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Preface

Since the publication of the first genome-wide associations study 
(GWAS) in 20051, GWAS have revolutionized the study of the genetics 
of complex diseases. GWAS enable researchers to interrogate the 
genome in a systematic manner that allows for the identification of 
thousands of loci associated to disease. GWAS have become possible 
because of the availability of a catalog of human genetic variation2–4 
and through the development of technology to assess genetic variation 
by microarray, which allows for high-throughput analysis of samples at 
reasonable cost. To perform a GWAS it is necessary to have cohorts of 
1000s individuals who are affected by the disease of interest (cases) and 
1000s of ethnically-matched, unaffected individuals (controls) (Fig 1A). 
DNA of all the individuals is hybridized onto genotype arrays that contain 
hundred thousands of single nucleotide polymorphism (SNPs) that tag 
most of the common variation (Minor allele frequency >5%) across the 
whole genome in Caucasian populations. While the first GWAS arrays 
only contained 100,000 SNPs, current DNA chips can contain 800,000 
SNPs. Determining if one of the genotyped SNPs is associated to the 
disease of interest requires a statistical analysis that tests if a SNP 
is more frequently present in the cases than in the controls. Since the 
number of SNPs tested is extremely large, a conservative p value of 5 x 
10-8 is regarded as significant, and these positive associations always 
require independent validation in other study cohorts5. This method has 
been applied successfully to multiple immune-mediated diseases (IMDs). 
In fact, IMDs have been among the most studied diseases with GWAS 
studies published as early as 20076–8,with one of the most exciting early 
GWAS observations being the overlap in associated SNPs between IMDs9.
Despite these advances, the interpretation of the genetic associations 
and their implications for disease biology has presented three major 
challenges. The first is that it is difficult pinpoint both the causal SNP variant 
and the causal gene because it is not possible to distinguish between 
a direct association (the top SNP showing the association) (Fig 1B) and 
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an indirect association (all the other SNPs that are closely correlated - a 
phenomena known as linkage disequilibrium). The second challenge is 
that the regions containing SNPs in high linkage disequilibrium with each 
other (LD-block, Fig. 1B) can be large and therefore contain multiple genes 
(Fig 1A). The third challenge is that most of the associated variants are 
not in the coding part of the genome and therefore do not affect proteins 
directly.

Figure 1. Genome-wide associations studies. A) GWAS workflow. Dark red individuals represent the individuals 
with that carry the risk allele. The regional plot shows the associated SNPs within the locus.  B) Illustration of direct 
and indirect associations in a locus. The blue arrow represents the SNP with the strongest association within the 
locus (Top SNP). Orange arrows represent the SNPS in high linkage disequilibrium with the Top SNP C) Regional plot 
showing genome-wide association at one locus. SNP with the strongest association in the region is shown in purple. 
SNPs in LD with the strongest associated SNP are shown in light blue(r2 <1 and >0.9), green (r2 <0.9 and >0.7), 
yellow (r2 <0.7 and>0.5), orange (r2 <0.5 and >0.3), dark orange (r2 <0.3 and >0.1), and red(r2 <0.1).

Designed based on the presumed shared etiology between IMDs, the 
Immunochip was introduced in 2010. It is a custom-made genotyping 
chip constructed by an international consortium that densely covers 
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186 distinct loci associated with 11 IMDs, including celiac disease10. The 
Immunochip was developed to fine-map the associations of IMDs to causal 
SNP variants and genes, and to discover new loci. The first association 
analysis using the Immunochip became available just as I started my 
thesis work in October 2011. It reported 39 non-HLA loci encompassing 
57 genetic variants associated to celiac disease11. The Immunochip was 
regarded as the best chip for fine-mapping and pinpointing causal SNPs as 
the chip includes, on average, 467 SNPs per celiac locus vs. 51 per GWAS 
locus, and includes some 25,000 rare SNPs (Minor Allele Frequency (MAF) 
<0.05). In Fig 1C I show an example of the increased number of markers 
present on the Immunochip array compared to the previous GWAS array 
in which the same IL2-IL21 locus that was shown in Fig 1A is represented. 
Since 2011, almost 300 hundred loci have been associated to 15 different 
immune diseases [partly reviewed in chapter 1 and described in Table 1].
The work in this thesis is focused on refining the genetic associations of 
IMDs identified by GWAS and Immunochip. The first part, Chapters 1-5, 
focusses on the genetics of multiple IMDs. The second part, Chapter 6-8, 
focusses on celiac disease. 

