32 and is evolutionarily related to
CD4. LAG3 is an MHC class II ligand and downregulates activated T-cells by blocking
the binding of CD4 [173]. The binding of LAG3 to MHC class II interferes with the
binding of CD4 to MHC class II, thereby blocking the stimulatory signals mediated by
CD4 [190-192]. The interaction of the MHC class II and LAG3 during inflammation
may also be of importance in the activation of antigen-presenting cells [174]. Further
more, during inflammation both LAG3 and MHC class II are up-regulated, indicating
the important role of LAG3 in inflammatory processes [193].
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In this study we present data that, once more, illustrates the importance of access to
large case/control material and replication of initial genetic associations. Even though
the initial genotypings of both CD4 and LAG3 were well-powered, we failed to
replicate the preliminary findings in a second independent material, pin-pointing the
difficulties in adequate and correct evaluations of initial genetic association findings
[184]. The major conclusion of this study would be that even though both CD4 and
LAG3 proteins may still be of importance in MS pathogenesis, we failed to find
evidence for a genetic contribution of these genes to MS susceptibility.

4.3

STUDY III

Several genes have been investigated for their genetic involvement in MS, and even
though sometimes, a number of investigators have focused on a particular gene, no
consensus regarding the genetic association has been made. One such example is the
MPO gene, located on chromosome 17q23.1, a region suggested to be linked with MS
[125, 156]. A number of studies have investigated the genetic influence of a specific
marker (-463) in relation to MS, without reaching a conclusive result. This could be
mainly due to the lack of sufficient power in the individual studies [156-159, 194]. In
study III, we therefore wanted to explore the genetic association with MS, analysing
two SNPs (-463 and-129) located in the promotor region of the MPO gene in a larger
Swedish case/control material consisting of 871 MS patients and 532 controls, aming to
reach sufficient power to provide a more definitive answer. Both SNPs have been
suggested to influence the expression and protein levels of MPO, and were thus
appealing candidates [195].
Neither of the SNPs showed any significant association with MS with regard to
susceptibility, and we conclude that these SNPs are not influencing the susceptibility to
MS. In an attempt to summarize the efforts put into this gene, a meta-analysis was
performed for the -463 polymorphism. This analysis included four studies, including
the present one. Adding the data from the four different studies together, the negative
result was further strengthened, since no significant association could be detected in the
meta-analysis.
MPO is an enzyme that is expressed by myeloid cells, catalysing the production of
hypochlorus acid. The enzyme is also involved in inflammatory processes, where
activated neutrophiles can release active MPO, causing tissue damage through strong
oxidative activity [196]. Due to the tissue damaging effects of MPO, we wanted to
investigate associations with the genotyped SNPs and disease severity. To test for
associations with disease severity, the Multiple Sclerosis Severity Scale (MSSS), was
used [197]. Data regarding EDSS, disease duration along with genotype information for
the two SNPs was collected for each patient, in total 508 MS patients. We could not
detect any association between MPO genotypes and disease severity, suggesting that
these markers do not influence the disease severity.
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Due to the small number of SNPs analysed in this study, the conclusions drawn only
represent a fraction of the MPO gene. The importance of other genetic variations in the
gene can therefore not be ruled out, and further functional consequences may be of
importance both in the susceptibility of MS, but possibly more likely, due to the
functional properties of the molecule, in disease progression and severity,

