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Chapter 1 — Zusammenfassung

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 entziindlichen 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 fir CED in
der kaukasischen Population genannt'. Fiir den groBen Anteil des Assoziationsignals in der HLA
Region ist eine solche Zuordnung bisher jedoch nicht méglich. 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 ethnienlbergreifenden Ansatzes aufgeldst werden kénnte.
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 llluminas
Immunochip genotypisiert wurden. Da die NGS-basierte Typisierung des HLA fiir eine groRe Anzahl
an Individuen teuer ist, entschieden wir uns fir einen Ansatz, der die Herleitung von HLA- Allelen
(Imputation) ermdglichte. Zunachst erstellten wir eine optimal fir unsere Anwendung zugeschnittene
Imputationsreferenz. Danach imputierten wir die HLA Allele und flhrten eine Feinkartierung der HLA
Region Uber die verschiedenen Populationen hinweg durch. Wir identifizierten genetische
Risikofaktoren, die ethnienubergreifend 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 Gber die Ethnizitdten 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 aulberdem
die Komplexitat des HLA Signals weiter reduzieren und zeigten, dass Risikoallele und protektive Allele
beziglich ihrer Eigenschaften und Peptidbindungspraferenzen zusammengefasst werden kénnen. Die
Ergebnisse dieser Studie durften auch fiir 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.



Chapter 2 — Summary

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
Crohn’s 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 populationt. 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 lllumina’s 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.



Chapter 3 — Overview of main publications

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 — Summary of Paper A, Paper B and Paper C.

Paper A

Paper B

Paper C

Background and aims

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.

Results

Conclusions

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).

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.

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.




Chapter 4 — Introduction

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.'). 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 “Molecular Genetics of Inflammatory Bowel Disease”?, publications
on Crohn’s disease (Crohn’s disease — your guide) and ulcerative colitis (Ulcerative colitis — your guide)
by the Crohn’s & Colitis UK®** 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.



Chapter 4 — Introduction

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)?®.

4.1.1. Clinical characteristics of IBD

IBD can be subdivided into Crohn’s disease (CD) and ulcerative colitis (UC). While manifestations of
ulcerative colitis are mainly localized to the colon and rectum, Crohn’s disease can extend throughout
the whole gastrointestinal tract. CD and UC present with different endoscopic findings as detailed in

Figure 1.

Inflammatory Bowel Disease (IBD)

Crohn'

Dlsease
ileocolonic
junctlon /

Ulcerative
colitis

illeum colon

vz

rectum

Figure 1 — Anatomical & endoscopic differences between Crohn’s disease and ulcerative colitis.
(I) Crohn’s 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 (llI) and CD (lll).
Figures taken from Lee et al.”. 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. (lll) Figure
2: Typical endoscopic features of Crohn’s 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 anemia?.
Approximately 6% to 47% of all Caucasian IBD patients suffer from EIMs of the disease®®. 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 reported®'",

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 background?.

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 less'?. 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 individuals'?'3. Up to 25% of all IBD patients are paediatric patients
which often suffer from a more severe form of IBD than adult patients'*. 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 IBD':'6. 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%)])°. Regarding
6
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association of IBD with gender, Shi et al.® 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 Crohn’s 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 IBD"".

Classification of Crohn’s disease

Crohn’s 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
Gl tract®. 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%?°. 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 CD'®. 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 populations®.
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%'°. 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 diagnosis'®. Shi et al. report that approximately 33% [27%, 39%] of
7



Chapter 4 — Introduction

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 Crohn’s 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 UC?'. 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).

1.0 —
0.8
06 — Extensive (E3)
0.4 —

Left-Sided (E2)
0.0 v———/—/'Procrtltis (E1)

| | I | l l I |
0 10 20 30 40 50 60 70
Age at diagnosis (Years)

Figure 2 — 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%]°. 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 — hence the name)??. This score is based on a
combination of stool frequency, occurrence of rectal bleeding, physician assessment, endoscopy and

a physician’s 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 rupture. Overall, about 22% of UC
patients have been reported to need surgery within 10 years of the diagnosis in the Caucasian

population™®.

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 IBD?3, also termed unclassified IBD or IBD-U. In up to

14%-18% of patients classified with UC or CD the diagnosis changes over time?+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 (TNFa)
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-TNFa antibodies target TNFa, which is a cytokine that can induce several other
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inflammatory cytokines via the NFkB-pathway.

surgery

/biologica] drugs\

immunosuppressants

corticosteroids

5-ASA, antibiotics

Figure 3 — 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 cytokines®*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 individuals?’. 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.?’. 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 — Global prevalence of IBD.

Figure taken from Atalab et al.?’. 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 — 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
alone'. 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])%".
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Figure 5 — Global prevalence rates of IBD and trends across time.

Figure taken and modified from Atalab et al.?’. 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.?!. 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
12
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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.?" 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 - 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 Crohn’s 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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Die beiden haufigsten chronisch-
entziindlichen Darmerkrankungen
(CED) sind Morbus Crohn und Colitis
ulcerosa. Die meisten CED-Patienten
besitzen eine genetische Veranla-
gung fiir ihre Erkrankung und sind
Trager von mehreren genetischen
Risikovarianten. Was seit dem Jahr
2001, in dem das fiir Morbus Crohn
bedeutsamste Krankheitsgen NOD2
entdeckt wurde, in der genetischen
Forschung passiert ist und welche
klinische Bedeutung den neuen Er-
kenntnissen beigemessen werden
kann, ist im Folgenden zusammen-
gefasst. Der Schwerpunkt liegt dabei
vor allem auf der pragnanten Zusam-
menfassung groBer multizentrischer
Studien in europaischstammi-

gen Patienten mit entsprechender
statistischer Signifikanz.

Epidemiologie

Uber eine Million US-Amerikaner und
2,5Millionen Européerleidenunter CED,
mit steigender Inzidenz auch auflerhalb
des europiischen Kontinents (z. B. Asien
und dem mittleren Osten) sowie Siid-
amerika. Damit wird die Erkrankung
zunehmend zu einem globalen Problem
und einer immer gréfleren Last fiir das
Gesundheitssystem [18]. Trotz intensiver
Forschung gilt CED noch immer als eine
idiopathische Erkrankung, was bedeu-
tet, dass man zwar viele Risikofaktoren
kennt, aber die Pathologie noch nicht
vollstindig erkliren kann. Die CED sind
multifaktorielle polygene Erkrankungen
und lassen sich entsprechend nicht auf

38 | Der Gastroenterologe 12017

F. Degenhardt - A. Franke

Institut fiir Klinische Molekularbiclogie, Christian-Albrechts-Universitat zu Kiel, Kiel, Deutschland

Genetik des Morbus Crohn und
der Colitis ulcerosa

Aktueller Stand 15 Jahre nach Entdeckung

von NOD2

eine einzelne Ursache zuriickfithren: Es
handelt sich um eine Verbindung von
genetischer Veranlagung, noch niher
zu bestimmenden Risiko- und Umwelt-
faktoren (etwa Rauchen, Erndhrungsge-
wohnheiten, Hygiene) und einer Stérung
der Barrierefunktion der Darmschleim-
haut, sodass Darmbakterien sich auf der
Darmwand ansiedeln und eine starke
Immunreaktion auslésen kénnen. Auch
die Zusammensetzung des Darmmikro-
bioms (die Gesamtheit aller Bakterien,
Viren, Pilze, Protozoen und Archaeen
im Darm) spielt eine wichtige Bedeu-
tung bei der Krankheitsentstehung. Ein
krankheitsauslésendes Pathogen konnte
bis heute nicht eindeutig identifiziert
werden, besonders das Mycobacterium
avium subsp. paratuberculosis (MAP)
wurde in der Vergangenheit (zu Unrecht)
als Krankheitsausliser verdichtigt [9].
Psychische Ursachen werden derzeit
als Krankheitsausloser ausgeschlossen,
anerkannt ist aber, dass sich psychische
Faktoren auf den Verlauf der Erkran-
kung auswirken kénnen. Immer mehr
aktuelle Studien zeigen auch eine Ver-
bindung zwischen psychischen Faktoren
und der Zusammensetzung des Darm-
mikrobioms (,gut-brain axis®).

» Epidemiologische Studien
implizieren die Existenz geneti-
scher Suszeptibilitatsfaktoren

Epidemiologische Studien haben eine
familidre Hiufung von CED-Patien-
ten gezeigt: 2-14% der Patienten mit
Morbus Crohn haben mindestens einen
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Verwandten, der ebenfalls an Morbus
Crohn erkrankt ist [13]. Sie implizieren
damit die Existenz genetischer Suszep-
tibilitatsfaktoren. Eine Metaanalyse von
6 Zwillingsstudien lieferte im Jahr 2011
Konkordanzraten fiir Morbus Crohn
von 30,3% fiir eineiige (d.h. nahezu
100% genetisch identisch) und 3,6%
fiir zweieiige Zwillinge [10]. Zwar iiber-
schitzen Zwillingsstudien gegebenen-
falls die Vererbbarkeit (Heritabilitit)
— eine ganz aktuelle Studie zeigt, dass
Jfamiliire Umweltfaktoren® dringend
beriicksichtig werden miissen [24] - je-
doch fehlt vielen Zwillingsstudien auch
ein mehrjihriges Follow-up, d.h. man
unterschitzt die Zahl der neuerkrankten
Zwillingspartner aufgrund der Moment-
aufnahme der einmal erhobenen Daten.
Zusammenfassend ldsst sich aber mit
grofier Sicherheit sagen, dass die CED-
Pathogenese eine signifikante genetische
Komponente hat, jedoch CED (abge-
sehen von den selienen frithkindlichen
Formen) keine Erbkrankheiten im klas-
sischen Sinne sind.

Entdeckung von NOD2

Im Jahr 1996 lieferte eine Kopplungsana-
lyse den ersten Hinweis auf ein CED-
Krankheitsgen auf Chromosom 16 [15].
Im Jahr 2001 wurden dann 3 Risiko-
varianten fiir Morbus Crohn in NOD2
auf Chromosom 16 identifiziert (R702W,
G908R und L1007 fs; [16]). Das Odds-
Ratio fiir die Varianten wurde mit 24
fiir heterozygote Triger und 20-40 fiir
homozygote Triger beschrieben. Min-
destens eine dieser Varianten liegt bei
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Abb. 1 & Genidentifikationen fithren zu zahlreichen weiterfihrenden Forschungsarbeiten zum entsprechenden Kandida-
tengen, dessen Protein und Stoffwechselweg. Die Y-Achse zeigt die Anzahl derin PubMed gelisteten Artikel filr chronisch-
entziindliche Darmerkrankungen (CED; oder Morbus Crohn eder Colitis ulcerosa) und die entsprechenden bekannten Kandi-
datengene. Vor der Identifikation von ATGT6L 1 als Risikogen fiir Morbus Crohnwurde z. B. der Stoffwechselweg Autophagie
im Kontext der CED noch nicht untersucht, danach st ein nahezu exponentieller Anstieg zu erkennen (griine Linie). GWAS ge-

nomweite Assoziationsstudie

30-40 % der Patienten mit Morbus Crohn
vor, verglichen mit 6-7 % bei gesunden
Europdern [22].Inden Jahren 1996-2004
wurden insgesamt 11 Kopplungsanaly-
sen fiir Morbus Crohn publiziert (Re-
view in [22], Metaanalyse: [31]). Zusam-
menfassend waren die Ergebnisse der
Kopplungsanalysen eher enttiuschend,
nur wenige robuste Signale wurden ne-
ben NOD2 identifiziert.

» NOD2 ist das am besten
validierte Krankheitsgen fiir
Morbus Crohn

Schon im Jahr 1996 zeigten Risch et al.
[27], dass 18.000 betroffene Geschwister-
paare in einer Kopplungsanalyse bendtigt
wiirden, um Odds-Ratios gréer als 1,5
fiir Varianten mit einer Allelfrequenz von
501% zu identifizieren. Es gilt: Je hoher die
Allelfrequenz und je groffer das Odds-
Ratio, d. h. die Effektstirke, desto grofier

ist die statistische Power, eine Risikova-
riante zu identifizieren. Nach wie vor ist
NOD2 das am besten untersuchte und
am besten validierte Krankheitsgen fiir
Morbus Crohn: Fiir die Atiologie der Co-
litis ulcerosa sind NOD2-Risikovarianten
sehr wahrscheinlich nicht relevant.

Genomweite
Assoziationsstudien

Umfangreiche ,.genetische Landkarten”,
die Giber eine Million ,single nucleoti-
de polymorphisms” (Einzelnukleotidpo-
lymorphismen, SNPs) im menschlichen
Genom katalogisierten, und die Etablie-
rung der Chiptechnologie in der Bio-
medizin machten schliefllich genomwei-
te Assoziationsstudien (GWAS) mit kom-
merziellen SNP-Arrays und iiber 500.000
zu testenden SNPs pro Probe moglich.
Typischerweise werden dabei in einem
GWAS-Ansatz DNA-Proben von min-
destens 2000 nicht verwandten Patienten
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und 3000 Kontrollpersonen untersuch.
Einige der wichtigsten Studien und Be-
funde sind in @ Tab. 1 zusammengefasst.
Die nunmehr 10 Jahre andavernde soge-
nannte ,GWAS-Ara® lisst sich als duflerst
erfolgreiches Kapitel der CED-Genetik-
forschung zusammenfassen. Warbis zum
Jahr 2001 noch kein Krankheitsgen fiir
die CED bekannt, wurden mittlerwei-
le dank GWAS iiber 200 Krankheitsloci
beschrieben. Die Beschreibung der asso-
ziierten Stoffwechselwege hat das Krank-
heitsverstindnis der CED enorm verbes-
sert. @Abb. 1 zeigt exemplarisch, dass
die Identifikation eines einzelnen Krank-
heitsgens — und im konkreten Fall eines
neuen Stoffwechselwegs - eine regelrech-
te ,Forschungslawine™ lostreten kann.

Gezielte Studien, z. B. zur Autophagie
im Mausmodell, wurden erst nach Iden-
tifikation des Kandidatengens ATGI6GLI
méglich und lieferten zusitzliche mecha-
nistische Hinweise zur Relevanz dieses
Stoffwechselwegs.
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Zusammenfassung - Abstract

F.Degenhardt - A. Franke

NOD2

Zusammenfassung

Modernste Technelogien der genetischen
Forschung bieten der Medizin einen ganz
neuen Zugangsweg zur Entdeckung von
genetischen Krankheitsursachen. Innerhalb
der letzten 15 Jahre wurden die genetischen
Untersuchungstechniken in einem solchen
Umfang weiterentwickelt, dass heute auch
die Untersuchung komplexer® Erkrankungen
und die Entschlisselung kompletter
Patientengenome innerhalb kirzester Zeit
méglich sind.

Fiir die chronisch-entziindlichen Darm-
erkrankungen (CED) Morbus Crohn und
Colitis ulcerosa sind mittlerweile Gber 200
assoziierte Genloci bekannt. Die Mehrheit
der identifizierten Loci Gberschneidet sich
nicht nur zwischen Morbus Crohn und Colitis
ulcerosa, was deren klinische Ahnlichkeit

Gastroentercloge 2017 - 12:38—48  DOI10.1007/511377-016-0127-z
© Der/die Autor(en) 2016. Dieser Artikel ist eine Open-Access-Publikation.

widerspiegelt, sondern auch mit anderen
chronisch-entzindlichen Erkrankungen, vor
allem mit Psoriasis, Morbus Bechterew und
primaren Immundefizienzen. Die beiden
wichtigsten und am besten validierten CED-
Krankheitsloci sind nach wie vor NOD2 (fiir
Morbus Crohn) und die HLA-Region (fir
Colitis ulcerosa). Genetische Analysen in
anderen Ethnizitdten (z. B. Asiaten) zeigen
nahezu die gleichen assoziierten Risikoloci
wie in europdischstimmigen Patienten.
Interessanterweise ist NOD2 hier eine
Ausnahme.

Die jlingsten grofen genetischen Studien
bestitigen die Assoziation von Risikovarianten
in NODZ mit Diinndarmbefall bei Morbus
Crohn und suggerieren die Existenz von eher
drei als zwei Subformen der CED: 1) Colitis

Genetik des Morbus Crohn und der Colitis ulcerosa. Aktueller Stand 15 Jahre nach Entdeckung von

ulcerosa, 2) Morbus Crohn mit Dickdarmbefall,
3) Morbus Crohn mit Dinndarmbefall.

Durch hochmoderne Sequenzieranalysen
konnten in den letzten Jahren fir frihkind-
liche Formen der CED einzalne Mutationen
vor allem in bekannten Immundefizienzgenen
{neben den bekannten Mutationen in
1L10RA/B), identifiziert und die Erkrankungen
damit aufgeklart werden (monogener Defekt).

Schliisselworter

Marbus Crohn - Colitis Ulcerosa - Chronisch-
entziindliche Darmerkrankungen - Ge-
nomweite Assoziationsstudie - Genetische
Risikofaktoren - Humanes Leukozytenantigen -
Genetische Pleiotropie

Abstract

Modern technologies in genetic research
hold the promise of identifying yet unknown
causes of diseases, revealing the relevant
pathways, and prioritizing therapeutic
targets. Technological developments of the
last 15 years tremendously contributed to
novel genetic findings in complex disease
research. Entire patient genomes can now be
decipherad within a few days at reasonable
and continuously decreasing costs.

More than 200 genetic susceptibility loci
have been identified for the inflammatory
bowel (IBD) diseases, Crohn's diseasa (CD),
and ulcerative colitis (UC). Reflecting their
clinical similarity, most of the risk loci are
shared between CD and UC outside the
major histocompatibility complex (MHC).
The genetic risk map of IBD is also highly

similar to other chronic immune-mediated
diseases, especially psoriasis, ankylosing
spondylitis, and primary immunedeficiencies.
The two best validated IBD disease loci

are still NOD2 for CD and the HLA/MHC
region on chromosome 6p21 for UC. Genetic
investigations in non-European-ancestry
cohorts (e. ., from Eastern Asia) also suggest
that risk loci are shared across different
ancestries. Interestingly, this is not true for
NOD2.

A recent large-scale and multicenter study
validated the association of susceptibility
variants within the NOD2 gene and ileal CD.
These genetic analyses also support the
theory that rather three than two subtypes of
IBD exist: (1) UC, (2) colonic CD, and (3} ileal
cD.

Genetics of Crohn's disease and ulcerative colitis. Current status 15 years after discovery of NOD2

Modern high-throughput sequencing studies
revealed several monogenic forms of early
onset and very early onset IBD, implicating
often known immunodeficiency disease

loci, including the previously implicated
interleukin-10 receptor (IL 10fA/B) gene. Thus,
identifying a single causative genetic variant
in these young patients proves their exact
disease cause.

Keywords

Morbus Crohn - Colitis Ulcerosa - Inflam-
matory bowel diseases . Genome-wide
association study - Genetic susceptibility -
Major Histocompatibilty Complex - Genetic
pleiotropy

Die durchschnittliche durch GWAS
identifizierte CED-Risikovariante ist in
der Normalbevélkerung hiufig (media-
ne Allelfrequenz etwa 30 %) und besitzt
ein niedriges (Odds-Ratio (mediane Ef-
fektstirke von 1,1). Trotz der grofien sta-
tistischen Signifikanz der Varianten be-
deuten die hohen Allelfrequenzen und
niedrigen Effektstirken einen geringen
pridiktiven Wert (,area under receiver
operator curve”, AUC, von 0,60 bei Un-
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terscheidung Morbus Crohn vs. Colitis
ulcersosa; [5]). Und die Erfahrung belegt,
was die Statistiker prognostiziert haben:
Je mehr Fille und Kontrollen (idealerwei-
se zwei bis dreimal soviele Kontrollen wie
Patienten) in eine GWAS eingeschlossen
werden, desto gréfer ist die statistische
Power und desto mehr signifikante Lo-
ci kiinnen genomweit identifiziert wer-
den [32]. Die genomweite Signifikanz, ein
p-Wert der kleiner als 5 x 10°® ist, gilt

17

in der Genetik heutzutage als etabliertes
Signifikanzniveau.

Im Jahr 2016 wurde die grofite inter-
nationale genetische Assoziationsstudie
fiir CED-Subphinotypen verdffentlicht
[5]. Genetische Daten und Patientenda-
tenaus49 Zentrenund 16 Lindern (Euro-
pa, Nordamerika und Australasien) wur-
den beziiglich Genotyp-Phinotyp-Asso-
ziationen untersucht. Insgesamt wurden
16.902 Patienten mit Morbus Crohn und
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Tah. 1

Wichtige genomweite A

iatl { 5} und deren Ergeb
Ergebnisse (Beispiele)

Jahr Studie

2005  Yamazaki et al.[34] Erstidentifikation von TNFSF135, spezifisches Krankheitsgen
fiir Asiaten

2008 Duerr et al. [6] Erstidentifikation von IL23R

2007 Hampe & Franke et al. Erstidentifikation von ATG16L 1 und Implikation des Autopha-

[14] giestoffwechselwegs bei CED

2007 WTCCC [33] 11 Lo<i fiir Morbus Crohn, davon 4 neu (z. B. Autophagiegen
IRGM)

2008 Barrett etal. [2] Metaanalyse fiir Morbus Crohn, lde ntifikation von 32 Loci
[dawon 21 neu)

2008 Franke et al. [10] Erste GWAS fur Colitis ulcerosa, |dentifikation von 4 neuen
Lociinklusive L 10

2010 MoGovem et al.[23] Metaanalyse flir Morbus Crohn, ldentifikation von FUT2

2010 Frankeetal.[11] Metaanalyse fir Morbus Crohn, ldentifikation von 71 Loci
[davon 30 neu)

201 Anderson etal. [1] Metaanalyse fiir Colitis ulcerosa, identifikation von 47 Loci
[dawon 29 neu)

2012 Jostins etal [17] Genomweite Kandidatengenanalyse (Immunochip), ldentifi-
kation von 163 Loci fur CED (davon 71 neu)

2015 Liu et al. [21] Metaanalyse (Immunochip) zusammen mit knapp 10.000
Patienten aus Ostasien, Indien und dem Iran; Identifikation
won 38 neuen Loci

2016 Ellinghaus et al. [7] Metaanalyse/phinotypibergreifende Analyse (Immunachip)

won 5 verschiedenen Erkrankungen: Morbus Crohn, Colitis
ulcerosa, Moryus Bechte rew, Psoriasis und primdr sklerosie-
rende Cholangitis (PSC); 244 Loci identifiziert, davon 27 neu
{und davon wiederum &neu fir Morbus Crohn)

“Eine detailliertere und volktindigere Aufstellung ist derTab. 1 in Ellinghaus et al. [7] zu entnehmen.

| CED chronisch-entzandliche Darmerkrankungen

12.597 Patienten mit Colitis ulcerosa in
die Analysen eingeschlossen. Es konn-
ten keine signifikanten genetischen As-
soziationen mit dem Krankheitsverdanf
oder Komplikationen gefunden werden.
Eine starke Assoziation mit einem fri-
hen Ersterkrankungsalter zeigten 3 Loci:
3p2l (MSTI), NOD2 und HLA. NOD2
zeigte auflerdem eine starke Assoziation
mit ilealem Befall” (aber micht mit B efall
des Dickdarms und hoherem Schwere-
grad/Komplikationen wie vorher ange-
nommen). Die wichtigste klinische Er-
kenntnis aus den genetischen Analysen
der Studie war, dass die CED nicht mehr
binir in Morbus Crohn und Colitis ulce-
rosa unterteilt werden sollten, sondern
ein kontinuierliches Spektrum von Er-
krankungen mitColitisulcerosa und ilea-
lem Morbus Crohn an den entgegenge-
setzten Polen darstellen.

Morbus Crohn mit Dickdarmbefall ist
dabeiderColitisulcernsaaufmolekularer
Ebene dhnlicher, wie ileokolischer Mor-
bus Crohndem ilealen Morbus Crohn ni-

herist. Im Hinblickauf Therapien undkli-
nische Studien ist dieses Ergebnis.'iullerst
interessant, die exakten klinischen Impli-
kationen werden sich aber erst aus wei-
terfiihrenden Studien ergeben. Mit Sicht
durch die Forscherbnlle sollte ein beson-
deres Augenmerk nunaufdieverschiede-
nen Darmabschnitte bei CED-Patienten
gelegt und deren Unterschiedein Physio-
logie, Mikrobiom und molekularen Profi-
len hochaufgeldst analysiert werden. Pa-
tienten mit Morbus Crohn sollten zu-
kiinftig also in 3 Gruppen aufgeteilt ,ile-
al” wvs. colonic” vs ileocolonic™) und
Daten innerhalb dieser Gruppen analy-
siert werden.

Bedeutung der HLA-/MHC-
Region

Der Haupthistokompatibilititskomplex
(engl. MHC) auf Chromosom 6p2l
25-34 Megabasen, d.h. etwa 9 Mil-
lionen Basen grofl) ist beim Menschen
auch als HLA-Region bekannt (HLA:
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humanes Leukozytenantigen ). Die HLA -
Region spielt bei fast allen chronisch-ent-
ziindlichen Erkrankungen die wichtigste
Rolle, hier liegen meist die signifikan-
testen Risikovarianten mit den grﬁﬂten
Eftektstirken. Bei den CED sind vor
allem die klassischen HLA-Gene am
stirksten assoziiert, wobel die Assozia-
tion fir die Colitis ulcerosa deutlich
starker ist als fiilr den Morbus Crohn
{hier Klasse [ stirker assoziiert als bei
Colitis ulcernsa). Fiir beide Erkrankun-
gen ist das Klasse-I[-Gen DRBI der am
stirksten assozilerte Genort [12]. Aller-
dings ist die Assoziation am HLA-Lokus
nach wie vor dufferst komplex und lisst
sich aufgrund der groflen Drichte an ge-
netischen Varianten/Kandidatengenen
und der starken Kopplung (grofie Chro-
mosomenabschnitte werden wihrend
der Meiose zwischen viterlichen und
miitterlichen Chromosomen nicht ,ge-
mischt”) genetisch nur schwer auflésen.

» HLA-DRB1*01:03 ist das am
starksten assoziierte HLA-Allel fiir
Colitis ulcerosa

Das am stirksten assoziierte HLA-Allel
firr Colitis ulcerosa ist HLA-DRBI*01:03
(Odds-Ratio = 35% p = 3 = 10°%),
das  Klasse-1II- Antigen-prisentierende
Zellen (dendritische Zellen, Makropha-
gen, B-Zellen) und damit CD4-positive
T-Zellen pathophysiologisch impliziert.
Grofe funktionelle genomische Studien,
die Genexpressions- und Epigenetikda-
ten von verschiedenen Zelltypen mit
genetischen Informationen  integriert
analysierten, haben parallel CD4-posi-
tive Zellen (v.a. Tu0) als wichtigsten
Zelltyp bei der Calitis ulcercsa identi-
fiziert [8]. Eine offene Frage ist, ob ein
exogenes Antigen beider Caolitis ulcerosa
eine zentrale Rolle spielt oder welches
das genaue kirpereigene Antigen ist.

Krankheitsiibergreifende
Studien

Wie im Ausblick nachfolgendgeschil-
dert gibt es eine signifikante genetische
Schnittmenge zwischen den CED und
der klassischen Infektionserkrankung
Lepra. Uber die Hilfte der bekann-
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Abb.2 A Studien uber chronisch-entzundliche Darmerkrankungen (CED) innichteuropdischstammigen Ethnizitatensind
nach wie vor unterreprasentiert. Klarzu erkennen ist ein steiler Anstieg der CED-Verdffentlichungen seit dem Jahr 2003, vor
allem fiir europaischstaimmige Patienten (arangeLinie). Seit etwa 2005 ist ein steiler Anstieg fir Untersuchungen in asiati-
schenKohorten (graue Linie) zu verzeichnen. Die linke Y-Achse zeigt die Anzahl der CED-Publikationen pro Jahr fur die ge-
nannte Ethnie, die rechte Y-Achse zeigt die Anzahl der gesamten CED-Publikationenin PubMed pro Jahr (Balkendiagrammim

Hintergrund)

ten CED-Risikoloci iiberdappen mit
bekannten Risikoloci fiir andere chro-
nisch-entziindliche Erkrankungen [17].
Ob es letztlich auch die gleichen Gene
oder vielleicht sogar die gleichen Va-
rianten mit gleichen Effektrichtungen
sind, lasst sich nur durch aufwindige
Feinkartierungsstudien und systemati-
sche krankheitsiibergreifende Analysen
herausfinden. Ellinghaus et al. (siehe
B Tab. 1) haben solch eine systematische
Analyse im Jahr 2016 verdffentlicht.
Durch die kombinierte Analyse von 5
verschiedenen Erkrankungen, inklusive
Morbus Crohn und Colitis ulcerosa,
konnten Ellinghaus et al. zeigen, dass in
derTat eine grofle genetische A hnlichkeit
zwischen dengenannten5 Erkrankungen
besteht. Allerdings sind die Beziehun-
gen komplexer als zuvor angenommen
und teilweise unterscheiden sich die
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Effektrichtungen und -stirken der ein-
zelnen Varianten stark. Oft sind es auch
verschiedene Varianten am gleichen Lo-
cus, die bei der anderen Erkrankung
assoziiert sind.

Die Studie kommt zu dem Schluss,
dass genetische Pleiotropie - und nicht
die klinische Heterogenitit der Erkran-
kungen (z.B. exzessive Komorbiditat) -
die primire Erklirung fiir die molekula-
re Ahnlichkeit verschiedener Erkrankun-
gen ist. Genetische Pleiotropie bedeutet,
dass ein einzelnes Gen (oder eine ein-
zelne Variante) mehrere phinotypische
Merkmale auspragen kann. Eine Analyse
samtlicher elektronischer Patientenakten
in Dianemark aus den letzten Jahren be-
stitigte, dass die 5 untersuchten Erkran-
kungen hochsignifikant miteinander as-
soziiert sind und haufig im gleichen Pa-
tienten auftreten (p < 1,21 x 10°% fiir 10

19

der 12 maglichen Krankheitskombina-
tionen). Fiir weitere Informationen zum
Thema werden die Ubersichtsartikel von
Lees et al. [20] beziehungsweise Parkes
et al. [26] empfohlen.

