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1. Zusammenfassung 

Das Humane Leukozyten Antigen System (HLA) ist eine hochvariable Genkassette auf Chromosom 

6p21, das in vielen Funktionen des Immunsystems eine Rolle spielt. Das HLA ist der am stªrksten mit 

chronisch entz¿ndlichen Darmerkrankungen (CED) und dessen Subformen Morbus Crohn und Colitis 

ulcerosa assoziierte Genlokus. Dieser Suszeptibilitªtslokus ist genetisch hoch-komplex und 

kennzeichnet sich durch enge Strukturen des Kopplungsungleichgewichts (Linkage Disequilibriums; 

LD), die die Zuordnung kausaler Varianten zum Assoziationssignal erschweren. In vorangegangenen 

Publikationen wurde das HLA Allel DRB1*01:03 als wichtiger krankheitsrelevanter Faktor f¿r CED in 

der kaukasischen Population genannt1. F¿r den groÇen Anteil des Assoziationsignals in der HLA 

Region ist eine solche Zuordnung bisher jedoch nicht mºglich. Ziel dieser Arbeit war es daher, das 

HLA Signal in CED weiter zu charakterisieren und zu analysieren, ob das starke LD zwischen den HLA 

Genorten HLA-DQ und -DR mithilfe eines ethnien¿bergreifenden Ansatzes aufgelºst werden kºnnte. 

Dabei war Fokus dieser Arbeit die Colitis ulcerosa. In Kollaboration mit dem Internationalen 

inflammatory bowel disease (IBD, zu Deutsch CED) Genetik Konsortium, trugen wir einen einzigartigen 

Datensatz bestehend aus Individuen 8 verschiedener Ethnizitªten zusammen, die auf Illuminas 

Immunochip genotypisiert wurden. Da die NGS-basierte Typisierung des HLA f¿r eine groÇe Anzahl 

an Individuen teuer ist, entschieden wir uns f¿r einen Ansatz, der die Herleitung von HLA- Allelen 

(Imputation) ermºglichte. Zunªchst erstellten wir eine optimal f¿r unsere Anwendung zugeschnittene 

Imputationsreferenz. Danach imputierten wir die HLA Allele und f¿hrten eine Feinkartierung der HLA 

Region ¿ber die verschiedenen Populationen hinweg durch. Wir identifizierten genetische 

Risikofaktoren, die ethnien¿bergreifend geteilt werden und sowohl in der Effektstªrke als auch -

richtung korrelieren. Wir ermittelten ganze Allelgruppen, die mit der Colitis ulcerosa assoziiert sind, von 

denen wir die HLA-DRB1*15 Gruppe hervorheben wollen. Durch die Bestimmung von HLA-Haplotypen 

konnten wir die starke Korrelation zwischen verschiedenen Allelen der HLA-DQ und -DR Genorte 

erklªren, und sogar gesamte HLA-DQ-DR Haplotypen, die ¿ber die Ethnizitªten hinweg geteilt werden, 

identifizieren. Wir zeigten, dass das DRB1*01:03 Allel ein populationsspezifisches Allel ist, welches 

hauptsªchlich in Individuen westeuropªischer Herkunft und selten in nicht-kaukasischen Individuen 

vorkommt. Durch die Analyse der physikalisch-chemischen Eigenschaften der HLA Proteine und der 

Analyse von Peptiden, die von diesen HLA Allelen vorrangig gebunden werden, konnten wir auÇerdem 

die Komplexitªt des HLA Signals weiter reduzieren und zeigten, dass Risikoallele und protektive Allele 

bez¿glich ihrer Eigenschaften und Peptidbindungsprªferenzen zusammengefasst werden kºnnen. Die 

Ergebnisse dieser Studie d¿rften auch f¿r andere Forschungsbereiche, im Speziellen der Genetik und 

Peptidomics, sowie auch in Verbindung mit der Analyse anderer Immunerkrankungen, wie zum 

Beispiel Multiple Sklerose und Lepra, die ebenso mit Allelen der HLA-DRB1*15 Gruppe assoziiert sind, 

von Interesse sein.  
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2. Summary 

The human leukocyte antigen (HLA) region is a highly variable gene cassette located on chromosome 

6p21 that is involved in diverse functions of the host-immune system. The HLA is the strongest but 

also the most complex susceptibility locus for inflammatory bowel disease (IBD) and its subforms 

Crohnôs disease (CD) and ulcerative colitis (UC). Tight structures of linkage disequilibrium within this 

highly complex gene locus complicate the identification of causal variants to an association signal. In 

previous publications, the DRB1*01:03 allele was identified as a determining factor for IBD in the 

Caucasian population1. However, for most of the association signal such a delineation was not 

possible. The aim of this thesis was therefore to further characterise the HLA signal and to analyse 

whether tightly linked signals between the HLA-DQ and -DR loci could be resolved using a trans-ethnic 

approach. The focus of this study was UC. To this end, we assembled a unique dataset of individuals 

from 8 different ethnicities in collaboration with partners of the International IBD Genetics Consortium. 

The individuals were typed on llluminaôs ImmunoChip. With NGS-based typing of HLA alleles being 

expensive for a larger number of samples, we opted to inferring HLA alleles using an imputation 

approach. First, we compiled an HLA imputation reference panel specially tailored to our cohorts of 

interests. Next, we imputed HLA alleles and performed HLA fine mapping across the different 

populations. For the first time, we identified genetic factors shared across different ethnicities both in 

effect direction and magnitude. We found whole allele groups that are associated with UC, highlighting 

alleles of the HLA-DRB1*15 group. Using haplotype phasing of HLA alleles, we were able to explain 

the tightly linked signals of the HLA-DQ and -DR loci and showed that there are entire HLA-DQ-DR 

haplotypes shared across different ethnicities. In addition, we identified the previously reported 

DRB1*01:03 as a population-specific signal that is mostly present in individuals of Western European 

descent and hardly present in non-Caucasian individuals. Furthermore, by analysis of physico-

chemical properties of the respective HLA proteins and analysis of peptides that are preferentially 

bound by them, we were able to further reduce the complexity of the signal, showing that risk and 

protective proteins, respectively, share common features both in regard to their chemical properties as 

well as to the peptides they preferentially bind. Our findings should be of broad interest to the research 

community, both to genetics and peptidomics experts also in the context of the analysis of other 

immune-related diseases, for instance multiple sclerosis or leprosy, which are also associated with the 

HLA-DRB1*15 group. 
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3. Overview of main publications 

This thesis has resulted in the publication of one review article and two original research articles which 

have been incorporated into this thesis as Paper A, Paper B and Paper C (for paper references see 

Chapter I). The background and aims, results and conclusions of these papers are described briefly 

below. A more detailed summary of the papers can be found in Chapter 4.1.4 (Paper A), Chapter 5.1 

(Paper B) and Chapter 5.2 (Paper C). 

 

Table 1 ï Summary of Paper A, Paper B and Paper C. 

  Paper A Paper B Paper C 

B
a
c
k
g

ro
u

n
d

 a
n

d
 a

im
s

 

This paper is a review paper 
that was written for clinicians 
to give an update on the 
knowledge obtained from 
genetic association studies of 
inflammatory bowel disease 
(IBD). It describes the most 
relevant and most consistent 
findings in IBD in the 
Caucasian population and 
shortly also elucidates to 
knowledge obtained in non-
Caucasian populations.  

HLA reference imputation panels are 
mostly available for Caucasian 
populations. More diverse panels are 
needed in trans-ancestry approaches. 
The aim of this study was therefore to 
construct such a panel using 1,360 
individuals from different populations 
that could be used for accurate HLA 
imputation in Paper C.  

Most of what is known on HLA association with 
IBD has been studied in Caucasian populations. 
Here, causal variants could not be identified 
except for the highly associated DRB1*01:03 due 
to the tight linkage disequilibrium (LD) across the 
HLA region. The aim of this study was therefore 
to investigate whether differences in in LD across 
populations of different ancestries could be 
leveraged to identify causal variants, and the 
characterisation of the HLA signal across 
different ancestries in general. The focus of the 
study was ulcerative colitis (UC). 

R
e
s
u

lt
s

 

A benchmark was conducted using a 5x 
cross validation approach on a subset 
of samples from each of the cohorts 
analysed in Paper C and the 
independent 1000 Genomes 
population. We achieved highly 
accurate results across all analysed 
HLA loci. 