Part I: Genetics of immune-mediated diseases

In chapter one we characterized the variants associated by GWAS to 12 
IMDs that were part of the Immunochip consortium. In this research I made 
use of the top associations reported in the GWAS catalog and the SNPs 
in high linkage disequilibrium with them, and I investigated their potential 
functional consequences using the ENCODE database12. I analyzed the 
physical location of the variants in the genome as well as their regulatory 
consequences. What we found is that 90% of the variants are located 
in regulatory regions and almost half of these affect the expression of 
nearby genes. Interestingly, many loci are physically shared between 
the diseases, although it is not clear if the variants are having the same 
downstream effects. To test this, we pinpointed the causal variants and 
the genes affected by them. 
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In chapter  two we used the Immunochip to identify genetic factors 
contributing to Thrombotic thrombocytopenic purpura (TTP), a rare, life-
threatening disease characterized by systemic microvascular thrombosis 
with various symptoms and signs of thrombocytopenia and hemolytic 
anemia, leading to organ dysfunction13. The only genetic factor known 
so far that associates to TTP is human leukocyte antigen (HLA) class II 
alleles (HLA DRB1*11)14. We therefore analyzed 186 cases and 1,255 
controls and identified multiple independent signals reaching genome-
wide significance in the HLA region. However, we found only five 
suggestive associations outside of the HLA region. Taking advantage 
of the Immunochip’s high coverage of markers within the HLA region, 
we performed imputation of classical HLA genes followed by stepwise 
conditional analysis. This approach revealed that the combination of the 
SNP rs6903608 and HLA-DQB1*05:03 seems to explain most of the HLA 
association signal in acquired TTP. Our results refined the association of 
the HLA class II locus with acquired TTP, confirming its importance in the 
etiology of this autoimmune disease. 

In chapter three I explored the contribution of archaic haplotypes inherited 
from the Neanderthal to human IMDs. It is well known that Neanderthal 
haplotypes are enriched for immune genes15,16, suggesting that they 
might be contributing to the pathogenesis of immune diseases. Although 
Neanderthal variants have been associated to immune phenotype 
using GWAS results15,17, the contribution of Neanderthal variants to the 
Immunochip associations had not been studied before. The functional 
role of the variants inherited from the Neanderthal genome in the 
development of diseases was also not clear. We intersected 508 variants 
in 260 loci associated to 14 IMDs by Immunochip and identified 7 loci 
with variants that had been inherited from the Neanderthal. The majority 
of the Neanderthal variants where located in non-coding regions of the 
genome, thus we investigated their regulatory effect on nearby genes 
(cis-eQTLs) and in the alteration of motif-binding sites. We assessed if 
the Neanderthal haplotypes were increasing or decreasing the risk for 
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the associated diseases. Finally, we showed that the regions covering the 
Neanderthal haplotype are 10-50% smaller than the locus size. 

In chapter four I aimed to prioritize candidate causal genes for IMDS. I 
performed a systematic analysis to link 460 SNPs that were associated 
with 14 IMDs by the Immunochip to causal genes using transcriptomic 
data from 629 blood samples. We ultimately prioritized 233 candidate 
causal genes, including 53 non-coding RNAs. Based on our observations 
from chapter one, we knew that many loci were shared between diseases, 
but the downstream consequences were not clear. In chapter  four we 
show that, in some of the loci, the causal genes differed depending on the 
disease. 

