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Introduction 

These are exciting times for geneticists. Human disease genetics is a quickly 
developing field, and much of the progress is driven by rapid technology 
development. Much has happened since 1993 when Kary B. Mullis was one 
of the laureates of the Nobel Prize in chemistry for his invention: the poly-
merase chain reaction (PCR), which is one of the break-troughs enabling the 
study of the code of life. His discovery enabled copying of DNA molecules, 
and is the foundation for many of the technologies used for studying human 
genetic variation today. We can now routinely analyze a vast number of 
genetic variants in large collections of patients and controls, which has lead 
to new insights in disease genetics. In this thesis some of these technologies 
have been exploited to reach new insights in the genetics of two autoimmune 
diseases, multiple sclerosis and systemic lupus erythematosus. 

The human genome and genetic variation 
The human genome consists of over three billion base-pairs, and thanks to 
two huge efforts we learned its complete DNA sequence in the beginning of 
this millennium1,2. The estimated number of protein coding genes is cur-
rently just over 18,000 (http://www.ncbi.nlm.nih.gov/CCDS, Feb 11, 2010). 
Coding sequences make up less than 2% of our genome3. In more recent 
years we have learned that a majority of sequences outside protein coding 
genes are also transcribed4, indicating that these sequences could have some 
function. The difference between the haploid genomes of any two individu-
als is around 0.5%5. This variation seen between human beings is part of 
what makes us all unique, and influences for example differences in suscep-
tibility to disease. 
 
Single nucleotide polymorphisms (SNPs) are by number the most common 
forms of genetic variation. These are the result of germline mutations affect-
ing a single base of the genetic code which are introduced in our genome by, 
for example, errors made in DNA replication. Once a new variant has spread 
in the population, either by chance or by positive selection, and to a fre-
quency of one percent or higher, it is considered a SNP. From the first few 
complete diploid individual genome sequences that were published it be-
came clear that each of us carry around 3 million SNPs compared with the 
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human genome reference sequence5-8. Currently there are 17.8 million SNPs 
registered in the main SNP database, dbSNP (http://www.ncbi.nlm.nih.gov 
/projects/SNP/). The number of SNPs deposited in this database has dramati-
cally increased the last year, presumably due to the increase in sequencing 
throughput enabled by the massively parallel sequencing technologies (fig-
ure 1). The most common use of SNPs today is as markers in candidate gene 
and genome-wide association studies for diseases, as well as in population 
genetics studies. 
 
Another form of genetic variation is the deletion-insertion polymorphism 
(indel). These are positions where one or more nucleotides have been deleted 
or inserted. Indels are less abundant than SNPs, but estimates from se-
quenced genomes are that we have 200,000-300,000 of these per genome5,7. 
The majority of both SNPs and indels are biallelic. 

 
Figure 1. The number of SNPs available in dbSNP at NCBI over the last five years 
going from build 125, released in 2005, to build 130, which became available in 
2009. Numbers have dramatically increased recently, presumably due to the increase 
in sequencing throughput enabled by the massively parallel sequencing technolo-
gies. 

Microsatellites are a form of genetic variation where a sequence motif of a 
few bases (1-6 bp) is tandemly repeated in a stretch of DNA. Mono-, di- or 
tetra-nucleotide repeats are most common9. Microsatellites can be highly 
polymorphic and their many alleles make the information content greater 
than that of individual SNPs. These properties have made them valuable as 
markers in linkage studies and for identity testing, but their relatively low 
abundance in the genome makes them less suitable for fine-mapping of link-
age regions. Both indels and microsatellites could technically be called copy 
number variations (CNVs), although this term is usually reserved for larger 
insertion-deletion or repetitive events, typically in the kb-Mb range. Al-
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though CNVs are less abundant than SNPs, they affect a larger proportion of 
the bases in the genome than SNPs5,10. It has been estimated that > 10% of 
our genome is located in regions affected by CNVs11. Depending on where 
in the genome these various changes have occurred they can have different 
effects on the phenotypic level. Polymorphisms in coding regions of genes 
can lead to amino acid changes in proteins or altered stability of mRNA, 
while variation in intronic regions can influence the expression of a gene by 
for example changing a transcription factor binding site. 
 
There have been efforts to discover and catalogue all human genetic varia-
tion. In 2005 and 2007 the results of the first two phases of the human haplo-
type mapping project, the HapMap project, were published12,13. The aim of 
the HapMap was to identify common variants and create a haplotype map 
which describes how these variants are linked. The main finding from the 
HapMap is that our genome has a block-like structure with regions of limited 
haplotype diversity. It also created a fantastic publicly available resource 
containing information about genotyped markers in several populations 
(http://www.hapmap.org). Currently the third phase of the HapMap aiming 
at studying variants in eleven populations is under way. The 1000 Genomes 
Project started in 2008 with the goal to create a detailed map of human ge-
netic variation, also including rare variants (http://www.1000genomes.org). 
This project will no doubt dramatically increase the number of known ge-
netic variants. Release of data has started, and the 1000 Genomes Project 
offers the promise to become an equally valuable resource as the HapMap 
for genetic studies in humans. 

Technology for studying genetic variation 
The advances in SNP genotyping technologies have been impressive over 
recent years, as we have now moved from genotyping single SNPs to multi-
plexing levels in the millions. The studies described in this thesis contain 
data from experiments where between one and 550,000 SNPs were analyzed 
simultaneously. Soon products covering as much as 5 million SNPs are es-
timated to be released. A number of different commercial SNP genotyping 
systems are available, but they all rely on one of the following principles for 
allelic discrimination: allele-specific hybridization or enzyme-assisted allele 
discrimination14. 

Single base primer extension 
Single base primer extension, which was used in Studies I-V, is an example 
of an enzyme-assisted genotyping method. In single base primer extension, 
or minisequencing as the method is also called, an extension primer is con-
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structed to end just before the base that is being interrogated15. Templates for 
the extension reaction are generated either by PCR, or by whole genome 
amplification (WGA). A DNA polymerase then extends the minisequencing 
primer by one labelled terminating nucleotide analogue (ddNTP) in a cyclic 
reaction. Fluorophores are the most commonly used labels. There are nu-
merous ways to detect which nucleotide has been incorporated in a primer 
extension reaction. Detection can be achieved in solution in microtiter plates 
by fluorescence polarization16 (FP-TDI, Perkin-Elmer) as in Study I, by fluo-
rescence on arrays17 (the SNPstream system, Beckman-Coulter) used in 
Studies I-IV, or using beads18 (the Infinium II assay, Illumina) as in Study V. 
The two last approaches allow multiplex genotyping of SNPs by utilizing 
extension primers that have been constructed to contain a tag sequence com-
plementary to tags spotted on microscope glass slides (figure 2a), or by at-
taching the primers to silica beads on silicon wafers (figure 2b). The bead 
approach enables simultaneous analysis of a virtually unlimited number of 
SNPs. Currently commercial systems where over one million SNPs are as-
sayed in the same sample are available. In the Infinium II assay, WGA is 
used instead of PCR to prepare templates for genotyping. Because of the 
lower number of products obtained by WGA than by PCR, a signal amplifi-
cation step has been added in this assay to achieve the required sensitivity of 
detection. Hapten (biotin and 2,4-dinitrophenol [DNP])-labelled ddNTPs are 
used in the extension step of this assay, signal amplification is then achieved 
in a multi-layer immunohistochemical sandwich assay with fluorophore la-
belled streptavidin and anti-DNP (figure 2c). 

 
Figure 2. Different strategies exist to physically separate extension primers for dif-
ferent SNPs from each other to allow multiplexing: A) Complementary tags that 
capture the extended primers are spotted on arrays in the SNPstream system, B) In 
the Infinium II assay the extension primers are attached to beads. C) The signal 
amplification step used in the Infinium II assay. 

Allele-specific primer extension  
In the GoldenGate™ assay (Illumina), employed in Studies III and IV, al-
lele-specific hybridization is coupled with primer extension by a poly-
merase19. Allele specific primer extension is performed, and after a ligation 
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reaction fluorescent labels are introduced using PCR (figure 3). The fluores-
cently labelled PCR products can then be hybridized to glass cylinders, silica 
beads on bead chips, as in the Infinium II assay, or to beads on fiber optic 
bundles arranged in an array matrix, as was used in Studies III and IV. The 
array consists of beads with different probe sequences; each of these beads 
contains hundreds of thousands of covalently attached identical oligonucleo-
tide probes. Products are guided to their complementary bead type through 
their unique address sequence. After hybridization, a scanner is used to ana-
lyze the fluorescent signals, and genotypes are assigned to each sample. The 
current maximal multiplexing level of the GoldenGate assay is 1536 SNPs. 

 
Figure 3. Allele-specific primer extension in the GoldenGate assay. Two allele-
specific oligonucleotides are constructed for the SNP (ASPs), and a third oligo, the 
locus specific probe (LSP) is constructed to hybridize downstream of the SNP site. 
This oligo contains a unique address sequence. The oligos are hybridized to the 
genomic DNA sample, allele-specific extension is performed, and the extended 
product is ligated to the LSP. The ligation products are then used as templates for 
PCR. Three universal primers, of which two are fluorescently labelled, are used in 
the PCR reaction. The fluorescently labelled PCR products can then be hybridized to 
for example beads on fiber optic bundles arranged in an array matrix. 

Genotyping insertion-deletions 
Even if recent progress in the field of SNP genotyping has been substantial, 
efficient techniques for large-scale genotyping of indels are still to come. 
Some indels can be genotyped using conventional SNP genotyping tech-
nologies, such as single-base primer extension. However, Sanger sequencing 
and PCR fragment length analysis on gels or capillaries, used in Study I, are 
the most commonly used methods. Each have limited throughput, but low 
levels of multiplexing are possible with the use of fluorescently labelled 
PCR primers coupled with fragment size separation. With the availability of 
massively parallel sequencing technologies more indels are being discov-
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ered. These techniques are also the most likely to be the future for analysis 
of indels. It is today possible to achieve a reasonable level of throughput by 
multiplex PCR or capturing on arrays in combination with genetic bar-
coding (indexing) of individuals. 

Genetic variation and disease 
Human beings have been aware of the fact that some traits and diseases run 
in families for several thousand years. In monogenic, or Mendelian, disor-
ders mutations in one gene give rise to the condition, whereas for complex 
disorders a combination of mutations in different genes and the environment 
interplay to give rise to a certain phenotype. For complex traits twin and 
adoption studies are commonly used to infer the size of the genetic compo-
nent, where higher concordance for identical twins than for dizygotic ones 
indicates a genetic background for the disease. The recurrence-risk ratio of 
disease in siblings (�s), which is defined as the ratio of risk for disease given 
one affected sibling, compared with the disease prevalence in the general 
population20, is a commonly used measure of familial risk for a disease. 
 