The HLA-DRB1*15 group is associated with UC 
across different ancestries with different alleles of 
the group present in different populations. Using 
a newly developed phasing approach, we were 
able to explain the LD across the HLA further but 
could not identify causal variants. We found that 
the HLA-DRB1*01:03 allele is specific to 
countries linked to the British Empire and that 
peptides binding to the risk HLA alleles are rich in 
lysine and arginine. 

C
o

n
c

lu
s

io
n

s
 

The reference panel can be used in 
diverse populations to predict HLA 
genotypes with high accuracy. 

We developed a new approach for the analysis of 
HLA data in the context of trans-ancestry fine 
mapping. For the first time, we identified how 
potential antigens in the disease may look like. 
We could not identify causal variants due to tight 
LD structures observed within the HLA region 
even across all our analysed populations of 
divergent ancestries. 
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4. Introduction 

In this following chapter, inflammatory bowel disease (IBD) and its related demographic genetic and 

epidemiological aspects are introduced (Chapter 4.1). As the results of this thesis detail analyses 

performed across populations of different ancestries, differences in these aspects regarding ancestry 

are discussed. The introduction continues with an overview of the human leukocyte antigen (HLA), its 

nomenclature and function. Some historical aspects of HLA typing are described (Chapter 4.2). 

Subsequently, databases and tools useful in the analysis of the HLA are introduced. In reference to 

Paper A, studies performed on the HLA in the context of IBD are discussed. This includes the most 

important findings of the largest HLA fine mapping study performed using HLA imputation in the 

Caucasian population (Goyette et al.1). The introduction ends with a description of the most important 

methodologies used in this thesis (Chapter 4.3). 

 

For the description of clinical features of the disease and its treatment, references were taken from the 

book chapters of the 2nd edition of ñMolecular Genetics of Inflammatory Bowel Diseaseò2, publications 

on Crohnôs disease (Crohnôs disease ï your guide) and ulcerative colitis (Ulcerative colitis ï your guide) 

by the Crohnôs & Colitis UK3,4 and Shi et al.5, which focuses especially on differences across 

populations of different ancestries. Sources used in the other chapters are detailed in the respective 

chapter.  
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4.1. Inflammatory bowel disease 

Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gut. The disease aetiology 

of IBD is still not completely understood, though research strongly indicates an interplay of genetic 

predisposition and environmental factors, especially related to the gut microbiome (referring to the 

bacterial, fungal and archaeal cells inhabiting the human gut)2,6.  

 

4.1.1. Clinical characteristics of IBD 

IBD can be subdivided into Crohnôs disease (CD) and ulcerative colitis (UC). While manifestations of 

ulcerative colitis are mainly localized to the colon and rectum, Crohnôs disease can extend throughout 

the whole gastrointestinal tract. CD and UC present with different endoscopic findings as detailed in 

Figure 1. 

 

 

Figure 1 ï Anatomical & endoscopic differences between Crohnôs disease and ulcerative colitis.  
(I) Crohnôs disease (CD) can affect the whole gastrointestinal tract while ulcerative colitis (UC) is 
restricted to the colon and rectum. Graphic figures are property of the Johns Hopkins university and 
were downloaded from www.hopkinsmedicine.org/inflammatory_bowel_disease_center/about_ibd. 
Figure was modified to include anatomical descriptions. Endoscopic images of UC (II) and CD (III). 
Figures taken from Lee et al.7. Original descriptions: (II) Figure 1: Typical endoscopic features of 
ulcerative colitis. (A) Mild: mucosal erythema [reddening of the mucosal walls], fine granularity, 
decreased vascular making. (B) Moderate marked erythema, loss of vascular marking, erosions. (C) 
severe ulcers. (D) Severe spontaneous bleeding. (E) Luminal narrowing with pseudopolyps. (III) Figure 
2: Typical endoscopic features of Crohnôs disease. (A) Longitudinal ulcers, (B) cobblestone 
appearance, (C) aphthous ulcers showing longitudinal array. 

  

http://www.hopkinsmedicine.org/inflammatory_bowel_disease_center/about_ibd
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Symptoms of IBD 

Clinically, the inflammatory bowel diseases present with several symptoms. These symptoms include 

abdominal pain or cramping, diarrhoea, rectal bleeding (more prominent in UC), fever and general 

fatigue. Common disease symptoms outside the gut (extraintestinal manifestations (EIMs)) include 

joint problems, liver inflammation in primary sclerosing cholangitis (PSC), skin problems like erythema 

nodosum, inflammation of the eyes and malnutrition causing weaker bone structure and anemia2ï4. 

Approximately 6% to 47% of all Caucasian IBD patients suffer from EIMs of the disease8,9. The 

frequency of EIMs in non-Caucasian, e.g. Asian and African American populations, is not well studied, 

though lower prevalence rates for some of EIMs in IBD patients have been reported10,11. 

 

IBD risk factors 

Risk factors for IBD include smoking (increased risk for CD and decreased risk for UC), geographical 

location (i.e. living in Western or Westernized countries: influences amongst others from (childhood) 

hygiene, dietary factors play a role here), age, family history of IBD and ancestral background2.  

 

Diagnosis of IBD 

The diagnosis of IBD is predominantly made at ages 20-30, while mean and median ages for the 

diagnosis of CD are typically 5-10 years less12. A second larger peak at the sixth and seventh decade 

has been reported in smaller studies, though this has failed to replicate in multiple studies and is also 

not observed in non-Caucasian individuals12,13. Up to 25% of all IBD patients are paediatric patients 

which often suffer from a more severe form of IBD than adult patients14. IBD is diagnosed based on a 

scale of histological and endoscopic findings (i.e. disease location as detailed below), physical 

examination, and markers of inflammation present in the blood or stool. Markers of inflammation 

analysed in IBD include C reactive protein (blood: acute phase protein produced in the liver) and 

calprotectin or lactoferrin (stool: antimicrobial proteins). Additional serological markers include anti-

Saccharomyces cerevisiae (ASCA) and perinuclear antineutrophil cytoplasmic antibodies (pANCA). 

These markers guide the differential diagnosis of CD and UC. While pANCA blood levels are higher in 

in UC patients, ASCA levels are higher in CD patients. Combined information on pANCA and ASCA 

enable differential diagnosis of CD against UC with a sensitivity (frequency of positive test result when 

patient suffers from a disease) of 46-64% and a specificity (frequency of negative test result, when 

patient is not affected) of 92-99% in adult-onset IBD15,16. Another important criterium for the diagnosis 

of IBD is family history for IBD (i.e. do/did family members suffer from IBD), which puts an individual 

at a larger risk to develop the disease. Approximately 12% [MIN=11%, MAX=13%] of all first-degree 

relatives of IBD patients are also affected by IBD in Caucasians. In Middle East Asians about 13% 

[10%, 16%] of the relatives are affected, while family history seems to be of lesser importance in the 

Black (7% [4%,10%]) and East or South Asian populations (3% [2%, 4%], 4% [2%, 7%])5. Regarding 
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association of IBD with gender, Shi et al.5 reported, that UC was observed about equally in males and 

females in the Caucasian, Asian and Hispanic populations, while a preponderance in females was 

seen in the Black population. For Crohnôs disease a male preponderance was observed in East Asian, 

South Asian, and Hispanic individuals, while in Middle East Asian and Caucasian populations the ratio 

was about equal. 

 

Classification of IBD 

Both CD and UC can be classified using the so-called Montreal classification system. This system  was 

designed by a working party at the Montreal World Congress of Gastroenterology in 2006 as a revision 

of the preceding Vienna classification of IBD, for more accurate diagnostics of IBD17. 

 

Classification of Crohnôs disease 

Crohnôs disease can be classified using the Montreal classification system according to age of onset, 

disease location (L) and disease behaviour (B). The latter is discussed in more detail in the next 

paragraph. Regarding disease location, CD is classified as ileal (affecting the small bowl, L1), 

ileocolonic (pertaining to the ileum and colon, L2) or colonic (L3) (Figure 1). CD that only effects the 

upper gastrointestinal tract is classified as L4. In Caucasians, 24-30% of all patients suffer from ileal, 

32-37% from ileocolonic and 35-43% from colonic CD, while 3-5% only show symptoms in the upper 

GI tract5. Especially in East Asian, Middle East Asian and Black populations, CD with L3 is reported to 

be most common, while ileal disease is least common in the Black population with a prevalence of 6-

22%5. Cleynen et al. showed that, genetically, colonic CD places in between UC and ileal CD, thus 

suggesting the necessity to subdivide CD into colonic and ileocolonic CD18. Regarding age groups, CD 

patients are categorized into 3 age groups, i.e. younger than 17, aged between 17 and 40 and older 

than 40. Typically, a more severe form of the disease is seen in paediatric patients. 