Genetische Studieninanderen
Ethnien

B Abb. 2 veranschaulicht, dass der iiber-
wiegende Teil an CED-Studien aus Eu-
ropa oder Nordamerika kommt. Jihrich
werden nur wenige CED-Studien zu
ethnischen Minderheiten in Nordame-
rika (Asiaten, Mexikaner, Afroameri-
kaner) oder aus den entsprechenden
Heimatlaindem publiziert. Erfreulich
ist generell insgesamt der grofle An-
stieg an CED-Fachartikeln pro Jahr seit
2003 und die immer stirker werden-
de CED-Forschung in Asien (linearer
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Abb. 3 « Das Spektrum
derbekanntengenetischen
Risikovarianten chronisch-
entzindlicher Erkrankun-
gen (CED) reicht vonsel-
tenen bis haufigen Vari-
anten (in Bezug auf de-

ren Frequenzin der Nor-
malbevolkerung) und von
niedrig penetranten Vari-
anten(polygene Form der
CED, d. h.hohe Komplexi-
tat oder disease modifier*
beifrihkindlichen Formen)
zuhochpenetranten Mu-
tationen.Im oberen Ach-
sensystem sind verschie-

dene Variantenklassen®
und die Methoden, die fiir

deren Detektion ublicher-
weisegenutzt werden,skiz-
ziert. Dasuntere Panel listet
exemplarische bekannte
Krankheitsgene. GWAS ge-

ite Assoziationsstu-

Anstieg seit 2005). Dieser Anstieg lasst
sich wahrscheinlich auch durch die stei-
gende CED-Inzidenz und -Privalenz
in Asien und die damit verbundene
Bedeutung fiir das Gesundheitssystem
und das offentliche Leben erkliren.
Eine der grofiten genetischen Studien
zu CED fir Ostasien (Japan, Korea,
Hong-Kong-Chinesen), Indien und den
Iran (siche @Tab. 1, [21]) zeigte, dass
die Effektstirken und -richtungen fiir
die bekannten CED-Risikoloci nahezu
identisch mitden Daten von europiisch-
stimmigen Patienten sind. Nur wenige
Loci zeigten signifikante Unterschiede
in den Ostasiaten (NOD2 — in Ostasi-
en nicht relevant, HLA — signifikante
Unterschiede bei den assoziierten Al-
lelen/Genen, TNFSF15 — in Ostasiaten
deutlich relevanter). Unterschiede in
Umwelteinfliissen, Ernahrungsverhal-
ten, genetischer Abstammung (und in
entsprechend anderer evolutionarer His-
torie) und menschlicher Physiologie er-
klaren wahrscheinlich die wenigen, aber
signifikanten Unterschiede zwischen

Ostasiaten und europaischstimmigen
Patienten.

Friihkindliche Formen
chronisch-entziindlicher
Darmerkrankungen

Die meisten CED-Patienten haben eine
komplexe polygene Form der Erkran-
kung, d.h. mehrere genetische Risiko-
varianten im Zusammenspiel mit patho-
physiologisch deutlich relevanteren (un-
bekannten) Umweltfaktoren fithren zur
Erkrankung (sieche @Abb. 3). In den letz-
ten Jahren - und seit dem ersten Arti-
kel von Glocker et al. zum Thema im
The New England Journal of Medicine im
Jahr 2009 - sind zunehmend Berichte
iiber Patienten mit monogenen bezie-
hungsweise oligogenen Erkrankungsfor-
men der CED erschienen. Hierbei han-
delt es sich tiberwiegend um friihkind-
liche duflerst schwere Formen der Er-
krankung mit Erstmanifestation in den
ersten 8 Jahren, jedoch auch in einzelne
Fille bis zum 16. Lebensjahre. Bahnbre-
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die, NGS Next Generation
Sequencing

chende Entwicklungen in der Sequen-
ziertechnologie - ein menschliches Ge-
nom kann heuteinnerhalb kiirzester Zeit
in einem Labor vollstindig entschliis-
selt werden - ebneten den Weg fiir die
einfachere Aufklirung von monogenen
Mendel-Erkrankungen. Die genetischen
Defekte dieser CED-ahnlichen monoge-
nen Erkrankungen beeintrichtigen meist
dieintestinale Barrierefunktion oder sind
ursachlich fiir einen Immundefekt (d. h.
gestorte Granulozyten- und Phagozyten-
aktivitit, hyper- und autoinflammaton-
sche Stérungen oder gestérte B- sowie
T-Lymphozyten-Funktionen). Einen de-
taillierten und aktuellen Uberblick lie-
fertder Ubersichtsartikel von Uhlig et al.
[30]. Die Identifikation einzelner Gene
und Mutationen hat das Verstindnis der
Pathogenese von CED enorm verbessert
und erlaubt in einigen Fillen auch die
exakte Klarung der Krankheitsursachen.
Seit dem 1.7.2016 ist eine Genpaneldia-
gnostik mit Next Generation Sequen-
cing (NGS) auch gemif einheitlichem
Bewertungsmafistab (EBM) abrechenbar
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Schwerpunkt

Infobox 1 Weiterfiihrende
internethasierte Informationen

== |nternational Inflammatory Bowel Disease
Genetics Consortium (IIBDGC). hitpsy/
werw ibdgenetics.ong. Zugegriffen: 6.
Dezember 2016

= Kassendrztliche Bundesvereinigung.
Prawisnachrichten. Weiterentwicklung der
Gebihrenordnungspositionen zum 1. Juli
httpeffwrw v kbv.de /html1150_21752.
php. Zugegriffen: 6. Dezember 2016

(B Infobox 1) und sollte bei Verdacht auf
eine frithkindliche schwere CED-dhnli-
che Erkrankung entsprechend (iiber ein
Institut fiir Humangenetik und Spezialla-
bore) beauftragt werden. Die Identifikati-
on eines entsprechenden Immundefelkts
kann neue therapeutische Optionen in
therapierefraktiren Patienten eriffnen.
Entscheidend ist das Ersterkrankungsal-
ter; dltere Patienten mit frihem Erster-
krankungsalter kinnen natiirlichbeient-
sprechendem Verdacht auch einem dia-
gnostischen NG5-Test unterzogen wer-
den.

Ausblick

Moderne genetische Analysen sind du-
flerst exakt, quantitativ (Allelzahlen kim-
nen sehr prizise gemessen werden) und
liefern extrem hochaufgeldste Daten des
menschlichen Genoms. Die Identifikati-
on von iiber 200 Krankheitsvarianten fiir
die CED und die Aufklirung diverser
frithkindlicher Formen der CED ha-
ben das Verstindnis dieser Erkrankung
enorm verbessert. Uber 1444 Kandi-
datengene liegen in 163 der 200 CED-
assozilerten  genomischen  Regionen.
Von diesen konnten Jostins et al. [17]
300 Gene als wahrscheinlich krank-
heitsrelevant mithilfe bioinformatischer
Verfahren priorisieren. Abgesehen von
NOD2, ATGI6LI, IL23R, IL10 und an-
deren wenigen Ausnahmen ist bis jetzt
also unklar, welches die eigentlichen
Risikogene in den assozilerten geno-
mischen Regionen und letztlich welche
genomischen Varianten relevant sind:
Sind es haufige oder seltene kausative
Vardanten? Welche Art von Varanten,
d.h. SNPs, .singlenucleotidevariants”
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(SWNVs), Insertionen/Deletionen oder
Kopienzahlvariationen, liegen vor?

Weiterfilhrende Untersuchungen his
hinzu Studien im Tiermodell sind niitig,
um die genaue Rolle der Kandidatengene
zu untersuchen. Systematische Sequen-
zierexperimente in mehreren 10.000 Pa-
tienten sind auferdem niitwendig, um
auch die selteneren genetischen Varian-
ten [Allelfrequenz <5 % und v.a. <1 % in
der Nomalbevilkerung) auf Assoziati-
on mit CED zu testen. Alle genetischen
Befunde fiir die polygene Form der CED
erldiren bisher nuretwa 13,6 % der phi-
notypischen Varianz fiir Marbus Crohn
und 7,5 % fiar Colitis ulcerosa [17]. Einen
groflen Anteil hat dabei die MHC-Regi-
on. Erklart fiar Morbus Crohn der MHC-
Index-SMNP (dies ist der am stirksten as-
soziierte SNP in der Region) rs9264942
noch 0,3 % der Varanz, sind es far alle
HLA-Allele zusammen 3,1 %. Far Coli-
tis ulcerosa ergeben sich 2,3% der Vari-
anz durch den Index-SNP rs6927022 und
6,2% durch alle HLA-Allele [12]. Die-
se Zahlen zeigen, dass abgesehen vom
Rauchen, das ein etablierter Risikofaktor
fiir Morbus Crohn ist, vor allem bislang
noch nicht identifizierte Ummweltfaktoren
einen grofien Anteil an der CED- Atiolo-
gie haben miissen.

» Bislang nicht identifizierte
Umweltfaktoren miissen einen
groBen Anteil an der CED-
Atiologie haben

Die bisher identifizierten genetischen
Risikofaktoren kinnen natirlich Hin-
weise auf entsprechende Umwel tfak toren
liefern, wie z. B. NOD2Z das angeborene
Immunsystem im Damepithel {und die
Rolle der Bakterien im Darm) auf das
Tableau gebracht hat.

Noch griiftere Anstrengungen werden
nétig sein, um nichtgenetische vererbba-
re molekulare Faktoren zu untersuchen.
Jingste Analysen konnten z. B. zeigen,
dass eine chronische Darmentziindung
im Mausmodell [29] auch Auswirkun-
gen auf die nachfolgenden Generationen
hat (F;- und Fi-Generation) und Sté-
rungen der Genexpression im Darmepi-
thel hervorruft. Epigenetische Verinde-
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rungen der Keimbahn-DNA, z. B. DNA-
Methylierung, sind demnach als nichtge-
netische Erbfaktoren zu beriicksichtigen.

Nach Einschitzung der Autoren liegt
das grﬁlite Potenzial, zumindest fiir die
Colitis ulcerosa, in der Erforschung der
HLA-Region auf Chromosom 6p21 und
in gezielten immunogenetischen Analy-
sen. Die HL A- Assoziation der Colitis ul-
cerosakannmitder HLA- Assoziation bei
Ziliakie verglichen werden (MHC-Klas-
se-1l-Signal, hochsignifikante Assoziati-
on; [19]). Bei der Ziliakie kennt man
das Antigen ,Gluten” als wesentlichen
krankeitsverursachenden Unweltfaktor.
Es kinnte sich also lohnen, ein entspre-
chendes Antigen bei der Colitis ulcerosa
zu suchen,

Proteine in der ,modernen” Ernih-
rung sowie des Darmmikrobioms er-
scheinen hier als plausible Testkandi-
daten. Das Zusammenspiel zwischen
Ernihrungsfaktoren, Darmmikrobiom
und Wirt (hier: Gesamtheit der gene-
tischen Varianten eines Menschen) ist
Gegenstand zahlreicher laufender Un-
tersuchungen und wird in den nichsten
Jahren mit grol!uer Wahrscheinlichkeit
viele neue Erkenntnisse zur CED-Atio-
logie liefern. In diesem Zusammenhang
ist auch die Tatsache interessant, dass
Varianten am NOD2-Genort, allerdings
andere als die CED-Risikovarianten, die
Hauptrisikovarianten fir Lepra, eine
klassische Infektionserkrankung {Myco-
bacterivm leprae), sind. Dieses konnteim
Jahr 2010 in einer chinesischen GWAS
fiir Lepra gezeigt werden [35]. Die Lis-
te der Risikoloci fir Lepra und CED
iiberschneidet sich nahezu perfekt. Ne-
ben NOD2 wurden die bekannten CED-
Loci Cl3erf31, RIPKZ, TNFSFI5 und die
HLA-Region als Risikofaktoren fiir Le-
pra identifiziert. Damitist die Mykobal-
terieninfektionshypothese fiir die CED
wieder aktueller dennje. Wahrscheinlich
ist jedoch, dass nicht nur Mykobakteri-
en, sondern auch andere Bakterien des
Mikrobioms eine entscheidende Rolle
bei der Krankheitsentstehung spielen.
Zusammenfassend kinnte die Pathoge-
nese der CED wie folgt verlaufen: Eine
beeintrichtigte Darmbarriere (gestirtes
Mikrobiom mit geringerer Artenviel-
falt und mehr ,schlechten” als ,guten”
Bakterien, Stress, Antibiotika, fiir die
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Schwerpunkt

Mukosa toxische Emihrungshestandtei-
le) erleichtert Bakterien eine Ansiede-
lung auf dem Darmepithel. Die Barriere
ist aufgrund genetischer Suszeptibilitit
durchlissiger (z.B. Stérung der ,tight
junctions”) und das angeborene Immun -
system geschwiicht (z. B. NOD2-Defekt,
Autophagiedefekt). Somit kann der Dar-
minhalt leichter mit Zellen des adaptiven
Immunsystems (z B. mit dendritischen
Zellen) in Berthrung kommen. Ge-
netische  Suszeptibilitit (die  meisten
der CED-relevanten Risikogene sind in
Immunzellen exprimiert), mangelndes
simmunaologisches Training” im frithen
Kindesalter (Hygienehypothese) und die
grofle ,Dosis" an Bakterien und sons-
tigem Darminhalt hinter der Barriere
fithren zu einer tibersteigerten Immun-
antwort, Diese Immunreaktion kann in
genetisch suszeptiblen Personen auch
nur langsam wieder herunterreguliert
werden (z.B. Defekt im antiinflam-
matorischen Interleukin- 10-Stoffwech-
selweg). Wahrscheinlich ist auch, dass
das entsprechende Antigen ,chronisch”
vorhanden ist, d. h. Bestandteil des dys-
regulierten Mikrobioms des Patienten
ist. Zwar ist es durchaus zu begrﬁllen.
dass mittlerweile eine kleine Auswahl
an Biologikatherapien zur Behandlung
der CED zur Verfiigung steht. Jedoch
sollte das in keiner Weise die Suche nach
den  eigentlichen Krankheitsursachen
verlangsamen, zumal die Genetik der
Lisung des Riitsels schon ein Stiick weit
entgegengekommen ist.

Fazit fiir die Praxis

== Chronisch-entziindliche Darmerkran-
kungen umfassen ein Spektrum von
Entziindungsformen, in dem der
Maorbus Crohn mit reinem Diinn-
darmbefall und die Colitis ulcerasa
die beiden Extreme eines flieBenden
Ubergangs darstellen. Morbus Crohn
mit reinem Befall des Dickdarms
sollte als distinkte 3. Entitdt zwischen
den beiden Extremen betrachtet
werden.

= Die hiufigen genetischen Suszeptibi-
litdtsfaktoren fiir die CED wurden fiir
europdischstammige Patienten zwi-
schenzeitlich sdmtlich identifiziert,
Patienten mit anderem ethnischen

A6 | DerGastroenterologe 1-2017

Hintergrund unterscheiden sich nur
gering in ihrem genetischen Risiko-
profil.

= Die Aufkldrung der urséchlichen
genetischen Prinzipien inklusive der
damit verbundenen priméaren patho-
physiologischen Ereignisse hat die
Entwicklung neuer Therapieverfah-
ren beeinflusst.

= Die genetische Atiologie chronisch-
entziindlicher Darmerkrankungen ist
Uberraschend polygen. Zudem sind
viele der Krankheitsgene auch fiir
chronische Erkrankungen relevant,
die vordergriindig nicht mit dem
Darm assoziiert sind.

= Patienten mit einem CED-Ersterkran-
kungsalter <16 Jahre sollten eine
genetische Diagnostik (seit 1.7.2016
abrechenbar) durchlaufen. Es gilt:
Je jlinger der Patient bei Ersterkran-
kung, desto wahrscheinlicher ist das
Vorliegen einer monogenen Form
[nur eine kausative Mutation) der
CED.
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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.?® and de Lange et al.?°). For the majority of the markers identified to be associated with
IBD, only few have been “conclusively resolved to specific functional variants”®. 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 - 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.3° African American Largest analysis for IBD
2015 Juyal et al.®! North Indian Largest study for CD
2016 Fuyuno et al.%? Japanese Largest study for IBD
2016 Yang et al.* Korean Largest study for IBD
2014 Yang et al.3 Korean Largest study for CD
2013 Yang et al.® 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.%.

In Figure 6 and Figure 7, which were taken from Liu et al.® and Brant et al.>° 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 — Manhattan plot of IBD, UC and CD in different ethnicities.

Figure taken from the Supplement of Liu et al.. 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: Crohn’s 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 — Association analysis in African American IBD, CD and UC.

Figure taken from Brant et al.*°. 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%) and the suggestive significance
threshold (P=1x10-°), 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. 3¢ 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 NODZ2 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
population®. 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% — 13.6% percent of the heritability (phenotypic variance explained by genetics) of CD and
7.5 — 8.2% of the heritability of UC can be explained®3®. Larger efforts like the analysis of whole
exomes and rare variants measured on genotyping chips may explain some of the remaining “missing
heritability”. 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 found37-3,

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 “hot topic” 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
microbiomes?. If this is cause or result of the disease is still unclear*'. 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 — Domain — Life — Phylum — Order — Class —

Family — Genus — Species) Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria (Figure 8).
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Figure 8 — 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.#?. Original description: The gut microbial abundance. a Phylum, b Class and ¢ 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 microbiome*243. This decrease in microbial diversity

is more significant in CD patients than in UC patients*?43,

A decrease in the diversity is also observed in the fungal microbiome, with Ascomycota and
Basidiomycota being most abundant (Figure 9). In CD especiallyy, a shift in the
Basidiomycota/Ascomycota ratio is observed along with an increase in Candida albicans and a

decrease in Saccharomyces cerevisiae species*C.
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Figure 9 — Fungal microbiome in IBD.

Figure taken from Sokol et al%%. Original and shortened description: Figure 2 — 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 microbes*445. 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 “Molecular Genetics

of Inflammatory Bowel Disease”, written by IBD experts across the globe?.
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Figure 10 — IBD as a mucosal barrier defect.

Figure taken from Sommer et al.*3. Original and shortened description: Figure 1 — 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; IFNy, interferon gamma; IL, interleukin; M®,
macrophages; TNFa, 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 patients*647. As | 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)
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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 “Janeway’s Immunobiology” by Kenneth
Murphy and Casey Weaver*.

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 6p271 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 hostimmune 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 Il and HLA class lll genes (Figure 11). HLA class
I and HLA class Il genes code for proteins that are expressed at the cell surface or have regulatory
functions, while HLA class Ill 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 | and HLA class
Il genes can be divided further into classical (HLA class |: HLA-A, -B, -C; HLA class Il: HLA-DRA1, -
DRB1, -DQA1, -DQB1, -DPA1,- DPB1) and non-classical genes (e.g. HLA class |: HLA-E, -G, -F; HLA
class II: HLA-DM, -DO). While non-classical HLA class | genes have been shown to be expressed at
the cell surface*®, non-classical HLA class Il genes HLA-DM and -DO have regulatory functions in the
process of HLA class |l peptide loading®. The non-classical HLA class | genes are structurally related
to the classical HLA class | 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 IBD>'"52.

32



Chapter 4 — Introduction

- -— - < m < o Q W Qu
O0< <<Qoapgflo @< o« <o Le OO0 <€ < < < <
Qo === T =

6& 83338 88 &5 33 8§ FE 33 = T T i‘f

%C
[0 T HLAA
|
I

e HHHHH—H

Class |l Class il Class |

Figure 11 — Gene map of the human leukocyte antigen (HLA) region.

Figure taken and modified from Zhang et al.>3. Modified description: Fig.1.1 Genetic map of the human
MHC. Schematic map of human MHC on chromosome 6. lllustrations 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 | 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 | 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 | 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 | complex and from there exported to the cell surface (Figure 12). HLA | class proteins are
transmembrane proteins made of three a subunits (a4, az, az) and a fourth subunit stemming from
chromosome 15, the B-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 Il 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 Il proteins
are heterodimers composed of an a- and a (-chain that are encoded by HLA-DRA, -DQA, -DPA and
HLA-DRB, -DQB, -DPB, respectively. While the a-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
a- and B-chain is made of two subdomains of which subdomains a1 and 31 come into contact with the
peptide and the TCR receptor (Figure 12). Peptides presented by HLA class Il 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 immunoglobulins®%54. After their synthesis in the ER, HLA class |l molecules subsequently

enter the endocytic pathway by translocation to the Golgi apparatus.

33



Chapter 4 — Introduction

MHCClass Il

antigen

Dendritic Cell

Macrophage

antigen pathogen
peptide
binding
cleft (highly
polymorphic) B
2

pathogen naive T cell

expansion killed microbe

invariant chain cup \
MHC I BCR
2 . ot Nucleated Cell
D4 TCR el
B Cell o \ ‘ MHCI cytotoxic T cell
& ' o ' ‘

o intracellular

@
,,,,,, e . pathogen
&lntibodies
pathogen }?‘ \\:;%
. TAP

D ’ cell destruction
EY N

Figure 12 — 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 Il 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 Il 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 Il 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 Il 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 Il molecule. The HLA class ll-peptide 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 | and HLA class Il 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
variation®, listed a total of 19,031 HLA class | and 7,183 class |l alleles. The numbers for the HLA loci

present in this database are listed in Table 3.

Table 3 — Number HLA class | and HLA class Il alleles in the IMGT/HLA database.
The number of different proteins that result from these alleles and the number of non-functional “null”
roteins translated from the alleles for database version 3.39.0 are shown.
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Alleles 5907 | 7,126 |5,709 |29 |2,690 |229 | 1,795 | 168 | 1,537 | 340 | 165 3

Proteins | 3,720 | 4,604 | 3,470 1,889 | 98 1,194 | 65 1,006 | 254 | 109 | 95
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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 “World Health Organization (WHO)
Nomenclature Committee for Factors of the HLA System”. Genes are categorized according to four

different criteria resulting in an “eight-digit” or “four-field” nomenclature system (Figure 13).

synonymous variation
allele group in coding region
_—
I I I '\ || | | |
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variation in coding non-coding
region region

Figure 13 — Current HLA nomenclature.
HLA alleles are named in a 4-field notation. Each field is separated by the separator “;” 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
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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 — 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 report®

1977 First description of HLA-DR, HLA nomenclature report®”

1984 First description of HLA-DQ, -DP and split of DRS5 into DR11/DR12, split of DR6 into
DR13/14, HLA nomenclature report®

1987 Introduction of eight-digit system and first description of HLA-DRBS3, -DRB4. Split of DR2
into DR15/16, HLA nomenclature report®®

1989 First description of HLA-DRB5, HLA nomenclature report®°

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 | molecules and exon 2
identities in HLA class Il 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 |) or exon 2 only
were grouped into the same so-called (protein) “P-group” and alleles with nucleotide sequence identity
across the respective exons were grouped in the so called “G-group”. 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 families®!, 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.®? and
Ahmad et al.53. 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 Crohn’s disease. While DRB1*07 and
DRB1*04 were positively associated with ileal Crohn’s 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 study'®. 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 population®48°, 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.’. This study analysed 18,405 individuals with CD, 14,308 individuals
with UC and 34,241 control individuals, typed on the lllumina ImmunoChip. They generated HLA types
by HLA imputation using the imputation tools SNP2HLA®® and HLA*IMP2%". 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).

HLA-A HLA-C HLA-B HLA-DRB1 HLA-DQA1 HLA-DQB1 HLA-DPA1 HLA-DPB1
| | | | | I | |
] ‘o1 | | "ot: | | 0501 |
359.3x107""] [1.15.4 x 107 |1.16.2x 107"
4 °03:01 *02:01 |
0.87. 2 x 10" 0.86, 5 x 107"
*03:04 0.71,9x 107 | 1 coz02 [
Jo81,2x10*] | *40:01 *04:04 | | ‘03:01 | ]067,1x10™ *06:01 |
0.81, 3x 10°" 0.56,1x 10> ]0.68,3x 107 0.64.5 x 107
*09:01
10.50.2 x 10" 1 +03:03 [
- | ]0.63,1x10°]
*07:01 *02:01
] 2902 [ | *16:01 | | *44:03 0.73, 4 x '0'&_ 0.73, 8 x 1041_ *02:02 *11:01 |
2| 1o80.7x 107 (0.74.3x 10'] ]0.74, 9 x 10" 0.76.3 x 10 D.64. 4 x 10~
= 1 *11:.01 i
o 1.19, 4 x 10 *03:01
9 I 1104 1.42,2x 10|
= 1.25,6 x 10~°
© 10
Lo ) -
§ 11.47.3 x 10-'5
= 1 13 *06: i
1.147.2x 10 1.18,3x10°
*13:02 *06:04
084, 1x10° 0.80,1x107[
] 0702 | | ‘07:02 *15:01 | | ‘01:02 | | *06:02 13 *04:01 I
1.16.3x 10" [1.15,9x 10~* 1.32,3x 107] 11.19,5 x 10 [1.32,8x 10 —  [1.10,4x 10"
] 0301 |
0.83, 1 x 1072
]l *12:02 | | *52:01 *15:02 | | *01:03 | | ‘06:01 |
225,4 x 107 |2.21,9x 10~ 221,1x10°] |1.29, 1 x 10 |2.12,2 x 10™*
1.3, 2x 10
1 ‘1801 |
0.82,5x 10

Figure 14 — Fine mapping study of the HLA in UC.

Figure taken from Goyette et al.’.-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-DRB1—focused 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 — Fine mapping study of the HLA in CD.

Figure taken from Goyette et al.’.-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-DRB1—focused 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-DQA 7 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.

39



Chapter 4 — Introduction

4.3. Methodological considerations

The study populations used in Paper B and Paper C where typed on the lllumina 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 generations®. This concept is shown in Figure
16.
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Figure 16 — Linkage disequilibrium explained.

Figure taken and modified from Bush and Moore®. 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.%% and only shortly introduced here. LD values are influenced by recombination rates across the
genome — 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 chromosome?’®) may influence the LD. Several
measures to calculate the LD exist®®. The most frequently used measure of LD in genetic association
studies is the r>-measure. To calculate r?, 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
2= (PaB — Pa * Pp)°
pa(1—pa) * pg(1 — ps)

Here, p,5 denotes the frequency of the haplotype with allele A at the first marker and allele B at the
second marker. p, * pg 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 (p,) and allele B (pg). The denominator\/pA(l —p4) *pg(1 —pg) is used to
standardize the measure. The r% can range between 0 and 1. An r? = 1 describes a situation of
complete LD (i.e. markers are highly correlated and typically located closely within a genome) and r2 =
0 describes incomplete LD (i.e. markers are not correlated and typically located far away from each
other within a genome)®. 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.”". 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

considered®. 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, |
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 lllumina 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 lllumina — 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.
Opticall”®, GenomeStudio automatic clustering: software provided by lllumina) that are based on

clustering of the measured SNP intensities (Figure 17).
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Figure 17 — 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.

Intensity green

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 “tag-SNPs”, reducing the number of SNPs that needed to be typed in order to analyse a large

portion of the genome.

The lllumina 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 — the Humanlimmuno v1 Beadchip
and the lllumina 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 lllumina
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 Humanlmmuno version 1 Beadchip covers 195,524 variants of
which 718 are small insertion/deletion polymorphisms and 194,806 are SNPs. Insertion/deletion
polymorphisms — short InDels — 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 Jostins™
and described also by Cortes et al.’>. The ImmunoChip was initiated by the Wellcome Trust Case-
Control Consortium and designed by the lllumina 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 thereof’#7%. 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.”

The ImmunoArray-24 version 2 Beadchip was designed by lllumina with new content “produced by the
research community” based on unspecified research publications. It contains 86,234 new SNP markers
and approximately 164,000 markers retained from the Humanlimmuno 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 lllumina. In this study, pre-called data were used for the larger part of
the data (data from Liu et al.%%), 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.
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4.3.3. Concepts behind SNP association analyses

Association analyses of SNPs, SNVs and HLA variants are used for the study of complex, non-
Mendelian diseases. Here the association of genomic variants with a trait — typically the binary trait
case-control status — is analysed with single tests for each genomic variant measured in a study. Metric
traits (e.g. blood measurement) can also be analysed, typically in a control population. This analysis is
however less commonly conducted. When SNV variants within the HLA and HLA alleles are analysed,
this study is referred to as an HLA fine mapping study in the literature. Association analysis of
SNPs/SNVs across the whole genome are called genome-wide association studies (GWAS). In Paper
C, we performed an HLA fine mapping study, analysing SNP and HLA allele variation within the HLA
region only. The concepts needed to understand the outcome of such an analysis are explained below.
In case-control type association studies, the association between the binary disease outcome and
genomic variant is analysed by statistically assessing whether a certain allele occurs significantly more

often in one group than in the other.

Minor and major allele

Association analysis are typically conducted on the SNP, SNV or HLA variant that is less common
within a population — referred to as the minor allele. The allele frequency of this allele is calculated as
the minor allele frequency — short MAF. The major allele refers to the more frequent allele in the study.
In Paper C, the association of HLA alleles was also conducted on the major allele in some instances

(explained below). Their frequency is therefore referred to by AF.

Coding of biallelic SNVs and InDels

SNVs are described by the observed nucleotides (A, C, T, G). InDels are either described as | or D (for
insertion or deletion) or the nucleotide sequences of the InDel (e.g. A, ATTTTC). In the most used
multiplicative model, that assumes that logarithmic odds (see below) of the disease are linearly
dependent, i.e. additive on a log scale, genotypes are coded as 0,1 or 2 based on the minor allele. Let
A be the minor allele and B be the major allele, then the genotype BB is coded as 0, the genotype AB
is coded as 1 and the genotype AA is coded as 2. SNVs and InDels can also be multiallelic (i.e. have
more than 2 alleles), in which case each variation is considered separately (i.e. the most frequent allele
against the others). Other genotype models, which describe a recessive or dominant effect of an allele,

are coded differently and described for instance by Clarke et al.’®.

Coding of multiallelic HLA alleles
HLA alleles are per definition multiallelic. In an HLA fine mapping study, each HLA variation is
considered separately and coded as either absent (A) or present (P). The minor allele for most HLA

alleles is its presence “P”. For some alleles at less diverse genetic loci (HLA-DPA1, HLA-DRB3/4/5)
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the minor allele is its absence “A”. To maintain a consistent coding of these HLA alleles compared to
the alleles for which P was observed as the minor allele, statistics were calculated on their major allele
“P”. HLA genotypes were coded as 0=AA, 1=PA, 2= PP.

Confounders

In a SNP/SNV/HLA association analysis, confounders are variables that, besides the genotype, also
have an influence on the trait of interest These include for instance the population diversity within a
study measured in the form of principal components (PCs) or other variables that have clinically been
shown to have an influence on a disease (i.e. age, gender, body mass index (BMI)). PCs are calculated
as a step in a typical GWAS quality control’” to detect outliers (e.g. outliers based on ethnicity,
individuals that do not map to the population of interest). They are included in a GWAS to control for
population stratification (i.e. differences in allele frequency merely based on differences in ancestry),
even after exclusion of outliers. Typically, 5-10 PCs are included in a GWAS and chosen based on
which PCs reduce the so-called genomic inflation factor. The genomic inflation factor is an indicator for

population stratification and is calculated based on selected variants using the x2- distribution.

Contingency tables & the odds ratio (OR)

Statistical tests that do not consider cofounders for the analysis of binary traits include the x? — and
fisher exact test (the latter is especially used for the analysis of low-frequency variants). These tests
compute statistics on so called contingency tables. In a GWAS context, contingency tables, summarize
the number of individuals that are affected or unaffected by a disease and carry/or don’t carry a specific

nucleotide or HLA variant as described in Table 5.