4.4

STUDY IV

In the light of the present status in the genetic field of MS, genes identified with a
primary association with MS need confirmation in independent materials in order to
acquire the status of a true MS gene. Regarding IL7R, two Australian reports have
raised the attention to this gene in MS susceptibility [198, 199] along with the results
from study I.
To further investigate the genetic role of the IL7R gene in MS, an expanded
confirmatory study was performed. To seek confirmation for the three associated SNPs
from study I, a Nordic case/control material consisting of 1,820 MS patients and 2,634
controls was obtained. This material was completely independent from the material
used in study I. All three markers were confirmed to be associated with MS, and the
haplotype analysis was consistent with the previous haplotype findings, strengthening
the observation of a true association.
Due to the limitation in the number of identified SNPs at the time of performing study
I, the SNP coverage of the IL7R gene was not complete. In order to acquire genotype
data from the whole gene and the surrounding LD block harbouring the gene, an
expanded fine mapping tagSNP study was performed. According to data from the
HapMap CEU population, IL7R is located within a tight LD block based on r2measures, not harbouring any additional genes. To map the complete gene, and more
precisely map the risk-modifying variants, twelve additional SNPs, ten tagSNPs and
two non-synonymous SNPs were genotyped in a Swedish case/control material (1,210
MS patients and 1,234 controls). The three previously confirmed SNPs were included
in order to increase the comparability of haplotypes between studies IV and I. The fine
mapping effort revealed three associated SNPs, surviving correction for multiple
testing. A SNP in exon 6 (rs6897932), shown to be important for the splicing of IL7R
in a paper published back-to-back with study IV [153], showed the most significant
association (p=0.001).
Trying to further pin-point the association effect and to test whether any SNPs were
independently associated with MS, logistic regression analysis was performed which
showed that the co-dominant model of inheritance showed the best model fit. The SNP
in exon 6 was identified to best explain the genetic association for the IL7R gene and
MS, consistent with the previous single-point data.
Along with the single-point analysis, haplotype analysis was performed. One associated
haplotype was identified; the most common haplotype conferred a protective effect.
The positively associated 3-marker haplotype confirmed in the Nordic material was
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split into four different haplotypes, each insignificantly more common among cases
than controls. In addition, a sliding-window analysis, including four markers in each
window of the haplotype block revealed a slightly stronger protective haplotype effect,
including the previous 3-marker haplotype together with the most associated SNP from
this stage.
Functional analysis including mRNA expression of the IL7R and the ligand IL7 was
performed in CSF and peripheral blood mononuclear cells (PBMCs) from 75 MS
patients and 48 non-inflammatory controls (OND) together with 20 healthy controls
contributing with PBMCs only. IL7R was in general more highly expressed in CSF
than PBMC regardless of the status of the individual. Further, a significant increase in
expression of both IL7R and IL7 were detected when comparing CSF of MS and OND
patients. The existence of a functional difference between MS patients and OND
patients increases validity of claming IL7R as true MS gene. No correlation could be
detected between mRNA expression and genotype.
The identification of non-HLA genes with an implication for the risk of MS has been
difficult. Until recently, the only confirmed genetic risk factor for MS has been the
HLA-DRB1*1501, illustrating the difficulties in identifying genes modifying the risk
for complex diseases. The reason for this is probably weak influences of each genetic
factor relative to the limitation in access to large case/control groups, increasing the risk
of type I and type II errors. With the IL7R we present an exception to this dilemma,
with a gene that has been analysed and confirmed in three independent populations
(Australian, Nordic and American) including study IV [153, 199], showing significant
differences between MS patients and controls. Evidence for differences in expression
levels between MS patients and controls and the altered distribution of soluble and
membrane bound form of IL7R, further confirms the importance of this molecule in
MS [153, 198].

4.5

STUDY V

The importance of the IL7R in MS was demonstrated in study I and IV and in order to
further understand the role of the IL7R complex, we wanted to investigate the potential
genetic contribution of the ligand, IL7, to the risk of MS. IL7 is located in chromosome
8q12-q13 and harbours six exons. IL7 binds to the alpha chain of the IL7R, which
consists of the IL7R alpha chain and the common cytokine receptor gamma chain γc
(Figure 3) [200]. It is a non-redundant cytokine, essential for the human T-cell
development and survival, but also important in the proliferation and survival of mature
T-cells in the periphery [201]. The mechanism behind IL7 production is not clear, but
IL7 has been reported to be expressed in stromal tissue, epithelial cells, in the thymus
and in the bone marrow [202].
In total nine SNPs were selected based on genotype information from the HapMap
consortium. The markers were selected to acquire genotype information for a larger
number of SNPs, representing all parts of the IL7 gene, using the tagSNP approach.
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All SNPs were genotyped in a large Swedish case/control material consisting of 1,210
MS patients and 1,234 controls. None of the nine SNPs showed any significant
association with MS after correction for multiple testing. Frequencies of haplotypes
were estimated and haplotype association tests were performed, without revealing any
significant difference between cases and controls.
From this data we conclude that any genetic contribution of IL7 to MS susceptibility is
not detectable in our material. Although negative, this finding may in fact be a
supportive result in the story of the IL7/IL7R complex in MS. The lack of association
for the IL7 gene is in accordance with the functional studies of the IL7/IL7R complex
suggesting that signalling is regulated by a differential expression of the receptor and
not the ligand (reviewed in [203]). The hypothesis of the importance of the IL7R
pathway in MS has been strengthened by these results, and thus supporting our
conclusion that the IL7R pathway is of importance in MS.