 

Complications observed in CD patients 

Common complications of CD are stricturing (narrowing of the gut lumen) and development of fistulae 

(formation of abnormal connections between skin/other organs and the bowel). A rarer complication is 

the perforation of the bowel (formation of holes in the mucosal linings of the bowel)3. Using the Montreal 

classification system for disease behaviour (B) of CD, inflammatory (B1), stricturing (B2) and 

penetrating (B3) disease are distinguished with an additional modifier for perianal disease (p). 

Complications are observed more often in non-Caucasian populations than in Caucasian populations5. 

With increasing age of the individuals affected by CD, the development of a complication becomes 

more likely with 74% of all patients suffering from B2 or B3 within 30 years of the diagnosis, while at 

the point of diagnosis this number is at 30%19. This leads to many patients needing surgery. For 

Caucasians Cleynen et al. report a value of more than 50% of all CD patients needing surgery within 

approximately 10 years after first diagnosis19. Shi et al. report that approximately 33% [27%, 39%] of 
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patients require surgery within 5 years of the diagnosis. Numbers observed in the Black population are 

higher (40% [33%, 48%]). Lower numbers were observed in the Asian population (17% [8%, 26%]). 

The severity of the disease is assessed using the Crohnôs disease activity index (CDAI) which includes 

several clinical parameters like disease behaviour, stool frequency and pain. It is further described in 

Best et al.20. 

 

Classification of UC 

UC is classified using the Montreal classification system by disease extent and age of onset. Regarding 

disease extent, it is classified as either proctitis (E1), where inflammation is localized to the terminal 

colon, left-sided (E2), where inflammation is localized to the descending colon and terminal colon and 

extensive (E3), where inflammation occurs across the entire colon. In Caucasians approximately 28% 

[24%, 32%] of patients suffer from inflammation localized to the terminal colon, while 36% [33%, 38%] 

each suffer from left-sided or extensive UC21. These values vary across different ethnicities and age 

groups. A more severe form of the disease is seen in paediatric UC patients (age <17, Figure 2). 

 

 

Figure 2 ï Differences in location of UC location across different age groups. 
Figure was taken from the Supplement of Cleynen et al.19. Original and shortened description: 
Supplementary Figure 2: UC disease extent versus age at diagnosis. Observed distribution of disease 
extent versus age at diagnosis is shown as smoothed proportions, with 95% confidence bands. 
Extensive, left-sided and proctitis are shown respectively in orange, blue and grey. Confidence bands 
are not corrected for disease duration, which is correlated to age at diagnosis. 
 

Black, Hispanic and South Asian individuals are more likely to suffer from left-sided or extensive 

disease (approximately 40% each). In East Asian individuals each localization is approximately equally 
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likely and in Middle East Asian individuals extensive disease is most prominent with a prevalence of 

44% [40%, 47%]5. Severity of ulcerative colitis is most commonly assessed using the Mayo score first 

introduced by Kenneth et al. in 1987 (original publication list affiliation as from the Division of 

Gastroenterology and Internal Medicine, Mayo Clinic ï hence the name)22. This score is based on a 

combination of stool frequency, occurrence of rectal bleeding, physician assessment, endoscopy and 

a physicianôs global assessment and is described further in the original publication. 

 
Complications observed in UC patients 

Complications of UC observed in individuals suffering from the disease, include the development of a 

toxic megacolon, colon cancer and extraintestinal manifestations like PSC as described in the section 

detailing general symptoms of IBD. A toxic megacolon manifests as the widening of the colon which 

most likely results from damage to nerve cells innervating the smooth muscles cells within the outer 

mucosal layer of the colon. It is accompanied by a fulminant acute inflammation of the colon. This leads 

to retention of faeces in the colon, which in turn poses a risk for rupture4. Overall, about 22% of UC 

patients have been reported to need surgery within 10 years of the diagnosis in the Caucasian 

population19. 

 

Unclassified IBD 

In up to 10% of IBD patients, a differential diagnosis of CD or UC cannot be made and they are 

subsequently diagnosed with indeterminate IBD23, also termed unclassified IBD or IBD-U. In up to 

14%-18% of patients classified with UC or CD the diagnosis changes over time24,25. 

 

4.1.2. Treatment of IBD 

The inflammatory bowel diseases are treated according to a regimen that is commonly aimed at 

reducing inflammation and avoiding surgery (Figure 3). The first line of medication includes 5-

Aminosacylates (5-ASA: derivatives of salicylic acid bearing an amino-group; mesalazine, 

sulphalasalzine, olsalazine) as well as antibiotics, to treat bacterial infections (ciprofloxacin, 

metronidazole). Corticosteroids (prednisone, budenoside, hydrocortisone) are administered to reduce 

inflammation. Other medications aimed at reducing inflammation include immunosuppressants 

(azathioprine, mercaptopurine, methotrexate), and biological drugs (produced biotechnologically and 

are similar to substances produced in the human body). Biological drugs include monoclonal antibodies 

as anti-integrin antibodies (natalizumab, vedolizumab), anti-tumour necrosis factor alpha (TNFŬ) 

antibodies (infliximab, adalimumab, golimumab), anti-interleukin 12/23 antibodies (ustekinumab) and 

inhibitors of the JAK-STAT pathway (tofatinicinib; JAK: Januskinase, STAT: signal transducers and 

activators of transcription). Anti-integrin antibodies target integrins, which play a role in leukocyte 

homing to the gut. Anti-TNFŬ antibodies target TNFŬ, which is a cytokine that can induce several other 



  Chapter 4 ï Introduction 

10 

      

 

      

 

inflammatory cytokines via the NFəB-pathway. 

 

 

Figure 3 ï Treatment of inflammatory bowel disease.  
At the bottom of the treatment regimen 5-ASA and antibiotics are used with surgery at the top of the 
pyramid as a last resort.  
 
The JAK-STAT pathway is a signalling pathway that induces production of certain cytokines3,4,26. Other 

treatment options include surgery of the gut, in which the most affected parts of the gut are removed. 

However, this option is only considered at the end of the treatment spectrum and used only in severe 

cases of IBD. Additional treatments may be used to alleviate symptoms outside the gut. This includes 

medication that resolves cramps, pain medication, diuretics (for diarrhoea), laxatives (for constipation) 

or a diet tailored to reducing symptoms of the disease (e.g. decreased fibre intake, avoiding food that 

causes bloating). 

 

4.1.3. IBD demographics 

Regarding the overall global demographical burden of IBD, the disease is most prevalent in Western 

and Westernized countries. It has evolved into a global disease with 6.8 million cases and a global 

prevalence of 84.3 [MIN=79.2, MAX=89.9] per 100,000 individuals27. Figure 4 shows age-standardized 

prevalence rates of IBD for 2017 across the globe, as well as the prevalence change from 1990-2017 

taken from Atalab et al.27. Here, age-standardized prevalence rates were calculated as the mean of 

the IBD prevalence observed in chosen age groups weighted by the number of individuals in the 

respective age groups.  
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Figure 4 ï Global prevalence of IBD.  
Figure taken from Atalab et al.27. Original and shortened description: Figure 1: (A) Age-standardized 
prevalence rate (per 100,000 population) of IBD for 195 countries and territories, 2017. (B) Percentage 
change in age-standardized prevalence rate (per 100,000 population) of IBD. 1990-2017; ATG=Antigua 
and Barbuda. VCT=Saint Vincent and the Grenadines. LCA=Saint Lucia. TTO=Trinidad and Tobago. 
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Figure 4 nicely shows that prevalence rates have especially increased in Africa and East Asia, while 

they have not changed to a large degree in the Western and Westernized countries (North America 

and Europe). The increase of prevalence rates may be attributable to the increasing adaptation of a 

Western lifestyle ï such as diet changing from traditional to Western diet and changes in hygiene 

practices. A total of $2.2 billion dollar are spent on medical care of IBD patients per year in the US 

alone19. Overall, regions with a high socio-demographic-index (SDI), a measure that includes 

demographical factors such as income, education and children born, had higher age-standardized 

prevalence rates than low SDI regions (Figure 5). Among the high SDI regions, North America had the 

highest prevalence (422.0 [398.7, 446.1])27. 

 

 

Figure 5 ï Global prevalence rates of IBD and trends across time. 
Figure taken and modified from Atalab et al.27. Publication by the Global Burden of Disease (GBD) 
2017 Inflammatory Bowel Disease Collaborators. Original description: Figure 7 Age-standardized 
prevalence rate of IBD globally and for 21 GBD regions by SDI, 1990-2017. 
 