There are three main strategies that have been employed for identifying 
genes relevant for the development of disease: linkage studies, candidate 
gene association studies and genome-wide association studies. In genetic 
linkage studies genome-wide sets of typically a few hundred microsatellite 
markers are genotyped in extended families, giving an inter-marker distance 
of around 10 centimorgans (cM), which roughly corresponds to 10 Mb. This 
information is then used to detect recombination events in a pedigree and to 
subsequently identify chromosomal segments that are shared between af-
fected individuals. This method has successfully identified many genes for 
monogenic disorders. For complex genetic disorders, where more than one 
gene confers risk, non-parametric linkage has been used instead. In this 
method, related individuals are also analysed, but no assumption about the 
inheritance pattern of the disease is made. Although expectations were ini-
tially high, this method has only provided us with a small number of consis-
tently associated loci for complex genetic disorders. The reason is that the 
number of loci influencing each disease is much larger, and each locus has a 
smaller effect than the initial assumptions, resulting in low power of detec-
tion21. For these diseases candidate gene association studies, and more re-
cently, genome-wide association studies (GWAS) have proven more suc-
cessful22. Both these methods rely on linkage disequilibrium (LD) between 
the tested markers and the loci influencing the disease. 
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Association studies 
Information about which genes that influence a trait or disease can come 
from a number of different sources: the gene may be located in an area of the 
genome which has been implicated in linkage studies of the disease, it may 
be involved in a pathway with other genes associated with the disease, or it 
may be expressed in cells relevant to the disease. In candidate gene associa-
tion studies polymorphisms within such a candidate region are genotyped in 
a set of cases and controls. Allele frequencies for the tested markers are then 
compared between these groups typically using a Chi square or Fisher’s 
exact test. SNPs are the most common type of genetic variation analysed in 
association studies. The choice of which and how many SNPs to genotype in 
a candidate region is often guided by information about the LD between 
markers in the region. The aim is usually to cover as much as possible of the 
genetic variation in the region at a reasonable cost. With the advent of the 
new sequencing technologies re-sequencing of candidate regions in large 
cohorts is becoming possible, making it feasible to test most of the genetic 
variation in a gene for association to a trait or disease. Using this method 
there is hope of identifying the causal variants in a gene, unlike in methods 
relying on LD. Although association studies have generally been successful, 
earlier studies suffered from inconsistent replication of results23. Some ex-
planations for this could be inadequate samples sizes which lead to false-
negative results, inadequate matching of cases and controls which created 
false-positives or genetic heterogeneity where different genetic factors act in 
different populations. The fact that also more subtle differences in ancestry 
for cases and controls, for example those between Northern European popu-
lations, can create spurious associations has been extensively investigated24. 
 
Genome-wide association studies were initiated as a result of the “common 
disease –common variants” hypothesis25. This theory stated that many of our 
common complex diseases can be attributed to a larger number of high fre-
quency genetic variants, in contrast to the rare mutations seen in monogenic 
disorders. A GWAS typically involves genotyping of several hundred thou-
sand, or up to a million SNPs distributed across the genome in a large collec-
tion of patients and controls, or in a population based cohort with available 
phenotype information. Also for GWAS information about the LD is used to 
create a non-redundant set of SNPs for genotyping. SNP panels generally 
have a median marker spacing of a few kb, and commonly tag all common 
variants in the genome13. Since the first publications in 2006, GWAS have 
been used for identification of genes for a majority of the common complex 
disorders. More than 500 GWAS have been published to date 
(http://www.genome.gov/gwastudies). These studies have revealed com-
pletely new sets of associated genes, as well as confirmed the association of 
some earlier findings from linkage and candidate gene studies. It is only the 
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development of large-scale genotyping systems within recent years that has 
made this progress possible26. These studies have generally been well pow-
ered to detect associations for common variants of medium effects (median 
OR = 1.25 for detected variants)27, and there is also reason to believe that 
common CNVs are tagged in these studies10. By pooling data from multiple 
GWAS, or by performing larger studies, it is also possible to discover dis-
ease associations for common variants of smaller effects (OR < 1.1)27. The 
key to the success of GWAS lies in the realization that larger case-control 
cohorts were needed to achieve significant results, application of strict qual-
ity control for genotyping, and correction for population stratification to 
reduce the number of spurious associations. In GWAS a set of ancestry in-
formative markers (AIMs) are typically included. These are then used to 
account for differences in ancestry between samples, or alternatively a larger 
set of random markers (~40,000 SNPs to resolve European substructure) 
could be used24,28. 
 
Variants that have not been directly genotyped in a study can be analysed for 
their association with a trait after imputation of genotypes, which leads to an 
increase in power13,29. Imputation is a method where genotypes for non-
analysed sites are inferred from genotyped sites using (LD) data from a 
population where both sites were analysed, for example in data from the 
HapMap and 1000 Genomes Projects. Imputation enables combination of 
data from studies where separate sets of dense markers have been genotyped. 
Imputation is typically used for genome-wide datasets, but is equally amend-
able to candidate gene studies with dense genotyping. The accuracy of impu-
tation of genotypes depends heavily on the density of genotyped markers, 
but using data from genome-wide SNP arrays it has been estimated to be 
well over 90% for the most commonly used imputation methods30. 
 
It is becoming increasingly clear that the common variants identified in 
GWAS only explain a limited proportion of the heritability for complex dis-
orders31. The view that rare variants, which are not well covered by these 
studies, could underlie some of this variation is gaining support. It has also 
recently been suggested that not only do these rare variants contribute to the 
genetics of complex disorders, but that they also might underlie association 
signals for common variants observed in GWAS32. Re-sequencing of large 
regions surrounding the GWAS hits (perhaps up to 10 Mb), whole exome-, 
or whole-genome sequencing of carefully selected cohorts would be required 
to identify these variants. 

Family-based designs 
Some of the problems in association studies can be avoided by using family-
based designs, sometimes making it a more powerful approach. In a family-
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design problems with spurious results due to population stratification, and 
problems caused by genetic heterogeneity, can be avoided. Linkage studies 
typically require multi-generational pedigrees to narrow down the region, 
but it is also possible to perform association studies using larger numbers of 
smaller family units, such as trios consisting of parents and an affected child. 
Family-based designs allow testing for both linkage and association. The 
transmission disequilibrium test (TDT) is a commonly used test for binary 
traits in trios. This test compares transmissions of alleles to affected children 
with what is expected under Mendelian transmissions. Rejection of the null 
hypothesis implies that the tested SNP is in LD with the disease causing 
variant. The power for this test is very similar to that of a case-control study 
with the same number of affecteds33. Trios can be used in either candidate 
gene studies or GWAS, but due to the fact that 50% more sample have to 
genotyped compared to a case-control design, and that large numbers of 
these families are difficult to recruit, they have been less widely applied. 

Genetics of autoimmune diseases 
In autoimmune diseases an individual’s immune system becomes targeted at 
the body’s own healthy cells. Autoimmune diseases are a large group of both 
systemic and localized diseases with varying symptoms and prevalence. The 
most common autoimmune diseases, such as rheumatoid arthritis and thy-
roiditis, are estimated to affect five in 1,000 individuals34. Among younger 
and middle aged women autoimmune diseases are one of the leading causes 
of death. It has been reported that patients affected by an autoimmune dis-
ease might suffer from another autoimmune disease, and that members of the 
same family suffer from different autoimmune diseases. For example, in 
families with systemic lupus erythematosus (SLE), multiple sclerosis (MS) 
and rheumatoid arthritis (RA) occur more frequently than in the general 
population35, and conversely MS is correlated with SLE, type 1 diabetes 
(T1D), and psoriasis (Ps)36. 
 
Co-occurrence of different autoimmune disease within individuals and fami-
lies suggests shared genes, environment, or involvement of common cellular 
pathways in these diseases. Genetic variants within the major histocompati-
bility complex (MHC) have been shown to be associated with a number of 
autoimmune diseases like SLE, MS, RA, and T1D 37. This is not surprising 
considering the role of MHC genes in antigen presentation. A recent study of 
variation in the MHC in immune-mediated diseases shows that several genes 
within this region are likely to account for the observed signals38. In auto-
immune diseases the estimates for how much of the genetic predisposition 
the MHC accounts for vary from 10-100%37. It is clear that genes within the 
MHC explain a large fraction of the genetic component for autoimmune 
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disorders, although not all of it. Therefore a number of genes other than 
those within the MHC which are involved in the genetic predisposition to 
autoimmunity must exist. Some of these genes might be shared between 
different autoimmune diseases. This hypothesis is supported by reports on 
additional genes found to be associated with more than one autoimmune 
disease in experimental models of RA and MS39. Shared genes in autoim-
mune diseases are becoming apparent also in humans, where some findings 
are PTPN22 in RA, SLE, Crohn’s disease (CD) and T1D40-43, IL2RA in T1D 
and MS44-46, and more recently TNFAIP3 in T1D, RA, Ps and SLE47-51. 

Multiple sclerosis 
MS is a common neurodegenerative autoimmune disorder, with a prevalence 
of about 1 per 1,000 inhabitants in Northern Europe. In MS the presumed 
target for the autoimmune process is the central nervous system, and the 
disease manifests itself by immune-mediated demyelination and damage to 
axons52. These demyelinated plaques in the brain and spinal cord are hall-
marks of MS. Although MS is not completely recognized as an autoimmune 
disease53, it does exhibit the key features of autoimmunity, such as activation 
of the immune system in the absence of ongoing infection54. A range of neu-
rological symptoms are found among MS patients, these include sensory or 
motor pareses, visual disturbances, pain, cognitive dysfunction and fatigue. 
Clinically MS is very heterogeneous: the course and severity of disease as 
well as symptoms vary substantially between patients. Many genes as well 
as the environment appear to contribute to the disease, making MS a com-
plex neurological disorder. The concordance of MS in monozygotic twin 
pairs is around 25%, whereas for dizygotic twins it is only around 5%, con-
firming that there is a genetic component to MS55. There is a sex bias for 
MS, the ratio of affected women to men is around 3:156. Several environ-
mental factors have been implicated in MS, the most thoroughly investigated 
of which is Epstein-Barr virus infection57. 
 