Table 5 — Example table to explain the concept of the odds ratio (OR).
Allele Ais the less frequent allele that calculations are based on. The table shows observed frequencies
of each allele in the two groups in a hypothetical sample.

variant A variant B

(minor allele) (major allele)
affected 5 () 10 (b) 15
unaffected 7 (c) 10 (d) 17

12 20 2 =32

The P-value of association is then calculated based on these tables as described in more detail
elsewhere’®. Since we conducted association analysis with confounders in Paper C, the concept of
contingency tables is only used to introduce the concept of the odds ratio in the following. The effect
of an allele (whether it is a protective or risk allele, and the extent of the effect) is calculated as an odds
ratio (OR), usually reported in combination with the 95% confidence interval (Cl) calculated from the
standard error (SE) of the OR and the OR.
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Equation 2

1 1 1 1
SE = 5+B+E+_' 95%CI = exp(log(OR) + 1.96 * SE)

OR =
d

=al -
ale

In the context of association analysis carried out for a SNP or HLA alleles, the OR is the quotient of the
odds of getting a disease when carrying a specific allele, and the odds of getting the disease when not
carrying this allele. An OR equal to 1 indicates that the allele of reference (i.e. minor allele in most
cases) does not have an effect, an OR<1 indicates that an allele is protective for a disease and an
OR>1 indicates, that the allele of reference confers risk. The question of “how big is a big odds ratio”
is addressed by Chen et al.’®. At a disease frequency of 1%, they state that odds ratios indicative of
small, medium and large effects should have values of 1.68, 3.47 and 6.71 (this is based on the more
easily interpretable Cohen’s d (unrelated to d in Table 5) — the standardized effect measure in a
classical t-test, in which d = 0.2 ~ OR=1.68, ad=0.5~OR=3.47 and d=0.6~6.71)"°. In GWAS of complex
diseases, the ORs are typically small with OR<1.5. These allele-based tests assume equilibrium

according to Hardy-Weinberg.

Logistic regression analysis

Regression analyses are used to analyse a trait under the assumption that there are additional
confounders that influence the trait. In a case-control study, logistic regression is typically used. The
general logistic regression (also termed Logit-model) estimates

Equation 3
1 P(Y;=1)
P =0)

> =Xi1B1 + XizB2 + .+ XjnPn T €

fori=1,....,N individuals, with error €, regression coefficients vector g = (84, 8, ..., Bn) and independent
variables (i.e. genotype + confounders) x;. In logistic regression the effect estimates cannot be
calculated analytically, and iterative algorithms are used. For better interpretation of the effects
estimate, it is transformed into the odds ratio.

Equation 4
OR = exp(B),95%CI = exp (B * 1.96 * SE)

The P-value of association is calculated from the beta coefficient of the SNP using appropriate statistics
like the Wald-statistic.
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Multiple testing problem

In a typical GWAS several hundred thousand to more than a million markers are analysed in parallel.
In general, the errors made in statistical inferences increase with the number of tests performed (false
positives) if the nominal significance level of 5% is used. This needs to be considered in the
interpretation of the association P-values. Several different methods to adjust for multiple testing exist.
In the context of GWAS, the correction by the Bonferroni method is used. Here the P-value of an
association is simply multiplied by the number of tests. In a typical GWAS, two thresholds are used to
define significantly associated variants, instead of a direct correction for multiplicity. These thresholds
are static thresholds at which the number of possible tests needed to be performed in a GWAS was
estimated at 10°. Specifically, the number of common independent variants with a MAF > 5% was
estimated to be 150 per 500 kilo base pairs by the HapMap consortium. With an extrapolation to 3.3
giga base pairs this amount corresponds to about 10° independent variants®-82. The P-value cutoff for
significance was then adjusted according to Bonferroni-Holm as the quotient of 0.05 and 108, which is
5x108. Nominally significantly associated P-values are smaller than 10. In the recent past and
considering the growing number of variants that can be tested in a GWAS, whole exome analyses
(WES) or whole genome analyses (WGS), these thresholds have been reanalysed by various groups.
They generally confirmed the threshold of 5x10-® for variants with a frequency of >5% and suggest
more stringent thresholds for the analysis of lower frequency variants in the European population
(based on LD analyses)®-%2. In Paper C, we focused more on the consistency of effects measures
regarding effects direction (risk or protective) and magnitude, simply because the sample size of some

the analysed cohorts — and hence the power (discussed in Chapter 6.4.1) to detect an effect — is small.

Metaanalysis concepts

Information in this paragraph is mainly based on Borenstein et al., Morris et al. and Lee et al.83-85,

Results from multiple association studies can be combined using meta-analysis approaches, which
increase statistical power for the detection of association but also allow for the analysis of the
robustness of an effect (i.e. are effect sizes consistent across multiple studies and is the variation of
an effect random or not)®. Meta-analysis methods combine effect sizes — and their variance — across
different studies under model dependent assumptions. In the analysis of binary traits, the meta-analysis
is conducted on the OR and its standard error. The standard error is a measure of the precision of the
estimated effect primarily driven by the number of individuals that were used (i.e. it is larger for small
studies) and study design (i.e. matched case-control studies, in which clinically relevant outcomes
other than the outcome of interest are used to pair a case with a control, usually result in higher

precision). Standard meta-analysis approaches differentiate between fixed effects and random effects.
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Primer on fixed-effects meta-analysis

In a fixed effects meta-analysis, it is assumed that all factors that influence the estimate are the same
in each analysed study and the true effect size is the same for each study. The true effect refers to the
effect that one would measure in a population of infinite size (rather than a subsample of this
population). The estimate of an effect is assumed to differ from the true effect only by a random
sampling error. This error may be larger in small populations. In the fixed-effects meta-analysis the

number of samples is therefore used to weight the effect estimates derived from the different studies.

Primer on random-effects meta-analysis

The random effects meta-analysis assumes that factors that influence the estimate are different
between each study (e.g. patients in one study are leaner or younger than in the other). Therefore, in
random effect studies the between-study variation is considered additionally to the random sampling

error.83

Primer on trans-ethnic meta-analysis

A trans-ancestry meta-analyses, as apparent from the name, is a meta-analysis across studies of
diverse ancestries. Neither fixed-effects models — that cannot adequately account for heterogeneity
across studies, nor random effects models — that cannot account for similarity of allele frequencies in
closely related studies while simultaneously considering differences in allele frequencies in more
divergent populations, are applicable. In Paper C, we used a method called RE2C to analyse
heterogeneity of effects across the populations of interest. This method was developed by Lee et al.
and extends the random effects model RE proposed by Han and Eskin®8. Using simulated and real
data, Han and Eskin showed, that the classical random effects model is underpowered to detect an
effect when large inter-study heterogeneity is observed. They proposed the new random effects model
RE. RE is based on a likelihood-ratio test, while assuming no heterogeneity under the null hypothesis.
In traditional random effects models the assumption is that heterogeneity exists under the null
hypothesis. RE2C can also cope with correlated statistics from studies with overlapping samples. The
latter is extremely helpful in meta-analyses today, with samples — most often unknowingly — being
shared across biobanks and genotyping initiatives such as 23AndMe and UK Biobank. In our study, no
samples overlapped, such that we used RE2C only for the analysis of heterogeneous effect sizes
across the different analysed populations. In RE2C, a P-value of associations across the studies is
produced, while no common effects estimate is computed. RE2C also introduces a new method to
analyse genetic variation across studies where heterogeneity of effect sizes is present. To facilitate the
interpretation of results across different ethnicities and HLA alleles at the first glance, | developed a

special meta-analysis plot (Figure 2 of Paper C).
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4.3.4. Methods for HLA typing

In the mid-20" century and from thereon for a long period of time, typing of the HLA was mainly
performed by serotyping using amongst others micro toxicity assays. In these assays the serum of an
individual is incubated with different antibodies against known HLA antigens and factors of the
complement system contained in rabbit serum are added. Upon antibody binding, cells are lysed by
activation of the complement system and a fluorochrome dye can enter the cell. This dye is
subsequently detected by microscopy using a phase-contrast microscope?®’. Individuals are assigned
the HLA type for which HLA antigens stimulated a response in the analysed serum. This evolved to
sequence-based typing (SBT) by the sequence specific oligonucleotide probe (SSOP) and sequence
specific primer (SSP) as well as Sanger sequencing of exons 2 and 3 (HLA class I) and exon 2 (HLA
class Il), which are the most variable sections of the HLA region®”:88. The SSOP method is based on
fluorescently labelled probes that complementarily bind to the polymorphic sequence of the HLA. To
type an HLA allele, sequence specific oligonucleotide probes complimentary to different HLA
sequences are added to immobilized Polymerase Chain Reaction (PCR)-amplified locus-specific DNA.
Alight signal is emitted upon probe binding that is detected by chemiluminescence®’. SSP is based on
sequence specific primers that only bind to a target HLA sequence. This sequence is then amplified
and can be detected as a fragment on an agarose gel®’. Depending on the number of probes or primer
pairs used, these methods can distinguish HLA alleles with varying resolution. Typically, they follow an
iterative protocol in which the allelic group is determined first, followed by a more accurate typing of
allelic diversity within this group®”-28. With decreasing costs and more accurate sequence alignment
protocols, NGS-based HLA typing has become an increasingly popular method for the typing of HLA
alleles. In this thesis a protocol developed by Wittig, Juzenas et al.8 was used to type the individuals
that were used for the compilation of our high-resolution, manually curated HLA imputation reference
(Paper B) and is described in more detail in “HLA Typing — Methods and Protocols” published by
Springer?® and also shown in Figure 18. Using nucleotide sequences of HLA alleles documented in the
IMGT/HLA database, Wittig et al. designed 16,351 biotinylated RNA baits covering a length of 215.5
kilo base pairs (kb) for target enrichment. Here, sequences derived from the HLA region are targeted
from fragmented whole genome DNA and extracted. To determine an individual’s HLA profile using this
method, their DNA is fragmented, and a standard DNA library is prepared. Biotinylated RNA baits that
are complimentary to HLA variations from the IMGT/HLA database bind to the fragmented DNA, which
is captured using streptavidin coated magnetic beads that attach themselves to the biotinylated RNA
baits. The captured fragments are then amplified using PCR and sequenced on a second-generation

sequencer resulting in paired-end sequences of length 100-150 bp.
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Figure 18 — RNA typing protocol used for the analysis in this study

Figure was taken from “HLA Typing — Methods and Protocols” published by Springer®. Original and
shortened description: Fig. 1 Workflow. The workflow starts with two independent parts, the bait
synthesis and the library preparation. For the bait synthesis a tiling of the target sequence is performed,
which means all target sequence is fragmented into 120 bp parts. This can be performed in overlapping
or nonoverlapping manner. For the HLA design nonoverlapping tiling was performed as the template
sequence was a collection of all known HLA allele sequences, which is already a very redundant
template. For the gDNA perform random fragmentation followed by a library preparation of the
fragmented DNA. The library preparation adds sequences to the fragment flanks, which are needed
during the sequencing reaction. These sequences consist of primer-binding sites, inserts, and indices
(molecular barcodes) and the so manipulated gDNA is ready for sequencing. Perform a hybridization
of the RNA baits and ready-to-sequence DNA to bind the target DNA to the biotinylated RNA baits.
Using Streptavidin coated magnetic beads it is possible to capture the RNA-DNA-hybrids and to get
rid of the majority of unspecific DNA. The captured DNA goes on a 2nd generation sequencer which
generates a pair of fastq files (sequence data plus quality data). These fastq files can be analysed with
appropriate HLA calling software.

Fastq files, produced by the sequencer, are subsequently analysed using a computational method
developed by Wittig et al. on a graphical user interface (GUI) (Figure 19)%. The software can be

downloaded from https://hlassign.orq/.

50


https://hlassign.org/

Chapter 4 — Introduction

1 Sampledt

€*03:03:01

m e 'm A KM coso0non CURTTTETRNN 0685 o 698/676 87.85 1023/1023
€107:02:01:01 £ €'07:02:01:01 g 86.50 10231023

Resds.
3 €'03:03:01 €'03:03:01 0.00 00 89.21 4 102311023

Figure 19 — GUI of the HLAssign software for a chosen locus — HLA-C.

Figure taken from hlassign.org/release-notes/. Original description: New HLAssign user interface
design. This screenshot shows the HLA typing results in the graphical quality control mode of
HLAssign. Additionally, the evenness of the read distribution (i.e. larger gaps between two homologous
parts of other loci (this may for instance be the case for HLA-A and HLA-H and HLA-DRB3/4/5 and
HLA-DRB1)) are considered.

Reads obtained from the sequencing are mapped to the cDNA collection of the IMGT/HLA database.
Matching of the sequenced reads to the reference is evaluated as follows: Only perfect matches
between the reference and the sequenced reads are allowed, and only single-start point are retained
(i.e. copies of the same read are reduced to 1). cDNAs with a central read coverage, calculated as a
ratio of central reads)/(noncentral reads), <0.2 are discarded as overlapping reads.

For each cDNA pair (i.e. pair of alleles) the coverage calculated “as the area under the curve (auc), the
number of reads that map exclusively to one of the two alleles (allele-specific mappings, asm), the
number of mapped pairs per read (mppr), the length of the mappable sequence (msl)” and the read
equality (req) are calculated®®. “The read equality is calculated as the ratio of min(asm)/max(asm). After
these values are calculated for all allele combinations, they are scaled between 0 and 1. The most
likely genotype is the one that had the highest harmonic mean for all these measures”®. During manual
selection of the alleles, allele pairs per locus are ranked according to the harmonic mean of the
measures described above. For the construction of the HLA imputation reference in Paper B, Michael
Wittig manually called the main part of the HLA data. | called HLA-DRB3/4/5 in all populations and the

Japanese cohort.
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4.3.5. HLA imputation

GWAS typically analyse genotypic information from several thousand individuals to increase the
statistical power of detecting an effect. Large disease consortia like the International IBD Genetics
Consortium (IIBDGC), of which our group is a member, combine studies across the globe to achieve
this goal. Statistical power of detection especially needs to be considered in the analysis of the highly
polymorphic HLA region, where not only two to four but thousands of different variations may exist, and
even larger study cohorts are needed. This soon becomes a problem of financial feasibility. Typing of
the classical HLA alleles cost > 50€/per sample using NGS and several hundred € using conventional
SBT methods. With 20,000 and more individuals analysed in larger association analyses, the
endeavour of HLA typing becomes cost- and highly labour-intensive and other solutions are needed.
HLA imputation refers to the inference of HLA types for individuals with an unknown HLA profile but
known SNP genotypes from a reference dataset containing known HLA allele and HLA SNP genotype
information. It was introduced by Leslie et al. in 2008% as the LDHLA algorithm which was further
developed by Dilthey et al.®"67 as HLA*IMP (2011) and HLA*IMP:02 (2013). HLA imputation makes
use of genotypes measured using SNP array technology. This is data that is most commonly already
available for individuals included in studies of GWA. To create a reference dataset, HLA allele
information is measured using suitable typing methods and used together with the genotype
information to create a reference dataset. The accuracy of HLA imputation highly relies on the size of
and allelic diversity covered in a reference dataset as well as ancestry background of both input and
reference data (Paper B) and does not reach diagnostic accuracy. Approaches for the inference of
HLA alleles including HLA*IMP/HLA*IMP:02, SNP2HLA® and HLA Genotype Imputation with Attribute
Bagging (HIBAG)% and reviews thereof®®-9% have been published in in the last decade. For our own
analysis we considered both SNP2HLA and HIBAG, which were easily available, straight-forward in
their application and had been shown to be accurate®%. However, the libraries of HLA alleles
considered in SNP2HLA were out-of-date and a larger effort would have been required to update the
tool. HIBAG, on the other hand, is a tool that is independent of predefined HLA libraries, with the
drawback, that at the time we constructed the model, it was computationally time and resource
intensive. Since then faster algorithms for computation on the Graphic Processing Unit (GPU) have
been developed. HIBAG is an HLA imputation approach based on supervised machine learning that

uses attribute bagging and is available as an R-package (https://github.com/zhengxwen/HIBAG)Y". It

was published by Zheng et al. in 2014. The HIBAG model is shown in Figure 20. The general workflow

of an HLA imputation is shown in Figure 21.

52


https://github.com/zhengxwen/HIBAG

Chapter 4 — Introduction

Build ensemble of K classifiers Predict HLA type
/ Bootstrap sample (in bag)\ / New subject genotypes
————————— Ou[.of.bag sample 0/1 1/10/1 0/1 0/0 1/1 ... 1/1

Pr,  HLAtype

0.001  A*01:01/A*01:01

0952 A*01:01/A*02:01
G > 0,005  A*02:01/A*02:01

|
|

=
<
o
=
o
[+
=}
-
o
-
)
a]

Freq  Haplotype

0.0018 A*01:01 01100000 0.0099 A*01:01 000110

0.0087 A*01:01 01101010 “e+ 00125 A*01:01 001101 COM L\ Ype B 5

0.0929 A*01:01 10100001 0.0422 A*01:01 001001 g-gg} i_g::gm‘g;:g} =
Cx— 0006 A*02:01/A%0201

00067 A*68:02 11001011 0.0046 A*68:02 010011

Estimate HLA type probabilities for each C,

‘Pr HLAtype
0.001  A*01:01/A*01:01
[0.965 A*01:0/A*02:01 le |
0.005  A*02:01/A*02:01

N

The Pharmacogenomics Journal

Figure 20 — Overview of the HIBAG prediction algorithm.

Figure was taken from Zheng et al.®2. Original description: Overview of the HIBAG prediction algorithm.
HIBAG is an ensemble classifier consisting of individual classifiers (Ck) with human leukocyte antigen
(HLA) and single-nucleotide polymorphism (SNP) haplotype probabilities estimated from bootstrapped
samples (Bx) and SNP subsets (Sk). The SNP subsets are determined by a variable selection algorithm
with a random component. HLA-type predictions are averaged over the posterior probabilities from all
classifiers.

To explain HLA imputation using HIBAG, we mainly cite from the original paper by Zheng et al. and a
book chapter entitled “Imputation-Based HLA Typing with SNPs in GWAS Studies” from “HLA Typing
— Methods and Protocols” published by Springer®.

As introduced above, HIBAG is short for HLA Genotype Imputation with Attribute Bagging. Attribute
bagging here refers to a repeated random sub sampling with replacement of individuals with known
HLA and SNP genotype profiles (i.e. an individual can be present more than once in a subsample of
the size of the original dataset; termed bootstrap aggregating or bagging), combined with random sub
sampling with replacement of the feature space (here the features space is represented by SNPs)
information at chosen positions. With each of these subsamples, a classifier is constructed that groups
the SNP genotypes of individuals in this sub sample to the observed alleles. This grouping is performed
for each locus separately based on the HLA alleles the individuals in the respective subsample carry.

SNP haplotypes and their frequencies are estimated using an expectation maximization algorithm on
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the joint probability of an HLA type and the SNP genotypes and is described in more detail in Zheng et
al.?2. Genomic positions that are most predictive for differentiating between all alleles of a locus are
identified for each classifier using a stepwise procedure aimed at minimizing the error of classification
(i.e. predicted HLA allele) calculated from the samples not used within a classifier (termed also out-of-
bag samples). Highly predictive SNPs are likely to be used across multiple classifiers. The different

classifiers are then combined to build an ensemble classifier.
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Figure 21 — Workflow of imputation using HIBAG.

Figure was taken from the book chapter entitled “Imputation-Based HLA Typing with SNPs in GWAS
Studies” from “HLA Typing — Methods and Protocols” published by Springer®. Original description: Fig.
1 Computational workflow for HLA imputation using SNP data. (a) the training datasets consist of HLA
and SNP genotypes; (b) computing equipment can be a desktop, a cluster of compute node, or a
graphics processing unit (GPU); (c) the HIBAG R package can be downloaded from Bioconductor
(BioC) and the training algorithm is freely available in the package; (d) SNP profiles are required for
imputing HLA types of new individuals; (e) the parameter estimates are the output of the training
algorithm and the pre-fit classifiers are published online; (f) the prediction algorithm is freely available
in the HIBAG package; (g) the prediction results are best-guess HLA types and their confidence scores.

The HLA allele information for an individual with previously unknown HLA genotype is then inferred by
comparing this individual’'s SNP genotype information to the haplotypes stored in the ensemble
classifier and the HLA alleles with the highest probability across all classifiers are chosen. The alleles
that best fit to the observed SNP genotype information across all classifiers is predicted. The accuracy

of HLA imputation depends on the number of samples used in the HLA reference, the number of SNPs,

the frequency of the HLA alleles in a population and the ancestry of the individuals used for construction
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of the HLA reference panel — i.e. the reference population and study population should be of closely
related ancestries. Both sample number and divergent populations within a reference panel, increase
the allelic diversity in the HLA reference. HIBAG models were released with the software and are

available on http://zhengxwen.github.io/HIBAG/hibag_index.html showcasing many different SNP

arrays from Affymetrix and lllumina for African American, Asian, European and Hispanic ancestries. A
notion of caution is advised, since these datasets were generated before a major HLA nomenclature
update in 2010 and it is not quite clear whether they follow standard G- or P-group notations. The
model produced in Paper B was added to the HIBAG repository and is available at
http://zhengxwen.github.io/HIBAG/hibag_index.html.

4.3.6. HLA-peptide binding

HLA molecules bind peptides inside the peptide binding groove. While HLA class | proteins
preferentially bind to peptides of length 9-15 amino acids, peptides that are bound by HLA class Il
proteins can be longer and typically have a length of 15-30 amino acids. This is due to the fact that the
peptide binding groove of HLA class | molecules is closed at both ends, while the peptide binding
groove of HLA class Il molecules is open at both ends. The core recognition site of HLA class I

molecules has a length of 9 amino acids and is displayed in Figure 22.

Figure 22 — Crystal structure of the HLA class Il binding groove.

Figure was taken from Yeturu et al.?8. Original and shortened description: Figure 1: Structure of an
MHC class Il binding groove. (A) Binding domain of HLA-DR1 [PDB:1DLH], with the five pockets in the
binding groove highlighted (P1 — red; P4 — yellow; P6 — green; P7 — blue; P9 — purple).

For HLA class Il proteins, the amino acids of the HLA that come into contact with the amino acids of

the peptide are grouped into so called pockets (P). In total 9 pockets (P1 to P9) are defined for HLA

class Il proteins, with anchor residues, i.e. residues that are most important for HLA-peptide binding,
55


http://zhengxwen.github.io/HIBAG/hibag_index.html
http://zhengxwen.github.io/HIBAG/hibag_index.html

Chapter 4 — Introduction

at pockets 1, 4, 6, 7 and 9. Flanking regions are either side of the core recognition site also affect HLA-
peptide binding. Several machine learning algorithms to predict HLA-peptide binding exist. These
algorithms are trained on experimental data mostly measured manually in the lab that are deposited in
the Immuno Epitope Database or HLA peptides identified by Mass Spectrometry and peptide
immunopurification studies in cell lines®-1°", In this study we used the HLA-peptide binding tool
NetMHClIpan-3.2. NetMHClIIpan can predict the peptides that bind to any HLA allele by extrapolation
across HLA alleles that it was trained on using pseudosequences generated for the alleles, while

NetMHCII predicts HLA-peptide binding only for alleles that this tool was trained on.

4.3.7. Useful resources

These resources are also described in more detail in “HLA Typing — Methods and Protocols” published

by Springer®®.

The IPD-IMGT/HLA database

The IMGT/HLA database is a central repository for human sequences of the HLA. It was first released
in 1998 and was later incorporated into the Immuno Polymorphism Database (IPD) that was released
200253, It currently contains 26,518 (IPD-IMGT/HLA version 3.39.0) allele sequences of 43 genes (6
HLA class |, 12 HLA class | pseudogenes, 21 HLA class Il and 5 other non-HLA class | and class Il
alleles) and is updated every three months. Since its release there have been 90 releases (1.0-1.16,
2.0-2.28, 3.0.0-3.39; Figure 23). The IMGT/HLA database, amongst others, provides FASTA files for
all known HLA alleles based on full gene, coding gene and amino acid information as well as alignment
files for each locus. Additionally, updates in nomenclature as well as changes in allele status are
recorded. The current releases all follow the nomenclature from 2010 (Chapter 4.2.2). Allele status
here refers to whether an allele is retained in or deleted from a data release based on additional
information gathered on an allele between releases, e.g. errors in the sequence or information on
expression of an allele. Reasons why alleles are changed from release to release, are for instance the
identification of errors in a submitted sequence. Most often alleles with errors in the sequence are
found to be equal to another already submitted sequence and are deleted. Alleles are changed when
longer read information is obtained or the expression status is evaluated. Apart from data on the human
allele specifications, sequence information on an additional 80 organisms can be accessed from the
IDP-MHC database (Release 3.4.0.0).
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Figure 23 — Number of HLA sequences available at the IPD-IMGT/HLA up to release 3.39.0.
This is a selection of genes present in the database. Figure was created from
ftp://ftp.ebi.ac.uk/pub/databases/ipd/imgt/hla/Allelelist history.txt. We noted the first and last version
number of a base version (i.e. version 1,2,3), where 3390 corresponds to version 3.39.0.

The IMGT/HLA database is available at https://www.ebi.ac.uk/ipd/imgt/hla/. The web front provides

additional web-based services for aligning and blasting of HLA allele sequences and queries for HLA

alleles with specific submission status or ethnical origin. Historically, many of the alleles uploaded to
the IMGT/HLA database have included only exons | and Il for HLA class | molecules and exon Il for
HLA class Il molecules, which are the regions that are functionally most variable. Currently the
IMGT/HLA database still excepts partial sequences in addition to full length genomic sequences for
submission into the database. With decreasing costs of NGS and the generation of an increasing
number of genomic sequences, the number of sequences submitted to the IMGT/HLA database is
expected to increase substantially. The impact of NGS-based HLA typing can also be seen in Figure
23. Still, the coverage of HLA class | alleles is at present significantly higher than the coverage of HLA

class Il alleles.
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The HLA alleles website

The website hla.alleles.org presents a useful resource to learn about HLA nomenclature, its history
and updates thereof. It is tightly linked to the IMGT/HLA database, listing alleles present in the
databases and providing an overview of which loci have been typed. It presents information on HLA
nomenclature reports — which contain changes in nomenclature across different timepoints — and basic

knowledge on how alleles are named.

HLA frequency database

The allele frequency net database (AFND) is a web-based resource (http://allelefrequencies.net/)

that stores HLA allele and HLA haplotype frequency information for worldwide populations'?. In
addition, information on other immune genes (Killer-cell immunoglobulin-like receptor: KIR, cytokines,

Human MHC class | chain related genes: MIC) can be queried in various populations (Figure 24).

@HaM @ krM @ cytokines@ @ micH

s
Kartendaten © 2020 Bilder ® 2020 NASA,

Figure 24 — Populations for which information is available in the AFND.

Figure was taken and modified from the AFND webpage. The map used here is based on the google
maps and was retrieved on the 15t of April 2020. A satellite image was chosen. Original description:
Map 1. Populations in the Allele Frequency Net Database (blue: HLA, red: KIR, green: cytokines,
yellow: MIC).
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In March 2020, frequency information from 10,688,428 individuals originating from 1,717 different
populations were available on the AFND across all stored frequencies for the genes described in Figure
24. The AFND provides several additional resources, including an epitope frequency search currently
available for HLA-A, -B and -C and information of HLA drug reverse reaction for HLA alleles as well as
a frequency conversion tool to determine amino acid frequencies in a population. Allele frequencies
and haplotypes are searchable for any allele present in the AFND, including amongst other filter options
to select only population samples of specific country of origin, ethnic background, the number of

individuals recorded in the population sample and the level of resolution (1-field to 4-field).
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5. Results

5.1. PAPER B

Degenhardt F, Wendorff M, Wittig M, Ellinghaus E, Datta LW, Schembri J, Ng SC, Rosati E, Hiibenthal
M, Ellinghaus D, Jung ES, Lieb W, Abedian S, Malekzadeh R, Cheon JH, Ellul P, Sood A, Midha V,
Thelma BK, Wong SH, Schreiber S, Yamazaki K, Kubo M, Boucher G, Rioux JD, Lenz TL, Brant SR,
Franke A. Construction and benchmarking of a multi-ethnic reference panel for the imputation of HLA
class | and Il alleles. Hum Mol Genet. 2019 Jun 15;28(12):2078-2092. doi: 10.1093/hmg/ddy443.
PMID: 30590525; PMCID: PMC6548229.

Background & Aims: Next generation sequencing (NGS)-based HLA typing is cost-intensive and
therefore limits the number of samples that can be analysed. To address this problem, appropriate HLA
imputation references are needed. Published reference panels, mostly addressing allelic diversity only
in the Asian and Caucasian populations, exist for variable number of HLA loci and allelic resolutions.
Here we aimed to create a HLA imputation reference panel that covers a wide spectrum of different
ethnicities using 2-field HLA information for the genes HLA-A, -B, -C (HLA class |) as well as HLA-
DRB1, -DRB3/4/5, -DQA1, -DQB1, -DPA1 and -DPB1 (HLA class ).

Methods: Using NGS, we typed 1,360 individuals from 8 different populations of divergent ancestries
at the stated loci and combined this with genotype information derived for all individuals from Illlumina’s
ImmunoChip. This data was used to create an HLA imputation reference panel using the machine
learning tool HIBAG®2. We benchmarked our approach by performing a 5x cross-validation across our
8 populations and the independent 1000 Genomes population'?-195_Furthermore, the HLA-DRB3/4/5
genes were analysed in detail. Additionally, we calculated statistical measures such as sensitivity and
specificity for all alleles to evaluate how accurately each single allele could be imputed.

Results: Our benchmark showed high accuracy across partitions of our 8 different populations and
the independent 1000 Genomes population. We validated known HLA-DRB1-DRB3/4/5 haplotypes
and addressed why imputation is challenging in general for some HLA alleles across different HLA
imputation panels, including our panel, with a focus on alleles of the HLA-DRB1 locus.

Conclusion: In summary, we created a highly diverse imputation panel for the imputation of the HLA

with a broad range of classical HLA alleles available for imputation.
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Abstract

Genotype imputation of the human leukocyte antigen (HLA) region is a cost-effective means to infer classical HLA alleles
from inexpensive and dense SNP array data. In the research setting, imputation helps avoid costs for wet lab-based HLA
typing and thus renders association analyses of the HLA in large cohorts feasible. Yet, most HLA imputation reference
panels target Caucasian ethnicities and multi-ethnic panels are scarce. We compiled a high -quality multi-ethnic reference
panel based on genotypes measured with llumina's Immunochip genotyping array and HLA types established using a
high-resolution next generation sequencing approach. Our reference panel includes more than 1,300 samples from
Germany, Malta, China, India, Iran, Japan and Korea and samples of African American ancestry for all classical HLA class1
and I alleles including HLA-DRB3/4/5. Applying extensive cross-validation, we benchmarked the imputation using the HLA
imputation tool HIBAG, our multi-ethnic reference and an independent, previously published data set compiled of
subpopulations of the 1000 Genomes project. We achieved average imputation accuracies higher than 0.924 for the
commonly studied HLA-A, -B, -C, -DQEB1 and -DRE1 genes across all ethnicities. We investigated allele-specific imputation
challenges in regard to geographic origin of the samples using sensitivity and specificity measurements as well as allele
frequencies and identified HLA alleles that are challenging to impute for each of the populations separately. In conclusion,
our new multi-ethnic reference data set allows for high resolution HLA imputation of genotypes at all classical HLA class1

and II genes including the HLA-DRE3/4/S lod based on diverse ancestry populations.