In the German population, age-standardized values were reported to be 88.3 cases per 100,000 

individuals (Supplement of Atalab et al.). Unstandardized incidence and prevalence rates for CD and 

UC separately can be found in Ng et al.21. However, the reported measures vary drastically even within 

the same country group. Maximal prevalence rates of UC in Asian populations (including East Asian, 

South Asian, South East Asian and Western Asian populations) were reported to be 106.2 per 100,000 

individuals, while for CD prevalence rates were reported to be 53.1 (both values measured in Western 

Asia, values in other Asian countries are substantially lower by a factor of about 10). In Africa, a 

maximum prevalence of 10.57 per 100,000 individuals for UC and 19.02 for CD were reported, while 
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in South America UC was measured at a maximum prevalence of 44.3 and CD had a maximum 

prevalence of 44.1. The Supplementary Material of Ng et al.21 also provides information on the UC to 

CD ratio. In general, UC has been reported to be more prevalent in the Asian population (UC to CD 

ratio of 2.75 (South Korea) to 4.28 (Taiwan)), while for the Caucasian population prevalence of UC 

over prevalence of CD was reported to be only slightly higher (UC to CD ratio of 1.03 to 1.62 in the 

USA). Some exceptions, as for instance parts of Southern Europe (UC to CD ratio 8.27 in Sardinia) 

and Finland (UC to CD ratio of 2.56-7.42), exist. Overall, incidence rates of IBD are levelling off in 

Caucasian populations and on the incline in newly Westernized countries (Figure 5), while prevalence 

rates are continuing to rise across the globe with an increase in overall life-expectancy. 
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4.1.4. PAPER A ï IBD genetics 

Paper A 

 

Degenhardt F, Franke A. Genetik des Morbus Crohn und der Colitis ulcerosa: Aktueller Stand 15 Jahre 

nach Entdeckung von NOD2. Der Gastroenterologe. 2017. doi: 10.1007/s11377-016-0127-z. 

 

This is a concise review of the current understanding of the genetics of Inflammatory bowel disease 

(IBD) and its two subforms Crohnôs disease (CD) and ulcerative colitis (UC). It is directed at the broad 

medical community in Germany. Here, we describe genes that are relevant for IBD pathogenesis and 

that were identified to be associated with IBD by linkage analysis and in genome-wide association 

studies (GWAS). We highlight that the earliest identified markers are also among the most robust 

signals in many GWAS. Most of the discovered loci are shared between UC and CD, showing a strong 

commonality between the two inflammatory diseases with effect sizes that are correlated across 

different ethnicities. Genetic polymorphisms within the HLA region are highly associated with UC and 

explain a significant proportion of the heritability of this disease. We conclude that since the heritability 

explained by the markers identified until now is not exhausting its limits, environmental factors as well 

as genetic factors and their interplay must play a vital role in the disease aetiology of IBD.  

 

Author contributions 

This review was conceived and written by Andre Franke with contributions by Frauke Degenhardt. 
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Additional information on IBD genetics 

In Paper A, we summarized the most important genetic studies conducted in the last decades of the 

IBD research. These studies were largely conducted in Caucasian populations. Since the publication 

of Paper A, two other large studies, also performed in the Caucasian population, have been published 

(Huang et al.28 and de Lange et al.29). For the majority of the markers identified to be associated with 

IBD, only few have been ñconclusively resolved to specific functional variantsò28. Huang et al. therefore 

performed a fine mapping analysis of IBD associated SNV markers. Out of 94 inflammatory bowel 

disease loci, Huang et al. assigned 45 associations to a single causal variant with a certainty of greater 

than 50% (18 with a certainty of >95%). Most of these markers were enriched for protein-coding 

changes and tissue-specific epigenetic markers in immune cells and the gut mucosa. De Lange et al. 

analysed genetic association with IBD in 25,305 previously unpublished individuals combined by a 

meta-analysis with published summary statistics of other studies. They added 25 loci to the list of 

known IBD susceptibility loci. Three of these genes were integrin genes. Integrins are involved in T cell 

homing to the tissue and hence have an important function in the adaptive immune response.  

 

To complement studies focusing on Caucasian populations described in Paper A, the largest GWAS 

analyses in non-Caucasian populations are listed in Table 2. 

 
Table 2 ï GWAS in non-Caucasian populations.  
This table is as an extension to Table 1 in Paper A. Only the largest studies within each population are 
shown. Studies are listed by geographical location of populations and year. 

Year Study Ancestry Results (examples) 

2017 Brant et al.30 African American Largest analysis for IBD 

2015 Juyal et al.31 North Indian Largest study for CD 

2016 Fuyuno et al.32 Japanese Largest study for IBD 

2016 Yang et al.33 Korean Largest study for IBD 

2014 Yang et al.34 Korean Largest study for CD 

2013 Yang et al.35 Korean Largest study for UC 

 

Prior to the studies listed in Table 2, other smaller scale studies or non-GWA studies (only targeting a 

limited number of SNPs) exist in these cohorts. They are not shown here. Apart from the African 

American population, the studies listed in Table 2 are also (partly) included in the large cross-ancestry 

GWAS published by Liu et al.36. 

In Figure 6 and Figure 7, which were taken from Liu et al.36 and Brant et al.30 and the Manhattan plots 

of the genome-wide association results obtained in the respective studies are shown. Most strikingly, 

a clear and consistent association of IBD with variants at the HLA locus can be observed in these plots. 
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Figure 6 ï Manhattan plot of IBD, UC and CD in different ethnicities.  
Figure taken from the Supplement of Liu et al.36. Original and shortened description: Supplementary 
Figure 6. Manhattan plot for each separate ancestral cohort. The x-axis of each plot indicates the 
position of all tested SNPs per chromosome. The y-axis shows the strength of association (-log10 P-
value). In rows from top to bottom: East Asian, Indian, Iranian and European. In columns from left to 
right: Crohnôs disease (CD), ulcerative colitis (UC) and combined inflammatory bowel disease (IBD). 
Added description on: ATG16L1: Autophagy related 16 like 1, IL23: Interleukin receptor 23, NOD2: 
Nucleotide oligomerization domain, IRGM: Immunity-related GTPase family M protein, TNFSF15: TNF 
superfamily member 15.  
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Figure 7 ï Association analysis in African American IBD, CD and UC.  
Figure taken from Brant et al.30. Original and shortened description: Figure 2. (A, B, C) Meta-analysis 
Manhattan plots for UC (A), CD (B), and IBD (C) phenotypes, respectively. All SNPs are plotted 
according to their position on each chromosome on x-axis, against their association on y-axis. The red 
and blue lines indicate the genome-wide significance (P=5x10-8) and the suggestive significance 
threshold (P=1x10-5), respectively. GWS signals are labeled with corresponding gene names. 
 
Associated variants in the nucleotide oligomerization domain 2 (NOD2) gene, located on chromosome 

16, are absent in the Asian population. The NOD2 protein is a pattern recognition receptor that can 

recognize components of the bacterial cell wall (peptidoglycans). In the Asian population, variants 

within the TNF superfamily member 15 (TNFSF15) gene, located on chromosome 9, are most strongly 

associated with CD. TNFSF15 is a cytokine of the TNF family and is involved in cell signalling. In the 

African American population, the strongest associated SNPs were reported to be located in the HLA 

region, with other associations hypothesized to having arisen from European admixture (NOD2; 

association by LD with another gene, the Sorting nexin 20 (SNX20) gene). Overall, Liu et al. 36 reported 

that genetic association of associated markers were widely consistent in their effect directions and 

magnitudes across different populations. They also showed that some heterogeneity (different allele 

frequencies and different effect sizes) does exist for IBD markers (e.g. variants in the Interleukin 

receptor 23 (IL23R), Autophagy related 16 like 1 (ATG16L1) and NOD2 genes). A large part of the 

disease variability in European and East Asian UC can be explained by the HLA region (Chapter 4.2.3). 

With sample sizes varying across the datasets and UC having a stronger association signal for the 
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HLA than CD (hence variants within the HLA had a higher power (Chapter 6.4.1) to be detected in 

smaller studies), we chose to focus on UC in the context of this thesis. This decision was also made 

considering the complexity of the analyses presented in Paper C. 