Linkage studies have identified the MHC locus on chromosome 6p21 as a 
major susceptibility locus for MS58,59. The HLA-class II locus within the 
MHC is estimated to account for 20-60% of the genetic predisposition to the 
disease60, thus additional genes would be required to explain the heritability 
of MS. However, no other locus discovered in linkage studies for MS has 
been consistently replicated. By using candidate gene association study ap-
proaches additional genes have been discovered, the first of which was 
IL7R61,62. To date six GWAS have been performed in MS44,63-67. These stud-
ies have confirmed associations for IL7R and alleles in the HLA region with 
MS, as well as identified the IL2RA and CD58 genes as novel risk loci. Since 
then additional loci have followed: a recent meta-analysis of some of the 
GWAS, together with a replication effort, identified the CD6, IRF8 and 
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TNFRSF1A genes68. A follow-up of a non-synonymous SNP study69 identi-
fied a rare variant of TYK270 in MS, which was later also confirmed in a 
Nordic cohort71. The most recently published GWAS was performed in a 
Finnish isolate from Southern Ostrobothnia, and after replication in several 
more heterogeneous population cohorts, the STAT3 gene was identified67, 
demonstrating the utility of combining the GWAS and founder population 
approaches. 

Systemic lupus erythematosus 
SLE is a systemic autoimmune disease with a complex etiology. The esti-
mated prevalence in Scandinavia ranges from 20 to 68 cases per 100,000 
inhabitants72, but is higher in non-Caucasian populations73. In SLE the auto-
immune reaction can be directed at almost any organ in the body; severe 
manifestations include attack of the kidneys and the central nervous system. 
The most common symptoms in SLE are arthritis, malar skin rash, glomeru-
lar nephritis and fatigue. Cardiovascular diseases are the main cause of death 
of SLE patients, and there is a several-fold increase in mortality due to these 
diseases compared to the general population74. Although the prognosis has 
improved greatly for SLE patients, their risk for cardiovascular disease is 
continually high74. Similarly as for MS symptoms vary between patients, 
complicating diagnosis. Guidelines for diagnosis of SLE include eleven cri-
teria set up by the American College for Rheumatology (ACR)75-77 (table 1). 
Patients that fulfil four of these criteria are diagnosed with SLE.  

Table 1. The ACR criteria for diagnosis of SLE. 

Criteria Symptom 

1 Butterfly (Malar) rash: rash over the cheeks and nose
2 Discoid rash: scarring, round flaky rashes
3 Photosensitivity: skin rash as a result of unusual reaction to sunlight
4 Oral ulcers
5 Arthritis: non-erosive arthritis, involving peripheral joints
6 Serositis: pleuritis or pericarditis
7 Renal disorder: proteinuria or cellular urinary casts
8 Neurologic disorder: seizures or psychosis
9 Hematologic disorder: hemolytic anemia, leukopenia, lymphopenia, or trombo-

cytopenia
10 Immunologic disorder: anti-dsDNA antibodies, anti-Sm antibodies, false-

positive syphilis test, positive lupus anticoagulant, or antiphospolipid antibodies 
11 Antinuclear antibodies (ANA) 

Adapted from Tan et al. 1982, Hochberg 1997, Wakeland et al. 2001 and Gill et al. 2003. 
 
The disease is characterized by production of a vast array of autoantibodies 
directed against mainly nucleic acids and associated proteins78. Together 
with their corresponding antigens these autoantibodies form immune com-
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plexes which cause inflammation. Common treatment regiments in SLE 
include corticosteroids and immunosuppressive agents. In recent years there 
have also been clinical trials investigating the efficacy of monoclonal anti-
bodies (mAbs) targeting B-cells or IFN-�79-82. 
 
The concordance rate of SLE in monozygotic twins is 24-58%, whereas for 
dizygotic twins it is only 2-5% indicating that there is a genetic contribution 
to the disease83,84. The �s is generally estimated to be over 20, which is 
higher than for other autoimmune diseases73,84,85. However the lack of com-
plete concordance for identical twins suggests that environmental factors 
also are important. It was recently suggested that methylation patterns asso-
ciate with twin discordance in SLE86. Some drugs can induce lupus syn-
dromes, and other environmental factors such as smoking and viral infec-
tions have been implicated in the development of SLE87. As for many other 
autoimmune diseases women are more often affected than men. In SLE the 
ratio is 9:1, thus gender-specific factors such as sex hormones and sex chro-
mosome abnormalities have been suggested to be important in SLE56. In rare 
cases SLE can be caused by homozygous complement deficiency88,89. Defi-
ciency of C1q, C1r, C1s, C4, and C2 in the classical complement pathway 
predispose to SLE to varying degrees. C1q is the strongest susceptibility 
factor, where over 90% of deficient individuals develop an SLE-like disor-
der. Rare mutations in the TREX1 gene have also been reported in SLE pa-
tients90. The search for more general SLE genes started with genome-wide 
linkage screens, and is now dominated by large-scale association studies. 

Linkage studies 
At least fourteen genome-wide linkage studies have been performed in SLE 
families, but no single region has been reproduced in all studies91. Meta-
analysis of some of these studies have confirmed regions on chromosome 6 
(6p21), and implicated regions on chromosome 16 (16p12.3–16q12.2) and 
20 (20p11–q13.13) in susceptibility to SLE92,93. The chromosome 6 region 
contains the MHC locus which has been validated also in association studies. 
Fine-mapping of the chromosome 16 region has identified the ITGAM 
gene94, but the underlying gene on chromosome 20 still remains to be dis-
covered. As discussed above this approach has had limited success for com-
plex traits, and SLE is no exception. There are however examples of genes 
discovered in individual linkage studies, which subsequently have been suc-
cessfully replicated using association testing, such as the FCGR2A, PDCD1 
and TNFSF4 genes95-98. 

Association studies 
Early candidate gene association studies focused on the MHC region on 
chromosome 6p21. The HLA class I, II as well as the TNF and C4 genes in 
the HLA class III region, have been extensively studied. A recently pub-
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lished study with dense genotyping in the MHC confirmed association for 
the HLA DRB1 class II alleles *0301, *1401 and *1501, however several 
independent effects were also observed. The extensive LD within the MHC 
makes it virtually impossible to pinpoint the underlying genes, and further 
studies in more populations are required to identify the causal variants. 
 
The initially small cohorts used in association studies on SLE made them ill-
powered to identify genes of smaller effects than the MHC, this contributed 
to the difficulties in replicating results. Genetic heterogeneity, where differ-
ent genetic factors act in different populations to create the same phenotype, 
probably also negatively influenced replication rates. In addition, SLE pa-
tients are a heterogeneous group. The ANA criteria is the only criteria ful-
filled by virtually all SLE patients, therefore genes only influencing one of 
the SLE sub-phenotypes are difficult to detect. However, some genes have 
been identified and subsequently replicated when sample sizes were suffi-
cient. In 2005 we performed a candidate gene study focusing on 13 genes in 
the type I interferon system which identified the TYK2 and IRF5 genes99. 
This study utilized a combined association and linkage approach. The IRF5 
gene was subsequently replicated in numerous studies and different popula-
tions100-109. The association for TYK2 was also replicated in Caucasians109,110, 
but not in Asians111. Some candidate genes from other autoimmune diseases 
have proven to be associated also with SLE: the STAT4 gene was investi-
gated based on its location in a linkage region identified in RA112,113 and 
PTPN22 was initially discovered in T1D114,115. 
 
In 2007 the first GWAS performed in SLE was published116. More than 250k 
SNPs were genotyped in 50 cases with matched controls, thus providing 
very limited power, as demonstrated by the failure to detect association for 
the MHC-region. Since then six better powered studies have been published, 
four in Caucasians49,117-119 and recently two in Asians120,121 (table 2). Be-
tween 85k and 610k SNPs, and 279 to 1047 cases were analysed in each of 
these studies, providing excellent power for detection of common variants 
with medium or large effects.  

Table 2. Genome-wide association studies on SLE. 

Study Population Major findings 

Hom et al. 2008 European descent HLA, STAT4, IRF5, BLK-C8orf13, ITGAM-
ITGAX 

Harley et al. 2008 European descent HLA, IRF5, ITGAM, KIAA1542, PXK, 1q25.1 
Kozyrev et al. 2008 Swedish BANK1
Graham et al. 2008 European descent HLA, IRF5-TNPO3, STAT4, BLK, TNFAIP3 
Han et al. 2009 Han Chinese BLK, IRF5, STAT4, TNFAIP3, TNFSF4, 6q21, 

22q11.21
Yang et al. 2009 Asian HLA, STAT4, TNFSF4, BLK, BANK1, IRF5, 

TNFAIP3, ETS1, WDFY4
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Not surprisingly these studies have identified the HLA region, but they have 
also confirmed the important roles for the STAT4, IRF5 and ITGAM genes in 
SLE. Novel genes such as TNFAIP3, BANK1 and the BLK region were also 
discovered in these studies. 
 
In addition to the genes reported in the original GWAS publications, follow-
up studies have confirmed numerous other genes as associated with SLE. 
Most of the genes identified in SLE so far are involved in immune system 
signalling, and there have been several suggestions on how they are best 
grouped together in biological pathways122-124 (table 3). Unsurprisingly genes 
involved in adaptive immunity have been identified. Examples are the HLA 
which is involved in antigen presentation, BANK1 and BLK which are in-
volved in B-cell receptor signalling. Genes involved in immune complex 
clearance are also apparent in the list of confirmed SLE genes, for example 
the complement system genes C1q, C2 and C4. Also other innate immunity 
genes have been identified, these are mainly genes involved in Toll-like re-
ceptor (TLR) signalling and type I interferon (IFN) production, which is the 
main focus of this thesis. 

Table 3. Pathway assignment for the main SLE associated genes. 

Pathway Description Genes 

Adaptive immunity B cell signalling HLA, BLK, BANK1
 T cell signalling HLA, TNFSF4, PTPN22
Innate immunity Immune complex clearance C1q, C2, C4, ITGAM
 TLR and IFN signalling IRF5, STAT4, TNFAIP3, IRAK1, TREX1 

Adapted from references 122-124. 