Introduction

The major histocom patibility complex, in humans also named
human leukocyte antigen [HLA) complex, is a highly variable
gene cassette with major functions in the immune system.
The HLA region spans ~5 Mb on chromosome é6p21 with
genomic positions ranging from 29 Mb to 34 Mb. Genes in this
region code for proteins that are invelved in many complex
functions of the adaptive and innate immune systermn like
the presentation of peptides te the hest immune system
and also code for proteins that aid peptide presentation or
antigen recognition. Results from over 10 years of genome-
wide association studies [CWAS) support the HLA as one
of the most important disease susceptibility loci for almost
every immune-mediated and autsimmune disease. [n many
cases, the strongest association signals are found within the
highly polymorphic classical HLA genes in the class [ and I
regions, a finding made long before the GWAS era for many
of these diseases (1) Therefore, pinpeinting the exact penetic
variants in the HLA region, which are associated with these
diseases, is of utmost importance to disentangle the underlying
genetic pathophysiology (2). This is complicated by the highly
polymorphic nature of the region, resulting in the need for large
disease cohorts to increase statistical power in the detection of
genetie association. The costs per sample for Sanger- and next
generation sequencing (NGS)-based HLA typing is still at least
double that of a genome-wide single nucleotide polymorphism
[SMF) array analysis with the new chip platforms, Therefore,

imputation methods and reference panels have been developed
to provide geneticists with a tool to infer HLA alleles at the
classical loci in silico using inexpensive and dense SNF array
data. These have led to significant advances in fine-mapping
of disease relevant genetic variants for many inflammatory
and autoimmune diseases (3-5). Published and established HLA
imputation tools are amongst others SNFZHLA, HLA Im putation
using attribute BAGging [HIBAG) and HLA®IMP [6-8). Im putation
of the HLA requires reference panels with high coverage of
alleles and penotypes in the region of interest as well as abroad
spectrum of samples in order to capture as many different
alleles as possible. Additionally, the ancestral background of
the reference panel used to impute a data set of interest must
be as close as possible to the study peopulation as shown
for instance by Jia etal. (7). Most HLA imputation reference
panels target Caucasian ethnicities and although there has
been progress in the development of ancestrally diverse HLA
reference panels, studies in which multi-ethnic analyses are
performed are still scarce and limited in size je.g for chronic
inflamimatory diseases, (9)). Several imputation references have
been published in the past using various genotyping chips
and at different resolutions. All reference panels have sig-
nificantly advanced HLA imputation and analysis conducted
with the produced data. However, to date, no full context
four-digit multi-ethnic HLA imputation reference panel exists
for fine mapping of the HLA region across the totality of the
mentioned loci.
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DNA sample
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SMP array
(Immunochip)

HLA allele calls

Training sets

MDS analysis (i) own
on G grouped (i) 1000 Genomes
alleles (Figure 2) {iily own + 1000
Genomes

Figure 1. Flowehart of steps taken in preparation and benchmarking of eur moult-
ethnie reference panel HLA allele callswere made based on NGS5 reads. Genotype
infermation was measured using the Dlumina Immunechip. These data wers
combined to train a HIBAG imputation model Benchmarking was performed
uEing a Sx cress-validation and the independent, previowsly published, 1000
Genomes data set (24).

With this study, we aimed to create a com prehensive high-
quality multi-ethnic HLAreference dataset, including HLA-DPAT,
-DPFB1 and -DRB3/4/5, using populations of African American,
East Asian (Japan, South Korea and China), European (Germary,
Malta) and Middle Eastern (India and Iran) descent.

We generated HLA allele calls from next gener ation Sequenc-
ing (NGS) reads for ulcerative colitis (UC) and control individual s
of each population, using HLAssign (10) and genotype infor-
mation using the Mumina Immunochip SNE array [[Humnina,
San Diego, CA, USA] (Fig 1). Using multidimensional scaling
[MDS) analysis, we analyzed population structure based on HLA
allele frequencies. The combination of called HLA alleles and
SNF array genotypes served as training data sets for our new
multi-ethnie reference using the HLA imputation tool HIBAG
(6). We benchmarked the imputation, applying extensive cross-
validation on our multi-ethnic reference panel (Supplementary
Material, Fig. 51). The performance of our final model was addi-
tonally assessed using the previeusly published HLA calls of
the 1000 Cenomes preject (11). We alse conducted a literature
search into the genetic architecture of HLA-DRB3/4/5 in relation
to HLA-DRB1, as the presence of the HLA-DRB3/4/5S are highly
dependent on which HLA-DRB1 allele is carried by an individ-
ual These loci are of particular interest, since they represent a
functional variation that has not been corsidered in many of the
previously published reference data sets and hence have been
largely excluded in association studies.

Results

MDS-based clustering of reference samples on HLA
allele frequencies

Using MDS analysis on relative frequencies of single HLA G
grouped alleles across each cohort, we observed distinet clusters
for individuals with East Asian, African and European back-
grounds (Fig. 2), except for HLA-DRBE3/4/S and HLA-DQEB1. The
different subpepulations of our multi-ethnic study pepulation
cluster well with respective ethnicities of the 1000 Genornes
population. For the 1000 Genomes population, exons 2 and 3
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[class [} or exon 2 (class II) were typed only for loci HLA-A,
-B, -C, -DQB1 and -DRBI but not for HLA-DPALl, -DPE1 and
-DRB3/4/5. However, to the best of owr knoewledge no custorn
G groups were defined (11). Samples did not show population-
specific clustering for HLA-DQB1, because frequencies of the
HLA alleles in European individuals were similar to those in the
Yoruban, African American and European individuals of the 1000
Genomes population. We did not detect consistent clusters for
the HLA-DRB 3/4/5 genes, possibly because there was not enough
variability to allow good clustering results, In ow multi-ethnic
data set we only cbserve four, three and six different four-digit
alleles for the HLA-DRB3/4/5 genes, respectively. In addition,
these genes alsoincluded a high pereentage of null alleles (HLA-
DRB3, 48.45-81.28%; HLA-DRB4, 65 78-84 52%; HLA-DRBS, 71.28-
#5.66%; Table 1) that dominate the frequency spectrum and thus
the MDS analysis. With ‘null allele’ we here refer to the absence
of a locus in a given individual These null alleles are named
DRBE3*00:00, DEE4"00:00 and DRES*00:00 throughout this paper.
In summary, the MDS analysis reweals significant population
heterogeneity for the classical HLA genes and thus, imputation
tools should be able to account for this heterogeneity by using
population- matched and diverse reference panels.

Imputation benchmark

We performed HLA imputation of the HLA class [ loci HLA-A,
-B, -C and class I loci HLA-DQA1, -DGB1, -DFAL, -DFB1, -DRB1 and
-DRB3/4/5 using HIBAG and three different constellations: (i} our
rnulti-ethnic reference panel in full four-digitceontext (Fig 3 and
next paragraph), (i} our multi-ethnic reference panel combined
with the 1000 Genornes data set on G group level (Supplementary
Material, Fig. 52 and Supplementary Material, Table 51) and (i)
our multi-ethnic reference panel on G group level as a com-
parison (Supplementary Material, Fig 53 and Supplementary
Material, Table 52). We also used the 1000 Genomes panel to test
the performance of our data (Table 2) with special focus on the
imputation for the nen-European population panels, as one of
the main innevations of this work.

Using a cross-validation approach (Supplementary Material,
Fig 51), we divided the data of each specific population inte five
random subsamples irrespective of case—control status. For each
of the subsets, using the remaining 80% of the population, as
well as the HLA allele and genotype information of all other
populations, we trained a HIBAG model. The HLA alleles were
predicted for the 20% of data from the analyzed population that
were not used for training. We calculated accuracies for each of
the five subsarnples of our population of interest and imputa-
tien accuracies for unrelated individuals of the 1000 Genornes
population. The results of the cross-validation are depicted in
Figure 3 and Table 3. Overall accuracies were high with average
accuracies ranging from 0924 in the Chinese to 0867 in the
Maltese populations (Table 3; Supplementary Material, Table 53).
More specifically, high overall accuracies were achieved for the
HLAL, HLA-DP and HLA-DQ loci whereas the HLA-A, -B and
-DRB1 loci were more challenging to impute across all ethnicities
with accuracies as low as 0.862 for HLA-DRB1 in the Iranian
panel. This is also reflected in the posterior probability curves
depicted in Figure 3b. Posterior probabilities in HIBAG are used as
an additional measure to control prediction accuracies and are
generated as an average over all classifiers. Low overall posterior
prebabilities for a lecus indicate that the majority of the alleles
were challenging to impute. Note, that correct calls, eg. for
rare alleles, also tend to have smaller posterior probabilities,
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Figure 2. MDS analysie of HLA typed allale data: the MDS analys s was performed ueing a Fuclidean distance measure. Allelos with a frequency 1% werme axcluded 1o
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Korean (KOR) and Japanese {JPN); Purple: Non-relerence admixed American individuals. Capital acrenyms in the panels depict the 1000 Genomes populations as
deseribed in Aulen et al, (24). The 1000 Genomes populations nelude Americans of Alfcan Ancestry in the Soullwest TSA [ASW], Alrcars rom Kerva [DWE], Migeria
[FRI), Columbian {CLM), Mexican (MXL) and PuertoRican (FUR), Han Chines e in Beijing (CHE), Southern Han Chiness (CHS), Japanese in Tekyo JPT), Finnsh (FIN), British
(GBR), Tuscan (TS]) and samples with Western Furepean Ancestry colles ted in the CEPH diversity panel (CE1). For HLA-DPA1, -DPBL, -DA1 and the -DREYAS Joci no
data was available in these panele. For the MDS analy=is across all loei (HLA CLASS 11 we included HLA-A, -B, -C, -DQBLand -DRB1. Samples of our own cohons eluster

well with the corres pand ing 1000 Genormes popu lation.

while incorrect calls can have a high posterior probability when
haplotypes of two alleles are similar across many classifiers.
Therefore, we decided to additionally use other measures such
as sensitivity and specificity, and allele specific accuracy to
evaluate allele specific results in the following analyses. With
29-55 alleles per population, and 75% (Malta) to 82% (Japan) of
the alleles having frequencies of <1% (Supplementary Material,
Tables 54 and 55), HLA-B presented a particular challenge for
imputation. Similarly challenging were HLA-A and -DRB1, which
are discussed further below. The remaining loci were not as
variable or had a smaller and more even frequency spectrum
[Supplementary Material, Table 55), such that posterior probabil-
ities were higher. HLA-DPA1 and -DPB1 had the most “on target”
S5NPs (30 and 51 SNPs, respectively) (Supplementary Material,
Table 5&), reflecting the fact, that these loci are least variable and
therefore better suited to be captured on a SNF genotyping array.
Overall, between 682 (HLA-DPB1) and 1,734 (HLA-A) SNPs were
located within the different gene lodi including flanking regions
of 500 kb upstrearn and downstreamn of each gene. A median
of 41.5 [HLA-DRBS) to 81 (HLA-A) SNPs were used by the single
claszifiers of HIBAG.

In the following, we show the results of the imputation with
our own reference data set divided by ethnic background and
also compare our data to previously reported HLA imputation
accuracies on published data sets from Dilthey et al. (£}, [ia et al.
(7),Okada et al. (12), Kimet al {13) and Zhenget al. (6) (Table 4).Itis
ofimportance tonote, that high accuracies for a reference panel
using a specific benchmarking panel are best achieved when
the benchmarking panel follows the same allele nomenclature
and grouping as the panel used for imputation. We could not
determine to which extent this was considered in each of the
above studies, but we estimate that the effect sheuld not be
detrimental if differences only oocur between slightly different
custom allele groupings (Le. we assume that the allele that a
grouping is based on is also the most frequent allele} and not
between different levels of grouping (ie. full context versus G
groups). A summary of these data sets is described in Table 4.
The following results are specific to the imputation of HLA
alleles into the respective populations using our multi-ethnic
four-digit full context reference panel. If not stated otherwise,
mean accuracies were compared for four-digit allele imputations
of HLA-A, -B, -C, -DQB1 and -DRB1. These are the loci that are
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Table 1. Frequencies of HLA-DRB3/4/5 in our multi-ethnic reference panel: frequencies of HLA-DRBE3/4/5 in the typed HLA data for African
American (&), Hong-Kong Chinese (CHN), German (GER), Indian (IMD), Iranian {[RM), Japanese (JPM), South Korean (KOR) and Maltese
[MLT) populations at full four-digit context. Mull alleles have the highest frequencies. For HLA-DRB4 mainly one other allele, DRB4"01:03,
exists. DRE5*01:01 is the second most abundant of the HLA-DRES alleles in all but the Japanese and Iranian panels, where DRBS*0L:02 is
seen mare often.

LY. CHN GER IND IRN JPN KOR MLT

DREZ*00:00 5161 L= %) G5.ER BE.T4 48.45 8138 &4.34 E5.00

DREZ"0L:01 11.13 255 14,51 532 8§53 455 11.07 468

DEB3"0Z02 T4 19.34 253 3298 798 B.&2 16.39 337

DRE3"02:24 Q.00 Q.00 062 Q.00 0.39 0.00 0.00 031

DRBE3*03:01 9.52 13.50 247 495 465 535 820 625
DRE4*00:00 B452 7591 80.25 B0.85 FE.G7 E5.78 EE.44 ThE3 8
DRE4*01:01 677 Q.00 247 0.35 155 Q.00 Q.00 375 5
DRE4"01.02 Q.00 Q.00 Q.00 Q.00 0.39 214 041 0.00 E
DRE4"01.0% 871 2409 17.28 18.79 2209 3209 3115 2031 E
DRE4"03:01 Q.00 Q.00 Q.00 Q.00 Q.00 0.00 0.00 031 .
DRES*00:00 E194 T3 B0.58 T1IR 8568 Fles 8238 8156 g
DRES*01:01 15.87 2153 18.67 15.95 43 642 11.07 10000 -
DRES*01:02 032 182 062 1277 6.98 20.59 451 375 'ét
DRES 0102 Q.00 073 Q.00 Q.00 Q.00 0.00 0.00 0,00 =
DRBES 0108 032 219 0.00 0.00 0.00 027 041 0.00 E
DRBS02:02 097 0.2 216 0.00 194 107 164 469 %
DEBS*0Z03 0.00 0.73 0,00 0,00 0,00 0,00 0,00 0,00 3
DRES02:1% 048 Q.00 Q.00 Q.00 Q.00 0.00 0.00 0.00 ;
5
E;
El
Table 2 Imputation accuracies for 1000 Genomes populations: populaton groups are depicted in bold and the subpopulations in itale type. =
African (AFR) samples are divided into Ammericans of African Ancestry in the Southwest USA [ASW), Africans from Kenya (LIWE) and Nigeria z
[YRI). Admixed American (AMR) samples are split into samples with Columbian (CLM), Mexican (MXL) and Puerto Rican (PUR) ancestry East =
Asians (EAS) were collected as Han Chinese in Beljing (CHE), Southern Han Chinese [CHS) and Japanese in Tokyo (JPT). Samples with European =
Ancestry (EUR) are Finnish (FIM), British (GBR), Tuscan (TSI} and samples with Western European Ancestry collected in the CEPH diversity panel %
(CEU). Accuracies of HLA-DRE1* are HLA-DRE1 measured without DRE1*04:03, DRE 1*04:04 and DRBE1*11:04, which improved accuracies for all o
ethnicities. HLA-A* are accuracies measured without A*0%:03, which improved accuracies for the Chinese samples. Overall accuracies were Eﬂ;
highest for EUR samples and lowest for the non-AMR, for which no samples with similar backgrounds are included in our novel imputation @

reference. =
=]
#samples A B c DBl DRB1 mean At DREI* R‘]
5
AFR 162 0520 0833 0.932 0.951 0.885 0904 0920 0.906 E_‘]‘
ASW 41 0539 0805 0.915 0.939 0.902 0900 0939 0.923 :ﬁ
LWE 75 0880 0853 0.960 0.980 0.893 0913 OEE8D 0.899 ra-:
YERI 45 0957 08 0.902 0.913 0.859 0893 0987 0.902 =
AMR 193 0909 0756 0572 0.984 0710 0.866 0909 0.766 E
CLM &7 0525 0709 0.970 0.985 0.687 0855 0925 0.711 g
MXL 55 0857 0688 0573 0.991 0.598 081 0857 0.674 |
FUR 70 0938 0857 0971 0.979 081 0913 0935 0.888 E
EAS 260 0929 0931 0975 0.992 0.940 0953 0.941 0.951 2
CHE a2 0539 0921 0.988 0.954 0.939 08958 0.948 0.967 +
CHS 92 0535 0924 0.967 0.995 0.935 0551 0.963 0.944 -
JPT 85 0513 0948 0571 0.988 0.948 0553 0913 0.943 &
EUR 322 0983 0944 0.994 0.989 0.890 0960 0983 0.968 E
CEU 52 0981 0922 0971 1.000 0.865 0548 0981 0.987 =
FIN a5 05984 0574 1.000 0.989 0.925 0575 0984 0.959 E‘E
GER 85 0577 0958 1.000 0.983% 0.584 0950 0877 0.993 =
TSI &9 0989 0510 0.994 0.989 0871 0951 0983 0,944

present for all im putation references (Table 4). Within the cross- previously published reference panels. These alleles usually
validation framework, accuracies for a gene were calculated as have comparably lower sensitivity or specificity scores and sim-
an average across the different cross-validation runs as it has ilar haplotype structures within the same 2-digit allele groups
been done previously (12,13) and enables better comparison of (Supplementary Material, Tables 57 and 58, Supplementary
these values between studies. We also report median, minimum Material, Tables 55-58 of Zheng etal, (6)). This is especially
and maximum values in Supplementary Material, Table 53 important in the context of association analyses where the
We report accuracies across all imputed alleles in Table 3, greatest impact from these issues is seen with higher frequency
Supplemnentary Material, Tables 51 and 52 A few alleles were variants (AF =1%) and thus needs to be considered carefully.
especially challenging to impute, both within our as well asin Mote that this also depends on the ethnicity of the samples
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Table 3. Imputation accuracies of the impu tation with the multi-ethnic reference panel: 20% of the data with a specific ethnic background were
used as validation set after training a model with 80% of the remaining data and all data from other ethnic backgrounds. We included 1,360
African American (AA), Hong-Kong Chinese [CHM), German (GER), Indian (IND), Iranian (IRM), Japanese (PN}, South Korean (KOR) and Maltese

[MLT) samples in total in the i

tation reference. Shown are mean accurecies of the HLA imputation with HIBAG usinga 5-fold cross-validation

scheme and the multi-ethnic data set with full four-digit allele information. The given mean considers only the lod highlighted in bold, as
these are loci also analyzed in all previous publications. Accuracies of HLA-DRE1® are HLA-DRE1 measured without DRB1*04:03, DRE1*04:04

and DRB1*11:04, which improves accuracies for all ethnicities. HLA-A* are accuracies measured without A*02:03, which improves accuracies
for the Chinese samples. Overall, HLA-E is the most challenging to impute. hean accuracies are higher than 0925 across all cross-validation

tuns. Best results are achieved for the GER, JPN and MLT populations

AN CHN GER ND IRN JPN KOR MLT
#samiples 312 140 162 143 132 189 122 160
A 0.969 0900 0976 0955 0973 0936 0939 0984
B 0.877 0888 0917 0875 0585 0938 0934 0947
C 0.953 0986 0975 0979 0974 05873 0968 0988
Dpal 0.969 0979 0980 0988 0985 0995 0975 0988
DPE1L 0.925 0949 0980 0944 0954 0979 0983 0956
DAl 0.942 0975 0975 0985 0962 0968 0959 0978
DBl 0.962 0954 0988 0990 0981 0954 09875 0984
DRB1 0.925 0903 0948 0924 0562 0980 0918 0931
DRBEZ 0.971 1.000 1000 1000 1000 1.000 099 09%
DRB4 0.977 1000 0991 099 099 0990 1000 0988
DRES 0.987 05982 1000 1000 1000 1000 0992 1000
TREAT 0.937 0924 0961 0944 0935 0958 0947 0%9s7
At 0.969 05954 0976 0954 0973 0935 0937 0954
DRBL® 0.930 0504 0954 0952 0956 0968 0926 05871

evaluated. We describe A*02:01/A*02:03 DRE1*11:01/DRE1*11:04
and DRE1*04:03/DRE1* 0404 below for illustration purposes.

African American panel

The imputation of HLA alleles into our own African American
data set achieved an average imputation accuracy on full context
four-digit level of 0.951 across all analyzed loci and of 0.937 on
average for loci HLA-A, B, C, -DQB1 and -DRB1 only (Table 3).
Empleying cur multi-ethnic reference data set on G group level
(i), we were able to impute alleles of the genes HLA-A, -B, -C,
-DOB1 and -DRB1 of the 1000 Genormes African ancestry data with
a mean accuracy of 0.904 and highest accuracies for the Lulya
Kenyan samples alone (0.880-0.980; mean of 0.913; Table 2). In
comparison, Zheng etal (6) imputed HLA alleles of random
subsets of their African American HLARES data cormnbined with
the Yoruba Migerians [YRI} HapMap samples with a reported
mean accuracy of 0.818 using their tool HIBAG (Table 4b). Jia
etal [7) imputed the HLA alleles of YR HapMap samples using
their Caucasian Type 1 Diabetes Genome Consortium (T1DGC)
reference panel with accuracies between 0.203 (HLA-DRB1) and
0.984 [HLA-C) across all loci and an overall mean accuracy of
0.750 {Table 4a).

East Asian panel

Employing our multi-ethnie reference data set (i} to impute
HLA alleles into our Chinese samples, we achieved accuracies
of 0.868 (HLA-B) to 1.000 [HLA-DRB3/4) and of 0.924 on average
for HLA-A, -B, -C, -DQB1 and -DRB1. We imputed HLA alleles
into ow Japanese samples with accuracies of 0.938 (HLA-A)
to 1.000 (HLA-DRB3/5) and 0.958 on average for HLA-A, -B, -C,
-DOB1 and -DRB1. For our Kerean samples imputation aceu-
racies of 0918 (HLA-DRB1) to 1.000 (HLA-DRB4) were reached,
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with an average accuracy of 00947 (Table 3). Additionally, we
imputed the HLA alleles of the East Asian 1000 Genomes data
on G group level (i} with mean accuracies higher than 0.953
[Table 2).

Inn comparison, Okada et al. (12}, Jia et al. (7), Kim et al. (13) and
Zheng et al (8) reported mean accuracies between 0.77 to 0.922
for HLA-A, -B, <C, -DQB1 and -DRE1 (Table 4) for East Asian popu-
lations using their respective HLA imputation panels. HLA-DPA1
of HLA-DRB3/4/5 is not considered in any of the publications for
East Asian ethnicities. For single loci the reported imputation
accuracies vary between 0.656 (HLA-B with T1DGC reference for
Han Chinese in Beijing (CHB) and Japanesesamples ([FT), (7)) and
0984 (HLA-C with a Korean reference panel and the same test
population; (13)).

In the cross-validation benchmark the accuracy of locus HLA-
A in the Chinese population (Fig. 3a) was decreased due to a
misclassification of A*02:03 to A*02:01 in 32% of 37 samplesin
which this allele occurred. This misclassification is due to the
high similarity between these alleles (Supplementary Material,
Supplementary Text). When excluding A*02:03 from accuracy
calculations for HLA-A, accuracies improved for the Chinese
subpopulation from 0.900 to 0954 (Table 3).

Iranian and Indian panels

Owerall imputation aceuracies for our [ndian and [ranian panels
over all loci were 0944 and 0,935, respectively. The accuracies
were high for all loci except HLA-B (0,875 and 0.885, respectively)
and -DRB1 (0924 and 0.862, respectively) (Table 3).

The accuracy of the Iranian samples in the cross-validation
benchmark (Fig 3a) at HLA-DRB1 was low due to a misclassi-
fication of DRE1°11:04 to DRE1°11:01 in 39% of the 36 Iranian
samples in which this allele occurs (Supplementary Material,
Supplementary Text). When excluding the DRE1*1104 as wellas
the DRE1*04:04 and DRE1*0403 alleles (see below) from aceuracy
caleulations for HLA-DRB1, the accuracies improved from 0.862
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Table 4. Freviously reported imputation accurscies: accuracies measured for HL A reference panels, which are mainly based on Caucasian and
Avsian data, with origin of the publications and coharts used for training and validation as well as a comparison to accuracies achieved with our
own multi-ethnic reference panel (i) in the cross-validation experimenton our owndata (see also Table 2) and on the 1000 Genomes coharts (see
also Table 7). Accuracies of the cross-validation (own) framework and of the imputation into the 1000 Genomes popul ation are shown. Mean
accuracies are calculated across HLA- A, -B, -C, -DPE1 and - DRE1 {lodi highlighted in bold). Mean accuracies of the listed reference panelsare lower
compared to our own reference panel in the majarity of the cases, espedially in the non-European population. {a) Accuracies published with
SNPZHLA. The international TIDGC reference panel (7) published along with SNPZHLA was used to gain the accuracies on the 1948 British Birth
Cohort and the HapMap-CEPH Cohort, two European ancestry panels. The T1IDGC panel was further used for imputing the Yoruban Nigerian
[YRI}, the East Asian Han Chinese from Beijing (CHB) and the Japanese from Tokyo (JPT) samples of the 1000 Genomes data sets. For the East
Asian 1000 Genomes panels accuracies reached by later-published ethnic-specific references (12,13) are also listed. (b) Accuracies published
with HIBAG using the HLARES data from GlaxoSmithKline (GSK) clinical trials of specific ethnic background combined with 1000 Genomes data
sets (6). (¢} Accuracies published with HLA*IMP:0Z2 using different combinations of the Golden Set (GS = 1948 Birth Cohort/ HapMap CEU and
CEPH CEU+] and the HLARES data as references (&)

)
(a) SNPZHLA 2
H
Source Jia et al. [7) Okadaetal [12) Kim et al. (13) E-);
[
imputation T1DGC Japanese Korean Korean =
reference g
# training 5225 918 330 413 =
samples 7
&
test population 1948 British CEPH YRI CHB & JPT PT random CHB & JPT &
Birth Cahart subset &
# test 918 20 not specified  notspecified 44 83 61 2
samples 2
A 0981 0.991 0699 0981 0.908 0.908 091 "‘3;
B 0968 0.968 0.905 0655 0943 0.859 0.893 2
c 0969 0991 0.984 0688 0.989 0.928 0984 _;.
DPAL ! / ! / ! / ! =
DPEL ! ! ! ! ! 095 ! E
DAl ! 0.985 0649 0963 ! / ! ":_:
DQB1 0983 0991 0961 0964 0.894 0.937 0.893 E
DRE1 0933 0.969 0.203 0923 0843 0.B68 0.893 E
DRB3 ! ! ! ! ! / ! a
DRB4 ! / ! / ! / ! =
DRES / / / / / / / ]
TNEEn 0967 0.983 0739 0864 0915 0.908 0915 ﬁ
mean A-C, 0967 0.982 075 0842 0915 09 0915 ?;
DQE1, DRE1 =
%3]
mean A-C, oW m
DQE1, DRE1 W
GER 0961 GER  0.951 Ad 0937 CHN 03924 CHN 0524 CHN 0.524 CHN 0952 w
MLT 0967 MLT 0.967 JPM 0958 JPN 0958 JFM  0.958 JPN 0958 g
KOR 0947 KOR  0.947 KOR  0.947 KOR 0947 aQ
1000 Genomes h’:,.
EUR 0.96 EUR Q.96 ASW 09 CHE 03856 CHE 0.956 CHE 0.856 CHE 0356 g
LWE 0913 CHS 0951 CHS 0.951 CHS 0951 CHS 0951 =
YRl 0.893 JFT 0953 JPT 05953 JET 0.953 JET 0953 ;
=2
(b) HIEAG E
2
Source Zheng et al. (5) 1]
]
imputation HLARES data of Asian HLARES data of African American HLARES data of European =
reference ancestry & CHB & JPT Hispanic ancestry HLARES data & ANESTY
60 African YRI
# training semples 720+ 90 (minus test] 439 [minus test) 173 4+ 60 (minus test) 2668 (minus test)
test population random subset random subset random subset random subset
# test samples subset subset subset subset
A 0.521 0534 0.5924 0982
B 0.875 075 0.768 0.956
[ 0.968 0852 0.8BES 0988
DFRAl ! ! ! !
[Cantinued).
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Table 4. Continued

{b) HIBAG
DPE1 0.B5E 0431 0E 0.947
DAl 0.E&E 0938 0.794 0984
DQEL 0.96 0957 0.742 0.992
DRE1 0887 0.82 0.771 0.921
DREZ ! ! ! !
DRE4 ! ! ! !
DRES ! ! ! !
mean 0.911 0.889 0.812 0986
mean A-C, DOEL, DREL 0.922 0885 0.818 0.97
mean A-C, DQB1, DRE1 awn g
CHN 0.924 AA 0937 GER. 0.981 r_j
JPN 0958 MLT 0987 §
KEOR 0.947 ‘_:
1000 Genomes =
=
CHBE 0956 PUR 0513 ASW 05 ELUR 0.9 ES
CHS 0851 IWE 0913
JET 0553 YRI 0593 I
&
{9 HLA®IMP:02 &
=
Source Dilthey et al. (5) &
o
imputation as HLARES EU G5 & HLARES_ALL 5
reference 8
2
# training 1,585 1758 2,055 g
@
samples o
test population HLARES EU  random subset African Americans Asians of Europeans of Hispanic of random &
of random random subset mndom subset subset s
subset &
# test samples 1,060 B72 1,008 (all populations) @
A 095 0.7 073 0.79 0.96 082 5
B 0.9 085 073 0.68 0495 0.63 I
C 056 095 0.97 0.82 0597 0.92 2\;
DPA1 ! / / ! / / =
DPB1 ! 0.90 (2-digit) / ! / / &
DAl 0E7 087 1 0.73 098 0.93 =
DQBL 098 0.8 0.57 083 097 0.57 -
DRE1 0EE 081 071 0.7z 04 0.8 ,l:.
DRBEZ ! 0.94 (2 digit) ! ! ! ! :"
DRB4 ! 0.98 (2 digit) ! ! ! ! [
DRES ! 0.99 (2 digit) / ! / J o
EAT 053 085 0.54 0.78 0495 0.85 g
mean A-C, 054 085 LB .77 [1K:11 0.83 =
DQE1, DRE1 P
&
mean A-C, own E
D{B1, DRE1 2
GER  0.961 GER 0561 AM 0537 CHN 0924 GER  0.961 ra
MLT 0.967 MIT 0967 JPN 0.958 MLT 0.967 =
KCR 0947
1000 Genomes
EUR 05& EUR 095 ASW 09 CHB 0956 EUR 056 FUR 0913
DWE 0513 CHS 0551
YRI 0E93 JPT 0953

to 0.956 (Table 3). Mean sensitivity values for DRBE1°11:04 for The improvement of the overall accuracy by excuding these
the cross-validation runs were 0.307 for the [ranian popu- alleles in the [ndian samples (0.924 to 0.952) was not as big as in
lation and 0208 for the Indian pepulation (Supplementary the Iranian samples because of the lower allele frequency (AF).
Material, Table 58). The frequency of this allele was 2.82% Freviously reported sensitivity values for the DRE1°11 alleles
and 13.85%, respectively (Supplementary Material, Table 55). (Supplementary Material, Tables 55-58 of Zheng et al. (6)) range
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from 0627 (DRE1°11:04) to 0.993 (DEE1°11:01) in the Eurcpean
population. In this previous study, misclassifications cceurred
for DRB1°11:04, too, which was called as DRB1°11:01 in 93% of
cases when a misclassification occurred in European samples
(6). This is in line with our own results.