31

5 DISCUSSION
This thesis is based on five papers, all with a focus on genetic association studies in
MS. The evolution in this field over the time of my postgraduate education has been
remarkable. The release of the sequence of the human genome and as a consequence
the establishment of the HapMap consortium has taken geneticists to a whole new
world of possibilities.
As a reflection of the rapid development in the field, my time as a PhD-student mirrors
this process. In study I, at that time the biggest candidate screen in MS, we assessed 66
genes, genotyping in total 123 SNPs in a total of 672 MS patients and as many controls.
With our current knowledge of the nature of the human genome, it was a rather modest
attempt to elucidate the genetics of MS. Four years later, in study IV and V, the number
of SNPs genotyped have increased dramatically and the size of the case/control
materials used has increased with almost 100%. These studies are in many aspects still
small genetic studies, but the evolution from study I to V in this thesis reflects the
trends and development in the field to some extent. But one should not neglect early
studies as a rule, small studies may still be of importance. The fact that the importance
of IL7R in MS, was first described in a small study which was later replicated, shows
that even the small studies can be of great importance [198, 199].

5.1

IL7R IN MS

The journey of IL7R in the MS genetics world began in 2003 [199] and is starting to
reach its final conclusion in 2007. This five-year journey of IL7R does say something
about the difficulties of identifying and confirming genes beyond doubt in a complex
disease. In the case of IL7R, the genetic evidence for an important role in MS
susceptibility is mounting. Recently, three studies, including study IV, were published
presenting data that IL7R is indeed the first non-HLA gene identified in MS [152, 153].
The identification of this gene represents quite a breakthrough in MS genetics, since no
unequivocally confirmed genes have been identified since the HLA associations
reported in early 1970’s.
A number of SNPs have been associated with MS in IL7R although fine-mapping
efforts in study IV as well as in the accompanying paper by Gregory et al [153], points
out one SNP in exon 6, rs6897932, to be the most important. A joint analysis of the
three recent studies of IL7R in MS [152, 153, 204] presents an impressive p-value for
this specific SNP, p=5.84x10-12, providing an association with genome wide
significance [205]. The location of the SNP within a coding region, and with a nonsynonymous change causing an amino acid substitution, makes this SNP the most
appealing candidate for the possible disease modifying effects of IL7R. Haplotype
analysis has also pointed out the importance of this SNP, since haplotypes including
this SNP present the strongest evidence for association.
An increasing amount of data suggest functional alterations of IL7R in MS patients,
thus supporting an important biological role for the molecule in the disease aetiology.
In addition to the genetic association, Gregory et al. [153] present data concerning a
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splice variant of IL7R, where exon 6 is skipped. The risk allele of the exon 6 SNP
shows an increase of the soluble form (spliced variant) of the receptor in relation to the
membrane bound form. The soluble form of IL7R lacks the transmembrane domain,
but maintains the ability to bind IL7, although the biological relevance of this complex
remains to be elucidated (reviewed in [206]). The increase of soluble IL7R could result
in an impaired signalling function, whereas an increase of the soluble receptor could
reduce important survival signals for proliferation and maintenance of the T-cell
population. Cell survival and proliferation mediated by IL7R is maintained by
increasing expression of survival proteins like B cell lymphoma 2 (BCL-2) and
myeloid-cell leukaemia sequence 1 (MCL1) and altering the distribution of death
proteins like BCL-2-associated X protein (BAX) and BCL-2-antagonist of cell death
(BAD) (reviewed in [207]). A shift in this balance could result in disturbed cell