The type I interferon system 
The family of toll-like receptors (TLRs) are an essential component of the 
innate immunity system. TLRs are pattern recognition receptors that recog-
nize molecular patterns associated with pathogens such as virus or bacteria. 
The molecules recognised by the TLRs are for example lipopolysaccharides, 
genomic DNA, single and double stranded RNA. Recognition of these 
pathogen-derived molecules trigger activation of the type I interferon (IFN) 
pathway leading to IFN production and finally elimination of the invading 
pathogen125. Specifically TLRs 7/8 recognize single stranded RNA and 
TLR9 recognize CpG-rich DNA. The inducers of type I IFN and the type I 
IFN genes with their proteins are part of the type I interferon system. This 
system also comprises IFN producing cells along with cells affected by the 
IFNs. Type I IFNs (IFN-�, -�, -�, -�, -�) are cytokines that bind to the IFN-� 
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receptor 1 (IFNAR1) and 2 (IFNAR2) complex, and initiate signalling via 
the Janus protein tyrosine kinases-signal transducer and activator of tran-
scription (Jak-Stat) pathway which leads to transcription of IFN inducible 
genes126. Type I IFNs also activate plasmacytoid dendritic cells (pDCs) 
which are potent antigen presenting cells. An important function of the in-
nate immune system is to stimulate the adaptive immune system to react 
against the pathogens, and pDC play a part in linking these two systems. 

The type I interferon system in autoimmunity 
The type I interferon system has been postulated to play a key role in auto-
immunity127. This theory is supported by the interferon-induced expression 
signature that has been observed in patients with SLE128,129, rheumatoid ar-
thritis130 and Sjögren’s syndrome131. A subgroup of MS patients has also 
been observed to exhibit this signature132. In SLE it seems as if up-regulation 
of IFN genes is associated with severity of disease, and therefore it has been 
suggested that the IFN signature can be used to identify patients with more 
severe SLE133,134. A direct causative role of the type I IFN system in the 
etiopathogenesis of SLE was suggested by the observation that individuals 
treated with IFN-� can develop an SLE syndrome indistinguishable from the 
naturally occurring disease135. 
 
A hypothesis for how the type I IFN system contributes to the autoimmune 
reaction in SLE was first presented in 1999136. It was suggested that initial 
events include IFN-� promoted autoantibody production during viral or bac-
terial infection. During a viral infection antigen presenting pDCs become 
activated. These can then in turn activate autoimmune T cells, which then 
stimulate autoantibody production by B cells. Autoantibodies are not un-
common in viral infections137, and molecular mimicry, where viral antigens 
imitate self-antigens leading to cross-reactivity, could be one mechanism by 
which these autoantibodies occur138. Immune complexes can be formed 
when these autoantibodies associate with autoantigens (DNA, RNA and 
associated proteins) released from dying cells. It has been observed that SLE 
patients have deficient clearance of apoptotic cells, making more autoanti-
gens available to the antigen presenting cells. The formed immune com-
plexes are internalised by the Fc gamma receptor II a (Fc�RIIa) on pDCs. 
This initiates TLR signalling, resulting in IFN-� production (Figure 4). 
These autoantigen-autoantibody immune complexes have thus replaced the 
original virally derived IFN-� induction with an endogenous signal, which 
can continue to activate IFN-� production. IFN-� has many effects which 
can promote autoantibody production, one of which is facilitation of B cell 
activation. In this way a self-perpetuating circle of autoantibody generation 
and IFN activation can be created127,139. 
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There is now increasing evidence that genes in the interferon system are 
associated to various autoimmune diseases. Two of the most extensively 
studied genes are STAT4, originally discovered in RA and SLE113, and IRF5 
first identified in SLE99. 

Interferon regulatory factor 5 (IRF5) 
Since then the association of IRF5 to SLE has been widely replicated, in a 
number of populations, and other autoimmune diseases. IRF5 has also been 
shown to be associated with RA140-144, Inflammatory bowel diseases 
(IBDs)145, Sjögren’s syndrome146,147, and Systemic sclerosis148,149. 
 
The interferon regulatory factors (IRFs) are major regulators of genes acti-
vated by the type I IFNs150. The IRF family of transcription factors consists 
of nine following members: IRF1-IRF9. They all recognise the same DNA 
motif, the IFN stimulated response element (ISRE). These ISREs can be 
found in for example the promoters of IFN-� and -�. 

 

 
 
Figure 4. Schematic illustration of the induction of type I interferon by endogenous 
immune complexes and viral DNA/RNA. Proteins are denoted by their correspond-
ing gene names. Adapted from references 139 and 151. 
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IRF5 is expressed in dendritic cells, monocytes and B cells, but its expres-
sion can be induced in other cell types by the type I IFNs152. IRF5 regulates 
the TLR dependent activation of inflammatory cytokines and functions 
downstream of the TLR7-9 pathway where it is activated by MyD88 and 
TNF receptor-associated factor 6 (TRAF6). After activation IRF5 dimerizes 
and binds to ISREs which leads to activation of transcription of IFN-�/� as 
well as pro-inflammatory cytokines153 (figure 4). IRF5 is also involved in the 
RIG-I/ MDA-5 pathway154. RIG-I/MDA-5 are two cytosolic receptors be-
longing to the RIG-I-like receptor family (RLR) which recognize viral RNA. 
Recognition leads to a downstream signalling process by which IRF3, IRF7 
and also IRF5 become activated, leading to the expression of type I IFN 
genes. RIG-I and MDA-5 are encoded by the DDX58 and IFIH1 genes, re-
spectively. 
 
Although the association of variants in the IRF5 gene with SLE is well es-
tablished, it had not been clearly established which the causal alleles were. 
The SNP rs2004640 was identified in the first publication, and is the SNP 
with the most extensively replicated association to SLE. Located in a splice 
site it creates a donor site for alternative exon 1b resulting in alternative 
mRNA being transcribed99,100. However, this alternative exon 1b is ex-
pressed at 100-fold lower levels than the most abundant IRF5 mRNA which 
contains exon 1a, so the overall contribution of this variant to IRF5 expres-
sion is minor155. A haplotype model where potentially functional polymor-
phisms were divided into three groups based on LD has also been sug-
gested156. The possibility that still some unknown variants in LD with the 
polymorphisms associated to SLE were the actual causal variations could 
however not be excluded. In an effort to uncover the causal variants, we 
have previously re-sequenced IRF5 in 40 Swedish SLE patients and eight 
controls. The discovered variants were then analysed for association to SLE 
in a larger Swedish case-control cohort157. A previously unknown insertion-
deletion polymorphism (CGGGG indel) located upstream of the first un-
translated exon, creating an additional binding site for the transcription fac-
tor SP1, was discovered as a potential functional variant in IRF5. Together 
with the SNP rs10488631 located 3’ of IRF5 this indel accounted for the 
observed association of IRF5 with SLE. This result has subsequently been 
replicated in several populations158. 

Signal transducer and activator of transcription 4 (STAT4) 
The first publication identifying STAT4 gene polymorphisms in autoimmu-
nity described association to both RA and SLE113. Since then association for 
both diseases have been confirmed, and several other autoimmune diseases 
have been added to the list: Sjögren’s syndrome147,159, IBD and T1D160. 
STAT4 has also been suggested to be associated with Ps161. 
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The signal transducers and activators of transcription (STATs) are a group of 
transcription factors activated by IFNs. The STAT family contains seven 
members: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and 
STAT6. When IFNs (mainly type I and II) bind their receptor complexes, 
receptor-associated JAKs are activated, these in turn phosphorylate Stats 
which induce the expression of IFN stimulated genes162. In the case of type I 
IFNs, IFNAR1 associates with TYK2 and IFNAR2 with JAK1, which leads 
to docking of STAT1 and STAT2 (figure 4). An activated STAT1:STAT2 
dimer is then formed, which together with IRF9 bind interferon-stimulated 
response elements (ISRE) in promoters and enhancers of IFN induced 
genes126. However, all STATs can be activated by type I IFNs, and it appears 
as if IFN-� activation of STAT4 is dependent on STAT2163. It has been sug-
gested that IFN-�/� mediated activation of STAT4 in T-helper cells (Th) can 
help drive them towards the systemic Th1 path164,165, but IL-12 is the main 
activator of STAT4. STAT4 deficient patients have been shown to have im-
paired Th1 cell development, further supporting the important role of 
STAT4 in T-cell lineage development166. Activated STAT4 binds to the IFN-
� activated site (GAS)-like sequence167, leading to expression of IFN stimu-
lated genes. The STAT4 gene is located on 2q32 in a region of high LD also 
containing STAT1. 
 
The first publication on STAT4 in RA included quite dense genotyping over 
the STAT1-STAT4 region. This study identified an association signal from a 
haplotype in the third intron of STAT4 marked by the SNP rs7574865. This 
haplotype was also found to be associated with SLE113. The associated hap-
lotype contains multiple indistinguishable SNPs, and two subsequent studies 
on SLE have supported that there is only one signal of association in the 
STAT4 gene in Caucasians168,169. But it has also been suggested that there are 
additional STAT4 haplotypes that influence risk for SLE independently170. 
However, it is not clear which are the causal SNPs underlying these haplo-
typic associations. It has however been reported that intron 3 variants are 
associated with STAT4 mRNA expression171, and that the common intron 3 
risk haplotype is significantly associated with higher STAT4 expression168. 
There is also evidence that the association is stronger in criteria marking 
more severe SLE, such as nephritis, younger age at diagnosis, and anti-
dsDNA autoantibodies168,169. The identified STAT4 and IRF5 risk alleles 
appear to act additively to increase the risk for SLE168,171 and Sjögren’s147. 
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Aim of this thesis 

The aims of this thesis were to investigate whether the IRF5 gene originally 
identified in systemic lupus erythematosus affects other autoimmune diseas-
es, to elucidate functional consequences of known risk genes for SLE and to 
identify novel risk genes for SLE. 
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The present study 

Interferon regulatory factor 5 (IRF5) 
There is now compelling evidence that the IRF5 gene plays a role in auto-
immunity. Inspired by the findings on IRF5 in SLE, as well as other auto-
immune diseases, we wanted to further investigate the role of IRF5 in auto-
immunity. Since recombinant IFN-� is used as standard treatment to delay 
disease progression in MS172, and an IFN signature  is observed in some 
patients, it is plausible that genes in the IFN system would also be involved 
in the development of this disease. 