 

Genetic association with IBD subphenotypes 

Genetic association with IBD subphenotypes has so far only been conducted in the Caucasian 

population19. Strongest genetic associations were observed with CD disease location (ileal vs. colonic) 

and extent of the disease for UC. Here, variants within the NOD2 gene and the HLA region were 

reported to be associated with ileal and colonic CD disease location respectively. For colonic CD, the 

HLA allele HLA DRB1*01:03 specifically was associated with the disease. A less severe extent of UC 

was associated with a SNP located in HLA-B*08. In Paper C, we showed that alleles of this group are 

located on the same haplotype as the DRB1*03:01 allele. Associations with variants in NOD2, the HLA 

and Macrophage-stimulating protein 1 (MTS1) were also observed with age of onset of IBD. 

 

With genetic research into IBD reaching its limits for the analysis of common variants (minor allele 

frequency (MAF) >1%; i.e. not many more common variants are likely to be discovered), still, only 

about 13.1% ï 13.6% percent of the heritability (phenotypic variance explained by genetics) of CD and 

7.5 ï 8.2% of the heritability of UC can be explained6,36. Larger efforts like the analysis of whole 

exomes and rare variants measured on genotyping chips may explain some of the remaining ñmissing 

heritabilityò. These efforts require even larger datasets (>100K) than included in already published 

studies to give valuable insights into association with rare variants. Exome analysis has also especially 

proven to be of diagnostic value in parent-child trios or family analyses in paediatric IBD cases, where 

de novo mutations are more commonly found37ï39. 

 

4.1.5. Other research areas in IBD 

Beside genetic predisposition, other factors such as environmental factors like a Western diet are 

attributed to contributing to the disease aetiology. With genetic associations including genes resulting 

in immune regulatory proteins of the innate (NOD2) and adaptive (HLA) immune system, the human 

microbiome seems to be a prominent target for the identification of disease related factors (i.e. antigens 

derived from bacteria and fungi inhabiting the gut may be recognized by the immune system as is the 

case for NOD2 and bacterial peptidoglycans). These antigens could stem from the microbiome itself 

(i.e. bacterial cell wall components) or microbiome-related dietary factors. Therefore, knowledge 

obtained from this active research area, which is currently also a ñhot topicò for many other diseases, 

is described briefly below. Larger scale analysis of the microbiome is facilitated by the development 

and decreasing costs of high-throughput next generation sequencing based analysis of 16S bacterial 

and 18S fungal ribonucleic acid (RNA). IBD has been associated with a shift in the microbial diversity 
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(i.e. number of observed species) of the gut microbiome for both the bacterial and fungal 

microbiomes40. If this is cause or result of the disease is still unclear41. Overall, IBD is associated with 

a decreased bacterial diversity, especially in the most prominently present bacterial phyla (with 

phylogeny described from top to bottom across Kingdom ï Domain ï Life ï Phylum ï Order ï Class ï 

Family ï Genus ï Species) Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria (Figure 8).  

 

  
Figure 8 ï Overview of gut microbiome composition across IBD.  
In total 9 CD patients, 11 UC patients and 10 healthy volunteers were analysed. Figure taken from 
Alam et al.42. Original description: The gut microbial abundance. a Phylum, b Class and c Family level 
abundance in different conditions. Classes and families belonging to the four most abundant phylum 
across conditions are grouped according to phylum.  
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Together these phyla constitute >98% of the gut microbiome42,43. This decrease in microbial diversity 

is more significant in CD patients than in UC patients42,43.  

 

A decrease in the diversity is also observed in the fungal microbiome, with Ascomycota and 

Basidiomycota being most abundant (Figure 9). In CD especially, a shift in the 

Basidiomycota/Ascomycota ratio is observed along with an increase in Candida albicans and a 

decrease in Saccharomyces cerevisiae species40. 

 

 

Figure 9 ï Fungal microbiome in IBD.  
Figure taken from Sokol et al.40. Original and shortened description: Figure 2 ï Altered fungal 
microbiota biodiversity and composition in IBD. Global composition of fungal microbiota at the phyla 
and genus levels. Healthy subjects (HS) and patient subgroups are labelled on the x-axis and 
expressed as relative OTUs abundance for each group. OTU: Operational Taxonomical Unit, HS: 
Healthy subjects, IBDf: IBD flare, IBDr: IBD in remission. 
 

Microbes in the gut are separated from the underlying tissue by intestinal epithelial cells (IECs) lining 

the gut lumen. These are constantly replenished from resident stem cells every 4-5 days. Thus IECs 

form a physical and chemical barrier against microbes44,45. To keep microbes in the gut at bay, the 

epithelial layer secretes mucus (Goblet cells) and antimicrobial peptides (Paneth cells). IECs are also 

involved in nutrient uptake from the gut. A current hypothesis states that upon disease, the mucosal 

barrier is disrupted due to a reduction in mucosal thickness. Consequently, increasing amounts of 

microbes are given access to the underlying host tissue, thereby causing an excessive immune 

response (Figure 10). Which processes lead to loss of the mucosal integrity, is not completely 

understood. Some genes suggested to play a role in epithelial cell function (i.e. regulators of epithelial 

cell homeostasis and physiology including mucin (MUC) and matrix metalloprotease (MMP) genes) 

have been implicated in genome wide association studies and are listed in detail in ñMolecular Genetics 

of Inflammatory Bowel Diseaseò, written by IBD experts across the globe2.  



  Chapter 4 ï Introduction 

31 

      

 

      

 

 

Figure 10 ï IBD as a mucosal barrier defect. 
Figure taken from Sommer et al.43. Original and shortened description: Figure 1 ï Microbial signatures 
of a healthy gut and IBD. Under healthy homeostasis the microbiota is diverse. Goblet cells produce a 
thick colonic mucus layer, which creates a physical barrier against the microbiota, but also harbours a 
specific mucus-resident microbiota enriched in, for example, short-chain fatty acid producing bacteria 
Roseburia and Faecalibacterium prausnitzii. However, the composition of the microbiota is less diverse 
in patients with IBD with fewer Bacteroidetes mainly attributed to loss of Prevotella species and 
expansion of Actinobacteria, Proteobacteria such as adherent invasive Escherichia coli and 
Fusobacteria. Mucosal function is also altered, for example, lipid metabolism, illustrating a 
cometabolism of the metaorganism. DC, dendritic cells; IFNɔ, interferon gamma; IL, interleukin; Mū, 
macrophages; TNFŬ, tumor necrosis factor alpha. 
 

A relatively young research area in IBD involves sequencing-based analysis of T-cell and B-cell 

receptors (BCRs and TCRs). Here, associations of TCRs and BCRs with IBD are investigated, to 

identify if there are specific receptors found in the BCR/TCR repertoire (sum of all receptors observed 

in an individual in the respective cell type) of IBD patients46,47. As I describe further below, T/B cells are 

activated after they have been presented with a specific HLA-peptide combination, which they 

recognize via the respective TCR/BCR receptors. Another important factor within this setting is the 

identification of culprit antigens (i.e. peptides that in the combination with specific HLA proteins and 

TCRs/BCRs elicit an immune response). Peptidomics analyses (i.e. analysis of peptides) are just 

emerging in the research field of IBD and are discussed further in the outlook (Chapter 6.5)  

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5595102_gutjnl-2016-313678f01.jpg
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Overall, IBD is a complex genetic disease with many factors involved in the disease aetiology and 

disease progression. A lot of research spanning a wide spectrum of different scientific disciplines has 

been performed. A selection of active research areas, with a focus on the more bioinformatic-heavy 

research has been introduced above. However, in the past decades, little of the research has entered 

the clinical setting, where new developments in treatment (i.e. medication) are still the most dominant 

additions. This is in part because of variability of results seen across studies, especially for microbiome 

studies. Also, conclusions from current research regarding the disease aetiology are still challenging. 

A deeper understanding of mechanisms behind what is observed warrants further research and 

validation (especially functional validation of IBD susceptibility genes). However, microbiome and 

immune system related peptidomics research has the potential to identify possible culprit antigens in 

IBD.  

 

4.2. The human leukocyte antigen region (HLA) 

Information on the function of the HLA was mainly taken from ñJanewayôs Immunobiologyò by Kenneth 

Murphy and Casey Weaver48. 