survival, and in a possible accumulation of auto reactive cells. The importance of IL7R
in immunological homeostasis was recognized early, due to the severe effect of specific
mutations in IL7R, causing a particular form of severe combined immunodeficiency
(SCID) [208, 209].
In addition, the IL7R has lately received attention as a potential marker for regulatory T
cells, where a low expression of IL7R by CD4+CD25+ T-cells (Treg) correlates with
high expression of FoxP3 [183]. Tregs are important players in the immune system,
acting as a balance between pro- and anti-inflammatory mechanisms protecting from
autoimmunity (reviewed in [2]). The observation that MS patients have an altered
function of their Tregs in the periphery could be an important key to the understanding
of the autoimmune mechanisms involved in MS. The suppressive function of the Tregs
has been shown to be altered in MS patients compared to controls in PBMC, although
the frequency of the cells did not differ between the groups, suggesting an impaired
function of the Tregs in MS [210, 211], but other studies could not detect any
alterations of the Treg functions [212, 213]. In contrast to PBMC, in CSF the frequency
of Tregs has been shown to be increased in MS patients compared to ONDs. The
increase of Tregs in the CSF, is suggested to be due to recruitment of Tregs from the
periphery into the CSF, rather than expanding of Tregs once they reach the CSF [214].
These observations indicate the importance of Tregs in MS pathogenesis and the
relationship between Tregs and IL7R present an appealing hypothesis of the function of
IL7R in MS.
An altered expression of IL7R on Tregs could be one explanation for the decreased
suppression properties of Tregs derived from MS patients. The increase of IL7R
expression observed in the CSF but not PBMC, in study IV should be further
investigated to understand the specific role of an altered expression of IL7R in different
compartments. The data presented so far related to IL7R expression in MS, are not
consistent. Gregory et al. [153] do present an altered expression of IL7R in the PBMCs,
and Booth et al. present differential expression of IL7R in PPMS compared to RRMS
in the periphery [198], whereas we could not detect any difference in expression level
of IL7R in PBMCs when comparing MS patients, OND patients and healthy
individuals.
In summary, these findings suggest an important role of the Tregs in the pathogenesis
of MS, where the IL7R association may play an important role in modulating the
function of the Tregs.
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The utilization of IL7R as a possible drug target for MS treatment is a difficult issue.
The unique properties of the receptor, being a non-redundant cytokine receptor make
modulation of its biological function challenging. In human immunodeficiency virus
(HIV) infection the possibility of targeting the IL7/IL7R complex for therapy has been
discussed, but the situation in HIV is somewhat different from MS. Their main concern
regarding using IL7 therapeutics for HIV is the risk of increased viral infectivity and
the risk of autoimmunity (reviewed in [206]). Both these concerns would be even more
problematic in MS, due to the autoimmune nature of the disease and the proposed
influence of virus infections in MS pathogenesis. Using IL7/IL7R as a drug target in
MS would need further biological understanding of this complex and the signalling
pathways in order to modulate this system in a beneficial manner for MS patients.
Even though the genetic data support an important role of IL7R in MS, the exact
biological and functional consequences of the genetic findings are still to be elucidated.
A genetic association could be regarded as a statistical finding until the biological effect
of the genetic variant has been demonstrated and understood.
In general, the association of IL7R strengthens the hypothesis of MS as an autoimmune
and T-cell mediated disease. It also gives credit to the disease modifying treatments
used as of today in MS care, since the present treatments all have mechanisms of action
developed on the basis of MS as an autoimmune and T-cell mediated disease.

5.2

HOW TO SUCCEED IN MS GENETICS?