IRF5 in multiple sclerosis 
In paper I we investigated whether variants in IRF5 were associated with 
MS. Selection of polymorphisms to genotype was based on the results from 
a previous re-sequencing and association study we had performed in SLE157, 
also IRF5 polymorphisms associated with RA140 or IBD145 were included. A 
few polymorphisms were also included because they have been found to 
influence the expression of IRF5100,101,156. The ten selected polymorphisms 
were genotyped in MS patients and controls from Spain, Sweden and in Fin-
nish families with affected members. These three cohorts included a total of 
2337 MS patients and 2813 controls. SNPs were genotyped using multiplex 
fluorescent single base extension in the SNPstream system (Beckman-
Coulter) and the CGGGG indel was genotyped either by size separation of 
the PCR products on highly separating agarose gels (MetaPhor gels) or on 
capillaries (ABI 3770 capillary sequencer). Association testing in the case-
control cohorts was performed using Fisher’s exact test, and for the family 
cohort the TDT test implemented in the software TRANSMIT was used. 
Combined P-values were calculated using Fischer’s method. 
 
Two SNPs, rs4728142 and rs3807306, located in the promoter and first in-
tron of IRF5, were significantly associated with MS in all three cohorts (ta-
ble 4). When the data from the three cohorts was combined, the strongest 
signals of association came from these two SNPs and the CGGGG indel, P < 
0.001. These three polymorphisms are in relatively high LD with each other 
with r2 values of 0.61-0.88. A sliding window haplotype analysis revealed 
that the risk alleles of these polymorphisms were all present on the same 
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common haplotype in the three populations. This haplotype did however not 
yield any more significant association results than the individual polymor-
phisms. 

Table 4. Combined association analysis of IRF5 polymorphisms with multiple scle-
rosis in three populations. 
Polymorphism PSpain PSweden PFinland Pcombined 
rs729302 0.22 0.29 0.047 0.07 
rs4728142 0.0029 0.020 0.035 0.0002 
rs3757385 0.0052 0.43 0.53 0.04 
3/4CGGGG indel 0.011 0.0093 0.056 0.0005 
rs2004640 0.0011 0.082 0.54 0.003 
rs3807306 0.0037 0.049 0.012 0.0002 
rs10954213 0.031 0.15 0.010 0.003 
rs11770589 0.29 0.49 0.070 0.16 
rs2280714 0.0030 0.43 0.30 0.02 
rs12539741 0.074 0.10 0.74 0.11 
 
The CGGGG indel located upstream of alternative exon 1a is predicted to 
contain binding sites for the transcription factor SP1. The longer risk allele 
(4xCGGGG) is predicted to contain three SP1 binding sites, whereas the 
shorter allele (3xCGGGG) only to contain two such sites. We had previously 
shown that these two alleles differentially bind nuclear factors using electro-
phoretic mobility shift assay (EMSA) and that IRF5 expression was higher 
for promoters carrying the risk allele157. In paper I we also included the two 
SNPs associated with MS, rs4728142 and rs3807306 in the EMSA experi-
ment. Both the 3/4CGGGG indel and the SNP rs4728142 showed increased 
protein binding to their risk alleles. Rs4728142 has not been predicted to 
alter any binding site for a transcription factor, so the identity of these bind-
ing proteins remains unknown. However, by using the proximity ligation 
assay173,174 we were able to confirm that SP1 protein binds to the alleles of 
the 3/4CGGGG indel, and that an increased amount of SP1 is bound to the 
4xCGGGG risk allele than to the 3xCGGGG allele of the indel polymor-
phism. Since the publication of our study there have been reports that this 
indel is weakly associated with IRF5 expression in peripheral blood mono-
nuclear cells (PBMCs) from healthy donors158, and more strongly associated 
with IRF5 expression in blood cells from SLE patients175 and Sjögren’s syn-
drome patients176, supporting a functional role for this indel. In SLE patients 
the risk haplotype formed by the risk alleles of the indel and rs10488631 
(which is linked to rs12539741) is associated with both increased IRF5 
mRNA levels and IRF5 protein expression175. 
 
Interestingly the SNP rs12539741 located in the 3’-end of the IRF5 gene 
does not show any association with MS in our study. This SNP is linked to 
rs10488631 located ~5 kb downstream of IRF5, which is strongly associated 
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with SLE. In an earlier study on IRF5 in IBD145 we did not detect an associa-
tion with the SNP rs10488631 either. Thus it appears that in SLE there are 
two groups of independently associated polymorphisms in the IRF5 region, 
whereas in MS and IBD association from only one of these groups is ob-
served. According to data from the HapMap CEU population, the SNP 
rs10488631 is in complete LD with multiple SNPs located in a 100 kb region 
downstream of IRF5, which also contains the transportin 3 (TNPO3) gene. 
The polymorphisms in the IRF5 gene that we found to be associated with 
MS in our study are not strongly correlated (r2 0.1-0.2) with the SNP 
rs10488631 or its proxies in the TNPO3 gene, indicating that it actually is 
IRF5, and not TNPO3, that is primarily responsible for the association with 
MS that we observe. However, in SLE it cannot be excluded that the associa-
tion for rs10488631 is due to its LD with some functional variant within the 
TNPO3 gene. We conclude that further investigation of genes in the inter-
feron system is warranted in autoimmunity, and such studies might produce 
a deeper understanding of the genetic predisposition to autoimmunity. 

Signal transducer and activator of transcription 4 
(STAT4) 
As reviewed above, one of the most robustly replicated associations with 
SLE has been observed for STAT4. Although first identified and replicated in 
European Americans, it has since been replicated also in 
Asians120,121,170,177,178, and several additional European cohorts168,171,179. There 
are also reports on association in South Americans171, Hispanic Americans170 
and African Americans170. In paper II we investigated whether the STAT4 
association with SLE would also replicate in the Finnish population, and 
extend to families with SLE. 
 
We have previously performed a study on SLE in the Swedish population 
where 53 STAT4 SNPs were tested for their association to SLE168. Ten SNPs 
located on the same common haplotype were associated with SLE in that 
study. The most significant findings were observed for the linked SNPs 
rs10181656 and rs7582694, which both are highly correlated with each 
other, and with the SNP rs7574865 initially reported by Remmers et al., and 
subsequently verified in the GWAS. In paper II we selected these ten SNPs 
spanning introns 3 - 17 of STAT4 for genotyping in 192 Finnish families, 
based on their association in the Swedish population168. Genotyping was 
performed with the SNPstream system (Beckman-Coulter inc.). The TDT 
implemented in the software UNPHASED was used to test for association 
between markers and SLE, or SLE sub-phenotypes.  
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Nominal significant association was observed for all tested STAT4 markers 
and SLE in the Finnish cohort (table 5), with the strongest signal obtained 
for the perfectly linked SNPs rs7582694 and rs10181656. Thus our findings 
by family-based association analysis in the Finnish SLE patients corroborate 
the findings from the Swedish case-control study. The odds ratios in the 
present study are higher than those previously reported for STAT4 in case-
control analyses. Possible explanations are that the risk associated with these 
STAT4 alleles might differ in different populations, or that a family based 
design gives a more accurate assessment of the risk. Family-based designs 
are more homogeneous in terms on environmental exposure, and results are 
not influenced by population stratification unlike in a case-control design. 
We also performed haplotype analysis in the Finnish cohort, however the 
haplotypes did not provide more significant results than those observed in 
the single marker analysis. 

Table 5. Association of STAT4 polymorphisms with SLE in a Finnish family cohort. 

SNP Location Major/minor 
alleles 

Overtrans-
mitted P-value OR (95% CI) 

rs16833260 Intron 3 C/G G 0.003 2.40 (1.31 - 4.38) 
rs7582694 Intron 3 G/C C 0.002 2.57 (1.39 - 4.77) 
rs10181656 Intron 3 C/G G 0.001 2.53 (1.40 - 4.61) 
rs10168266 Intron 5 C/T T 0.046 1.78 (1.00 - 3.17) 
rs13017460 Intron 6 G/A A 0.010 2.13 (1.17 – 3.85) 
rs1517352 Intron 6 C/A A 0.005 2.25 (1.25 - 4.05) 
rs3024877 Intron 15 C/T T 0.016 2.00 (1.12 - 3.58) 
rs3821236 Intron 16 G/A A 0.008 2.12 (1.19 - 3.77) 
rs3024886 Intron 17 G/A A 0.012 2.06 (1.15 - 3.69) 
 
Since there were previous reports on the specificity of the STAT4 association 
to certain SLE phenotypes, we also investigated the effect of rs10181656 on 
different phenotypes and found association between the risk (G) allele of this 
SNP and each of them (table 6). The most extreme ORs were observed for 
nephritis and photosensitivity.  

Table 6. Significant associations between rs10181656 and specific SLE phenotypes 
in the Finnish family cohort. 

Symptom Allele T (f) U (f) P-value OR (95% CI) 

Butterfly rash G 22 (0.79) 6 (0.21) 0.0018 3.67 (1.58 – 7.02) 
Photosensitivity G 24 (0.80) 6(0.20) 0.0007 4.00 (1.64 – 9.79) 
Arthritis G 30 (0.68) 14 (0.32) 0.0150 2.14 (1.14 – 4.04) 
Nephritis G 17 (0.81) 4 (0.19) 0.0032 4.25 (1.43 – 12.63) 
Leukopenia G 27 (0.73) 10 (0.27) 0.0044 2.70 (1.31 – 5.58) 
Anti-dsDNA G 26 (0.72) 10 (0.26) 0.0066 2.60 (1.25 – 5.39) 
ANA G 36 (0.71) 15 (0.29) 0.0028 2.40 (1.31 – 4.38) 
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We thus observed both a replication of the association seen to nephritis in 
case-control designs, and identified a novel association to photosensitivity in 
our Finnish family cohort. Our study supports previous studies showing that 
one common haplotype account for the association in Caucasian populations. 
 
It has been suggested that the increased production of IFN-� observed in 
SLE patients leads to impaired vascular repair, and could thus explain the 
increased risk for atherosclerosis associated with SLE180. The important role 
of STAT4 in mediating inflammation and IFN-� signalling, makes STAT4 
variation a possible underlying cause for this association. In paper III we 
investigated whether the STAT4 risk allele rs10181656 (G) was associated 
with vascular manifestations or anti-phospholipid Abs (aPL) in SLE. Anti-
PL are risk factors for thrombosis. The SNP rs10181656 had previously been 
genotyped using the GoldenGate assay (Illumina inc.) and the SNPstream 
system (Beckman-Coulter inc.) in two Swedish SLE cohorts from Mid and 
Southern Sweden. These two cohorts comprised 424 and 154 patients re-
spectively. From Mid Sweden 457 controls were included, and from South-
ern Sweden 194 controls were available. Information on vascular events 
(VE) were tabulated (table 7), and tested for association with STAT4 geno-
type using the 	2 test. Combined P-values for the two cohorts were calcu-
lated using Mantel-Haenszel estimates. 