 

4.2.1. HLA genes and their function 

The HLA region (termed major histocompatibility complex (MHC) in general, and HLA in humans) is a 

genetic region that spans approximately 5 (Mega base pairs) Mb on chromosome 6p21 with genomic 

positions ranging from 29 to 34 Mb. Genes expressed from this region result in proteins that are 

involved in many complex functions of the adaptive and innate immune system. These include 

presentation of foreign peptides to the host immune system and factors of innate immunity like proteins 

of the complement system. The genes of the HLA can be classified into three different groups according 

to structure and function: the HLA class I, HLA class II and HLA class III genes (Figure 11). HLA class 

I and HLA class II genes code for proteins that are expressed at the cell surface or have regulatory 

functions, while HLA class III genes code for proteins of the complement system (e.g. complement 

component 2 and 4; C2, C4), cytokines (e.g. TNF) and heat shock proteins. HLA class I and HLA class 

II genes can be divided further into classical (HLA class I: HLA-A, -B, -C; HLA class II: HLA-DRA1, -

DRB1, -DQA1, -DQB1, -DPA1,- DPB1) and non-classical genes (e.g. HLA class I: HLA-E, -G, -F; HLA 

class II: HLA-DM, -DO). While non-classical HLA class I genes have been shown to be expressed at 

the cell surface49, non-classical HLA class II genes HLA-DM and -DO have regulatory functions in the 

process of HLA class II peptide loading50. The non-classical HLA class I genes are structurally related 

to the classical HLA class I genes and are to be expressed on specialized tissues (e.g. HLA-G on 

placenta and testis). HLA-G expression has previously also been linked to IBD51,52. 
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Figure 11 ï Gene map of the human leukocyte antigen (HLA) region.  
Figure taken and modified from Zhang et al.53. Modified description: Fig.1.1 Genetic map of the human 
MHC. Schematic map of human MHC on chromosome 6. Illustrations are not drawn to scale. The 
centromere (circle) and major HLA are indicated in order. Abbreviations not described in the main text: 
MICA A/B: MHC class I polypeptide-related sequence A/B, TAP1/2: Transporter associated with 
antigen processing, low molecular weight polypeptide (LMP), part of the human immunoproteasome.  
 

The most investigated HLA class I genes HLA-A, -B and -C code for proteins that are expressed on all 

nucleated cells and present peptides to cytotoxic T cells that express co-receptor CD8 (also termed 

CD8 positive T cells, short CD8+). Peptides presented by HLA class I proteins are produced by 

degradation of proteins expressed by or derived from intracellular pathogens like viruses in the cytosol. 

After degradation by the proteasome, a large multicatalytic protease complex present in the cytosol, 

antigenic peptides translocate to the endoplasmic reticulum (ER) where they are loaded onto the HLA 

class I complex and from there exported to the cell surface (Figure 12). HLA I class proteins are 

transmembrane proteins made of three Ŭ subunits (Ŭ1, Ŭ2, Ŭ3) and a fourth subunit stemming from 

chromosome 15, the Ç-microglobulin. The HLA-peptide complex is recognized by CD8+ T cells, upon 

which an immune response is triggered that leads to the destruction of the affected cell by cytotoxic 

degradation by CD8+ T cells. HLA class II proteins are expressed, with some exceptions (e.g. 

epithelium of the gut), on antigen presenting cells (APCs) like dendritic cells and macrophages to T 

cells that express co-receptor CD4 (also termed CD4 positive T cells, short CD4+). HLA class II proteins 

are heterodimers composed of an Ŭ- and a ɓ-chain that are encoded by HLA-DRA, -DQA, -DPA and 

HLA-DRB, -DQB, -DPB, respectively. While the Ŭ-chains of the DQ and the DP molecules are 

considerably polymorphic, there are only 29 known variations of the HLA-DRA1 gene that are 

translated into 2 different DRA1 proteins (hla.alleles.org/nomenclature/stats.html on 05032020). Each 

Ŭ- and ɓ-chain is made of two subdomains of which subdomains Ŭ1 and ɓ1 come into contact with the 

peptide and the TCR receptor (Figure 12). Peptides presented by HLA class II molecules are produced 

from proteins derived from extracellular pathogens and taken up by macrophages and dendritic cells 

through phagocytes and micropinocytosis or by B cells by receptor-mediated endocytosis through 

surface immunoglobulins50,54. After their synthesis in the ER, HLA class II molecules subsequently 

enter the endocytic pathway by translocation to the Golgi apparatus. 
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Figure 12 ï Molecular mechanisms of antigen presentation by the HLA.  
With special thanks to Mareike Wendorff and Renate Nikolaus, who jointly designed this figure. 
BCR: B-cell receptor, CLIP: class II invariant chain peptide, NO: Nitric oxide, TAP: Transporter 
associated with antigen processing, TCR: T-cell receptor. 
 

They are retained inside the endosomal vesicle by binding to the invariant protein chain. In an acidified 

endosome, the invariant chain is cleaved by acidic protease to produce a short peptide fragment, the 

class II invariant chain peptide (CLIP). Proteins that have entered the cell through endocytosis are 

delivered to endosomes in which they are degraded by proteases. Upon fusion of endosomes 

containing these peptides and the endosome containing the HLA class II molecules, the CLIP protein 

is exchanged for an antigenic peptide. This process is catalysed by the non-classical HLA molecule 

DM. DM is inhibited by the non-classical HLA class II molecule DO, that is also present in the acidified 

endosome. Constant interplay between these two molecules influences the selection of peptides bound 

to the HLA class II molecule. The HLA class IIïpeptide complex translocates to the surface where it is 

recognized by CD4+ T cells and an immune response is mounted. This immune response leads to the 

destruction of pathogens and an increased humoral (involving antibodies) response by activation of B 

cells. Besides pathogenic peptides, both HLA class I and HLA class II molecules also present self-

peptides to the immune system.  
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4.2.2. HLA nomenclature 

The HLA region is a genetically highly polymorphic region with thousands of different SNP haplotypes 

existing for some of the known HLA genes. The genetic diversity of this region may allow distinct 

profiles of immune responses in individuals carrying distinct HLA polymorphisms. By March 2020, the 

Immunogenetics project (IMGT)/HLA database (release 3.39.0), a repository for all known HLA 

variation55, listed a total of 19,031 HLA class I and 7,183 class II alleles. The numbers for the HLA loci 

present in this database are listed in Table 3.  

 

Table 3 ï Number HLA class I and HLA class II alleles in the IMGT/HLA database. 
The number of different proteins that result from these alleles and the number of non-functional ñnullò 
proteins translated from the alleles for database version 3.39.0 are shown. 

Gene 

A
 

B
 

C
 

D
R

A
 

D
R

B
1

 

D
Q

A
1

 

D
Q

B
1

 

D
P

A
1

 

D
P

B
1

 

D
R

B
3

 

D
R

B
4

 

D
R

B
5

 

Alleles 5,907 7,126 5,709 29 2,690 229 1,795 168 1,537 340 165 123 

Proteins 3,720 4,604 3,470 2 1,889 98 1,194 65 1,006 254 109 95 

Nulls 308 244 243 0 89 6 77 3 80 16 19 17 

 

The repository itself is available at https://www.ebi.ac.uk/ipd/imgt/hla/. In order to keep track of the 

different HLA alleles, a specific nomenclature was developed by the ñWorld Health Organization (WHO) 

Nomenclature Committee for Factors of the HLA Systemò. Genes are categorized according to four 

different criteria resulting in an ñeight-digitò or ñfour-fieldò nomenclature system (Figure 13). 

 

 

Figure 13 ï Current HLA nomenclature.  
HLA alleles are named in a 4-field notation. Each field is separated by the separator ñ:ò and signify 
different properties of the HLA allele. 
 

The first field names the allele group, which often corresponds to the serological antigen of an allele, 

determined by cross-reactivity of lymphocytic components in the blood. The next field shows a 

nonsynonymous nucleotide exchange within the exons of an HLA gene. The third field classifies 

synonymous nucleotide exchanges within the exons of an HLA gene and the last field shows changes 

in the intron sequence. For instance, HLA-A*02:01:01:01 and HLA-A*02:01:01:02 only differ in their 

intron sequence while HLA-A*02:01:01 and HLA-A*02:01:02 have the same amino acid sequence but 

different nucleotides within the coding regions. HLA-A*02:01 and HLA-A*02:02 differ in amino acid and 

https://www.ebi.ac.uk/ipd/imgt/hla/


  Chapter 4 ï Introduction 

36 

      

 

      

 

nucleotide sequence but belong to the same HLA-A group. A suffix added to the allele sequence may 

indicate differences in expression, i.e. the letter N denotes an allele that is not expressed, and Q 

denotes alleles whose expression is questionable.  

The nomenclature of the HLA has changed and expanded since the discovery of the first antigens on 

human leukocytes by serological typing with the latest major update introduced in 2010. 

Responsibilities for introducing and updating HLA nomenclature lie with the WHO Nomenclature 

Committee, formed in 1967 during the second international Histocompatibility Workshop. Since then 

several HLA nomenclature reports have been published. To the largest part, the following information 

is taken from the webpage hla.alllees.org and the nomenclature reports listed in Table 4. 