The development of MS genetics has moved from almost exclusively focusing on
linkage studies to the present situation, with total devotion to the association approach.
One could always argue that this is just a trend and that linkage will regain its glory, but
linkage will most likely not dominate the MS genetics again. The shift towards
association studies can be attributed to a number of reasons, where lack of power and
low resolution in linkage screens are the main reasons. An exception to this situation is
extended pedigrees with multiple affected individuals, where a specific inheritance
patterns can be assumed. In these cases, the linkage approach may still be considered
useful, and provide important information, which hopefully can be applied to the
general MS population.
The overall trend in genetics of complex diseases goes towards larger case/control data
sets, and extensive genotyping. As previously mentioned, the evolution has been rapid,
and the requirements of the genetic studies today are challenging.
5.2.1 Selection of patients and controls
The outmost important component in the study design is the selection of cases and
controls. Inclusion criteria for affected individuals need to be stringent, and should be
in accordance with the current diagnostic criteria, to avoid dilution of the patient group
by including non-MS patients.
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Selection of the control group may be even more difficult, but just as important. Due to
the geographical and ethnic differences in the distribution of MS, the selection of
controls may be a critical issue in many studies. In addition, allele frequencies in
general differ between populations, population heterogeneity, and therefore matching
for ethnicity is crucial to obtain reproducible results. A debate as to whether the control
group should be matched to the patients with regard to age and gender is ongoing. One
could argue that a perfect matched control group will give the most reliable results
since most confounding factors have been accounted for. On the other hand, a perfectly
matched control set will not reflect the general population, in which you want to
estimate the effect of an association. The matched control set will also limit the
possibility to identify interactions between gender and genotype for example. The
answer to this dilemma is not clear, and the debate regarding selection of control
groups will continue.
Using genomic control is another strategy to avoid spurious associations due to
population heterogeneity. This approach includes additional genotyping and difficulties
in the selection of unbiased markers could be an issue. The approach to control for
population heterogeneity was recently utilized in the large GWA study by the
Wellcome Trust Case Control Consortium proving this strategy to be valid [89].
The choice of material to study is another important issue to consider; case/control
materials and family materials like trios and sib-pairs both have their benefits but also
disadvantages. The use of family materials provide important information regarding
phase, valuable in haplotype analysis and are less sensitive to population stratifications
but on the other hand, have less power and require more genotyping, in contrast to the
case/control materials. The ultimate choice would be a combination of the two. This
would allow for correct haplotype analysis, and still provide sufficient power to detect
associations.
5.2.2 Design issues
We have the knowledge to design high quality studies, in theory, but access to
sufficient data sets, good quality phenotypic data and funding are still limiting factors.
One key component in designing genetic studies are the issues of sample size and
sufficient power. Lack of power hampers many studies, with subsequent inconclusive
results. Aiming for accurate sample sizes will make large case/control sets crucial to
being successful in finding genetic modulators in MS. The recent GWAs reported for a
number of diseases including MS [89, 152], present data that indicate that case/control
materials of 1,000/1,000 may be a “threshold” for a minimum sample size in order to
achieve reasonable power to detect associations. Access to even larger materials (2,000
cases/2,000 controls) substantially increase the power, even so, in order to actually
claim full power to reach p-values with genome wide significance, even larger
materials at least 10,000 cases /10,000 controls may be required [215].
In the light of our current knowledge, the majority of genetic risk factors in MS will
contribute with a small, but important piece of the puzzle. The odds ratios observed for
genetic modulators in MS will subsequently be modest, in many cases not exceeding
OR<1.4, even though the importance of the identified genetic factor may be central.
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This fact illustrates clearly the need for properly powered studies in order to capture
these fairly small effects and the importance of acknowledge confirmed, true
associations even when the OR’s are not extreme.
Other important aspects to consider are the allele frequencies of the genotyped markers,
LD structure in the area of interest as well as strict inclusion criteria for patients and
controls. In addition, seeking confirmation for initial findings is necessary to rule out or
confirm candidate genes at an early stage. In the perfect world, all studies should be
subjected to confirmation effort regardless of a positive or negative initial finding, in
order to assure that accurate and reliable genetic data are reported.
The studies performed today are most often designed based on the hypothesis of
“common disease- common variant” (CDCV). The CDCV hypothesis stipulates that
common genetic variants, present in a significant proportion of the population, both
affected and unaffected individuals, are the cause of common diseases with a genetic
component [71]. The extensive support for CDCV may in part be due to the fact that
“this is what is possible to study”, i.e. it is in a way convenient to apply this strategy,
but this view may be challenged. Arguing the validity of CDCV points out an important
issue in genetic research, the importance and contribution of rare alleles in complex
disease “common disease- rare variant” (CDRV). To evaluate rare variants, substantial
data sets are needed, up to hundred of thousands of cases and controls. As of today,
many geneticists consider it nearly impossible to perform studies focusing on rare
variants due to these conditions. Collecting large, well-characterized case/control
materials in collaboration could be beneficial in attempts to understand the role of rare
variants in MS. These studies will have to be carefully controlled for possible
population stratification in order to succeed, but in the complex world of complex
genetics, it would be arrogant to ignore the importance of either common or rare
variants. Most likely a combination of the two will contribute to the susceptibility to
MS and our mission is to understand this interplay, even though it may be an almost
impossible task, we cannot ignore it.