Table 7. Patient characteristics of the two Swedish SLE cohorts. 

 Mid-Sweden Southern-Sweden 
Number of patients  424 154 
Any arterial event  87 (20.5) 42 (27.3) 
Ischemic cerebrovascular disease (ICVD) 46 (10.8) 15 (9.7) 
Stroke  38 (9.0) 13 (8.4) 
Ischemic heart disese (IHD)  45 (10.6) 21 (13.6) 
Peripheral ischemic vascular disease (PIVD)  18 (4.2) 13 (8.4) 
Venous thromboembolic event (VTE)  62 (14.6) 33 (21.4) 
Hypertension (treated)  116 (27.3) 54 (35.1) 

2aPL  94 (22.2) 34 (22.2) 
Risk allele frequency (rs10181656-G) 0.36 0.28 
Numbers are (%) or mean ± standard deviation if not otherwise stated. 
 
The STAT4 risk allele was significantly associated with ischemic cere-
brovascular disease (ICVD) in SLE for both cohorts (Pcombined = 8 × 10-6, 
table 8) in a dose dependent manner. Of the homozygous carriers of the risk 
allele 24% had suffered from ICVD, compared to only 6% of non-carriers 
and 12% of carriers of one risk-allele. In the combined analysis presence of 
two or more aPLs and rs10181656 were associated (Pcombined = 0.003). The 
associations remained also after adjustment for traditional risk factors for 
vascular events. 
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Table 8. Association of STAT4 with vascular events (VE) and anti-phospholipid 
antibodies. Patients with VE are tested against patients without VE. 

 SLE with VE SLE w/o 
VE Controls P OR (95% C.I.) 

Mid-Sweden      
Any arterial event 0.44 0.34 0.21 0.02 1.5 (1.1-2.1) 
ICVD 0.52 0.34  0.0004 2.1 (1.3-3.2) 
Ischemic stroke 0.53 0.35  0.002 2.1 (1.3-3.6) 
IHD 0.41 0.36   1.3 (0.8-1.9) 
PIVD 0.47 0.36   1.6 (0.8-3.1) 
VTE 0.43 0.36   1.3 (0.9-2.0) 

2 aPL 0.45 0.34  0.01 1.5 (1.1-2.1) 
      
Southern-Sweden      
Any arterial event 0.36 0.25 0.24 0.05 1.7 (1.0-2.9) 
ICVD 0.50 0.25  0.004 3.0 (1.4-6.6) 
Ischemic stroke 0.54 0.25  0.002 3.5 (1.5-7.8) 
IHD 0.31 0.27   1.2 (0.6-2.5) 
PIVD 0.27 0.28   1.0 (0.4-2.4) 
VTE 0.30 0.27   1.2 (0.7-2.2) 

2 aPL 0.35 0.26   1.6 (0.9-2.8) 
      
Combined      
Any arterial event 0.42 0.32 0.22 0.005 1.6 (1.2-2.1) 
ICVD 0.52 0.32  8×10-6 2.3 (1.6-3.4) 
Ischemic stroke 0.53 0.27  2×10-5 2.4 (1.6-3.6) 
IHD 0.38 0.34   1.2 (0.9-1.8) 
PIVD 0.39 0.34   1.3 (0.8-2.3) 
VTE 0.38 0.33     1.3 (0.9-1.8) 

2 aPL 0.44 0.32  0.003 1.6 (1.2-2.0) 
Frequencies for the rs10181656 (G) allele is given for the different groups. 
 
SLE patients positive for aPL have been found to be several times more 
likely to have thrombotic events compared to negative subjects181. It is pos-
sible that STAT4 genotype influences aPL production, which in turn in-
creases the risk for ICVD. STAT4 has recently also been reported to be asso-
ciated with primary antiphospholipid syndrome182,183, supporting the hy-
pothesis that variation in STAT4 influences aPL production. With the avail-
ability of high-throughput sequencing, full re-sequencing of STAT4 both in 
SLE patients and controls to uncover the functional variants will surely soon 
have been accomplished. 

Type I interferon system candidate gene study in SLE 
In 2005 we performed an, at the time, large candidate gene study in SLE 
including 13 genes in the type I IFN system99. This study identified the IRF5 
and TYK2 genes in SLE, both of which have subsequently been confirmed in 
other cohorts. Together with the increased evidence for involvement of the 
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type I IFN system in SLE pathogenesis, this prompted us to perform a more 
comprehensive evaluation of type I IFN system genes in SLE when the tech-
nology became available. In Study IV we selected a panel of SNPs in 78 
genes with key functions related to the type I IFN signalling system to study 
their association with SLE. Additional genes that were not directly involved 
in the type I IFN system, but have been suggested to be associated with SLE 
were also included. 896 SNPs in these genes were genotyped in 482 Swedish 
SLE patients and 536 control individuals using the GoldenGate assay (Illu-
mina inc.) and tested for their association with SLE. SNPs in seven genes 
yielded unadjusted P-values < 0.01: IKBKE, TANK, STAT1, IL8, NRP1, 
TRAF6, and PIAS4, and were selected for follow-up (figure 5). 

 
Figure 5. Association with SLE for the 92 genes tested in the discovery phase (482 
Swedish cases and 536 controls). The negative logarithms of the P-values are plotted 
against chromosomal location. 

Genotyping in an independent collection of 344 Swedish SLE patients and 
631 additional unrelated controls from Sweden was performed for SNPs in 
these genes. After imputation, genotype data from 668 Swedish controls that 
had been genotyped using 1M bead arrays (Illumina inc.) was incorporated 
into the analysis. In this extended Swedish cohort SNPs in TANK, STAT1, 
IL8 and TRAF6 were significantly associated with SLE (table 9). To validate 
our findings we sought independent replication of our results by using data 
from a US SLE GWAS118. In this study a cohort of 1310 SLE patients and 
7859 controls of European descent had been genotyped using 550K bead 
arrays (Illumina inc.). Two IKBKE SNPs were associated in the US data, in 
addition STAT1 and IL8 hade P-values suggestive of association with SLE. 
When combining the results of the Swedish and US data, three genes showed 
significant association also after multiple testing correction: IKBKE, STAT1 
and IL8 (table 9). However, the signal from STAT1 does not appear to be 
independent of the previously reported STAT4 association, since a condi-
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tional regression analysis conditioning on the STAT4 SNP rs10181656 
eliminated the signal. TRAF6 and TANK were not associated with SLE in the 
US cohort. They nevertheless remain interesting candidates due to their cen-
tral functions in type I IFN signalling. TRAF6 has been reported to be asso-
ciated with RA, although not consistently184,185. The fact that SLE is a very 
heterogeneous disease with varying prevalence, suggests that different ge-
netic risk factors may be present in different populations. Further studies will 
be needed to determine whether the TANK and TRAF6 genes have an effect 
on SLE, and whether this effect is specific for Scandinavian populations. 
 

Table 9. Meta-analysis of association with SLE in the Swedish and US cohorts, 
including 2136 SLE cases and 9694 controls. 

Gene SNP PSweden PUS Pmeta OR (95% CI)1 Corrected 
Pmeta 

IKBKE rs1539243 0.031 0.0028 0.00026 1.19 (1.09-1.31) 0.0054 
IKBKE rs17433930 0.013 0.0021 0.0001 1.33 (1.16-1.53) 0.0022 
TANK rs3754974 0.0087 0.98 0.22 1.13 (0.96-1.34) 1 
TANK rs1267075 0.75 0.87 0.99 1.00 (0.92-1.10) 1 
STAT1 rs2030171 1.2×10-5 0.018 3.3×10-5 1.17 (1.09-1.26) 0.00069 
STAT1 rs16833172 0.015 0.16 0.016 1.33 (1.09-1.63) 0.34 
IL8 rs4694178 5.2×10-5 0.064 0.0004 1.17 (1.10-1.26) 0.0084 
NRP1 rs734187 0.67 0.66 0.56 1.02 (0.94-1.10) 1 
NRP1 rs1331314 0.32 0.11 0.061 1.11 (1.00-1.23) 1 
NRP1 rs2073320 0.42 0.61 0.94 1.00 (0.94-1.07) 1 
TRAF6 rs5030482 0.0094 0.12 0.0097 1.14 (1.03-1.26) 0.2 
TRAF6 rs5030472 0.013 0.19 0.02 1.15 (1.03-1.28) 0.42 
STAT5B rs6503691 0.44 0.78 0.91 1.01 (0.90-1.13) 1 
PIAS4 rs2289863 0.19 0.72 0.76 1.02 (0.95-1.10) 1 
1Odds ratios are calculated relative to the risk allele defined in the analysis of the extended 
Swedish cohort. 

IKK-related kinase epsilon (IKBKE)  
The IKBKE gene (IKK-related kinase epsilon, or inhibitor of kappa light 
polypeptide gene enhancer in B-cells, kinase epsilon) encodes the kinase 
IKK�. The two IKBKE SNPs rs17433930 and rs1539243 which we found to 
be associated with SLE are located in the tenth intron and fourth exon of the 
gene respectively, where rs1539243 is a synonymous SNP in amino acid 
residue 67 (Ile) of the IKK� kinase. IKK� is a kinase that together with the 
TANK-binding kinase (TBK1) plays a role in the innate antiviral response. 
IKK� and TBK1 are activated when intracellular RLR helicases, recognize 
viral RNA in virus-infected cells. These kinases are also activated upon 
stimulation of endosomal TLR3 by double stranded DNA, or cell membrane 
TLR4 by bacterial lipopolysaccharide (LPS). Together with TBK1, IKK� 
mediates phosphorylation of the transcription factors IRF3 and IRF7, which 
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leads to their activation and subsequent transcription of type I IFN and other 
inflammatory cytokines, but also activation of NF�B has been reported186,187. 
There is also some evidence that IKK� can phosphorylate STAT1, and thus 
play a part in the type I IFN signalling via the IFNAR188. 
 
Variation in the IKBKE gene has been implicated in risk for rheumatoid ar-
thritis (RA)189, which is supported by data from a mouse model for RA190. 
Association for the IKBKE SNP rs1539243 with mood and anxiety disorders 
in humans has been reported191. Since these two psychiatric disorders are 
more prevalent among women with SLE than in the general population192 it 
is possible that our results are confounded by this effect, or that there are 
common factors underlying SLE and mood and anxiety disorders. It is for 
instance possible that type I IFNs are involved in the etiology of psychiatric 
disease, and in fact neuropsychiatric side effects are common during IFN-� 
therapy193. Our study points to the importance of genes in the RLR pathway 
in SLE. This pathway is active in cells other than the pDCs, including mono-
cyte derived dendritic cells. 