 

Table 4 ï Timeline of the description of HLA loci in the HLA nomenclature report. 

1968 Publication the first HLA nomenclature report 

1975 First description of HLA-A, -B, -C and -D, HLA nomenclature report56 

1977 First description of HLA-DR, HLA nomenclature report57 

1984 First description of HLA-DQ, -DP and split of DR5 into DR11/DR12, split of DR6 into 
DR13/14, HLA nomenclature report58  

1987 Introduction of eight-digit system and first description of HLA-DRB3, -DRB4. Split of DR2 
into DR15/16, HLA nomenclature report59  

1989 First description of HLA-DRB5, HLA nomenclature report60 

 

First, human leukocyte antigens were grouped into a single serological antigen group based on cross-

reaction of lymphocyte components in the blood. Without knowing that products of different genes were 

evaluated, the identified antigens were named HL-A and a sequential number, i.e. HL-A1 and HL-A2. 

These serological antigen groups were then split into HLA-A and HLA-B and later HLA-C, -DR, -DQ 

and -DP when evidence accumulated that these antigens must originate from different genes (Table 

4). A two-field based system was introduced in the 1987 nomenclature report which enabled the 

distinction of HLA alleles on the sequence level i.e. B*52:01 and B*52:02 could now be distinguished, 

whereas before the serotype group B*52 accommodated both alleles. For most of the more common 

HLA alleles, HLA groups correlate with their serological specificities, i.e. DRB1*01:01, DRB1*01:02 and 

DRB1*01:03 all have the serological specificity DR1, whereas some alleles of the DRB1*03 are 

assigned serological specificities of DR17 and DR18. In the subsequent years more digits were added 

until a four-field based system, like the one described above, was established with each field allowing 

for two numbers only. This meant however, that only up to 99 alleles of the same group could be 

accommodated. Roll-over groups were defined when this number was reached. The first groups for 

which problems arose were the A*02 and B*15 groups. When the 100th allele for the A*02 group was 

identified, it was subsequently named A*92:01, similarly the 100th allele of the B*15 group was named 

B*95:01. When it became clear that this system was not able to deal with the fast-growing numbers of 

alleles being typed and maybe several hundred alleles could be identified for a single HLA gene group, 

the new system described above was introduced. First, separators were added to distinguish the HLA 
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group fields, i.e. A*01010101 became A*01:01:01:01. All alleles with roll-over groups were renamed to 

their original groups, i.e. A*92 and B*95 were renamed A*02 and B*15 respectively. For alleles for 

which more than 100 alleles had already been reached the number 100 would not be assigned, i.e. 

there would not be A*02:100 and B*15:100. Allele groups yet to reach this number would be assigned 

the number 100, i.e. A*24:99 and A*24:100 would exist. With this nomenclature change new allele 

groups were defined based on exon 1 and exon 2 identities for HLA class I molecules and exon 2 

identities in HLA class II molecules, thus making custom group assignments, made by researchers 

within their own specific research projects obsolete and increasing comparability between studies 

(Paper B). Alleles with amino acid sequence identity in exons 1 and 2 (HLA class I) or exon 2 only 

were grouped into the same so-called (protein) ñP-groupò and alleles with nucleotide sequence identity 

across the respective exons were grouped in the so called ñG-groupò. In most cases the assigned P- 

or G-group of an allele corresponds to the most frequent allele in this group.  

 

4.2.3. Fine mapping of the HLA in IBD 

Even before the HLA was implicated with convincing statistical evidence as a susceptibility locus in 

IBD by means of linkage-analysis in large IBD families61, it was investigated using smaller scale 

serological and genetic studies with some of these studies also focusing on the association of the HLA 

with IBD subphenotypes. Though reproducibility across the studies was limited, many of their results 

still hold true today. Comprehensive reviews of the findings are presented in Stokkers et al.62 and 

Ahmad et al.63. Stokkers et al. performed a meta-analysis across 29 HLA associations studies related 

to IBD that were published between the years of 1966 to 1998. 15 studies included CD and 18 studies 

included UC, some included both. These studies were mainly conducted in Caucasian populations. 

For UC, an overall positive association of DR2, comprised of the DR15 and DR16 serotypes, pinpointed 

later to an association with DRB1*15:02, as well as DRB1*01:03 was identified. Negative association 

with UC was reported for DR4. For CD, a positive association was found for DR7, DRB3*03:01 and 

DQ4 and a negative association was found for DR3 and DR2. Ahmad et al. report on findings on the 

HLA until 2006 and review the major findings of subphenotype analysis. HLA DRB1*07 and 

DRB1*01:03 and DRB1*04 were implicated in the location of Crohnôs disease. While DRB1*07 and 

DRB1*04 were positively associated with ileal Crohnôs disease, DRB1*01:03 was associated with 

colonic CD. For UC extensive disease was associated with DRB1*01:03 and DRB1*04:01 was 

associated with protection against UC. Multiple studies conducted at this time in the Japanese, Korean 

and Caucasian individuals implicated DRB1*15:02, B*52:01 and C*12:02 in UC. Since then additional 

analyses have been conducted in the Chinese and Iranian population. UC in Iranians (from the city of 

Kerman) has been associated with HLA-DRB1*04. HLA-DRB1*13 was significantly associated with 

disease severity in the same study18. An analysis of Chinese Han and Uyghur UC patients found that 

HLA-DRB1*04/08/13/14 may contribute to the clinical heterogeneity of UC in these ethnicities. Han et 
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al. analysed amino acid polymorphisms in the Korean and Japanese population64,65. To this date, the 

largest fine mapping study within the Caucasian population based on the imputation of the HLA has 

been performed by Goyette et al.1. This study analysed 18,405 individuals with CD, 14,308 individuals 

with UC and 34,241 control individuals, typed on the Illumina ImmunoChip. They generated HLA types 

by HLA imputation using the imputation tools SNP2HLA66 and HLA*IMP267. This study demonstrated 

how HLA haplotype-like correlations could be observed from single association statistics using 

conditional reciprocal logistic regression and drew comprehensive maps of susceptibility alleles 

associated with IBD, for alleles for which such an assignment could be made (Figure 14, Figure 15).  

 

 

Figure 14 ï Fine mapping study of the HLA in UC.  
Figure taken from Goyette et al.1..Original and shortened description: The structures illustrated are not 
classically defined haplotype structures but were identified entirely on the basis of the correlation of 
signal defined through pairwise reciprocal conditional logistic regression analyses. Alleles identified as 
primary tags for independent association signals in our HLA-DRB1ïfocused models are shown in light-
blue boxes, and alternate alleles with equivalent effects are shown in gray boxes. Alleles in white boxes 
show study-wide significant secondary effects that can be explained entirely by the selected HLA 
alleles.  
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Figure 15 ï Fine mapping study of the HLA in CD.  
Figure taken from Goyette et al.1..Original and shortened description: The structures illustrated are not 
classically defined haplotype structures but were identified entirely on the basis of the correlation of 
signal defined through pairwise reciprocal conditional logistic regression analyses. Alleles identified as 
primary tags for independent association signals in our HLA-DRB1ïfocused models are shown in light-
blue boxes, and alternate alleles with equivalent effects are shown in gray boxes. Alleles in white boxes 
show study-wide significant secondary effects that can be explained entirely by the selected HLA 
alleles.  
 

Overall, this study not only confirmed DRB1*01:03 as one of the most important risk alleles across 

both CD and UC, but also demonstrated that HLA alleles are differentially associated with the two 

diseases. In this study, UC showed a stronger association with the HLA than UC. The authors also 

showed that a large part of the heritability, especially in UC, can be explained by HLA alleles as 

opposed to single SNPs within the HLA region. When considering HLA alleles as opposed to the most 

associated SNP (rs6927022, located in the HLA-DQA1 gene locus), the variance explained in UC could 

be increased by a factor of 3 from 2.3% to 6.2%. In CD, the variance explained was increased by a 

factor of 10 (from 0.3% to 3.1%) when considering the HLA alleles over the top associated SNP 

rs9264942 (located in the HLA-B gene locus). The authors however stated that the measure used for 

this analysis could not be compared to traditional heritability estimates.  
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4.3. Methodological considerations 

The study populations used in Paper B and Paper C where typed on the Illumina ImmunoChip, which 

is a custom SNP genotyping array that was specially designed for GWAS of immune-related diseases. 

It is described in more detail below. Additionally, the concepts of HLA typing and imputation (Paper B 

and Paper C) are introduced and genetic association analyses in the context of the HLA are discussed. 