5.3

NEGATIVE OR POSITIVE ?

A critical point in MS genetics is when a gene should be regarded as a disease gene or
be excluded to be of importance. As discussed in the previous section, differences in
allele frequencies among populations suggest that population specific associations
could contribute to the genetic susceptibility. Another issue is the level of significance
selected. Do we as scientists accurately interpret the results as significant or nonsignificant in a biological context, or is the statistical significance a poor predictor of
biological validity and instead leads us in the wrong direction?
In this thesis, we present data for a number of candidate genes. Due to the lack of
statistical power and limited number of SNPs genotyped in study I, the “negative”
genes may still be of genetic importance, yet undiscovered, and one should not regard
these genes as excluded and as such, not as true negative findings. In contrast, the
second study could be regarded more conclusive in this respect. The initial associations
in LAG3 and CD4 were subjected to genotyping in a second independent population to
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seek confirmation. The lack of confirmation in this larger, well-powered and
independent data set could justify the conclusion that these genes are not of significant
importance in MS susceptibility in these populations.
Selection of a more conservative significance level in the initial stage of this study
could have saved us from expensive genotyping in the confirmation step, but one
should be cautious to rely exclusively on the magnitude of p-values. A more strict
selection would, as just stated, have saved us from genotyping CD4 and LAG3 and still
reach the same conclusion. On the other hand, in the case of IL7R, a more conservative
cut-off level would have made us regard the results as non-significant, and an important
true association would have been missed. How to assess significance remains difficult,
due to the modest effect of each risk factor and subsequently even fairly modest pvalues may account for true associated variants.
5.3.1 Multiple testing
The large number of markers analysed in a study, will occasionally produce significant
results merely due to the large number of comparisons made. To overcome this
problem, different strategies to correct for multiple testing have been developed.
Adjusting multiple comparisons using the Bonferroni correction is regarded by many
geneticists to be too conservative, causing true associations to be regarded as nonsignificant after correction. The Bonferroni correction assumes the tests to be
independent of each other, which could be difficult to determine due to LD, making
Bonferroni correction best suited for correction of single-point data.
Less conservative methods suitable for single-point and haplotype analysis include
permutation tests and simulation of the data set. Using independent case/control
materials to confirm preliminary findings is maybe the most accurate method, but also
the most expensive. The lack of consensus in this matter has led us to report
uncorrected p-values along with corrected p-values using different correction methods
in all studies included in this thesis. Overall I find correction by replication to be the
best method since it reflects the actual biological situation without taking the magnitude
of the p-values into account. With regard to the modest p-values achieved for IL7R in
study I, the other methods of correction would have made us drop the initial finding as
negative after correction for multiple testing.
It is not just in individual studies that multiple testing is an issue. The fact that initial
findings with modest effect are replicated in number of studies, at best providing
modest p-values, could generate false-positives simply due to the large number of tests
performed globally. This is more difficult to correct for since the actual number of
analysis performed for a specific marker is not known.
5.3.2 Publication bias
Numerous genetic studies with negative results have been published during the years,
but an even larger number of negative studies may never be published due to the lack of
interest in negative findings from journals and the researchers themselves, publication
bias [216]. This represents a major issue since publication is the major source for
researchers to gain access to research data from the scientific community. Reports of
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negative findings are essential to scientists in order to validate and make decisions
about up-coming studies, since negative findings represent important knowledge and
contribute to the future directions in research. The journals do have an obligation to
publish well designed and conclusive reports regardless if the findings are negative or
positive, and researchers should be encouraged to publish these findings as well.

5.4

HAPLOTYPES – WILL THEY HELP US?