Imputation for non-reference populations

The Latin American admixed populations of the 1000 Genomes
data set (containing Amerindian and Eurcpean, for Puerto
Rico alse West African ancestral admixture, here grouped
into Mexican, Columbian and Puerto Rican populations) were
imputed with mean accuracies ranging from 0821 for the
Mexican, 0.855 for the Columbian to 0.913 for the Puerte Rican
population (Table 2). In particular, HLA-B and -DRE1 showed
low imputation aceuracies (0688 to 0.857 and 0.598 to 0.821,
respectively) while all remaining loci had aceuracies higher than
0857 (Table 2). Overall, the Puerto Rican data set showed highest
accuracies and only 40 out of 134 total measured alleles had
sensitivity values of lower than 1.000 (Supplementary Material,
Table 59). Qut of these 40 alleles, 22 have an AF <0.1% in the
Puerto Rican panel. Accuracies for loci i mputed within the Puerto
Rican data set ranged from 0.821 (HLA-DRE1) to 0.979 (HLA-DQB 1)
[Table 2).

HLA-DRB3/4/5 haplotypes

Many imputation tools allow the imputation of HLA-A, -B, <,
-DQBEL and -DRB1 but only a few studies have reported on the
imputation of the HLA-DRB3, -DRB4 and -DRBS (HLA-DRB3/4/5)
loci, such as Dilthey etal (8), who analyzed HLA-DRB3/4/5
imputation in Caucasian data sets (Table 4¢). These genes can
be present or absent in an individual depending on the HLA-
DRB1 genotype. For the evaluation of the imputation of these
genes and to elucidate which HLA-DRB3/4/S loci are known
to be located on the same haplotype as a specific HLA-DRB1,
we conducted an extensive literature review and present the
results below. We mainly focus on the information reported
by Heldeworth et gl (14), Robbine etal. (15) and Bentrop etal.
[16). According to literature, alleles of the HLA-DRB3/4/S loci
occur within a specific HLA-DRB1 context, being present in some
haplotypes and absent in others. The results of this review are
summarizedin Figure 4. Haplotypes with HLA-DRB1 always carry
the pseudogene HLA-DRES, which islocated downstream of HLA-
DRB1 and that consists of two exons (17). DRE1*01, DRBE1*08 and
DEB1*10 are not found with any HLA-DRE3/4/5 allele. Haplotypes
with DRB1°03, *11, *12, *13 and *14 are found with HLA-DRB2
and -DRB3. DRB1*04, *07, *09 are found with HLA-DRB4 as well as
-DRE7 and -DRB&. Finally, DRE1*15 and *16 are reported to be
located on the same haplotype as HLA-DRBS. Exceptions to his
rule have been described for DRE1*15 and *16, where especially
in African Americans HLA-DRBS/6 can be missing. DRE1*07 has
been reported to ocour with a nen-expressed form of DRE4*04:01
(15) and DRE1*08 has also been previously identified together
with DRE3*03:01 (15).

We investigated our herein-described multi-ethnic data on
HLA-DRB1 and -DRB3/4/5 for congruence with these previous
findings. [nshort, we determined the HLA-DRB1 alleles for every
sample and checked whether we could also find the expected
HLA-DRB3/4/5 alleles or the absenceof these in the same sample.
All but four samples followed the haplotype structures depicted
in Figure 4, After re-analysis of the remaining four samples we
concluded that these samples must have been contaminated,
since three or more alleles could plausibly be called for all ana-
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lyzed loci, with ene allele having a smaller number of reads that
aligned te it In further six samples we found one of the excep-
tions described in the literature. One Maltese sample did not
have HLA-DRB4 while DRE1*07:01 was present and five African
American samples did not have HLA-DRBS while DRE1*15:03 or
DRE1"16:02 was present.

Frequencies of HLA-DRB3/4/5 are shown in Table 1. Overall,
HLA-DRB3 is the most variable of those genes according to its
frequency spectrum, with DRBE3*02:02 being the most common
nen-null allele with an AF ranging from £.82% in our Japanese
panel to 37 .98% in our [ranian panel. For HLA-DRB4, DRE401:03
is the most common non-null allele with frequencies ranging
from 8.71% in the African American to 3209% in the Japanese
panel. DRB5*01:01 is the most common non-null allele in all but
the Iranian andJapanese panels with frequencies of 5.43% in the
Iranian te 21.53% in the Chinese panel, while DEB5*01:02 has a
frequency of 20059% in the [apanese panel and a frequency of
6.98% in the Iranian panel. Our data suggest that DRE1°15:01 is
located on the same haplotype as DRBES5*01:01, while DRE1415:02
[which is very commoen in Japanese samples) is located on
the same haplotype as DRB5*01:02 (Supplementary Material,
Table 510). Accuracies of the HLA-DRB3/45 imputations are high
[=0.871; Table 3 and Fig 3a). Sensitivity measures for the HLA-
DRB3/4/5 are generally high, however, for low frequency varants
(eg. DRB3*02:24 in the Iranian, Maltese and German panels
at frequencies of <0.62%) values as low as 0 were measured.
DRB4*01:02 in the Japanese panel, DRE3*01:01 and DRE4°01:01
in the African American panel are common alleles [AF = 1%}
classified with mean sensitivity values of lower than 0.800 (0375,
0.739, 0.690, respectively). We also cbserved, using the tool Dis-
entangler (18}, that the phasing of HLA-DRB3/4/S alleles might
present a challenge, with many of the null alleles occurring o
haplotypes with HLA-DRB1, when the respective HLA-DRB3/4/5
allele is present (Supplementary Material, Fig. S4; HLA-DRB3/4/5
are excluded here). The analysis of this partic ular topic, however,
is beyond the scope of this paper.

Discussion

We compiled three different imputation panels as pre-trained
HIBAG models that can be used for HLA imputation in different
ethnicities: (i) a mult-ethnic reference with four-digit full
context HLA alleles and (ii) a multi-ethnic reference with four-
digit HLA alleles as G groups. Both panels include HLA-A, -B, -C,
-DGAL,-DQB1, -DPAL, -DFB1,-DRB1 and - DRE3/4/S and (iii) a multi-
ethnic reference panel combined with the 1000 Cenomes data
(including data from HLA-A, -B,-C, -DQE1, -DRE1, -DPAL,-DPElata
four-digit G group resolution). Our reference panels have high
accuracy values across different ethnicities and subsets of
the data and also achieve high accuracies in non-reference
ethnicities (Tables 2 and 3). The accuracies in non-reference
ethnicities are high, but lower than for our reference data sets,
as even though our reference is highly diverse the worldwide
diversity of the HLA is still not sufficiently captured. Average
accuracies of our multi-ethnic reference are larger than 0.924.
Tabulated results describing the accuracy measures of panels
(ii} and (iii) are presented in Supplementary Material, Tables 51
and 52. Using our reference data, few alleles remain challenging
to impute. This affects alleles of the HLA-DRB1 locus, like the
DEB1*11 and DRE1*04 group, which has already been described
as problematic in previous benchmarks of other imputation
reference panels (6-8) as well as alleles of the highly diverse
HLA-A and -C genes. We therefore recommend using a two-
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Figure 4. Known archites ture of HLA-DEBZS: HLA haplotypes that wsually contain a speeilie HLA-DREL allele (HLA-DREEL column) are shown Twe-digit alleles are
denoted. All locl are depicted in order of their genomie location. HLA-DEA, HLA-DREB1 and HLA-DRES coincide with all haplotypes. The memaining loel ane present or
absent depending on the kaplotype. The most prevalent haplotypes with the koown exceplions are shown in the rows below. Exceplions ar somelimes seen [or
DRE1*08, DEEL*07, DREL* 15 and DRE1*16. DRE1*08 canoceur with HLA-DRES, DREL*07 can eceur without an expressed form of HLA-DRB4and DREL*15 and DRE1*16
ean secur without HLA-DRBS/G. Lol that wsually oceur together are joined by a line. The name of the corresponding serotype is shown on the left and haplotypes are
ordered by serotype name. Information for thi= figure was retrisved from Bontrop o al, Heldewaorth et al and Robbine et al (14-16).

digit resolution for these alleles and to consider the imputation
difficulties in the interpretation of asseciation results for these
alleles. We further suggest that the interpretation of specificity
and sensitivity measures should be done separately by ethnic
background, since measures can vary between ancestries,
ie. haplotypes for an allele that are highly predictive in one
ethnicity may not be highly predictive in another ethricity.
We also verified that SNPs missing in the data set for which
HLA alleles are imputed—and that exist in the reference—
can negatively affect the imputation accuracy. This was the
case for DRE1°04:03 and DRE1*04:04, where exclusion of 44%
of the SNPs used by the HIBAC had a major impact on the
imputation accuracy for these alleles (Supplementary Material,
Supplemnentary Text). We therefore suggest, as a general rule,
to cautiously investigate the coverage of SNPs used by any
imputation reference panel prior te imputation with the
respective panel inte a data set. Posterior probabilities are
often used to improve the quality of the data set. Indeed,
we also cbserve that the accuracies improve when using a
posterior probability threshold. However, for some alleles similar
haplotype structures can cause incorrect calls despite high
posterior probabilities. Especially for rare alleles, correct calls
are possible at a very low posterior probability. We therefore
suggest using the sensitivity and specificity tables we provide
in Supplementary Material, Table 58 to perform data filtering as
well as checking the posterior probability.

In summary, imputing HLA alleles into mul ti-ethnic genome-
wide association data sets with our reference panels provides
accurate results and can aid HLA fine mapping studies es pecially
in nen-Caucasian populations in the future, It allows for HLA
imputation using the most recent HLA allele nomenclature at a
full context four-digit resolution and a high diversity of different
populations.

Nevertheless, larger sample sizes and even more diverse
reference panels are needed to adequately cover the existing
global HLA polymorphism and frequency spectrum particularly
for the ethnicities not included in our panel and also to impute
especially rare HLA alleles with high accuraey. DRE1+01:03, for
instance, is an allele that has a higher frequency in North
American Caucasians (0.9-1.9%) than Eurcpean Caucasians
[~0.6%) (19). A= over a millien of samples will have been
genotyped and whole-genome sequenced in the near futire,
itis just a matter of warranting global coverage, thus to include
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representatives from every ethnicity for these efforts. Still, most
genetic research focuses on Caucasian ancestry cohorts and
neglects large segments of human populations. Decreasing
costs of high-resolution NGS-based HLA typing approaches—
including phased data sets from long-read technologies—will
further fuel the development of more comprehensive and even
more accurate imputation reference panels.

Materials and Methods
Resolution of imputation reference panels

Several imputation references have been published in the past
using various genotyping chips, allowing for the imputation
of different HLA genes at different resolutions, ie. full context
four-digit (two- field), G group and P group resolution (as defined
by the IMGT/HLA database) or custom groups [mostly before
2010). Full context four-digit levels provide information on the
gene name, their allele group and the protein sequence of the
HLA molecule (e A*01:02—Gene: A; allele group: 01, protein:
0Z). Alleles that are within the same G group have identical
nucleotide sequences for exons 2 and 3 (HLA class [} or exon
2 only [HLA class I[} and may differ in sequence in the other
exons. Alleles that are within the same P group encode for
identical amino acid sequences in exons 2 and 3 or exon 2
only. F and G group annotations were introduced in 2010 and a
majorupdatein allele narning was conducted (fip://ftp.ebi.ac.uk/
pub/databases/ipd/imgt/hla/Nomenclature 2009 txt), amongst
others the separator ' was introduced and alleles were renamed
especially alleles of the HLA-A, -B, -C and -DPB1 genes. Notably,
HLA allele calling conducted before this time, with alleles typed
enly at exens 2 and 3 or exon 2, may not follow the known G
group and P group conventions published by the IMGT/HLA, e
HLA alleles might be grouped in custemn groups and some of
the alleles will carry outdated allele names. This issue should
be considered when merging reference panels, such that all
included alleles should map te the same allele groups and
also in benchmarking studies using external data. G grouping
published by the IMGT/HLA database is based on the highest
resolution that is recorded for an allele (i.e. eight digits or lower).
Mote that the post-calling G grouping based on four-digit alleles
is problematic for some alleleslisted in Supplementary Material,
Table S$11.
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Cohorts & data preparation

Miuclti-ethnic data set. DNA of 96 healthy individuals and 96
UC patients were collected from different studies of Chinese,
Cerman, Indian, lranian, Japanese, Korean and Maltese popula-
tiens that have been published and described elsewhere (20,21).
In short, Chinese samples were collected in and around Hong
Kong [Chinese University of Hong Kong), Korean samples in
South Korea (Yonsei University College of Medicine and Asan
Medical Centre, Seoul), Japanese samples in Tokyo ([nstitute of
Medical Seience, University of Tokyo, RIKEN Yokohama Institute
and [apan Bishank)}, Iranian samples were collected in Tehran
[Tehran University of Medical Science), Indian samples in North
India (Dayanand Medical College and Hospital, Ludhiana),
all self-reported Morth Indian which was consistent with
their genetically determined background, German samples in
Morth Germany and Maltese samples in Malta (Department of
Gastroenterclogy, Mater Dei Hospital, Msida, Malta). In addition
to the data from the published UC studies, DNA samples were
obtained from 192 healthy controls and 192 UC patients, all self-
reported as African American, which was consistent with their
genetically determined background as each had an admixture
of West African and Buropean ancestry (22). These subjects
were recruited in the United States of America and Canada
by the Johns Hopkins Multicenter African American [BD Study
as well as other Genetics Research Centers of the NIDDK [BD
Genetics Consortium. We also received 192 (96 healthy, 96 UC)
pre-analyzed Japanese samples directly from RIKEN Yokohama
Institute.

High density SNF-array data interrogating a wide proportion
of the extended HLA region were produced for these samples
uging the Mlumina, Imrmunechip (all but Malta) with 196524
markers addressing immune relevant genes or the I[lumina
Infimum Immunofrray 24 (Malta only) with 253 702 markers
and subjected to strict quality control criteria as described in
the Supplementary Material, Supplementary Methods, DNA was
isolated and processed as described previeusly (10} in prepara-
tion for sequencing Sequencing was performed on an Mlumina
HiSeq2500 (http/fsystems illumina com) with 100 bp or 125 bp
paired-end runs on a panel of both case and control data in a
pool of 96 libraries per lane. A total of 192 Japanese samples
were provided by the RIKEN Yokohama [nstitute and sequenced
using 125 bp paired-end runs on the HiSeq2500 with pools of 94
libraries perlane. Four-digit HLA alleles for all classical HLA land
HLA Il genes HLA-A, -B, -C, -DQA1, -DQB1, -DPA1, -DFB1, -DRE1
as well as -DRB3/4/5 were manually curated and called using
HLAssign (10). [nn short, only reads mapping exactly to a reference
based on HLA sequences published with the IMCT/HLA database
version 3.27 0 (23) were used for calling, taking inte consideration
evenness of read mapping, read equality and specific read map-
pingas described by Wittiget al (10). We also cautiously looked at
cross-mapping events {reads mapping to multiple HLA loci) and
SNF patterns to identify e.g alleles originating from concatena-
tien of true alleles. [n total 1,360 samples were used in this study,
having been sequenced and called suceessiully based on their
DNA quality and internal HLAssign measures, Le. sufficiently
large read coverage and also having passed our stringent criteria
for the guality control of the Dlumina Immunoechip array data
(Supplementary Material, Supplementary Methods). The HLA-
DRB3/45 calls were additionally evaluated for plausibility with
respect to the called HLA-DRB1 genotype. HLA-DRB3/4S alleles,
according to reported studies (14-16), ccour on certain haple-
types in tight linkage with specific HLA-DRE1 variants and can
either be present or not present at all (ie. null allele, described
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as DRE3°00:00, DRE4°00:00 and DEE5*00:00 in the following) or
as one functional HLA-DRB3/4/5 allele in combination with two
of the HLA-DRB3/4/5 null alleles. For a detailed overview we
compiled Figure 4. A total of 312 African American (158 Controls,
154 UC cases), 162 Cerman (78 Controls, 84 Cases), 140 Chinese
(68 Controls, 72 Cases), 143 Indian (78 Controls, 65 Cases), 132
Iranian (63 Controls, 69 Cases), 189 Japanese (36 Controls and
93 Cases), 122 South Kerean (81 Controls and 41 Cases) and 160
Maltese (75 Controls and 85 Cases) samples were available for
construction of HLA imputation medels with HIBAC,

1000 Genomes data set. Using the Phase 3 [version from
20130502] 1000 Cenomes reference data set (24} and Vefteols
[version 0.1.12b), we extracted 174,538 phased SNPs that are
present in both the Phase 3 data set and on the [lumina
Immunochip used for the main part of our trans-ethnic
data. We then performed gquality control as described in the
Supplementary Material, Supplementary Methods leaving out
batch and population stratification analyses. HLA data were
downloaded from fipy/ftp 1000genomes ebi ac. uk/voll/ftp/
technical/working/20140725_hla_geotypes/. Fublicly available
data from the 1000 Cenemes data set de not include HLA-DPAL,
-DPB1, -D0OAL and DRB3/4/S allele calls. In total 162 samples of
African Ancestry, 193 samples of South American Ancestry, 260
samples of East Asian ancestry and 322 samples of Europear
ancestry were available for construction of HLA imputation
models with HIBAG. The HapMap data used in other studies
[Table 4) are a part of the 1000 Genomes data set.

Calling of HLA-DRB3/4/5 alleles. Data were analyzed visually
using HLAssign (10). HLAssign does not calculate phases of
the HLA alleles and thus does not make hemizygous calls (Le.
recognize null alleles) such that HLA-DRB3/4/5 genotypes were
edited with respect to the HLA-DRB1 allele post ealling. For
consisteney with the HLA-DRB3/4/S with the literature [Fig. 3), we
introduced null alleles DRB3*0000, DRB4*00:00 or DRBES*00:00
when the HLA-DRB1 locus was called as DRBE1*01, DRBE1°08
or DEE1%10, respectively. DRE3°00:00 was assigned if no HLA-
DRB3 was present in the corresponding HLA-DRB1 haplotype.
Equally, DRE4*00:00 and DRBS*00:00 were assigned if haplotypes
corresponding to the absence of HLA-DRB4 or -DRBS were
called. Samples with inconcl usive HLA-DRB3/4/5 detected during
HLAssign analysis were re-analyzed using HLAReporter (25).
HLAReporter performs de novo assembly on the NGS reads within
the investigated HLA locus using the alignment tool TASR (26)
and compares these to either G groups or full context alleles
known in the IMGT/HLA database with the parameters {-m 50,
05, -r07,-u0, -1 -t 0 -e 33 -c0 for on target reads. Contigs
for samples with equal G group predictions were aligned against
each other to generate longer overlapping regions using contigs
with a coverage higher than 15 and then realigned to the known
IMGT/HLA reference alleles.

MDS analysis. Relative allele frequencies were calculated for
each allele across the entire multi-ethnic and 1000 Genomes
HLA data within the HLA-A, -B, -C, -DQ and -DR loci. For the
MDS5 analysis alleles with an allele frequency of less than 1%
in any subpopulation are excluded to avoid a clustering biased
by similarity in low frequency varants. The MDS analysis was
performed using R and the stats-Package (crmdscale) with a
Euclidean distance measure. For the MDS analysis across all loci
we used HLA loci HLA-A, -B, €, -DQB1 and -DRB1.

0zZ0z Aenugad 1L vosand Ag #C ¥ 19258 L0202 | /8T AoRsge-2 pipuefwy aucs dno ouuepese)); sdyy wWouy papeS [uMeg



Chapter 5 — Results

2090 | Human Molecular Genetics, 2019, Vol. 28, No. 12

HLA imputation benchmark

Training of the reference panel. We performed HLA imputation
using the published imputation tool HIBAG (6). This is a
machine learning teol implementedin R that em ploys ensermnble
classifiers built on bootstrap samples that has been shown to
perform with high accuracy in HLA imputation across multi-
ethnic data sets [8). In short, a training set with both HLA alleles
and SNPs typed in the HLA region on chromosome 6, between 29
and 34 Mb, is used to build several classifiers based on bootstrap
samples and a subset of SNPs, similarly to random forest as
proposed by Breiman etal. [27) that minimize the out-of-bag
errors. Once a model is trained, it can be used as reference
to predict HLA alleles from unknown samples using their
respective SNF genotype information, utilizing the posterior
probability as measure of confidence. For the benchmark, we
performed a 5= cross-validation using HIBAG (8) and HLA and
SNF genotype data from the following twe sources: our multi-
ethnic cohort described above and the publicly available 1000
Genomes data set (24). The 1000 Genomes data set was typed
for HLA-A, B, -C, -DFB1 and -DRB1, while the multi-ethnic data
set contained all classical HLA class [ and class I loci and
additionally HLA-DRB3/4/5. For the 1000 Genomes data set,
typed HLA data were available for samples of the following
ethnicities: African, South American Ancestry, East Asian and
European We grouped our data into three different data sets:
(i} our multi-ethnic reference containing eight different coberts
described above, (i) the same reference as in (i) with HLA alleles
transformed into their respective G groups (G groups combine
alleles with identical exon 2 and 3 (HLA Class [} or exon 2 (HLA
Class II) nuclectide sequence) using hla_nom_g. txt downleaded
from hlaalleles.org date: 2017-07-10, IPD-IMGT/HLA version
3.29.0) and (iii} our multi-ethnic panel and the 1000 Genornes
data set combined. In total we used 1,360 samples and 7,428
SNPs within the HLA region for the multi-ethnic reference, as
well as 937 samples from the 1000 Genomes data and 7,551
SNPs within the HLA region from the 1000 Cenemes data set,
with 2,297 samples and 7,126 SNPs for the combined data set as
well as their respective HLA calls. For the 1000 Genormes panel,
we checked for nomenclature issues, making sure that all of
the HLA alleles used in the 1000 Genomes panel mapped to the
normenclature for HLA alleles used since April 2010 (ftp/ftpebi.
ac.uk/puby/databases/ipd/imgt/hla/Nomenclature_2009.txt). For
alleles with unambiguous G groups [Supplementary Material,
Table 511}, we assigned the lower number allele for reference
panels (i) and (iii). Genotype data were prepared as described in
Supplermentary Material, Supplementary Methods. Samples
with typed HLA information were extracted from each quality-
controlled, genotyped data set. The different cohorts were
merged and those SNPs with a consistent minor allele frequency
[MAF) of 1% [across all cohorts typed for the particular SNFP)
were excluded. The data were randomly split into five equal
parts per cohort with respect to case—control status, thus
ensuring that a training set would include both case and control
data. Using HIBAG (version. 1.8.3), we trained cur medels using
the reference containing the merged subpopulations, excluding
20%of the populationofinterest and 100 classifiers, as sugges ted
by the authors of the tool (Supplementary Material, Fig 51).

Validation of the reference pand. The guality-controlled geno-
type data for each cohort were imputed using Beagle version 4.1
(28) with the cohoert itsell serving as an internal reference to fill
in any remaining missing data. Pretrained HIBAG HLA models
[see above) were provided with the respective 20% of the rermain-
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ing data of each analyzed population (Supplerentary Material,
Fig 51), using the genomic pesition as the identifier. HLA calls
were calculated and stored with their respective posterior prob-
abilities. Accuracies and the number of samples to be excluded
woere calculated for different posterior probability threshol ds and
compared between the different populations.

Calculation of accuracies.  [mputation accuracies were caleulated
on best- guess alleles compared with the known alleles of the
typed data. Accuracies for best-guess alleles were calculated by
counting the number of alleles imputed correctly per locus and
dividing by the rumber of samples multiplied by two. Per locus
and per allele accuracies were evaluated. We also calculated sin-
gle allele specificity and sensitivity values if possible. For this we
evaluated each allele separately, counting the number of times
an allele was predicted correctly as present (True Pesitive; TF)
of absent [True Megative; TN) and the number of times an allele
whas incorrectly predicted as present (False Positive; FP) or absent
(False MNegative; FN). We then used the standard definitions to
calculate sensitivity and specificity from these values.

Sensitivity =TF/(TF + FN)
Specificity = TN/(TN + FF)

Accuracy = (TF+ TN/ (TF + TN + FF + FN)

For the calculation of the accuracy, specificity and sensitivity
wvalues within the cross-validation, the mean values across the
different runs were calculated for each locus or allele, as well
as median, minimum and maximum values for comparison. To
establish which alleles might havelow sensitivity and specificity
values in a general setting for (i}, we calculated these measures
using a model based on the entire popul ation (i)

Imputation reference panels for comparison

ACaucasian reference panel based on genctypes retrieved from
the T1DGC (29}, as well as a Pan Asian data set [30) using
three different Asian populations, were published along with
SNFZHLA (7) and are available on request from the SNF2ZHLA
authors, Here, loci HLA-A, -B, <C, -DQAL, -DQB1, -DFB1 and -DRBE1
were typed (Table 4a). Two additional Asian reference panels
based on SNP2HLA were published at a four-digit resolution.
First, a Korean reference panel was published in 2014 {13) for the
imputation of amino acids and HLA alleles into East Asian pop-
ulatiens for HLA-A, -B, -C, -DQB1, -DPE1 and -DRB1 and second,
a Japanese reference data set was published in 2015 by Okada
etal. [12) with an evaluation of loci HLA-A, -B, -C, -DQB1 and
-DRB1. For these two last reference panels, we assume that they
were typed at a full context four-digit resclution. This has not
been explicitly mentioned in the respective publications (12,13),
but we find that the typed alleles best fit to the full fourdigit
context based on which alleles are present. Pre-trained multi-
ethnic HLA models with European, Asian, Hispanic and African
ancestry (based on a total of 3,738 samples) are provided with
the HLA imputation teol HIBAG (6). The samples used for these
models were obtained from HLARES [samples GlaxoSmithE-
line clinical trials) (&) and the HapMap project. Loci HLA-A, B,
-C, -DQA1, -DQB1, -DFB1 and -DRB1 were evaluated at four-digit
resclution (Table 4b). The remaining considered reference panels
based on HLA*IMP:02 (8) are based on HLARES data and a study
specific "Golden Set" [GS) (Table 4c).
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Availability of resources

The herein-described reference data sets are available on

request from the authors (email contact: f.degenhardr@ilemb. uni-

kielde) as pretrained HIBAG models and are mapped to
IMCGT/HLA database wersion 3.27.0 with G group definitions
derived from IMGT/HLA database wersion 3.290. MNote that
allele names at four-digit levels did not change between these
two releases. The training of these models was performed as
described above without exclusion of any samples. A script that
will estimate the haplotype similarity between alleles based on
the genotype positions available in a data set is also available
upon request.

Supplementary Material

Supplementary Material is available at HMG online.

Acknowledgements

We acknowledge the efforts of individuals from Johns Hopkins
University and the other MAAIS recruitment centers who con-
tributed to recruitment of the African American samples usedin
the study as reference (22). Additional African American samples
used were also provided by Judy H. Che (leahn School of Medicine
at Mount Sinai, Mew *ork, National Institutes of Health [MIH)
grant DE062427), Richard H. Duerr (University of Pittsburgh, NIH
grant DK062420} and Mark Silverberg (University of Toronto,
MNIH grant DE062423). All subjects pave informed consent for
their samples to be used for genetics research studies related
to inflammatory bowel disease We also want to acknowledge
Garima Juyal {Department of Genetics, University of Delhi South
Campus, New Delhi, India), Yuta Fuyuno (Laboratory for Geno-
typing Development, Center for [ntegrative Medical Seiences,
RIKEN Yokohama Institute, Yokohama, Japan and Department
of Medicine and Clinical Science, Graduate School of Medical
Sciences, Kyushu University, Fukucka, Japan), Atsushi Takahashi
([Laberatory for Statistical Analysis, Center for Integrative Medi-
cal Seiences, RIKEN Yokohama Institute, Yokehama, Japan) and
Behrooz Alizadeh (University of Groningen, University Medical
Centre Groningen, Department Epidemicology, Groningen, the
Metherland) for their involvement in this project. We thank
Marie Dowds ([nstitute of Clinical Molecular Biology, Christian-
Albrechts- University of Kiel, Kiel, Germany) and Philip Stuart
[Department of Dermatology, University of Michigan Medical
School, Ann Arbor, Michigan, USA) for helpful discussions.

Conflict of Interest statement. The authors have no conflict of
interest to declare.

Fundin g
German Research Foundation (DFG) (Research Training Group
1743, 'Genes, Environment and Inflammation’ to M), DFG
Excellence Cluster No. 306 'Inflammation at Interfaces';
European Union Seventh Framework Programme (FE7-PEOPLE-
2013-COFUND) (MNo. 609020; Scientia Fellows to EE); Funding
for the Multicenter African American [BD Study (MAAIS)
samples was provided by the USA National Institutes of Health
[DK082431 to 5.REB), University Medical Center Groningen,
Croningen, The Netherlands (to S.A) Institute for Digestive
System Disease, Tehran University of Medical Seiences, Tehran,
Iran {to SA); BioBank Japan Project and, in part, by a Grant-

75

Human Molecular Genetics, 2019, Val. 28, No. 12 | 2091

in-aid for Sclentific Research (B) (26293120) funded by the
Ministry of Education, Culture, Sports, Science, and Technology,
Japan; Korea Health Technology R&D Project through the
Korea Health Industry Development [nstitute (KHIDI), funded
by the Ministry of Health & Welfare, Republic of Korea
(HI18C0094); Funding for the Indian samples was provided by
the Centre of Excellence in Genorne Sciences and Predictive
Medicine (BT/01/COEM0?/UDSCR2008 from the Department of
Biotechnology, Government of India); BMBF e:Med research
and funding concept (Sysinflame grant 012X1306A, GE-XMAFP
grant 01ZX1709); JDER. holds a Canada Research Chair and
this work was supported by National [nstitutes of Health
grant DK62432. The funders had no role in study design, data
collection and analysis, decision to publish or preparation of the
manuscript.