Interleukin 8 (IL8) 
The SNP rs4694178, located 3.3 kb downstream of the IL8 gene, was sig-
nificantly associated with SLE in the combined analysis of the Swedish and 
US cohorts. The chemokine IL-8 has a wide range of pro-inflammatory ef-
fects and its production can be triggered by immune complexes that also 
have the capacity to induce type I IFN production194. Recent data suggests 
that IL-8 production in virus-infected cells is IFN dependent195. Previous 
studies have shown that SLE patients with renal196 or CNS involvement197 
have elevated IL-8 levels in their serum and cerebrospinal fluid, respec-
tively, and that serum IL-8 levels and disease activity correlate in SLE pa-
tients198. Because SLE disease flares are associated with increased IFN-� 
production133, these observations provide a link between the SLE disease 
process, IL-8 and the type I IFN system. 
 
There are however prior conflicting reports on the association between IL8 
and SLE. One small study reports association of variation in IL8 with nephri-
tis in an African American SLE cohort (100 cases)199, and another similarly 
sized study in Chinese SLE patients (130 cases) fail to identify any associa-
tion for IL8 with SLE or specific phenotypes200. The only published study 
with equal power to the discovery phase of our study did not detect an asso-
ciation between IL8 and SLE in a Spanish cohort201. The power of that study 
was just over 50% to detect the effect for IL8 that we observe. The low 
power to detect an effect of this size, or genetic heterogeneity between popu-
lations could explain these conflicting results. 
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Follow-up of a genome-wide association study 
The GWAS performed in SLE have identified a number of new risk loci for 
SLE, as well as confirmed some findings from linkage and candidate gene 
studies. However, these studies have generally only attempted replication of 
their top findings, applying strict P-value cut-offs for inclusion in follow-up 
studies. True disease associated variants of smaller effects are likely missed 
by these studies. In Study V we performed a large-scale replication study of 
a GWAS performed in US Caucasians118. 
 
The 500k US genome-wide data was used to impute more than 2 million 
SNPs using HapMap data as reference. Genotyped and imputed SNPs were 
tested for association with SLE, and a set of 3,188 SNPs with nominal P-
values < 0.05 were included for genotyping in the follow-up study. 505 
SNPs from 25 previously implicated SLE loci, 42 SNPs implicated in other 
autoimmune diseases, and >7,000 AIMs24,202 were also included. These 12k 
SNPs were then genotyped using iSelect bead chips (Infinium II assay, Illu-
mina inc.) in 1,144 US SLE patients and 3,003 controls all of European an-
cestry, as well as in our Swedish SLE cohort of 863 patients and a set of 523 
Swedish controls. 831 Swedish controls previously genotyped on 317k chips 
were also included after imputation of genotypes. This strictly quality con-
trolled sample of 1,963 cases and 4,329 controls of European ancestry were 
forwarded into the analysis. 

Population outliers in the Swedish cohort 
In Study V the genotyped AIMs were used as part of the quality control to 
exclude population outliers, and for correction of the association statistics to 
eliminate spurious associations due to stratification. Controlling for stratifi-
cation can also increase the power of finding true associations. Of the 2,217 
Swedish samples, 45 were identified as outliers using the software EIGEN-
STRAT203. When plotting the first two principal components of genetic 
variation in the Swedish case-control cohort genotyped on the 12k bead 
chips (1386 subjects) some outliers are apparent, although the majority of 
individuals cluster together (figure 6). Outliers identified in this analysis 
were also excluded from Studies III and IV. 
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Figure 6. Genetic variation in the Swedish cohort. The top two principal compo-
nents from the eigenstrat analysis using ancestry informative markers are plotted. A 
few individuals with known non-Swedish ancestry are indicated. 

Identification of five novel SLE loci 
Five new SLE loci were genome-wide significant when analyzing the origi-
nal US GWAS data and the two replication cohorts together: TNIP1, 
PRDM1, JAZF1, UHRF1BP1 and IL10 (table 10). The most significant as-
sociation with SLE was observed for the TNFAIP3 interacting protein 1 
(TNIP1) region, TNIP1 is involved in regulation of NF�B signaling. 
TNFAIP3 is, as reviewed above, also associated with SLE and other au-
toimmune diseases. TNIP1 was one of the top associated genes in the GWAS 
performed in a Chinese SLE cohort120. Variation in TNIP1 has also been 
found to be associated with psoriasis in a GWAS51, although that signal ap-
pears to be independent of the signal we report for SLE. 
 
The PRDM1 locus (PR domain containing 1, with ZNF domain) was also 
convincingly associated with SLE in our study. The signal was observed for 
SNPs located between PRDM1 and ATG5. ATG5 has previously been re-
ported to be associated with SLE117, but the SNPs we found associated seem 
independent of the previously reported signal. The PRDM1 gene encodes 
BLIMP1 (B-lymphocyte-induced maturation protein 1) which is involved in 
plasma cell differentiation. It was recently shown in a mouse model that 
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IRF5 stimulates the transcription of the Prdm1 gene204, thus directly connect-
ing PRDM1 with one of the major SLE genes outside the HLA. PRDM1 has 
since the time of publication also been associated with risk for RA184. 

 

Table 10. Novel SLE risk loci identified in the GWAS follow-up. 

Locus Chr  PGWAS PUS PSweden Pmeta OR (95% C.I.) 
TNIP1 5  4.5 × 10-7 7.7 × 10-4 1.2 × 10-5 3.8 × 10-13 1.27 (1.10-1.35) 
PRDM1 6  6.1 × 10-6 0.0016 0.0050 7.1 × 10-10 1.20 (1.14-1.27) 
JAZF1 7  4.5 × 10-7 0.10 5.4 × 10-4 1.5 × 10-9 1.19 (1.13-1.26) 
UHRF1BP1 6  0.0014 3.7 × 10-4 5.1 × 10-4 2.2 × 10-8 1.17 (1.10-1.24) 
IL10 1  2.6 × 10-6 0.062 1.8 × 10-4 4.0 × 10-8 1.19 (1.11-1.28) 
        

NCF2 1  2.0 × 10-4 1.5 × 10-5 0.52 9.5 × 10-8 1.19 (1.12-1.26) 
IRF8 16  3.5 × 10-5 0.021 0.026 1.9 × 10-7 1.16 (1.10-1.23) 
ARMC3 10  1.6 × 10-5 0.013 0.12 2.0 × 10-7 1.18 (1.11-1.26) 
IL12RB2 1  3.1 × 10-5 0.012 0.11 3.4 × 10-7 1.18 (1.10-1.26) 
LYST 1  6.4 × 10-6 0.057 0.12 4.6 × 10-7 1.18 (1.11-1.26) 
MLF1IP 4  1.6 × 10-4 0.11 0.0013 7.6 × 10-7 1.23 (1.14-1.33) 
TAOK3 12  1.7 × 10-5 0.22 0.0079 7.7 × 10-7 1.18 (1.11-1.26) 
SPPL3 12  5.0 × 10-5 0.068 0.021 8.2 × 10-7 1.14 (1.08-1.21) 
 
SNPs in JAZF1 (juxtaposed with another zinc finger gene 1), encoding a 
transcriptional repressor, were also associated with SLE. JAZF1 has pre-
viously been associated with T2D205, prostate cancer206, and height207. The 
UHRF1BP1 (UHRF1 binding protein 1) locus showed evidence of associa-
tion in all three cohorts. UHRF1 is a putative oncogene, which also might be 
involved in regulation of methylation208. Another interesting candidate in the 
UHRF1BP1 region is the SNRPC gene (small nuclear ribonucleoprotein 
polypeptide C), encoding a component of the U1 snRNP particle involved in 
spliceosome formation. Anti-RNP antibodies are commonly detected in SLE 
patients209. 
 
The final novel locus detected at a genome-wide significance level was IL10 
(interleukin 10). IL10 has an anti-inflammatory effect by inhibiting activa-
tion of monocytes, dendritic cells and macrophages, but it also has stimulato-
ry effects on B-cells. Serum levels of IL10 have been found to be higher in 
SLE patients than controls, indicating that IL10 could play a role in the dis-
ease process210. IL10 might have a proinflammatory role in SLE, it has been 
suggested that in the presence of IFN-� IL10 could lead to STAT1-
dependent expression of genes211. However, earlier reports on association of 
IL10 variation and SLE have been inconsistent212 probably due to insuffi-
cient sample sizes. IL10 is also reported to be associated with ulcerative 
colitis213,214, IBD215 and T1D46. Additional candidate SLE loci were also 
identified in our study, including for example the type I IFN system gene 
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IRF8 (Pcombined = 1.9 × 10-7), previously implicated in SLE49, and recently 
identified as a susceptibility gene forMS68. 

Replication of previously reported loci 
In Study V we also replicated findings for 21 of the 25 included previously 
reported SLE loci. Our study confirmed the importance of the HLA 
(DRB1*0301), STAT4, IRF5, ITGAM, BLK, TNFAIP3, PTPN22, PHRF1 
and TNFSF4 loci in SLE, all of which reached genome-wide significance. 
Association for the HLA (DRB1*1501), IRAK1-MECP2 and BANK1 loci 
was also supported by our results. 
 
To investigate the overlap in genetic risk factors between different immune-
mediated diseases, 35 loci with reported association with other diseases were 
included. Of these one coding SNP in the IFIH1 gene, rs1990760, previously 
reported to be associated with T1D216,217 and Grave’s disease218, was highly 
significantly associated also with SLE (Pcorrected = 1.12 x 10-5, OR = 1.17). 
IFIH1 has also been reported to be associated with RA219 and MS220,221. As 
mentioned above, IFIH1 encodes MDA-5, a cytosolic sensor for viral RNA 
which can lead to expression of type I IFN genes. Associations for the CFB 
(age-related macular degeneration), CLEC16A (T1D, Addison’s, MS), IL12B 
(Ps, IBD), and SH2B3 (T1D, CeD, SLE) genes were also observed. This 
result further emphasizes the importance of shared loci in complex diseases. 
 