The observation that the human genome is organized in blocks, where certain blocks
are inherited together more often than would be predicted by chance due to LD, have
influenced the strategies of analysis. The focus of genetic analysis has turned from
analysis of single markers to haplotypes. A number of reasons have been presented in
favour of using haplotypes to improve genetic analysis as compared to single markers
only; the haplotypes can be argued to define functional units of a gene by protein
sequence corresponding to haplotypes, population genetic variations are structured into
haplotypes and using haplotypes increase the statistical power by reducing the number
of tests (reviewed in [217]). Utilizing haplotypes minimizes the genotyping effort
without loosing too much power.
The utilization of haplotype analysis also has issues that need to be addressed. First, it
assumes that the CDCV hypothesis is valid since the haplotype analysis will not cover
rare variants, secondly, analysing case/control data rarely includes information
regarding phase of the genotypes which instead must be inferred, introducing possible
errors and thirdly, haplotype analysis relies on high LD.
Even though almost all scientists in complex genetics have performed haplotype
analysis, the aims are not clear in all cases. In the situation of an identified haplotype
association, the geneticists rarely settle with that. Instead, we want to further dissect the
haplotype and ultimately find the disease-causing variant within that haplotype rather
than accept the haplotype as the significant finding. At present, the single-point analysis
goes hand in hand with haplotype-based analysis. Both are important contributors to the
progress of MS genetics. The haplotype analysis could be used in different ways; it
could serve as a strategy to scan genomic regions to detect associations that could be
further corroborated, or as a way to identify genetic elements influencing biological
mechanisms.
In the studies included in this thesis, haplotype analyses have been performed for all
studies but study III. In the case of IL7R, the haplotype analysis further strengthened
the conclusion that this gene was associated with MS. Still the actual cause of the risk
modifying properties of the association is not clear. The T-allele of the most associated
SNP was also unique to the protective haplotype identified, but the relation between the
single SNP and the haplotype needed further evaluation in a functional setting in order
for us to draw firm conclusions about the origin and cause of the association effect.
In study II, the haplotype analysis of the CD4 gene, did not reveal any association in
contrast to the single point data in the Swedish material. This observation was not
replicated and the gene was considered not associated with MS in accordance with the
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haplotype data. But one could think of a situation where single markers show
significant association in absence of a haplotype effect. This could be due to mainly
two reasons. First, the actual, true disease modifying variant has been captured, acting
on its “own”, explaining the lack of haplotype effect and secondly, which may be a
more common situation, the single-point data are false positives and thus do not present
a haplotype association. The analysis and interpretation of haplotype data will most
certainly be further developed and improved, but at present, a combination of singlepoint- and haplotype analysis is the best approach to dissect genetic data.
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6 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES
In this thesis we have made an attempt to increase the knowledge concerning the
genetic component in MS by investigating candidate genes using the association
approach.
In the initial stage, three genes showed evidence for association with MS, LAG3, IL7R
and CD4. Upon seeking confirmation of these results in an independent case/control
material, only the IL7R gene remained associated with MS. The solid confirmation of
IL7R as a genetic risk factor for MS susceptibility represents a breakthrough in the
search for “MS genes”.
With the rapid development and achievements in the field of complex genetics during
the last few years, the future looks bright. The challenge of genetic studies has moved
from genotyping in the laboratory to development of clever analysis. It is almost
impossible to predict the future, but one can have dreams and hopes of what the future
in genetic research will hold. So far, genetic research has been focused on identifying
single genes contributing to an altered susceptibility to MS. The interactions of genes,
gene-gene interactions, and genes and environment, gene-environmental interactions,
have not yet been very well investigated. In the future, these interactions will hopefully
receive the attention they deserve. In addition, the genotyping will probably be replaced
by rapid whole genome or regional sequencing, where the full individual variation will
be identified. Further, international collaborations will be essential in establishing joint
bio-banks to enable access to large sample sets with high quality phenotypic data. The
past, represented by small studies performed by single research groups will be replaced
by the signature of the future, large collaborative studies, set out to solve the mystery of
MS.
The near future will be an interesting time in MS genetics, and especially for
researchers devoted to IL7R. The answer to the question of what the function of IL7R is
in MS may be just around the corner, opening up a whole new set of opportunities to
get closer to the truth about MS. Step by step we are going to find the truth!
My own personal dream is that we in the near future have identified the majority of
genetic risk factors for MS and understood their biological function, transferred this
knowledge into drug development and MS patients will no longer be “patients”.
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