Celiac disease as a model
Chapter five gives an overview of the genetics of celiac disease and the 
results that have been achieved so far. Celiac disease is a complex, chronic 
inflammatory disease of the small intestine. The provoking environmental 
factor in celiac disease is dietary gluten, and it is well established that the 
main genetic risk factors for celiac disease are the HLA molecules, which 
are responsible for 40% of the disease heritability. Further, GWAS and 
Immunochip analysis have identified an additional 57 variants outside 
the HLA region that explain another 13.7% of the heritability of celiac 
disease11. 

Part  II:  Hunting  for  the  missing  heritability  in  celiac 
disease

Previous associations by GWAS are based on the “common disease, 
common variant” hypothesis, which states that common diseases are 
partly attributable to allelic variants present in >5% of the population. 
Most of the associated variants only provide small incremental additions to 
the disease risk and only explain a small portion of the familial clustering, 
raising the question of how to explain the “missing” heritability18. In the 
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second part of this thesis I applied different complementary strategies to 
unravel factors contributing to the missing heritability in celiac disease.
It has been suggested that the missing heritability could be explained by 
a combination of common and rare variants19. Only a few low frequency 
or rare variants (MAF <5%) have been associated to complex diseases 
so far, but on average they show much stronger effect sizes and their 
contribution to disease risk or protection is therefore much higher20,21. In 
this thesis I aimed to identify low frequency of rare variants contributing 
to celiac disease.

In the first part of chapter six I described our strategy to identifying rare 
variants contributing to the pathogenesis of celiac disease by analyzing 
the exome- and whole-genome sequencing of families in which celiac 
disease segregates. I explained how the project was developed in three 
main stages. In stage one we performed whole-exome sequencing in 
2 individuals of 23 unrelated families, as part of this stage I performed 
a linkage analysis from a three-generation family followed by exome-
sequencing of two affected individuals, the results of this approach are 
presented in appendix I. In stage two we did whole-exome sequencing 
in 6 and 8 individuals from two multi-generational families, results from 
family 605 are present in the second part of this chapter.  In stage 3 we 
performed whole-genome sequencing (WGS) in 52 individuals members 
of five families. Three of the families segregate only CeD and the other 
two families segregate multiple IMDs within the family, due to the high 
pleiotropy in IMDs, we hypothesized that we could find some shared 
loci. In the second part  of  this  chapter by analyzing many individuals 
from a multi-generation family I could investigate the presence of private 
mutations that might co-segregate with the disease, as well as the 
expression of the affected genes in intestinal biopsies of celiac disease 
patients. After prioritizing two genes with mutations in this initial family, 
we searched for independent families with mutations within the same 
genes; identifying one additional family that has variants in the same two 
genes. 
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In chapter seven I focused on fine-mapping the LIM Domain Containing 
Preferred Translocation Partner In Lipoma (LPP) locus, which is the 
locus showing the strongest association to celiac disease11. We inferred 
genotypes not directly measured in the study samples by modeling the 
patterns of linkage disequilibrium in a reference panel. This method 
permitted us to deal with the problem of indirect association (Fig 1B). 
We then performed haplotype association analysis in four different 
populations. With this multi-ethnic approach we narrowed down the 
celiac-disease-associated region from 70 kb to 2.8 kb and, by intersecting 
this region with publicly available functional data, were able to pinpoint a 
single potential causal variant.  

In the meta-analysis described in chapter eight, we aimed to discover 
new common and low-frequency variants that contribute to celiac 
disease using Immunochip results. To do this we increased the sample 
size compared to that analyzed in previous studies and we introduced 
new ethnicities to the analysis (Irish and Argentinian). To follow up the 
new associated loci we found, we used transcriptomic data from 2,116 
blood samples to assess the effect of the top-SNPs in the expression 
of nearby genes. We also interrogated the expression of these genes 
in biopsies of celiac patients. Additionally, to prioritize candidate causal 
genes we performed functional annotation of the loci and perform 
pathway enrichment analysis to identify new causal pathways. Finally, in 
chapter nine I discuss the present and future challenges in the immune-
genetics field.
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