References

1. Rose, MR, (1978) HLA and disease. Arch. Intern. Med,, 138,
527-528.

2. Dendrou, CA., Petersen, |, Ressjohn, |. and Fugger, L. (2018)
HLA variation and disease. Nat. Rev. Immunal,, 18, 325-339,

3. Okada, ¥, Yamazaki, K, Umeno, J, Takahashi, A,
Kurmasaka, N., Ashikawa, K., Aoi, T, Takazoe, M., Matsui, T,
Hirano, A et al. (2011} HLA-Cw*1202-B°5201-DRE1*1502
haplotype increases risk for ulcerative colitis but reduces
risk for Crohn's disease. CGastroenterology, 141{864-871),
e861-865.

4. Goyette, B, Boucher, G, Mallen, D, Ellinghaus, E,, Josting, L.,
Huang, H, Ripke, 5, Gusareva, ES. Annese, V, Hauser, 5.L.
et al [2015) High-density mapping of the MHC identifies
a shared role for HLA-DRE1*01:03 in inflammatory bowel
diseases and heterozygous advantage in ulcerative colitis.
Nat. Genet., 47, 172-179.

5. Patsopoules, N.A, Barcellss, LE, Hintzen, RQ., Schaefer,
C., van Duijn, C.M., Noble, [ A, Raj, T, IMSGC, ANZgene,
Gowrraud, PA. et al. (2013} Fine-mapping the genetic
association of the major histocompatibility complexin mul-
tiple sclerosis: HLA and non-HLA effects. PLoS Genet, 9,
«1003926.

6. Zheng, X, Shen, |, Cox, C., Wakefield, J.C, Ehm, MG,
Melson, M.E. and Weir, B.5. (2014) HIBAG-HLA genotype
imputation with attribute bagging Pharmacogenomics [, 14,
192-200.

7. Jia, X, Han, B, Onengut-Cumuscu, 5, Chen, WM,
Concannon, B], Rich, 5.5, Raychaudhuri, 5. and de Balkker,
EL (2013} Imputing amine acid pelymoerphisms in hurnan
leukocyte antigens. FLoS One, 8, e64683.

8. Dilthey, A, Leslie, 5, Moutsianas, L., Shen, J, Cox, C,
Melson, MR and McVean, G. (2013) Multi-population classi-
cal HLA type imputation. FLoS Comput. Biol, 9, e 1002877,

9. Franke, A. (2017) Inflarnmatory bowel disease: a global
disease that needs a broader ensemble of populations.
Gastroenteralogy, 152, 14-16.

10. Wittig, M., Anmarkrod, LA, Kassens, [.C, Koch, 5,
Forster, M., Ellinghaus, E, Hov, JR., Sauer, 5, Schimmler, M.,
Ziemann, M. et al. (2015) Development of a high-resolution
NGS-based HLA-typing and analysis pipeline. Nuclee Acids
Res., 43, e70.

11. Gowraud, FA, Khankhanian, P, Cereb, N., Yang, 5.,
Feole, M, Maiers, M., Rioux, J.D, Hauser, 5. and Oksenberg, J.
(2014) HLA diversity in the 1000 genomes dataset. PLoS One,
9, 97282,

0zZ0z Aenugad 1L vosand Ag #C ¥ 19258 L0202 | /8T AoRsge-2 pipuefwy aucs dno ouuepese)); sdyy wWouy papeS [uMeg



Chapter 5 — Results

12,

13

14,

15.

18.

17.

18.

19.

20.

2092 | Human Molecular Genetics, 2019, Vol. 28, No. 12

Okada, Y., Momozawa, Y., Ashikawa, K., Kanai, M,
Matsuda, K., Kamatani, ¥, Takahashi, A and Kubo, M. (2015}
Construction of a population-specific HLA imputation
reference panel and its application to Craves' disease risk
in Japanese. Nat. Genet., 47, 798-802.

Kim, K, Bang, 5Y, Lee HS and Bae, 5.C. (2014) Construction
and application of a Korean reference panel for imputing
classical alleles and amino acids of human leukocyte anti-
fen genes. PLoS One, 9, e112546.

Holdswerth, R., Hutley, CK, Marsh, 5C, Lau, M., Noreen,
H.J, Kempenich, JH., Setterholm, M. and Maiers, M. (2009}
The HLA dictionary 2008: a summary of HLA-A, -B, -C,
-DRB1/3/4/5, and -DOB1 alleles and their association with
serologically defined HLA-A, -B, -C, -DR, and -DQ antigens.
Tissue Antigens, 73, 95-170.

Robbins, F, Hurley, CK, Tang, T, Yas, H., Lin, ¥S5,
‘Wade, ], Goeken, N. and Hartzman, RJ. (1997} Diversity
associated with the second expressed HLA-DRE locus in the
human population. Immunogenetics, 46, 104-110.

Eentrop, R.E, Otting, N, de Groot, N.G. and Doxiadis, C.C.
(1299} Major histocompatibility complex clase II pelymor-
phisms in primates. Immunol. Reu, 167, 339-350.

Congora, R, Figuerca, F and Klein, J. (1996) The HLA-DRES
gene and the origin of HLA-DR haplotypes. Hum. Immunol,,
51, 23-31.

Kumasaka, N., Okada, ¥, Takahashi, A, Kubo, M,
Nakamura, Y. and Kamatani, N. (2011}, In 12th International
Congress of Human Genetics/61st Annual Meeting of The
American Society of Human Geneties, Montreal, Canada,
Abstract/Program  #708F.  http:/fkumasakanatsuhike.jp’
projects/disentangler/.

Gonzalez-Galarza, FF, Takeshita, LY, Santos, E]J,
Kempson, F, Maia, M.H, da Silva, AL, Teles e Silva,
AL, Ghattacraya, G.5., Alfirevic, A, Jones, AR et al [2015)
Allele frequency net 2015 update: new features for HLA
epitopes, KIR and disease and HLA adverse drug reaction
associations. Nucleic Acids Res., 43, D784-788.

Liu, [.Z, van Sommeren, 5, Huang H., Ng 5.C, Alberts R,
Takahashi, A, Ripke, S, Lee, J.C, Josting, L, Shah, T et al
[2015) Association analyses identify 38 susceptibility loci for

76

21

22

23

24,

25,

26.
27.
28

29,

30

inflammatory bowel disease and highlight shared genetic
risk across populations. Nat. Genet,, 47, 979-986,

Brant, 5.R, Okou, DT, Simpson, C.L, Cutler, D], Haritunians,
T., Bradfield, JF, Chopra, F, Prince, |, Begum, F, Kumar,
A etal. (2017} Genome-wide association study identifies
African-specific susceptibility loci in African Americans
with inflammatory bowel disease. Gastroenterology, 152(206-
217), 202

Huang, C., Haritunians, T, Okou, DT, Cutler, D], Zwick,
M.E, Taylor, KD, Datta, LW, Maranville, J.C,, Liu, Z, Ellis,
S et al (2015) Characterization of genetic loci that affect
susceptibility to inflammatory bowel diseases in African
Americans. Gastroenterology, 149, 1575-1586.

Robinson, |, Halliwell, . A, Hayhurst, | D, Flicek, B, Farham,
B and Marsh, 5.G. (2015) The [FD and IMGT/HLA database:
allele variant databases. Nucleic Acids Res., 43, D423-D431
Auten, A, Brooks, LD, Durbin, RM, OGarrison, EP,
Kang, HM. Korbel, [0, Marchini, JL, McCarthy, 5,
McVean, GA. and Abecasis, G.R. (2015} A global reference for
hurnan genetic varation. Nature, 526, 68-74,

Huang, ¥, Yang ], Ying, D, Zhang, Y., Shotelersuk, V.,
Hirankarn, N, Sham, P.C, Lau, YL and Yang W. (2015
HLAreporter: a tool for HLA typing from next generation
sequencing data. Genome Med., 7, 25,

Warren, R.L and Holt, R.A (2011) Tar geted assembly of short
sequence reads. PLoS One, 6, 19816,

Breiman, L. (2001) Random forests. Mach. Learn,, 45, 5-32.
Browning, B.L. and Browning, 5.R. (2016} Genotype imputa-
tion with milliens of reference samples. Am. J. Hum. Genet.,
98, 116-126.

Mychaleckyj, |.C., Noble, A, Moonsamy, BV, Carlson, [A,
Varney, M.D., Post, |, Helmberg, W, Pierce, JJ., Bonella, B,
Fear, AL, et al. (2010) HLA genotyping in the intemna-
tional Type 1 Diabetes Genetics Consortium. Clin. Trials, 7,
75-87.

Fillai, ME, Okada, ¥, Saw, WY, Ong, RT, ‘Wang, X,
Tantoso, E, Xu, W, Peterson, TA., Bielawny, T, Ali, M. et al.
{2014} Predicting HLA alleles from high-resolution SNE data
in three Southeast Asian populations. Hum. Mol Genet, 23,
44434451,

0zZ0z Aenugad 1L vosand Ag #C ¥ 19258 L0202 | /8T AoRsge-2 pipuefwy aucs dno ouuepese)); sdyy wWouy papeS [uMeg



Chapter 5 — Results

5.2. PAPER C
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Center, Franke A for the International IBD Genetics Consortium. Trans-ethnic analysis of the human
leukocyte antigen region for ulcerative colitis reveals common disease signatures. Currently under
review.

Background and Aims: Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the
gut. Genetic association studies have identified the highly variable human leukocyte antigen (HLA)
region as the strongest susceptibility locus for IBD, and specifically DRB1*01:03 as a determining factor
for ulcerative colitis. However, for most of the association signal such a delineation could not be made
due to tight structures of linkage disequilibrium within the HLA. The aim of this study was therefore to
further characterise the HLA signal using a trans-ethnic approach.

Methods: We performed a comprehensive fine mapping of single HLA alleles in a cohort of 9,272
African American, East Asian, Puerto Rican, Indian and Iranian descent and 40,691 previously
analysed Caucasians, additionally analysing whole HLA haplotypes. Using NetMHClIpan-3.2, we
performed peptide prediction for sets of 200,000 random unique human peptides for associated HLA
alleles and additionally analysed their physico-chemical properties.

Results: We describe genetic factors and even entire HLA-DQ-DR haplotypes shared across different
ethnicities, highlighting alleles of the HLA-DRB1*15 group. We identify 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. Peptides that preferentially bind to risk
proteins are rich in positively charged amino acids such as arginine and lysine.

Conclusions: The HLA plays an important role for UC susceptibility across different ethnicities, though
there are some population specific signals which should be considered dependent on the population
of interest. This research implicates that there may be specific features of peptides that preferentially

bind to risk and protective HLA proteins.

Author contributions are listed in the paper.
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ABBREVIATIONS

(A) Alpha chain of an HLA protein

(B) Beta chain of an HLA protein

AA African American population of this study

AFR  African American population of the 1000 Genomes/HapMap population see also

hitps://www.internationalgenome.org/category/population/)

AMR  Admixed American population of the 1000 Genomes/HapMap population (see also

https://'www.internationalgenome. org/category/population/)
AF Allele Frequency

CEU  Utah Residents (CEPH) with Northern and Western European Ancestry of the 1000

Genomes/HapMap population (see also hitps://iwww.internationalgenome.org/category/population/)
Cl Confidence Interval

EAS East Asian population of the 1000 Genomes/HapMap population (see also

https://'www.internationalgenome. org/category/population/)

EUR  Caucasian population of this population or (mentioned within the context of the
1000Genomes/HapMap population European data of the latter; see also

hitps://www.internationalgenome. org/category/population/)

F1, F3 Atchley Factors 1 and 3, that contain information 54 on amino acid properties
HLA Human Leukocyte Antigen

HLA-A Human Leukocyte Antigen gene locus A

HLA-B Human Leukocyte Antigen gene locus B

HLA-C Human Leukocyte Antigen gene locus C

HLA-DRA Human Leukocyte Antigen gene locus DRA

HLA-DRB1 Human Leukocyte Antigen gene locus DREB1

HLA-DRB3 Human Leukocyte Antigen gene locus DRB3
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HLA-DRB4 Human Leukocyte Antigen gene locus DRB4

HLA-DRBS Human Leukocyte Antigen gene locus DRBS

HLA-DQA1 Human Leukocyte Antigen gene locus DQAT

HLA-DQB1 Human Leukocyte Antigen gene locus DQB1

HLA-DPAT Human Leukocyte Antigen gene locus DPAT

HLA-DPB1 Human Leukozyten Antigen gene locus DPB 1

IND Indian population

IRN

JPN

KOR

MAF

MLE

MLT

PRI

P1-P9

Qc

SAS

Iranian population
Japanese population
Korean population
Minor Allele Frequency
Maximum Likelihood Estimator
Maltese population
Puerto Rican population
Pockets 1 to 9 of the HLA protein
Quality Control

South Asian population of the 1000 Genomes/HapMap

https://'www.internationalgenome. org/category/population/)

SNP

SNV

xHLA

YRI

Single Nucleotide Polymorphism (MAF >= 1%)
Single Nucleotide Variation (MAF < 1%)

extended HLA region

population (see also

Yoruba in Ibadan, Nigeria population of the 1000 Genomes/HapMap population (see also

hitps://www.internationalgenome.org/category/population/)
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ABSTRACT

Background and Aims: Inflammatory bowel disease (IBD) is a chronic inflammatory disease of the gut.
Genetic association studies have identified the highly variable human leukocyte antigen (HLA) region
as the strongest susceptibility locus for IBD, and specifically DRB1*01:03 as a determining factor for
ulcerative colitis. However, for most of the association signal such a delineation could not be made due
fo tight structures of linkage disequilibrium within the HLA. The aim of this study was therefore to further
characterize the HLA signal using a trans-ethnic approach.

Methods: We performed a comprehensive fine mapping of single HLA alleles in a cohort of 9,272
African American, East Asian, Puerto Rican, Indian and Iranian descent and 40,691 previously analyzed
Caucasians, additionally analyzing whole HLA haplotypes. Using NetMHCllpan-3.2, we performed
peptide prediction for sets of 200,000 random unique human peptides for associated HLA alleles and
additionally analysed their physico-chemical properties.

Results: We describe genetic factors shared across different ethnicities, highlighting alleles of the HLA-
DREB1*15 group and even entire HLA-DQ-DR haplotypes shared across different ethnicities. We identify
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. Peptides that

preferentially bind fo risk proteins are rich in positively charged amino acids such as arginine and lysine.

Conclusions: The HLA plays an important role for UC susceptibility across different ethnicities, though
there are some population specific signals which should be considered dependent on the population of
interest. This research implicates that there may be specific features of peptides that preferentially bind

to risk and protective HLA proteins.

Keywords: HLA, trans-ethnic, ulcerative colitis (UC), inflammatory bowel diseases (IBED), fine mapping
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INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory disease ofthe gut. Like Crohn's disease (CD), the other
main subphenotype of inflammatory bowel disease (IBD), it is most likely caused by an abnormal
reaction of the immune system to microbial stimuli with environmental factors also playing a role.
Currently more than 200 genetic susceptibility loci are known for IBD for Caucasian populations and
many of them are shared between CD and UC (Jostins et al., Liu et al., de Lange et al.™?). Strong
genetic association signals with both diseases are seen in the human leukocyte antigen (HLA) region.
The HLA is located on the long arm of chromosome 6 between 29 and 34 Mb and has many complex
functions within the immune system. One of the major tasks of the HLA is the presentation of antigens
to the host-immune system, which leads to increased immune response and the elimination of
intracellular (HLA class |) and extracellular pathogens (HLA class Il). In Caucasian IBD populations a
large percentage of the phenotypic variation is explained by variants within the HLA class Il, with
DRB1*01:03 being the strongest risk allele for UC (P [P-value]=2.68x10""9, OR [odds ratio]=3.59; 95%
Cl [confidence interval]=3.22-4.00"), specifically by alleles of the HLA-DR and -DQ loci, though tight
structures of linkage disequilibrium have hindered the assignment of causality. Additionally, a systematic
comparison across ethnicities for the HLA association in UC has not been performed, also due to the
lack of HLA imputation panels that could accurately infer HLA alleles for trans-ethnic genetic data sets*
3, Recently, we created such a trans-ethnic HLA imputation reference including dense single nucleotide
polymorphism (SNP) fine mapping data typed on lllumina's ImmunoChip, covering a large proportion of
the HLA, within 8 populations of different ethnicities'. Here we report the first trans-ethnic fine mapping
study of the HLA in UC and additionally analyze physico-chemical properties as well as how potential

culprit antigens may look for IBD.
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METHODS

Cohort description

A detailed description of the cohorts and recruitment sites can be found in the Supplementary Methods
and Supplementary Table 1. In brief, a total of 52,550 individuals (18,142 ulcerative colitis cases (UC),
34,408 controls) were used in this study, of which 10,063 (3,517 UC cases and 6,546 controls were of
non-Caucasian origin. The Caucasian, Iranian, Indian and Asian dataset (from which we extracted
Japanese and Chinese individuals) are of part of the data freeze published in Liu et al.?, while individuals
of African American (Huang et al.™®), Korean (Ye et al.’%), Maltese, and Puerto Rican descent were
added. The recruitment of study subjects was approved by the ethics committees or institutional review
boards of all individual participating centers or countries. Written informed consent was obtained from

all study participants.

Genotyping & Quality control
All individuals were typed on the lllumina Humanimmuno BeadChip v.1.0 or the lllumina Infimum
ImmunoArray 24 v2.0 (Malta). Genotypes of the study subjects were quality controlled as described in

the Supplementary Methods.

HLA Imputation

QC-ed genotype data for each cohort were imputed using Beagle version 4.1"'"® based on genotypes
observed in the respective cohort. We imputed HLA alleles at loci HLA-A, -C, -B, -DRB3, -DRBS, -DRB4,
-DRB1, -DQA1, -DQB1, -DPA1 and -DPB1 at full context 4-digit level using the IKMB reference
published in Degenhardt et al.™ and the imputation tool HIBAG™. Imputation of the Caucasian panel
was additionally performed with the HLARES panel published with HIBAG (ImmunoChip-

European HLARES-HLA4-hg19.RData). Alleles were not excluded by setting a posterior probability

12
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threshold. However, we took the sensitivity and specificity measures we generated as previously

reported (Degenhardt et al.") into consideration during interpretation.

Phasing of single nucleotide variants

Using SHAPEIT2% version r727, we phased quality-controlled genotype data on chromosome 6, 25Mb
fo 34Mb of the respective cohorts using variants with MAF >1%. We excluded SNPs that did not match
1000 Genomes Phase IlI?" (October 2014) alleles {published with the SNP imputation tool IMPUTE22223)
and ATCG variants that did not match the AFR, EUR, SAS, EAS or AMR populations (+ strand assumed
for both). AFR {used for comparison with our African American samples), EUR (Caucasian, Iranian,
Maltese, SAS (Indian), EAS (Chinese, Korean, Japanese) and AMR (Puerto Rican). Using default
values of SHAPEIT2 (--input-thr 0.9, --missing-code 0, -states 100, --window 2, --burn 7, --prune 8, --
main 20 and —effective-size 18,000, we first generated a haplotype graph and, as suggested by the
authors of SHAPEITZ, calculated a value of phasing certainty based on 100 haplotypes generated from
the haplotype graph for each population separately. Then, we excluded SNPs with a median phasing

certainty<0.8 within each population separately.

Imputation of single nuclectide variants

SNP imputation was performed using IMPUTE2%2 and the 1000 Genomes Phase |l
reference?’(October 2014) using parameters: -Ne 20,000, -buffer 250, -burnin 10, -k 80, -iter 30, -k_hap
500, -outdp 3, -pgs_miss, -0s 0 1 2 3, allowing additionally for the imputation of large regions (-
allow_large_regions). Imputation of the Caucasian data set was performed in batches of 10,000
samples. Imputation quality control was performed post-imputation excluding variants with an IMPUTE2
info score <0.8. For the Caucasian data set we excluded variants with a median IMPUTEZ info score
<0.8 and a minimum info score <0.3. Additionally, we imputed SNPs into the data set using imputed
HLA allele information (i.e. translated imputed HLA information into real nucleotide information at each

position of the allele) (Supplementary Methods).
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Generation of HLA haplotypes

HLA haplotypes were generated by comparing SNP haplotypes generated by SHAPEIT 22 for each
individual and SNP haplotypes stored for the alleles within the classifiers of the HLA reference model!™
for the alleles that were imputed for each individual at a given locus. For 10 random classifiers, we
calculated the minimal distance between the SNP haplotypes stored for the allele of interest in the HLA
reference model and the SNP haplotypes generated by SHAPEIT2. We assigned alleles to a parental
haplotype based on how often this allele had minimal difference to the haplotype. Phasing certainty was
calculated as the percentage of times an allele was assigned to the chosen parental haplotype. In cases
no decision could be made or both alleles were assigned to the same haplotype, phasing certainty was

set to 0. If an individual was homozygous at a locus, phasing certainty was setto 1.

HLA haplotype benchmark

We tested this method using genotype information of trio samples (Utah Residents (CEPH) with
MNorthern and Western European Ancestry (CEU) and Yoruba in Ibadan, Nigeria (YRI)) extracted from
the Hapmap Phase 3 project and HLA allele information published for these individuals in the 1000
Genomes HLA diversity panel® using the most common allele for ambiguous calls. In total, 27 CEU
samples and 24 YRI samples and their parents were analyzed. Genotype data were downloaded from
the HapMap Phase 3 Server (version 2015-05) and positions present on the lllumina ImmunoChip were
extracted. We applied the procedure described above for phasing of HLA alleles. The results are shown

in Supplementary Table 2.

Calculation of marginal probabilities for each allele

Since HIBAG stores a matrix of all posterior probability values of each allele combination per individual,
we calculated the marginal sums of posterior probability for each allele per individual. The overall
marginal probability of an allele was then calculated as the mean of the marginal sums of the posterior

probability calculated for alleles predicted to carry this allele.
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Association analysis

Associations of a marker with the disease outcome were calculated using genotype dosages based on
the minor allele of imputed and genotyped variants. HLA alleles were coded as present (F) or absent
(A) with genotype dosages (PP=2, AP=1 and AA=0) by simply counting the number of times an allele

occurred for a specific individual. Additive association analyses for each marker were performed using

log(oddsi) = Bo + Baxi + BzU+s + BaUz + Balz + BsUai + BeUs: + (Brbi)

for individual i=1,.....,N, genotype dose or call (x) and eigenvectors (U1-U5). For the analysis of the
Puerto Rican and Indian cohort we additionally adjusted for batch (b) (Supplementary Methods;

batches during QC).

Meta-analysis

Classical fixed-effects or random-effects meta-analyses are not optimal for the analysis across study
estimates where underlying allele frequencies are different between cohorts or similar only for some of
the analyzed cohorts (Morris et al.%) as in the case of trans-ethnic analyses. Using REC2 (Lee et al.%%),
a tool optimized for the analysis of heterogenous effects, we combined the association statistics for all
9 cohorts for SNPs and HLA alleles with MAF (SNPs) and AF (HLA alleles) =1% in the respective

cohorts. to calculate a combined P-value, sefting the correlation between studies to uniform.

Clustering according to preferential peptide binders

Using NetMHCIllpan-3.2%, we predicted binding affinities for five sets of the 200,000 unique random
peptides (Supplementary Methods) for all alleles that were significant in the meta-analysis and had a
frequency of >1% in at least one of the 9 populations. We selected the top 2% (strong binders (SB))

preferential peptide binders as given by the NetMHCIIpan-3.2 software for each allele and calculated
15
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the pairwise Pearson correlation between alleles based on complete observations for the respective
allele combinations® using R (version 3.3.1), creating a matrix of correlations. Clustering was performed
on this matrix using hclust ofthe R package stats. Correlation between the clusters was calculated using
corrplot (version 0.84) and dendextend (version 1.12). Here, the correlation between cluster
dendrograms (i.e. the concordance of the tree-structure) is calculated with a value of 0 signifying
dissimilar tree-structures and 1 signifying highly similar tree-structures. Dendrograms were plotted using

the ape (version 5.3) package, for DQ and DRB1.

Generation of combined peptide motifs

Based on the clusters generated above for the human peptides, we grouped the risk alleles and
protective alleles into 2 clusters each (Supplementary Methods). For each of the 5 peptide sets, we
concatenated the top 2% ranked binders (percentile rank of NetMHCIlIpan-3.2) for alleles within each
protective and risk group and excluded peptides that were among the 10% top ranked binders
(percentile rank of NetMHCllpan-3.2) in two or more of the groups. Based on this, we generated peptide

binding motifs using Seq2Logo.?® for each of the groups.

Clustering according to physico-chemical properties

Clustering of HLA proteins was performed using 5 different numerical scores: the Atchley scores F1 and
F3%®, residue-volume® and self-defined parameters charge and hydrogen-acceptor capability
(Supplementary Table 3). The amino acid sequence of each respective allele was extracted at
positions noted in Supplementary Table 4 for Pockets 1, 4, 6, 7 and 9 from HLA allele protein
sequences that were refrieved from the IMGT/HLA database (version3.37.0)*" and aligned using
MUSCLE?? The alpha chain, of the HLA-DR locus is invariable and was not considered in the analysis
of this locus. For the respective analysis, each amino acid was assigned its numerical score. Clustering
was then performed on the scores using the hclust function of the R (version 3.3.1) package stats and

Euclidian distances.
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RESULTS

Here we imputed HLA alleles for a total of 9 cohorts (Supplementary Figure 1, Supplementary Table
1) within 3 HLA class | (HLA-A, -C and -B) and 8 class Il loci (HLA- DRB3, -DRBS5, -DRB4, -DRB1, -
DQA1, -DQB1, -DPA1 and -DPBT) at full context 4-digit level utilizing a median of 8,555 SNP genotypes
(located within extended HLA between 25 and 34 Mb on chromosome 6p21) from lllumina's
ImmunoChip. After QC, a total of 17,276 UC cases and 32,975 controls of which 13,927 cases and
26,764 controls were previously reported Caucasians® and 3,251 cases and 6,021 controls were non-
Caucasian individuals (part of Liu et al.? study). To increase the density of single nucleotide variants
(SNVs, including variants with minor allele frequency (MAF)<1%) within the HLA region, we used
publicly available nucleotide sequences of HLA alleles and further imputed SNVs based on the HLA
alleles imputed for each individual using IMPUTE2 with the 1000 Genomes Phase III*' individuals as
reference (a median of 88,087 SNVs with INFO score > 0.8 after imputation). Subsequently, we
performed association analysis on single alleles and SNV's and a meta-analysis on SNP variants with a
minor allele frequency (MAF) >1% and HLA alleles with an allele frequency (AF) =1% in respective
cohorts only. The meta-analysis was performed using RE2C#, a tool, that can analyze studies with
heterogeneous effect sizes giving P-values that we hereafter call RE2Cp (optimized for highly
heterogenious variants)and REC2p* We then obtained phased HLA haplotypes using HIBAG™ and

SHAPEIT2%,

In line with our previous study in Caucasians®, we observed strong, consistent association signals for
SNPs and HLA alleles within the HLA class Il region, featuring HLA-DRBT, HLA-DQA1, and HLA-DQB1,
for all UC case-control panels except the small-sized Puerto Rican and Maltese cohorts (Figure 1 and
Supplementary Figure 2). The sfrongest association signal was seen for SNP rs28479879
(RE2Cp*=8.87x10-"%¢), located in the HLA-DR locus, including HLA-DRB1 and HLA-DRB3/4/5. In the
Japanese and Korean panels, we further observed a “roof-top"-like association signal spanning the HLA
class | and Il loci (Figure 1) that, as we subsequently demonstrated, was caused by strong linkage-
disequilibrium between the most disease-associated class Il alleles DRE1*15:02, DQA1*01:03, and

DQB1*06:01, and the class | alleles B*52:01 and C*12:02. The "roof-top"-like signal disappeared when
17
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conditioning on class | and class Il alleles separately (Supplementary Figure 3). Likely due to lack of
statistical power, e.g. for the Maltese data set, and/or diversity of the population, e.g. for the Puerto
Ricans, association P-values for these populations did not achieve the genome-wide significance
threshold (P<5x107F).

The most strongly and consistently associated class Il risk alleles within the meta-analysis were alleles
of the DRB1*15 group (RE2Cp*=1.87x10""") (Figure 2, Supplementary Table 5), observed to be
located on the same haplotype as DQA1*01:02/03 and DQB1*06:01/02 (Figure 3, Supplementary
Table 6). DRB1*15:02 was most frequent in the Asian populations (Japanese, Korean), while
DRBE1*15:03 was specific to the African American population and DRB1*15:01 had the stronger
association and higher allele frequency in the Chinese and Caucasian population (Figure 2,
Supplementary Table 5), which is consistent to data published in the HLA allele frequency database®®.
Other associated class |l alleles included DQA1703 allieles (RE2Cp*=5.83%10%") that were observed to
be located on a haplotype with DRB1704 (RE2Cp*=2.36%10), DRB1*07:01 (REC2p"=5.99%10%%) or
DRB1°09:01 (RE2Cp*=2.73x10-"2). DRB1*04/07/09 alleles are all located on the same haplotype as
HLA-DRB4 alleles™, therefore absence of HLA-DRB4, hereafter named DRB4*00:00, was significantly
associated with high risk (RE2Cp*=2.35%10-27). Along the same line HLA-DRBS is located on the same
haplotype as DRB1*15. lts absence was therefore observed to be protective. We identified DRB1*10:01
as a novel association signal (RE2Cp*=1.03x10%). It was observed to be most frequent in the Iranian
(3.2% controls and 1.6% cases) and Indian (6.7% controls and 3.3% cases) populations and rare in
other populations (Supplementary Table 5), which is most likely why it has not been described before.
Among population-specific signals, we also observed significant association of UC with DRB1*14:04
(P=0.004, OR=1.64 95%CI: 1.18-2.29) in the Indian population (Figure 2). Overall, alleles of 11 of the
13 known HLA-DRB1 2-digit groups and all 5 known -DQB1 groups were associated with UC across
the different cohorts (Figure 2, Supplementary Table 5, Supplementary Figure 4), with more DRB1
alleles conferring protection than risk. Effect sizes in the larger Caucasian and Japanese populations
were observed to be moderate (0.5<0R<2.0 for alleles with AF>1%, with the exception of DRB1*15:02
(OR=2.87; 95% CI: 2.46-3.36 in the Japanese population) and previously described DRB1*01:03.

18
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Analysis of beta estimates also showed that Japanese and Korean effects estimates were most similar,
while Iranian and Indian effects estimates correlated better with those of the Caucasian population
(Supplementary Figure 5). The deviation from non-additivity of effects at the HLA locus observed in

Goyette et al.* could not be replicated in this study (data not shown).