This chapter ends with the description of useful resources that were also used to validate findings in 

Paper C. 

 

4.3.1. Linkage Disequilibrium  

Linkage disequilibrium (LD) is a term used to describe the non-random association of alleles at different 

genomic locations: As a very basic description, LD results from the fact that neighbouring genomic 

regions are inherited together (on a haplotype) across generations68. This concept is shown in Figure 

16.  

 

 

Figure 16 ï Linkage disequilibrium explained.  
Figure taken and modified from Bush and Moore68. Original description: Figure 2. Linkage and Linkage 
Disequilibrium. Within a family, linkage occurs when two genetic markers (points on a chromosome) 
remain linked on a chromosome rather than being broken apart by recombination events during 
meiosis, shown as red lines. In a population, contiguous stretches of founder chromosomes from the 
initial generation are sequentially reduced in size by recombination events. Over time, a pair of markers 
or points on a chromosome in the population move from linkage disequilibrium to linkage equilibrium, 
as recombination events eventually occur between every possible point on the chromosome.  
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The term haplotype is used to describe the co-occurrence of alleles located on the same genomic 

strand. In turn, linkage equilibrium describes the situation in which alleles at different genomic locations 

are inherited completely independently of each other. Several other factors influence the patterns of 

linkage disequilibrium besides recombination events in gametes. These are described in detail in Ardlie 

et al.69 and only shortly introduced here. LD values are influenced by recombination rates across the 

genome ï i.e. recombination hot spots exist, where recombination events occur more frequently. 

Factors influencing the LD at the population level include inbreeding within a population (generally 

higher values of LD are observed here) and migration/admixture between populations of different 

ancestries (lower LD values observed in the first generations). Another factor at the population level 

includes genetic drift, which refers to the fact, that only part of the genetic material of a generation is 

given to the next generation, and processes of natural selection in which of whole haplotype stretches 

or single markers may be kept in or deleted from the pool of genomes. Finally, mutation events and 

gene conversion events (also termed homologous recombination, in which gene segments are 

replaced from homologous sequences of the opposite chromosome70) may influence the LD. Several 

measures to calculate the LD exist68. The most frequently used measure of LD in genetic association 

studies is the r2-measure. To calculate r2, the observed haplotype frequency of two alleles at different 

genetic positions/loci is compared to the expected haplotype of these alleles under the assumption of 

independence as: 

Equation 1 

Ò
Ð Ð Ðz

Ð ρ Ð Ðz ρ Ð
 

 

Here, ὴ  denotes the frequency of the haplotype with allele A at the first marker and allele B at the 

second marker. ὴ ὴz denotes the haplotype frequency of the same haplotype alleles at markers A 

and B under the assumption of statistical independence, which is calculated as the product of the 

frequencies of allele A (ὴ) and allele B (ὴ). The denominatorὴ ρ ὴ ὴz ρ ὴ  is used to 

standardize the measure. The ὶ can range between 0 and 1. An ὶ ρ describes a situation of 

complete LD (i.e. markers are highly correlated and typically located closely within a genome) and ὶ

π describes incomplete LD (i.e. markers are not correlated and typically located far away from each 

other within a genome)68. The confidence of LD estimates can be calculated by bootstrapping of the 

study population and determination of the 2.5% and 97.5% percentiles of the resulting distribution.  

 

When the haplotype frequency of two alleles is unknown, i.e. data were not phased before calculation 

of LD, it can be approximated by appropriate methods as described for instance by Gaunt et al.71. For 

the analysis of multiallelic markers, classical LD measures are inaccurate and other measures, that 

take the contribution of more than two alleles to observed SNP haplotypes into account, need to be 

considered72. This was observed especially during the computation of classical LD measures within 
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the HLA for the preparation of Paper C, since one HLA locus can have many different alleles. Here, I 

calculated the percentage an HLA allele of interest occurred with another allele at a different locus. 

This accounted for the fact that infrequent alleles may be located on the same haplotype as very 

frequent alleles with overall small LD, due to the high number of diverse haplotypes of the frequent 

allele. As a result of this thesis this method and the production of haplotype maps using this method, 

is described further in Chapter 5. 

 

4.3.2. Genotyping and the Illumina ImmunoChip 

Genotyping of single nucleotide variants (SNVs; minor allele frequency (MAF) <1%) and single 

nucleotide polymorphisms (SNP; MAF >=1%) was carried out in this study using a genotyping array 

produced by the company Illumina ï the ImmunoChip. Genotyping arrays are designed for the high-

throughput analysis of SNPs, using fluorescently labelled oligonucleotide sequence specific probes. 

SNP genotypes are inferred from the intensity of the fluorescence emitted when probes (each carrying 

the sequence of the respective SNP allele) labelled with a red or green fluorophore bind 

complementarily to the DNA. To infer the SNP genotypes computationally, calling algorithms (i.e. 

Opticall73, GenomeStudio automatic clustering: software provided by Illumina) that are based on 

clustering of the measured SNP intensities (Figure 17).  

 

 

Figure 17 ï Experimental workflow for SNP genotyping. 
For each individual, genotypes are measured on a genotyping array using fluorescently labelled probes 
that are complementary to stretches of the genomic DNA. Upon binding, fluorescence is emitted and 
registered. Genotypes are called using clustering algorithms across all individuals measured on the 
array based on the emitted light intensities. 
 

The design of SNP genotyping arrays was aided by large genome sequencing efforts including the 

Human Genome Project in which polymorphic nucleotides in the human genome were identified, as 

well as the Human Haplotype Project (HapMap), in which the LD structure was used to establish SNP 
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haplotype blocks. Harnessing LD structure, the variation of the genome could now be explained by 

single ñtag-SNPsò, reducing the number of SNPs that needed to be typed in order to analyse a large 

portion of the genome. 

 

The Illumina ImmunoChip is a custom genotyping array specially designed for the analysis of immune-

related diseases. It was used in two different versions in this study ï the HumanImmuno v1 Beadchip 

and the Illumina ImmunoArray-24 v2. The larger part of the data was genotyped on HumanImmuno 

version 1 Beadchip, while the Maltese dataset in Paper C was genotyped on the Illumina 

ImmunoArray-24 version 2. This is because at the time the Maltese dataset was measured, the version 

1 chip had gone out of production. The HumanImmuno version 1 Beadchip covers 195,524 variants of 

which 718 are small insertion/deletion polymorphisms and 194,806 are SNPs. Insertion/deletion 

polymorphisms ï short InDels ï refer to deletions or insertions of nucleotide sequences rather than 

variation of single nucleotides. It contents are discussed in great detail in the doctoral thesis of Jostins74 

and described also by Cortes et al.75. The ImmunoChip was initiated by the Wellcome Trust Case-

Control Consortium and designed by the Illumina ImmunoChip consortium consisting of leading 

investigators in the research fields of immune-mediated diseases with the goal of deep replication of 

established susceptibility loci for known immune-mediated diseases and fine mapping thereof74,75. In 

total 50,000 SNPs from 186 loci implicated in genome wide association studies (GWAS) of 17 major 

autoimmune diseases including, type 1 diabetes, celiac disease, inflammatory bowel disease, multiple 

sclerosis, ankylosing spondylitis, rheumatoid arthritis, vitiligo, and systemic lupus erythematosus were 

included. In addition to these 186 loci, the HumanImmuno version 1 Beadchip contains 100 SNPs from 

the Killer-cell immunoglobulin-like receptor (KIR) region, 6378 SNPs across the HLA and 848 SNPs 

from the National Human Genome Research Institute (NHGRI) GWAS catalogue. Additionally, SNPs 

from gene-candidate and rare SNPs from sequencing projects were added.74 

The ImmunoArray-24 version 2 Beadchip was designed by Illumina with new content ñproduced by the 

research communityò based on unspecified research publications. It contains 86,234 new SNP markers 

and approximately 164,000 markers retained from the HumanImmuno version 1 Beadchip. It contains 

additional loci from the NHGRI GWAS catalogue and published ancestry markers. In total, again 17 

different immune-related are represented on this chip. More information on the chip could not be 

retrieved even upon request to Illumina. In this study, pre-called data were used for the larger part of 

the data (data from Liu et al.36), i.e. data for which the genotypes had already been inferred using the 

genotype caller Opticall. For newly added data, the idat-files (containing intensities) were received. 

The dataset from Malta was measured in house. Intensities for the newly added data were extracted 

using the Immuno_Beadchip_111419691_B manifest file and called using Opticall. 

  
















































































































































































































































































