Despite the fact that many of these genes encode proteins that physically 
interact, or belong to the same signaling pathways, like TNIP1-TNFAIP3 
and PRDM1-IRF5, no evidence was found for epistatic interactions between 
loci. In our study the inclusion of candidate variants with GWAS P-values 
0.01-0.05 did not provide any replicated loci, thus it appears only limited 
gains can be achieved by this liberal P-value cut-off. Together the 26 con-
firmed SLE loci (21 replicated and 5 novel) were estimated to explain 8% of 
the genetic susceptibility to SLE. 

Meta-analysis of reported SLE loci 
Several recent reviews have summarized the dramatic increase in the number 
of loci identified as significantly associated with SLE over the last few 
years122,123,222. A review and meta-analysis of the most convincing reports 
was also recently published124, which included the original US GWAS data 
that was the foundation of Study V. A meta-analysis also including data 
from the two replication cohorts from Study V is presented in table 11. Me-
ta-analysis was performed using Fisher’s combined probability test. 29 loci 
reach genome-wide significance in this analysis. Notably a number of the 
confirmed SLE loci contain genes involved in type I IFN signaling. 
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Table 11. Confirmed and top candidate SLE loci from meta-analysis. 

Locus Chr Pmeta Refs used for meta-analysis 

HLA-DR3 6p21.32 2.7 × 10-67 223, 224, paper V 
STAT4 2q32.2 6.8 × 10-55 113, 117, paper V 
ITGAM 16p11.2 2.8 × 10-48 94, 118, paper V 
IRF5/TNPO3 7q32.1 7.5 × 10-43 99, 100, paper V 
BLK/C8orf13 8p23.1 7.2 × 10-34 118, 117, paper V 
TNFAIP3 6q23.3 9.4 × 10-25 49, 225, paper V 
PTPN22 1p13.2 2.3 × 10-19 41, 117, paper V 
PHRF1 (KIAA1542) 11p15.5 6.2 × 10-17 117, paper V 
HLA-DR2 6p21.32 1.4 × 10-16 223, 224, paper V 
PTTG1 5q33.3 6.0 × 10-15 117, paper V 
TNFSF4 (OX40L) 1q25.1 9.4 × 10-14 98, paper V 
TNIP1 5q32 3.8 × 10-13 paper V 
PXK 3p14.3 2.6 × 10-12 117, paper V 
UBE2L3 22q11.21 5.2 × 10-12 117, paper V 
ATG5 6q21 6.2 × 10-12 117, paper V 
IRAK1/MECP2 Xq28 6.3 × 10-12 226, paper V 
BANK1 4q24 9.2 × 10-12 119, paper V 
TYK2 19p13.2 4.6 × 10-11 99, paper V 
- 5q33.3 1.0 × 10-10 117 
C8orf12 8p23.1 6.8 × 10-12 117, 118 
PRDM1 6q21 7.1 × 10-10 paper V 
JAZF1 7p15.2 1.5 × 10-9 paper V 
- 8p21.1 1.9 × 10-9 117, 118 
ICA1 7p21.3 2.9 × 10-9 117, paper V 
NMNAT2 1q25.3 3.9 × 10-9 117, paper V 
FCGR2A 1q23.3 6.4 × 10-9 117, paper V 
LYN 8q12.1 2.0 × 10-8 117, paper V 
UHRF1BP1 6p21 2.2 × 10-8 paper V 
IL10 1q31 4.0 × 10-8 paper V 
NCF2 1q25 9.5 × 10-8 paper V 
IRF8 16q24.1 1.9 × 10-7 paper V 
ARMC3 10p12.31 2.0 × 10-7 paper V 
IFIH1 2q24 3.3 × 10-7 paper V 
IL12RB2 1p31.3 3.4 × 10-7 paper V 
LYST 1q42.1 4.6 × 10-7 paper V 
CRP 1q23.2 6.4 × 10-7 227 
SCUBE1 22q13.2 6.5 × 10-7 117, paper V 
MLF1IP 4q35.1 7.6 × 10-7 paper V 
TAOK3 12q 7.7 × 10-7 paper V 
SPPL3 12q24.31 8.2 × 10-7 paper V 
 

Summary of type I interferon genes in autoimmunity 
The studies presented in this thesis further explored the role of type I IFN 
system genes in autoimmunity. In Study I we identified IRF5 as a risk factor 
also in MS. In Studies II and III we further investigated the association of 
STAT4 with SLE, and found that STAT4 is a risk factor for SLE also in the 
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Finnish population, and it is associated with ischemic cerebrovascular dis-
ease and anti-PL antibodies in SLE. In Study IV we preformed a comprehen-
sive study on type I interferon system genes in SLE, identifying the IKBKE 
and IL8 genes, as well as implicating TANK and TRAF6 in SLE susceptibil-
ity. Our follow-up of a GWAS in Study V identified five novel SLE genes: 
TNIP1, PRDM1, JAZF1, UHRF1BP1 and IL10. This study also highlighted 
the potential involvement of additional IFN system genes in SLE: IRF8 and 
IFIH1. Also IRAK1 (IRAK1-MECP2) and IRF7 (PHRF1-KIAA1542) are 
located in regions we, and others, find associated with SLE. Taken together 
with the results of other groups the list of genes connected to the type I IFN 
system which have been associated with SLE is substantial. Figure 7 at-
tempts to highly schematically illustrate how these SLE associated genes are 
connected. 
 
Inflammatory cytokines and type I IFN genes can be induced in response to 
viral RNA/DNA by the RLR helicases IFIH1 (MDA-5), DDX58 (RIG-I) and 
the DNA sensor ZBP1 (DAI). These pathways signal using TANK, which 
interacts with IKK� (encoded by IKBKE) or TBK1. These two kinases are 
also activated upon stimulation of endosomal TLR3 by double stranded 
DNA, or cell membrane TLR4 by bacterial lipopolysaccharide (LPS). To-
gether with TBK1, IKK� mediates phosphorylation of the transcription fac-
tors IRF3 and IRF7, which leads to their activation and subsequent transcrip-
tion of type I IFN and other inflammatory cytokines, but also activation of 
NF�B has been reported186,187. The activation of IRF3 and IRF7 can be inhib-
ited by the ubiquitin editing enzyme (A20), encoded by the TNFAIP3 
gene228.  
 
In pDCs endogenous immune complexes can induce IFN production. Im-
mune complexes are endocytosed via FCGR2A which leads to activation of 
TLR7/9. After a signaling cascade, which includes IRAK1 and TRAF6, the 
interferon regulatory factors IRF5 and IRF7 are activated leading to the tran-
scription of type I IFN genes229. Also IRF8 can contribute to this activation. 
The produced type I IFNs signal via the receptor IFNAR. Association of 
type I IFN with the receptor activates the kinases TYK2 and JAK1, which 
signal via STAT1 and STAT2. Also other STATs, including STAT4, are 
activated in this process. The STAT1/STAT2 complex binds to interferon 
stimulated response elements (ISREs) and induces expression of IFN in-
duced genes, such as IRF5, IRF7, and indirectly IL8 and IFIH1. 
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TNFSF4 (OX40L) is a membrane protein expressed on pDCs that together 
with endogenous type I IFNs provide a means for the pDCs to control the T 
cell response, specifically to profile it towards a TH1 response. Activation of 
the NF�B pathway, and thus production of inflammatory cytokines, also 
occurs via TLR7/9. 
 
In summary, association with SLE has been observed for genes involved in 
endogenous immune-complex/pathogen mediated signalling via TLR7/9, 
type I IFN signalling via IFNAR, and now our findings of association for 
IKBKE and IFIH1 points to the RLR pathway. This pathway is active in 
cells other than the pDCs, including monocyte derived dendritic cells. In 
addition to IKBKE and IFIH1, factors such as TANK and TNFAIP3 con-
tribute to signalling in this pathway230 (figure 7). Our result confirms the 
important role of the type I IFN system in SLE, and suggests multiple genes 
from this pathway as candidates for functional studies, and as interesting 
therapeutic targets. 
 
As previously mentioned, type I IFN system gene are not only associated 
with SLE, but also other autoimmune diseases. In addition to our finding that 
IRF5 is associated with MS, there are reports on association of a number of 
other type I IFN system genes in MS: IRF868, TYK270, and recently STAT367. 
IFIH1 has also been implicated in MS, but there are conflicting re-
ports220,221,231,232. The increasing number of type I IFN system genes reported, 
also for other autoimmune diseases, indicates that the type I IFN system 
plays a more general role in autoimmunity. Further studies on type I IFN 
system genes in autoimmune diseases are needed to fully understand how 
these genes can contribute to loss of tolerance in these diseases. 
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Concluding remarks 

The progress in technology has been massive over the last years. Although I 
was fortunate enough to enter the field of genetics at a time when microar-
rays for genotyping were already introduced, although perhaps not widely 
used, we have in our lab gone from considering a 12-plex SNP genotyping 
assay state-of-the-art, to routinely analysing over one million SNPs on one 
chip. The availability of new genotyping technology has enabled major pro-
gress in the identification of susceptibility genes for complex diseases. In 
2005 when I started my PhD studies there was just a handful of confirmed 
SLE loci, and now in 2010 the number has risen to around 30 loci. Together 
these loci have been estimated to explain ~10% of the genetic predisposition 
to SLE (Study V, ref 117). Even taking into account that heritability esti-
mates could be inflated, there should still remain a lot to be discovered. 
 
Potentially additional genes can be discovered in the existing GWAS data by 
taking a more pathway/network perspective, and not requiring genome-wide 
significance for individual loci, but for pathways instead. The possibility of 
epistatic interactions between loci will also need to be explored, although 
these studies generally involve heavy testing and the associated power is-
sues. 
 
We are now witnessing a second sequencing revolution, with the introduc-
tion of massively parallel sequencing. This technology has lead to the dis-
covery of huge numbers of variants which can now be analysed for associa-
tion with disease. This enables more direct testing of potentially causal vari-
ants, leading to higher power of detection. Within the next few years studies 
targeting also the lower frequency variation of the genome will most likely 
have been conducted for many complex diseases. We will then know 
whether it is these more rare variants that underlie the missing proportion of 
the heritability. As sequencing costs are coming down it is becoming feasi-
ble to sequence the genomes of patients, hopefully discovering rare variants 
or private mutations involved in disease susceptibility. Rare variation in 
complement genes and TREX1 has already been described in SLE, making 
this approach attractive. A better understanding of the genetics of diseases, 
such as MS and SLE, will hopefully lead to the development of new prog-
nostic tests, improved diagnostics, and potentially provide new targets for 
therapy. 
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