To reduce the complexity of the HLA signal further, we aimed to identify common peptide binding
patterns of peptides that the herein detected significant HLA alleles could potentially bind (Figure 4) as
well as to identify shared physico-chemical properties within UC risk and protective HLA proteins (Figure
5). For this analysis, we only selected proteins for which the corresponding alleles had a significant P-
value in the meta-analysis (RE2Cp*<0.05) and focused on the results of the DRE1 proteins (DQ shown
in Supplementary Figure 6). First, we predicted the binding affinities for 5 sets of 200,000 random
unique peptides sampled from the human proteome to the DRB1 proteins using NetMHCllpan-3.2°7,
MNext, we performed clustering analysis on the alleles using the top 2% ranked preferentially binding
peptides for each allele based on pairwise observed complete observations. In general, we found DRE1-
clustering (Figure 4) to be more informative regarding separation of protective and risk alleles than DQ-
clustering. Additionally, DRB1-clustering was more stable across the sets of random peptides
(Supplementary Figure 6). Larger “risk clusters” were identified for DRB1 including DRB1*15:01 and
the newly identified DRB1*15:03. We defined 2 risk clusters including DRB1*11:01/04 and DRB1*13:01
(RISK 1) DRB1*12:01, DRB1*14:04 and DRB1*15:01/03 (RISK 2}, and 2 protective clusters including
DRB1*04:01/05, DRB1*07:01, DRB1*09:01 and DRB1*10:01 (PROT 1) and DRB1*04:03/06 (PROT 2).
Within each cluster, we calculated a combined peptide binding motif by combining the top 2% of binders
for each allele in the groups (Figure 4). The peptide binding motifs of the two risk groups were enriched
for basic amino acids (K and R) and depleted for acidic amino acids, while the peptide binding motifs of
the protective group were enriched for hydrophobic and polar amino acids. Interestingly, DRB1*01:03
clustered with protective alleles DRB1*04:01/05, DRB1*07:01, DRB1*09:01 and DRB1*10:01, however,
a more detailed analysis of its physico-chemical properties resulted in a predominant clustering with
DRB1*15 (Figure 5). Equally, DRB1*15:02 clustered with DRB1*13:02, while physico-chemical
properties resulted in a predominant clustering with the DRB1*15 group. In Supplementary Figure 7
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we show that this may be an artefact of NetMHCllpan-3.2 caused by extrapolation of the DRB1*15:02

signal for unknown peptides from DRB1*13:02.

DISCUSSION

Several conclusions can be drawn from this trans-ethnic HLA fine mapping study in UC:

(I) HLA allele associations are mostly consistent across different populations regarding effects direction,
we herein highlight the DRB1*15 allele group, which is represented by three alleles DRB1*15:01 (most
frequent in the Caucasian population), DRE1*15:02 (most frequent in the Korean and Japanese
population) and DRB1*15:03 (most frequent in the African American population), as well as the
DQA1*01:02/03- DQB1*06:01/02 located on the same haplotype as the DRB1*15 alleles. Incidentally,
DRE1*15:01/03 have previously also been described in other immune related diseases. Amongst others
in Multiple Sclerosis® and leprosy, indicating a shared disease aetiology of these diseases. Other
DRB1*15, for instance DRB1*15:06, which did not show association with UC, were likely too infrequent
in the analysed populations. Interestingly, however DRB 1*15:06 has the same amino acid sequence as
DRB1*15:01 and may therefore biclogically indeed play a role in IBD. This is also true for other alleles
listed in Supplementary Table 7. Within this fine mapping study, we identify several population specific
signals (Figure 3), amongst others DRB1*14:04 and surprisingly also DRB1*01:03, which is highly
associated in Caucasian IBD. Notably, DRE1*01:03 was not present in the Asian populations and was
only observed with a frequency of <0.1% in the African American and Puerto Rican populations. Detailed
analysis of the geographic distribution of the DRE1*01:03 allele showed, that | it seemingly occurs in
Western Europe (Great Britain, Ireland, France, Spain) and former Western colonies with AF >=1%, while
it seems to be infrequent in the Eastern parts of Europe. We therefore hypothesize that this allele is
linked to the history Western European countries. (Figure 6). Within this study, the frequency of
DRB1*01:03 in the Caucasian population is likely underestimated and therefore not the top associated
signal in the Caucasian analysis (i.e. DRB1*01:03 was imputed as DRE1*01:01 or DRB1*01:02 due to

similarities in SNP haplotype between these alleles) due to applying a reference panel, containing
20
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mostly non-Caucasian individuals and European individuals from Germany only. Indeed, using the
European HLARES imputation panel, which contains a more diverse Caucasian population, we re-
established the signal. The frequency of the remaining alleles imputed with our transethnic reference
dataset highly correlated with our original study in the Caucasian population (Supplementary Figure
8).

(Il) Allele associations across the different genes are highly correlated between HLA-DR and HLA-DQ
and can be explained by population haplotype structures. Here we phased whole HLA haplotypes and
could therefore directly infer correlations between the two loci. Overall, unexpectedly, trans-ethnic
analysis does not aid the assignment of causal alleles within the HLA. Thus, the HLA-DQ locus, and
HLA-DRBE3/4/5 cannot be fully ruled out as being significant in UC disease aetiology. However, overall,
the analysis of physico-chemical properties and preferential peptide binding was more informative for
alleles of the HLA-DR locus. For DRB1*13:01 and DRB1*13:02, which interestingly share the same
amino acid properties across binding pockets P1-P9 of the HLA, the associated DQA1-DQB1
haplotypes DQA1*01:03-DQB1*06:03 and DQA1*01:02-DQB 1*06:04 do not. This may point to HLA-DQ
for these alleles to be causative, since DRB1*13:01 and DRB1*13:02 have opposite effect sizes in the

association analysis.

(I} Analysis of peptide binding motifs showed that protective and risk alleles cluster stably and that risk
and protective groups have distinct peptide binding motifs, which is supported by their showing similar
physico-chemical properties. In the future, this should be followed up by suitable peptidomics
experiments, which will enlarge datasets available for peptide binding predictions and increase
confidence in the risk and protective motifs that may be indicative of culprit antigens in UC having distinct
features. Larger, per-population patient collections will be needed in future studies to confirm our results
and to obtain even more precise effect estimates of associated HLA alleles. In addition, we hope that
IBD patient panels from other ethnicities will become available for genetic fine mapping studies. With
typing of HLA alleles now being possible using next-generation sequencing methods, real typing rather
than imputation analyzes should become standard, thereby avoiding possible imputation artefacts. The

construction of haplotype maps will then likely be even more accurate.
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FIGURES

Figure 1 — HLA regional association plots. Association analysis results for imputed and genotyped
single nucleotide variants (grey) and 4-digit HLA alleles (yellow) are shown for (a) 373 African American
cases and 590 controls (AA), (b) 13,927 Caucasian cases and 26,764 controls (EUR), and (c) 709
Japanese cases 3,169 and controls (JPN) as well as (d) the meta-analysis (META) results from the
analysis with RE2C (Lee et al.2%) at variants with a MAF > 1% in the respective cohorts (including 17,276
cases and 32,975 controls from 9 different cohorts). The association plots for the remaining populations
are provided in Supplementary Figure 2. SNP. The curves in (a)-(c) show the P-value of the meta-
analysis (REC2p*). In (d) the overlying curve shows the |12 as a measure of heterogeneity in the meta-
analysis indicating the heterogeneity of effects and allele frequencies in that region. Dashed lines
indicate the thresholds of genome-wide (P=5x10"®) and nominal significance (P=10"°) The association
analyses indicate HLA class Il as the most associated susceptibility region across the different
populations. In the Korean and the Japanese populations, a strong association signal is also seen for
B*52:01 and C*12:02, both alleles being in strong linkage disequilibrium with the HLA class Il loci
DRB1*15:02, DQA1*01:02 and DQB1*06:01, i.e. another population-specific haplotype association in

these ethnicities exists.

Figure 2 — HLA single allele association analysis results at 2- and 4-digit resolution for MHC class
Il loci -DRB3/4/5, -DRB1, -DQAT-DQB1. (AF; common defined as AF>1%), odds ratio (OR), P-value
(P) and whether an allele had a P-value<0.05 (circle symbol) is shown for the respective population (e.g.
circles with black boundary and red color represent an allele that is common and associated with risk).
We depict association results of the analysis of the African American (AA), Puerto Rican (PRI),
Caucasian (EUR), Maltese (MLT), Iranian (IRN), North Indian (IND), Chinese (CHN), Korean (KOR) and
Japanese (JPN) cohorts and the meta-analysis (META) with RE2C's |12 as an indicator of allelic

heterogeneity and the P-value of association (RE2Cp*, combined here with single study P-values P).

e
[
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Only HLA alleles which are significant in the meta-analysis, that have an AF>=1% in at least one
population and that have a marginal post imputation probability >0.6 are shown. The strongest
association signals in the meta-analysis are for risk alleles of the DRB1*15 group, i.e. DRB1*15:01,
DRB*15:02 and DRB1*15:03 and the alleles located on the same respective haplotype (Figure 3).
Alleles with OR>5.0 or OR<0.2 (rare and non-significant alleles may have larger/smaller OR) values
were “ceiled” at 5.0 and 0.2 respectively. The “consistent alleles” that are highlighted in Figure 3 are

highlighted in bold type on the left side.

Figure 3 — Haplotypes for associated HLA alleles.

For a selection of associated HLA alleles, we show the most frequently observed risk (a) and protective
(b) haplotypes in the respective populations. (African American (AA), Puerto Rican (PRI), Caucasian
(EUR), Maltese (MLT), Iranian (IRN), North Indian (IND), Chinese (CHN), Korean (KOR) and Japanese
(JPN)). Here we show only DRB1-DQA1-DQB1 haplotypes with a frequency >1% in the case individuals
in each respective population. The most frequently observed C-B alleles in each population were then
added if the C-B-DRB1-DQA1-DQB1 haplotype occurred in more than or equal to 5 individuals. HLA-
DRB3/4/5 alleles were taken from Degenhardt et al.™ and calculated based on individuals hemizygous
for HLA- DRB3/4/5 (i.e. carrying only one HLA-DRB1 observed with either HLA-DRB3, -DRB4 or -DRB5

and one DRB1*01, DRB1*08 or DRE1*10 which are not observed with any of the HLA- DRB3/4/5.)

Figure 4 — Clustering of DRB1 proteins according to preferential peptide binding and combined
peptide binding motifs. (MIDDLE CLUSTER): For 5 sets of 200,000 unigue random human peptides
the percentile rank scores of preferential peptide binding were calculated using NetMHCIllpan-3.2.% for
all DRB1 proteins that were significant in the meta-analysis of genetic analysis of the HLA with and AF >
1% in at least one cohort. We additionally included DRB1*01:03. Within each set, the top 2% binders
(according to NetMHCllpan-3.2 threshold) were used to perform a clustering on the pairwise correlations
between two alleles using complete observations only. We show clustering results for peptide set 2.

Labels were colored according to risk (red) or protective (blue). (BINDING MOTIFS): Top 2% binders
23
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were combined for proteins (RISK 1) DRBE1*11:01/04 and DRB1*13:01 DRB1*12:01, DRB1*14:04 and
DRB1*15:01/03 (RISK 2), DRB1*04:01/05, DRB1*07:01, DRB1*09:01 and DRB1*10:01 (PROT 1) and
DRB1*04:03/04/06 (PROT 2). For this analysis shared peptides (10% top binders) between at least two
of the groups where deleted from the set. Here we depict the results for human peptide set 2. Peptide
motifs were plotted using Seq2Logo.?®. The color scheme shows the chemistry of the amino acids. Red:
positively charged amino acids, biue: negatively charged amino acids, green: polar amino acid, purple:

neutral amino acid and black. hydrophobic amino acid.

Figure 5 — Cluster according to chosen physico-chemical properties of amino acids within the
peptide binding pockets.

We only show sites with variable information in pockets (P) 1, 4, 6, 7 and 9 and only proteins for which
the genetic analysis was significant (meta-analysis RE2Cp* <0.05) and for which at least 1 cohort had
AF =1%. We additionally show DRB1*01:03. Clustering was performed using the hclust function of the
R package stats. The box below the cluster plot shows positions of P1, 4, 6, 7 and 9 of the beta (B)
chain of the molecules (as defined in Supplementary Table 4). Here we show combined scores F1 (a)
and F3 (b) derived from a factor analysis of 54 unique amino acid properties (Atchley et al®). F1
captures polarity and hydrophobicity of the amino acid, while factor F3 captures amino acid size and
bulkiness. For F1, high values indicate larger hydrophobicity, polarity and hydrogen donor abilities while
low values indicate non-polar amino acids. For F3, high values indicate larger and bulkier amino acids
while low values indicate smaller, more flexible amino acids. We additionally show the residue-volume
(c) as a measure of pocket size and defined a score “hydrogen acceptor” (HB-acceptor) (d), which
defines the ability of amino acids to participate in hydrogen bonds and corresponds to the number of
atoms within amino acid sidechains accept a hydrogen. Additional information for the “charge”

parameter and the analysis for DQA1-DQB1 can be found in Supplementary Figures 9,10.
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Figure 6 — Frequency of DRB1*01:03 across populations available in the allele frequency net
database. (a) “Worldmap”, (b) zoom into European continent. Frequencies are shown within different
ranges noted by AF. Allele frequencies of DRB1*01:03 are lower across central Europe than in the UK,
Spain, India, South Africa, United States, and coastal regions of South America. Frequencies were
binned according to allele frequency. The figures were created using the R-package rworldmap.
Frequencies were extracted from the allele frequency network database® for populations larger than
100 individuals. To plot the geographic locations, we converted assigned degree and minutes to decimal

numbers. We deleted all non-Caucasian populations with USA coordinates prior to plotting.
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5.3. Additional results

5.3.1. HLA haplotype maps

| developed a graphical illustration of HLA haplotypes (HLA haplotype maps) in the context of Paper C
but did not include these maps due to the limitations of the journal. Correlation between multiallelic
variants cannot be adequately captured by LD. This is shown also in Table 6. In addition to using
classical LD measures for the HLA alleles, the relative frequency h of co-occurrence of two HLA alleles
was calculated as stated in Equation 5.

Equation 5
h(A,B) = ppf and h(B,A) = ‘;L:

Here, the relative frequency of the co-occurrence of an allele at locus A with an allele at locus B is
calculated conditionally on the allele at locus B and vice versa. pyg denotes the true haplotype
frequency of the haplotype formed by the allele at locus A and the allele at locus B. p, and pg denote

the frequencies of each allele.

Table 6 — Explanation of Equation 5 with an example.
As the allele of reference DPA1*01:03-DPB1*01:01 was chosen. The LD (r.sq) and the 95% confidence
interval, given as the 2.50% and 97.50% percentiles, are shown. The frequency of the HLA-DRB1
allele is given as “a”, and the frequency of DPA1*01:03-DPB1*01:01 is given as “b”. “ab” denotes the
haplotype frequency of both alleles. Data was calculated for the Caucasian (EUR) population including
both UC cases and healthy controls and a total of 31,112 samples with a phasing probability >0.8
across all classical HLA loci (excluding HLA-DRBJ3/4/5). ab/a and ab/b are the conditional frequencies.
DRB1 | r.sqg 2.50% 97.50% a b ab ab/a ab/b

01:01 3.02E-03 | 3.31E-03 | 2.71E-03 | 1.13E-01 | 2.70E-02 | 2.41E-04 | 2.13E-03 | 8.92E-03
01:02 3.55E-04 | 3.84E-04 | 2.69E-04 | 1.38E-02 | 2.70E-02 | 1.61E-05| 1.17E-03 | 5.95E-04
03:01 1.93E-01 | 2.03E-01 1.83E-01 1.05E-01 | 2.70E-02 | 2.47E-02 | 2.35E-01 | 9.14E-01
04:01 1.91E-03 | 2.25E-03 | 1.58E-03 | 9.65E-02 | 2.70E-02 | 5.14E-04 | 5.33E-03 | 1.90E-02
04:02 1.38E-04 | 2.06E-04 | 5.27E-05| 8.12E-03 | 2.70E-02 | 4.82E-05 | 5.94E-03 | 1.78E-03
04:03 6.36E-04 | 7.89E-04 | 4.71E-04 | 3.00E-02 | 2.70E-02 | 1.13E-04 | 3.76E-03 | 4.16E-03
04:06 1.01E-07 | 1.09E-04 | 2.79E-09 | 6.40E-04 | 2.70E-02 | 1.61E-05 | 2.50E-02 | 5.95E-04
04:07 8.97E-05 | 1.03E-04 | 2.78E-05 | 4.32E-03 | 2.70E-02 | 1.61E-05| 3.72E-03 | 5.95E-04
07:01 2.80E-03 | 3.15E-03 | 2.42E-03 | 1.20E-01 | 2.70E-02 | 4.50E-04 | 3.76E-03 | 1.66E-02
08:01 4 96E-04 | 6.53E-04 | 3.37E-04 | 2.60E-02 | 2.70E-02 | 1.29E-04 | 4.94E-03 | 4.76E-03
09:01 1.37E-04 | 2.22E-04 | 4.37E-05| 9.02E-03 | 2.70E-02 | 6.43E-05| 7.13E-03 [ 2.38E-03
10:01 1.46E-04 | 1.90E-04 | 6.44E-05| 7.39E-03 | 2.70E-02 | 3.21E-05 | 4.35E-03 [ 1.19E-03
11:01 249E-03 | 2.75E-03 | 2.23E-03 | 9.38E-02 | 2.70E-02 | 1.77E-04 | 1.88E-03 | 6.54E-03
11:04 3.43E-04 | 3.72E-04 | 2.60E-04 | 1.34E-02 | 2.70E-02 | 1.61E-05| 1.20E-03 | 5.95E-04
12:01 5.32E-04 | 6.21E-04 | 417E-04 | 2.21E-02 | 2.70E-02 | 4.82E-05| 2.18E-03 | 1.78E-03
13:01 1.53E-03 | 1.77E-03 | 1.29E-03 | 6.78E-02 | 2.70E-02 | 2.41E-04 | 3.55E-03 | 8.92E-03
13:02 1.03E-03 | 1.18E-03 | 8.72E-04 | 4.14E-02 | 2.70E-02 | 8.04E-05| 1.94E-03 | 2.97E-03
14:54 6.60E-04 | 7.31E-04 | 5.45E-04 | 2.55E-02 | 2.70E-02 | 3.21E-05| 1.26E-03 | 1.19E-03
15:01 4.34E-03 | 4.59E-03 | 4.07E-03 | 1.39E-01 | 2.70E-02 | 6.43E-05 | 4.62E-04 | 2.38E-03
16:01 2.08E-04 | 2.55E-04 | 1.25E-04 | 9.64E-03 | 2.70E-02 | 3.21E-05 | 3.33E-03 | 1.19E-03
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To compare the relative conditional frequencies of the co-occurrence of two HLA alleles to the standard
LD measure, the LD was calculated as described in Equation 1. The 95% confidence interval of the
LD measure was calculated on 1,000 random subsamples of alleles at locus A and alleles at locus B.
Unlike the LD, the percentage calculated with Equation 5 is not symmetrical and depends on the allele
used as reference. Comparing the values computed for the LD of DRB1*03:01 and DPA1*01:03-
DPB1*01:01 to their conditional frequency in Table 6 shows that DRB1*03:01 is located on the same
haplotype as DPA1*01:03-DPB1*01:01 in 91.4% of all haplotypes the DRB1*03:01 is observed in. The
LD of 0.193 [0.183, 0.203] is much lower (0.193 compared to 0.914), because DPA1*01:03-
DPB1*01:01 is also observed with other HLA-DRB1 alleles.

Figures 25 to 27 show the graphical interpretation of results as displayed in Table 6 for the allele group
DRB1*15, which was observed to be associated with UC across ethnicities in Paper C. Here, only
individuals for which all loci (HLA-A, -B, -C, HLA loci-DPA1, -DPB1, -DQA1, -DQB1 as well as -DRB1T)
had a phasing certainty of >0.8 were considered. The analysis was carried out irrespective of case-
control status. In total 641 African American (AA), 198 Chinese (CHN), 31,112 Caucasian (EUR), 1,203
Indian (IND), 484 Iranian (IRN), 2,862 Japanese (JPN), 1,021 Korean (KOR), 236 Maltese (MLT) and
472 Puerto Rican (PRI) individuals had a phasing probability >0.8 across all analysed loci.
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Figure 25 — Example haplotype plot for DRB1*15:01.

The given DRB1*15:01 frequencies were calculated across all individuals of the population irrespective
of case-control status. Loci are sorted by genomic location. (AA: African American, PRI: Puerto Rican,
EUR: Caucasian, MLT: Maltese, IND: Indian, IRN: Iranian, CHN: Chinese, JPN: Japanese, KOR:
Korean).
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Figure 26 — Example haplotype plot for DRB1*15:02.

The given DRB1*15:02 frequencies were calculated across all individuals of the population irrespective
of case-control status. Loci are sorted by genomic location. (AA: African American, PRI: Puerto Rican,
EUR: Caucasian, MLT: Maltese, IND: Indian, IRN: Iranian, CHN: Chinese, JPN: Japanese, KOR:

Korean).
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Figure 27 — Example haplotype plot for DRB1*15:03.

The given DRB1*15:03 frequencies were calculated across all individuals of the population irrespective
of case-control status. Loci are sorted by genomic location. (AA: African American, PRI: Puerto Rican,
EUR: Caucasian, MLT: Maltese, IND: Indian, IRN: Iranian, CHN: Chinese, JPN: Japanese, KOR:
Korean).

occurs with DRB1715:03 in x%

In these plots, the haplotype co-occurrence of alleles at non-reference loci with the reference allele, is

indicated by the size of the boxes along the x-axes. The allele of reference is shown in the middle of
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the plot, together with its frequency across all analysed individuals, respective to the individual cohort.
Note that these frequencies may be different from the frequencies calculated in the single association
statistics of the reference allele, as only individuals with complete haplotype information across all loci
are considered. These frequencies, in addition to the marginal probabilities calculated for individual
alleles (i.e. a measure how accurately each allele could be imputed) in Paper C, can be used to aid
interpretation of the maps (i.e. the rarer an allele in a population, the more likely imputation artefacts
will impact the results shown in the map). In addition, HLA-DRB3/4/5 alleles located on the same
haplotype as specific HLA-DRB1 alleles are shown in Supplementary Table 10 of Paper B. These
alleles cannot be accurately phased, because they can either be present or absent in an individual,

which is something phasing cannot accommodate for.

5.3.2. HLA imputation pipeline

Scripts written for the HLA imputation and phasing in Paper C were incorporated into a single HLA
imputation pipeline. In collaboration with Mareike Wendorff and Marc Hoppner, this pipeline was written
to be used with Nextflow, a bioinformatic workflow manager that is publicly available as a github

repository. A flowchart detailing the steps of the pipeline is shown in Figure 28.

Read in SNP data
process: readData

Optional: data overview

—_—
( process: datalnputQuality

"

Optional: impute missing
SNPs using data
process: runBeagle

h. "

N

Choose model & align to reference ] [ SNP phasing )

process: alignToReference process: phaseSNPs

l

Y - Perform HLA phasing per
Perform HLA allele locus & calculate phas-
imputation per locus ing probability for each
process imputeHLA individual across 10 classifiers
process: phaseHLA

4
( Combine data, plot l

posterior probability (pp) per
locus & calculate marginal pp
per allele accross all individuals
process. imputeHLACombine

Combine data & plot per locus
probability across all individuals
process: phaseHLACombine

l[ Create report of analysis ‘]

process: report J

Figure 28 — HLAPipe workflow.
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Detailed information on methods used in this pipeline are described in Paper C.

The main scripts of this pipeline were written in R and modified from scripts used in Paper C. This
pipeline also incorporates some of the R scripts written for other projects during the time of the
production of this thesis, that were written to complement a general GWAS quality control pipeline. The

Nextflow workflow will be available on github as ikmb/HLAPiIpe.

Across the workflow, plus-strand annotation and genome build hg19 are assumed. In the workflow, the
input of a dataset (readData) is followed by the optional evaluation of the quality of the submitted
dataset (datalnputQuality). This includes a check for genotyping call rate (per variant statistics that
gives information on the success of genotyping of this variant across all analysed individuals), sample
call rate (per individual statistic calculated across all variants) and concordance of observed and
genotyped gender (if chromosomes X and Y are present in the study dataset). datalnputQuality is only
performed if at least information for chromosomes 1 to 22 is present in the input data. A second optional
step includes the imputation of missing SNPs into the study dataset using the publicly available
software Beagle'®® (runBeagle). Here SNPs are imputed for individuals that were not assigned a
genotype at a respective SNP from information that is available for other individuals in the study
dataset. Next, genotype data are aligned to a chosen HLA reference (alignToReference). Variants that
do not match between reference and input dataset are excluded. ATCG variants (i.e. A/T and C/G
variations) are excluded if the alleles do not match to the reference (on assumed +-strand notation)
and the frequency of the ATCG variant is >0.4. ATCG variants are also excluded if their frequencies
between reference and study differ by more than a value of 0.2. HLA alleles are inferred using HIBAG®2
and a chosen reference model that can be used with HIBAG. Only alleles at loci that are present in the
reference can be imputed (imputeHLA). The user can also select specific loci present in the reference.
Imputation is performed for each locus in parallel. Data are combined and a plot detailing the posterior
probability of imputation, as shown in Figure 3 of Paper B, is generated. Additionally, marginal
imputation probabilities per allele are calculated as described in the Methods section of Paper C
(impute HLACombine). SNPs across the HLA are phased (phaseSNPs) and phasing certainty is
calculated based on 100 random samples of the haplotype graph (*hgraph) as produced by
SHAPEIT2'%7, Variants with a median certainty of 0.8 across the 100 subsamples are excluded from
the data. HLA allele haplotypes are phased based on SNP haplotypes generated with HIBAG and
SHAPEIT2 as described in the Methods section of Paper C. Phasing probabilities are calculated across
10 classifiers of the HIBAG model and subsequently plotted (phaseHLA on gene level,
phaseHLACombine combines these data). Plots and detailed information on the analysis and tool

version are than submitted to a report HTML file.
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6. Discussion

The aim of this thesis was the characterisation of the genetic association of UC with the highly complex
HLA region in a trans-ancestry context. By leveraging the differences in LD, one goal was also to assign
causal variants to the association signal. To achieve this aim, an HLA imputation approach was chosen.
In Paper B, we compiled a trans-ancestry HLA imputation reference to optimally cover the allelic
diversity of the cohorts we analysed in the fine mapping of the HLA in Paper C. In Paper C, we
observed that whole HLA-DR-DQ haplotypes were associated with UC even across different ancestries
and were therefore unable to pinpoint causal variation to either locus. However, other interesting and
valuable conclusions could be drawn from this analysis as discussed in detail the respective
publications (Chapter 5.1 and Chapter 5.2) and summarized in the overview table in Chapter 3. As one
of the main results of Paper C, alleles of the DRB1*15 group were associated with UC across
populations of different ancestries. The previously described DRB1*01:03 was identified to be
population-specific and not present in non-Caucasian populations. We also showed that proteins
translated from risk alleles are predicted to bind peptides that contain the amino acids arginine and

lysine. Here, | want to briefly address some additional points regarding Paper B and Paper C.

In Paper C, we analysed individuals of African American, Caucasian, Chinese, Indian, Iranian,
Japanese, Korean and Puerto Rican descent. The Caucasian individuals were recruited in Germany
and Malta. We used a subgroup of samples from the same study populations to construct our
imputation reference panel. For the Puerto Rican population, no DNA samples were available for NGS
typing in Paper B. Therefore, the imputation reference was constructed for 8 of the 9 analysed
populations. In Paper B, we showed that our imputation reference could be used for highly accurate
HLA imputation within these cohorts and at good quality also for the Puerto Rican population of the

1000 Genomes population (Table 2 of Paper B).

In Paper C, we used the constructed reference, to impute HLA alleles into a large case-control dataset
for fine mapping of the HLA in UC. One of the main findings of Paper C is, that alleles of the DRB1*15
group are associated with UC across different ethnicities. For South Western Asian (Iranian, Indian)
individuals other HLA associations were observed to be more dominant (i.e. HLA-DRB1*11 and HLA-
DRB1*14). Additionally, we identified HLA-DRB1*01:03, previously reported as the most associated
risk allele, as specific to subpopulations of the Caucasian population. This indicates that there is
genetic variation of the HLA even among the Caucasian population. DRB1*01:03 was not present in
non-Caucasian populations. This warrants the need for either stratification by subpopulations or the
consideration of HLA allele frequencies, as reported for instance in the allele frequency net database.

While HLA fine mapping studies have concentrated on the analysis of single amino acid changes in
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the past, we analysed the amino acid properties of the whole peptide binding groove in Paper C. This
approach better captures the actual biology of HLA-peptide binding and was also applied by Goyette
et al.!, who conducted an HLA fine mapping in the Caucasian population also included in Paper C. In
their analysis, alleles associated with both CD and UC as well as common alleles not associated with
the disease were analysed in respect to the electrostatic properties within the binding groove of the
resulting proteins. In Paper C, we performed a similar analysis on alleles associated with UC only in a
trans-ancestry setting, using a more diverse set of electro-chemical properties of amino acids across
5 pockets of the binding groove. The considered pockets 1, 4, 6, 7 and 9 come into close contact with
the peptide. We largely reproduced results by Goyette et al.” and likewise found that risk and protective
proteins cluster regarding their amino acid properties. To take this analysis a step further, we
additionally analysed the properties of the peptides that are preferentially bound by risk proteins and
showed for the first time that these peptides are enriched for the negatively charged amino acids lysine

and arginine. This finding could aid the identification of culprit antigens in the future.

Below, the potential roles of arginine and lysine in UC are discussed (Chapter 6.1). What is currently
known on the actual expression of HLA alleles in the gut is described in Chapter 6.2. Alleles of the
DRB1*15 group were associated with UC across different ancestries. Though little is known on
functional implications on the genetic level, alleles of these groups have also been associated with
other diseases, which is described in Chapter 6.3. DRB1*15 has not been associated with CD, the
other subform of IBD. Potential reasons for this are discussed below (Chapter 6.3). This Chapter ends

with the description of some limitations of the methods used in Paper B and Paper C (Chapter 6.4).

6.1. Potential roles of arginine and lysine in UC

In Paper C, we showed that peptides bound preferentially by HLA proteins derived from HLA risk alleles
to be rich in arginine (R) and lysine (K) after excluding peptides that were HLA proteins derived from
both protective and risk allele groups. Incidentally, peptides rich in these amino acids have been shown
to be good T cell epitopes, i.e. can elicit an immune response'%81%° Dhanda et al.'% analysed 1,032
known epitopes from 14 different sources (including Mycobacterium tuberculosis, Dengue Fever Virus,
Zika Fever Virus, house mite and other allergens) and known non-epitopes from the same dataset.
They compared amino acid distributions between these epitopes and non-epitopes of 15 amino acids
length. The results of this analysis, taken from the publication, are shown in Figure 29. The displayed
motif is remarkably similar to the combined peptide binding motifs of DRB1*11:01/04 and DRB1*13:01,
specifically (Figure 4 in Paper C).
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Figure 29 — Epitope vs. non epitope properties.
Figure taken from Dhanda et al.'®. Original description: Figure 4. Two-sample logo created using
epitopes and non-epitopes in all the data (p-value <0.01). The immunogenicity motifs for epitopes and
non-epitopes were derived from the combination of all the datasets.
What occurs at T cell level when T cells bind to peptides rich in arginine and lysine (i.e. which types of
responses are produced in the host) as opposed to peptides depleted in these amino acids, has to my
knowledge not been studied so far. Arginine has been reported to be an important agent in the immune
system and has the capacity to dampen inflammation'°. Though this effect is most likely independent
of possible arginine-rich peptides driving a pro-inflammatory signal in IBD, a controversial hypothesis
may be the formation of short RRR or KKK peptides during inflammation. Huan et al. showed, that
shorter fragments of peptides could combine in the HLA peptide binding groove to form a full length
peptide'''. Research on the length requirements of peptides to elicit T cell response and survival, has
demonstrated that peptides as small as 3 amino acids can elicit a response. Though | also carefully
point out, that this finding has not been reproduced.
In the literature more information can be found on arginine than lysine in the context of IBD. Arginine
is an essential amino acid that can be delivered in the diet but can also be synthesized in the body. It
is a substrate for different enzymes, including nitric oxide (NO) synthetases (NOS1 — also termed
neuronal NOS (nNOS), NOS2 — also termed inducible (iNOS), and NOS3 — also termed endothelial
NOS (eNOS)). NO synthetases catalyse the generation of NO and citrulline from arginine, oxygen and
NADPH. Arginine is also a substrate of arginine synthases ARG1 and ARG2 which catalyse the
hydrolysis of arginine to ornithine and urea'®. NO is, amongst others, a major agent in the defence
against pathogens in the immune response and is toxic to bacteria. It is produced, amongst others, by

macrophages. In animal models, arginine supplementation has been shown to attenuate tissue
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damage and improve clinical parameters of dextran sulfate sodium (DSS)-induced colitis as well as
enhance cell migration, which has been implicated in improved wound repair''®'12, In the same study,
arginine supplementation in DSS-induced colitis reduced blood levels of inflammatory cytokines and
showed a positive effect (i.e. enhanced microbial diversity) on the gut microbiota in mice'?. Arginine
has been shown to be elevated in serum levels and diminished in colonic tissues of patients with active
UC'3114, Expression analysis of genes related to arginine synthesis and uptake have shown a
decreased expression of arginine transporter Solute Carrier Family Member 2 (SLC7A2) and an
increased expression of NOS2 and ARG2 in humans'#. Overall, the diminished arginine concentration
in the tissue was attributed to a “decreased cellular uptake and increased consumption by NOS2"114,
In addition to arginine, the same publication also showed decreased serum levels of lysine. Candida
albicans, which is a fungus that produces arginine as a response to host-derived reactive oxygen
species (ROS), has been shown to be present in IBD patients at a higher level*®'"5. Arginine is also
found at an increased level in antimicrobial peptides'¢-18, Antimicrobial peptides are made of cationic
residues and are part of the innate immunity. They target the cell wall of bacteria or structures in the
cytosol of bacteria’®. A hypothesis therefore could also be that an auto-reactive process in affected
individuals leads to a T cell response after production of antimicrobial peptides upon breach of the
mucosal barrier.

6.2. HLA-DRB1 expression

While research, including this thesis, has shown that variants of the HLA-DRB1 gene are associated
with UC, the (differential) expression of these variants at an allelic level has not been investigated in
the context of IBD. This is likely due the challenges in the primer design for quantitative real time PCR
measurements of expression at these highly polymorphic and complex genes. While method
establishment for HLA genotyping has been driven to a large part by the need to match patients to
donors in the context of tissue transplantation, measuring the HLA expression has not been an
important step in this process. Appropriate tools for the analysis of HLA expression from available RNA-
sequencing (RNA-Seq) data at a higher resolution have been emerging in the recent years. Still, the
problems of correctly matching the RNA-Seq reads to HLA reference genomes sequences
remain'?%12!, The sequence-redundancy across genes like the HLA-A and HLA-H genes and the HLA-
DRB1/3/4/5 genes, which have arisen by gene duplication, further complicate this endeavour.
However, some research on HLA expression at the gene level has been previously published, dating
back as far as 30 years ago. These studies are based on antibody staining using fluorescently labelled
anti-sera and visualization using phase-microscopy*+122-124 or antibody staining using gold-conjugated
anti-sera and electron microscopy'?®. They specifically evaluated expression on epithelial cells. A study
of HLA expression in tissue across the whole human body was conducted by Boegel et al.'?? in publicly
available datasets obtained mostly by RNA bulk sequencing, such that the origin of the cells that
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expressed HLA class | and class Il molecules in the intestine was not addressed. Bulk RNA
sequencing, as opposed to single cell sequencing in which transcriptomes are evaluated at the single
cell level, measures expression across various cell types and tissues. Contrarily to the common opinion
on HLA class Il genes only being expressed on APCs, this early research has pointed towards HLA
class Il genes also being expressed by epithelial cells of the gut. However, here reports are
contradictory. While some (earlier) research reported that DRB1 proteins are only presented on
epithelial cells of the colon during active inflammation and absent in non-inflamed healthy tissue, more
recent analysis of HLA expression along the gut points towards HLA class Il proteins also being
expressed in the healthy intestine. This finding is also supported by NGS-based analysis of RNA levels
in the tissue*+122-124_ Selby et al.** showed diminished expression of the HLA-DP gene on intestinal
epithelial cells, while no expression of HLA-DQ was observed (though transcripts for these proteins
were present in the cytosol, no HLA-DQ proteins were observed on the cell surface). This observation
was not replicated in other studies. Boegel et al. showed expression, albeit low, of the HLA-DR, -DP
and -DQ genes in healthy individuals (Supplementary Table 2 of Boegel et al.'??). Theleman et al.
showed that MHC class Il expression can be induced by interferon (INF) gamma'?. Koyama et al.
showed that gnotobiotic mice lack MHC class Il expression on intestinal cells and that exposition to
microbiota in the gut is required for expression, hence indicating a cross-talk between the microbiota
and the mucosa of the gut also in the healthy individuals'??, which is supported by data from Hasler et
al.'?®, The latter study investigated correlations between expression patterns and abundance of
microbiota in the human gut and showed that the cross-talk between the microbiota in the gut is
reduced in individuals affected by IBD. They also reported HLA expression to be constitutively present
in the thinner epithelial linings of the small intestine, while constitutive expression in the colon was not

observed.

Since HLA-DRB1 variants are located on the same haplotype as specific HLA-DQ and HLA-DRB3/4/5
alleles (Figure 3 of Paper C), and their correlation cannot be dissolved using genetic association
studies, neither of these genes can be specifically ruled out as disease driving. It may well be that HLA
proteins expressed from all three loci are involved. In the context of Multiple Sclerosis, which is also
associated with DRB1*15:01, peptide repertoires from both DRB1*15:01 and the correlated
DRB5*01:01 were analysed by Scholz et al.’?. The authors showed that “quantitatively, both molecules
contributed to the peptide repertoire presented by cells expressing the HLA-DR15 haplotype”, but that
the peptide binding repertoire of both proteins were distinct. This is also further supported by
DRB1*15:01 and DRB5*01:01 peptide binding motifs generated by NetMHCIIpan-3.2 — which are
differing especially in pockets 6 through 9, shown in Figure 30.
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Figure 30 — Weighted Kullback-Leibler motifs of DRB1*15:01 and DRB5*01:01.

For 200,000 unique random human peptides the percentile rank scores of preferential peptide binding
were calculated using NetMHCllpan-3.2'%" (Set 2 of Paper C). Peptide motifs were plotted using
Seq2Logo ™ on the top 2% binders using the NetMHCII3.2-pan rank score. Here amino acids enriched
(A, B) and depleted (C, D) in the binding motifs are shown. The colour scheme shows the chemistry of
the amino acids. Red: positively charged amino acids, blue: negatively charged amino acids, green:
polar amino acids, purple: neutral amino acids and black: hydrophobic amino acids.

Finally, it is possible that the extent of gene expression is not related to disease development. It may
well be that increased expression levels of HLA variants are part of a healthy immune response and
thus independent of disease. Furthermore, one could also imagine that an individual susceptible to UC
possesses lowly expressed HLA variants (i.e. DRB1*15:01 or DRB1*01:03 (in the British-descended

population)) that can still bind detrimental peptides, which then leads to disease.

6.3. DRB1*15 in Crohn’s disease and other immune diseases

Though as we show in Paper C, there is clear association of DRB1*15 alleles with UC, such a clear
signal is not seen in CD. It was not identified in the largest fine mapping study by Goyette et al. of
Caucasian CD as associated at a genome-wide significance level (DRB1*15: P =0.00173, OR = 0.94,
DRB1*15:01 P=2.69x10-°, OR=0.92) and was also not included in the genetic map published with the

article’. Stokkers at al. reported an association of the DR2 specificity (alleles of the DRB1*15 and
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DRB1*16 groups belong to this specificity) and observed that DR2 was slightly protective in CD
(OR=0.83, 95%CI = 0.70 - 0.98. no P-value given). Neither studies included in Stokkers et al. nor the
Goyette et al. study stratified by disease location (i.e. ileal vs. colonic CD). Genetically, ileal CD has
been associated with NOD2 while colonic CD has been associated with the HLA. It is therefore possible
that DRB1*15 is not associated in the more prevalent ileal CD but increases susceptibility to colonic
CD. This would need further investigation, as described in the outlook (Chapter 6.5).

Alleles of the DRB1*15 group also play a role as risk factors in other immune-related diseases including
Multiple Sclerosis''-'34 (a chronic inflammatory neurological disorder), Systemic Lupus
Erythematosus'® and Dupuytrien’s disease®’:13¢ (both are disorders of the connective tissue). It has
also been reported to be associated with adult onset Still's disease'” (a systemic inflammatory
disease), Graves disease (an autoimmune disease that affects the thyroid), pulmonary tuberculosis
and Lepra®813% (a3 disease caused by Mycobacterium Leprae that affects the skin). For Multiple
Sclerosis, DRB1*15:03, like in our study, was observed to be specific for African American
populations''. DRB1*15 alleles have been reported to be strongly protective in type 1 (T1) diabetes
(in which the autoimmune system attacks insulin producing beta cells of the pancreas), and pemphigus
vulgaris (a skin blistering disease). However, the functional consequences of HLA-DRB1*15
association with these diseases have not been addressed and for most of them the potential disease
driving antigens are not known. Exceptions are lepra, in which Mycobacterium Leprae causes the
disease and pemphigus vulgaris, in which the skin protein desmoglein is targeted. Krause-Kyora et al.
found that DRB1*15:01, among 18 contemporary DRB1 proteins, was predicted to “bind the second
smallest number of potential Mycobacterium Leprae antigens” and further hypothesized that limited

presentation of the Mycobacterium Leprae, may impair the immune response against this pathogen'.

6.4. Limitations

6.4.1. Limitations of statistical power to detect specific HLA alleles

Statistical power describes the probability of a statistical test to detect a true effect, i.e. to reject the
null hypothesis when a specific alternative hypothesis is true. In the context of HLA fine mapping
studies (and GWAS) specifically, the power to detect an effect is dependent on the number of samples
investigated and the frequency of a genetic variant in the population. Other factors like the significance
level, case-control ratio and LD also play a role but are not discussed here. The lower the frequency
and the closer the OR to 1, the more samples are needed to detect a statistical association. This is
one important limitation of Paper C that is discussed further below. The power to detect an effect in

Paper C with respect to the OR and population size is shown in Figure 31.
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Figure 31 — Power to detect a true effect in our study.

The power to detect a statistical association was calculated for the sample sizes N of our study cohort,
OR (denoted by number in the grey box), allele frequencies (MAF) and for a significance level of
0.000125. To generate these data the R script https://github.com/kaustubhad/gwas-power, which
implements a formula for the calculation of power by Visscher et al.'4%, was used. AA: African American,
CHN: Chinese, EUR: European ancestry, IND: Indian, IRN: Iranian, JPN: Japanese, KOR: Korean,
MLT: Maltese, PRI: Puerto Rican.

| chose a significance level of 0.000125 to indicate a P-value threshold corrected for multiplicity using
the Bonferroni method (0.05 divided by the maximal observed allele number per population of ~ 400
alleles). Note that the power to detect an effect is identical for the OR (here risk) and the reciprocal OR
(1/0R, here: protective). These plots show that the power to detect a variant with a “small” OR (<1.5)
is decreased when compared to a variant with a “large” OR (e.g. >3), dependent on the size of the
studied population and the minor allele frequency of the variant. To take this into account during
interpretation of the data, we performed a meta-analysis across association results obtained from
single statistical tests for each of the 9 analysed populations. We also visualized the effects directions
and magnitudes across them using a plot specially designed for purposes of interpretation in Paper C
(Figure 3, Paper C).

In Paper C, we described that DRB1*15:01 and DRB1*15:06 share the same amino acid properties
within the HLA peptide binding groove. With low overall global frequency of the DRB1*15:06 allele, it
was not statistically associated with UC. It was most frequent in the Indian population (AF=2.1%, OR=
1.27, 95%CI [0.77, 2.11]). In Figure 32, | show that the OR and frequency of the allele may have been
too low to detect an effect in the Indian population at the given sample size (N=1,621). The theoretical
power to detect an effect at the given sample size of 1,621, OR of 1.27 and AF of 2.1% at a significance

level of 0.05 is 0.50 and even less at the Bonferroni corrected significance level of 0.000125.
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Figure 32 — P-values vs. OR in the Indian population for different allele frequencies.

OR and P-values were taken from the association analysis of HLA alleles within the Indian population
in Paper C. The allele frequency of the HLA alleles is shown for different ranges. The OR and P-value
of DRB1%15:06 is marked as a black dot. This plot shows the relationship between the OR, frequency
and P-value of an allele in this study and indicates that at the estimated OR and frequency of
DRB1*15:06, an association was likely not observed due to reasons of statistical power.

A list of other HLA alleles with sequence identity of amino acids in P1-P9 is shown in Supplementary
Table 7 of Paper C. This table can be used to identify possible low-frequency HLA alleles associated
with UC. Note however, that though candidates can be selected for further investigation, sequence
identity of two alleles does not necessarily have to mean that both have an effect. By comparing
sequence identity only, other modifications — like glycosylation — of the HLA alleles binding pockets and

T cell interaction are not considered.

6.4.2. Limitations of HLA imputation

Limitations of HLA imputation are also discussed in Paper B. The quality of HLA imputation is
dependent on the diversity and size of the HLA imputation reference as well as the frequency of
individual HLA alleles. HLA imputation is most accurate for highly frequent HLA alleles and less
accurate for infrequent alleles. This is simply because, adding more available data points, machine
learning algorithms can better differentiate between similar alleles. When in doubt, the more frequent
allele is assigned to an individual. In Paper B, we created a highly accurate HLA reference panel that
can be used for the imputation of HLA alleles in populations of diverse ancestries. Here we focused on
a 2-field resolution. Even better resolution would require a larger reference dataset to increase the
number of each 3- or 4-field HLA allele. Since we were most interested in the HLA binding site

considering 2-field resolution was however sufficient in our case. As also described in Papers B and
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C, some HLA alleles are difficult to impute using genotypes measured on genotyping arrays. With gaps
in the sequences of the HLA alleles, their underlying SNP haplotypes are similar. This is especially true
for HLA-DRB1 alleles. The extent of this is of course dependent on the genotyping or sequencing
strategy (i.e. different HLA alleles can be differentiated better if more genomic variants are covered),
the diversity of the HLA imputation panel and the number of samples included. This directly also
impacts the quality of the HLA imputation map. This is one of the reasons, we opted not to include
HLA-DRB1*04 and DRB1*11 in Figure 3 of Paper C. With similarities between the HLA-
DRB1*04:01/03/04 alleles, we were not sufficiently able to differentiate between these alleles in our
benchmark. This is also true for HLA*DRB11:01/04. Apart from this, the imputation quality may also
have an impact on the phasing results — for which again very similar alleles are difficult to distinguish,
if observed in the same individual. The phasing results in turn will only be as correct as the imputation
results, i.e. although the phasing may be correct, the alleles themselves may only be correct on the
group level. As shown in Paper C, our phasing approach was highly accurate in a test panel of the
HapMap Phase3 CEU trio individuals.

6.4.3. Limitations of peptide prediction

In Paper C, we used the machine learning tool NetMHClIpan-3.2 to predict HLA peptide binding
between UC risk alleles and random sets of human peptides. This is still one of the most
comprehensive methods for the prediction of HLA-peptide binding. Experimental data is still lacking for
a lot of (infrequent, non-Caucasian) alleles. This is also due to the fact, that data on HLA-peptide
binding has been obtained by manually and laboriously measuring the interaction of certain HLA alleles
with single peptides (affinity measurement) or lower-throughput methods based on Mass Spectrometry.
One advantage of NetMHClIpan-3.2 in this setting is that it can extrapolate information on unknown
HLA-peptide binding from known HLA-peptide binding data across sequentially similar alleles (i.e.
similar in their amino acid sequences). In general, the quality of HLA-peptide binding prediction using
machine learning algorithms is highly dependent on the quality of the data that the machine learning
algorithm is trained on. Again, the sample size matters, i.e. more diverse datasets giving more
information to the machine, will result in better HLA-peptide predictions. The machine learning tool
NetMHClIpan-3.2 extrapolates information that is known for a specific HLA allele to other less
represented HLA alleles by generating and comparing pseudo-amino acid sequences of the HLA
alleles. Based on this, HLA-peptide interactions are predicted. Though, as also stated above, this is a
great advantage of this tool, in some instances this may introduce a bias. In Paper C, we hypothesized
that the motif of peptides predicted to bind to DRB1*15:02, for which only little data was available to
NetMHCllpan-3.2 during training, was influenced by data available for DRB1*13:02, specifically by
falsely introducing an asparagine (N) at position 4 of the allele. Indeed, this hypothesis has since been

supported by experimental data produced by Wendorff et al.'#!. Data in Wendorff et al. were produced
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using a peptide array. This array measured HLA-peptide binding of fixed peptides to experimentally
introduced HLA molecules. It contained about 70,000 peptides. Amongst others, Wendorff et al.
produced large-scale experimental data on DRB1*15:02, which they used to train machine learning
algorithms, NNAlign and PIA (Figure 33).

Figure 33 — Motif plots of DRB1 *15:02 from experimental data.

Figure taken and modified from Wendorff et al.'*'. HLA-peptide binding was predicted using different
machine learning algorithms and a selection of 100,000 random peptides; (A) deep learning model
(PIA) first described in Wendorff et al., (B) NNAlign'#2 and (C) NetMHClIpan-3.2'°". Prior to prediction,
PIA and NNAlign had been trained on peptides obtained from experimental analysis of HLA-peptide
binding using a high-throughput microarray technology. NetMHClIpan-3.2 was trained by the authors
of the NetMHClIIpan-3.2. tool on experimental data obtained from HLA-peptide affinity measurements.
Peptide motifs were plotted using Seq2Logo'*° on the top 1% binders. The colour scheme shows the
chemistry of the amino acids. Red: positively charged amino acids, blue: negatively charged amino
acids, green: polar amino acids, purple: neutral amino acids and black: hydrophobic amino acids.
They compared their results to predictions produced by NetMHClIpan-3.2 which had been trained by
the authors of the NetMHCIlpan-3.2 paper on another publicly available dataset''. Asparagine (N) at

position 4 is not present in the experimental data for DRB1*15:02 as shown in Wendorff et al..

6.5. Concluding remarks & Outlook

Within the work process of this thesis, | generated a workflow for the analysis of the HLA in a trans-
ancestry cohort that is applicable to the analysis of the HLA in the context of other immune-related
diseases. It can also be used in studies in which not only HLA alleles but also their phase is of interest
(i.e. knowledge on which HLA alleles are located on the same haplotype can be incorporated). Little is
currently known on the association of UC subphenotypes with the HLA across different ancestries. HLA
associations have also not been analysed in trans-ancestry CD cohorts. Hence, the analysis of
subphenotype associations with the HLA for both UC and CD in general would be a next logical step.
A first unstratified (disease location was not considered) analysis of trans-ancestry CD data, that |
performed using the workflow in Paper C, indicated that the signals seen across different ancestries
for CD are less consistent. However, especially in CD, disease location may play a vital role in the
analysis of HLA association. Cleynen et al.’® observed a more significant association with variants in

HLA in colonic CD, while variants in the NOD2 gene were more associated with disease in CD patients
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with small-bowel involvement. This study was conducted in the Caucasian population. Overall small-
bowel involvement, and not colonic CD, is more prevalent among CD patients. Stratification may
strengthen the HLA signal for colonic CD, reducing signals that are derived from possibly non-
associated ileal CD. However, the weaker HLA association of CD with the HLA as well as the
diminished sample numbers resulting from splitting the data, remain major bottlenecks of this type of

analysis

Current HLA fine mapping studies focus on the classical HLA class | and class Il alleles, while non-
classical HLA alleles (i.e. HLA-E, -F and -G) are mostly overlooked. Research into the non-classical
HLA-G has suggested differential expression of this gene in IBD cases versus healthy controls.
Whether this is linked to specific HLA variation in this gene, i.e. related to specific HLA-G alleles, has
not been studied. 6 to 19 different proteins are recorded for the non-classical HLA class | genes HLA-
E, -F and -G in the IMGT/HLA database version 3.39.0. This is about a factor of 150-800 less than
known for the more commonly studied classical HLA class | alleles HLA-A, -B and -C. Though | do not
expect these numbers to increase drastically in the future, more HLA-E, -F and -G alleles likely await
discovery especially in the non-Caucasian population — i.e. the reference databases for these alleles
are likely incomplete. This directly influences the quality of NGS typing for these alleles. A reference
panel used specifically for the HLA imputation of these genes should currently therefore best only be

constructed in the Caucasian population.

In this thesis | have made a first step towards identifying how culprit antigens may look like. To continue
along these lines, limitations of current HLA-peptide predictions using machine learning algorithms
need to be overcome. The major limitation in this effort is the number of available data points to train
the algorithms. This limitation can be addressed by performing HLA-peptide binding analyses in a high-
throughput manner. This will increase the number of known HLA-peptide binding and thereby create
larger databases that can be used for the training of suitable machine learning algorithms and
prediction of more refined peptide motifs for HLA proteins associated with IBD. Current higher
throughput experiments include peptide arrays as proposed by Wendorff et al.’*' and Buus et al.'*3, as
well as more computationally expensive peptide elution experiments, in which peptides that bind to
predefined HLA proteins are eluted from these proteins and then identified using Mass Spectrometry.
These technologies are more feasible for this application than the manual measurement of HLA-
peptide affinities of single predefined peptides against known HLA proteins. Still, one of the main
challenges in the analysis of HLA-peptide-binding, even when done in silico, is the vast number of
bacterial, fungal — down to the strain levels — and food-borne proteomes. Some hints towards which
bacterial species may be implicated in IBD can be deduced from microbiome studies, though results
are in parts still inconsistent and strain differences are usually not considered. The human proteome,

which we subsampled in Paper C, can be screened comparably fast. However, challenges in
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considering processes that play a role in vivo, like peptide processing or differential HLA expression,
remain.

Another general goal in deciphering IBD is also to understand what triggers the deterioration of the
mucosal barrier in the first place — which then leads to the overstimulation of the immune system by
exposition of the tissue to the gut microbes. Genetical association and sequencing studies have
implicated several genes important for maintaining the intestinal epithelial barrier homeostasis.
Expression studies of these genes have shown differences in the expression between individuals
affected by IBD and unaffected individuals. The genes associated with differential expression were
especially enriched in genes whose products are involved in the formation of the mucus layer (mucin
genes (MUC), including MUC1 and MUC4) and included genes involved in the formation of tight
junctions and the extracellular matrix'#4. Van der Post et al. analysed the proteome of the IBD and
healthy gut and implicated amongst others mucin proteins, like the MUC2 to be differentially present
in the gut proteome, while Visschedijk et al. showed that rare variants in the MUC2 are associated with
UC145146_ | oss of cell polarity and cell dissociation has been linked to highly glycosylated MUC proteins
in cancer'¥’. Functional follow up and further characterisation of genes involved in the formation of the
epithelial barrier in the gut may give deeper insight into the processes leading to the mucosal barrier
deterioration. With respect to the results of this thesis, HLA-peptide binding of the identified risk alleles
to peptides derived from proteins that are involved in the epithelial barrier homeostasis, like the MUC
genes, would be of interest. Especially the wild-type proteins derived from these genes could be
compared to proteins derived from known (coding) IBD variations, to investigate whether self-tolerance
is disrupted in IBD patients.
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8.1. Appendix A

Supplementary Methods and Figures for *Construction and benchmarking of a multi-ethnic reference

panel for the imputation of HLA class I and 11 alleles™

SUPPLEMENTARY TEXT
Similarity of some alleles leads to misclassification

We identified a few allele pairs commonly misclassified because of similarity. These alleles can also be
identified by a low sensitivity and specificity (Supplementary Table 8). The most prevalent allele pairs are

described one after another in the following.

The alleles A*02:01:01:01 and A*02:03:01 differ in only three positions across the entire available nucleotide
sequences (IMGT/HLA database). This is especial ly problematic in our Chinese population. A*02:03 had a mean
sensitivity of 0581 across all cross-validation runs of the Chinese population with a median of 0.625
[min=0.364, max=0.750] and a mean specificity of 0.996 and at the same time a frequency of 13.31%, which
results in a big impact on the accuracy of HLA-4 for the Chinese panel (Supplementary Tables 3, 5, 8).
A*02:01 had equal haplotypes as A*02:03 in 99 of the 100 classifiers. A median of 1.9% [min=0.0%,
max=>6.7%)] haplotypes do not distinguish between A*02:01 and A*02:03 across the respective classifier, which

makes classification of this allele particularly challenging.

The coding sequences of DRB1*11:04 and DRB1#11:01 differ in only one exonic SNP position and in example
alleles DRB1#11:01:01:01 and DRB1#11:04:01 differ in only four positions in introns and exons. For the alleles
DRBI*11:04 and DRBI*11:01 a median of 43% [min=14%, max=10.8%] of the haplotypes used for
classification in the individual classifiers of our reference panel were overlapping in all of the 100 classifiers,
this held true for the alleles DRB1#11:03 and DRB1*11:04 in 94 of 100 classifiers. Here a median of 5.6%
[min=0%, max=23.08%] of the haplotypes did not discriminate between the two alleles (Supplementary Table
7).

DRB1%04: 04 is misclassified in the HL A imputation of the 1000 Genomes samples

Using our multi-ethnic reference panel, we also imputed HLA alleles into the 1000 Genomes population. We

observed, that DRB1#04:04 was misclassified in all of the samples of Western European Ancestry, and also in

the East Asian and African samples from the 1000 Genomes panel.

The allele frequencies of DRB1#04:03 and DRB1*04:04 were consistently very low in our typed dataset with
respective frequencies of 0.31% and 0.62% in our German panel and 2.50% and 0.00% in the Maltese panel
(Supplementary Table 5). Due to these low allele frequencies only a small number of haplotvpes was provided
for training in the HIABG model, especially for DRB1#*(4:04. In the 1000 Genomes population the frequencies
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of these alleles were much higher, with respective frequencies of 0.62% and 6.06% in samples of Western
European ancestry. Our multi-ethnic dataset and the 1000 Genomes dataset overlapped in 8,417 of a total of
8,803 SNPs (95.6%). Some of the SNPs that were important for the classification of DRB1%04:04 were among
the missing 4.4% such that 89 classifiers had a median of 5.2% [min=0%, max=45.6%)] of the haplotypes used
for allele classification overlap between DRB1#04:03 and DRB1*04:04 (Supplementary Table 7). We observed
mean HLA allele sensitivity values for HLA-DRB1#04:04 of 0.000 (almost all ancestries) to 0.500 {German)
and 0.750 {Korean) in our data (Supplementary Table 8). Notably, specificity measures that were reported by
Zheng et al. (1) were low for DRB1#04, with DRB1*04:03 showing a sensitivity value of 0.150 in the European
population and it was classified as DRB1#04:04 in 65% of the cases a misclassification occurred. Overall
accuracies of the European ancestry data are high with mean values of 0961 and 0.967 for the German and
Maltese panel respectively based on the HLA-4, -B, -C, -DQRI, -DRBEI loci with HLA-B and -DRET being most

challenging to impute.
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SUPPLEMENTARY METHODS

Quality control of study genotypes

The gquality control {(QC) was performed in four steps on each the 8 cohaorts separately. First, a sample QU was
conducted, followed by a SNP QC, the identification population outliers by principal components analysis
(PCA) and a cohort-based batch QC. Individuals with missingness > 5%, outlving heterozygosity (not within
interval [mean +3-sd, mean -3-sd], sd: standard deviation), with a kinship coefficient (IBD) = (0.185 and those
failing gzender check were removed from the data set. The kinship analysis was performed as follow: First,
possible related samples were identified using PLINK (2, 3) —genome and its method of moments (MOM)
estimator. Related samples were then further analyzed with the R-package SNPRelate (version 1.2.0) based on
the more computationally intensive calculation of a maximum likelihood estimator (MLE) and related samples
were then finally identified using this MLE estimation. The gender check was conducted by counting
heterozygous calls on X and Y and plotting the sum. A cluster analysis (based on k-means clustering) was
performed on the counts using the R function stats:kmeans (2 centers, 10 iterations, nstart 1) and incorrectly
assigned samples (gender and cluster assignment not identical) were removed. SNPs with missingness of > 5%
and a deviation from Hardv-Weinberg equilibrium (HWE) P < 0.00001 in controls were excluded. No minor
allele frequency (MAF) threshold was set. SNPs with differential missingness between cases and controls,
differential missingness between batches, and a deviation from HWE within the batches were noted. If a SNP
failed one of the batch criteria it was set to missing. For the analysis of population stratification employing PCA,
the data were LD-pruned using PLINK's (2, 3) -indep-pairwise 50 5 0.2. Additionally, several regions of high LD
as suggested by REF were excluded (chr3:44Mb-51.5Mb, chr6:25Mb-33.5Mb, chr8:8Mb-12Mb, chrll:45Mb-
57Mb). The MAF-threshold was set to 0.05 for this analysis. PCs 1 to 10 were calculated. Based on PCI1 and
PC2 distances of each sample from the “center point” [median{ PC1), median(PC2)] were calculated. Outlying
samples were defined as those with a Euclidean distance > median{distance to center point) + 3-IQR{distance to
center point) were excluded accordingly. For samples of Indian ancestry we could identify 3 distinct

subpopulations and chose the largest for further analysis.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 — Cross validation scheme for the HLA benchmarking: Number of samples used
for training of the respective reference using the example of a cross-validation model applied to the African

American data panel.
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Supplementary Figure 2 — Imputation accuracies employing the multi-ethnic reference combined with the
1000 Genomes dataset: Accuracies and post-imputation probabilities of HLA imputation with HIBAG (1) using
a 5x cross validation scheme and the trans-ethnic and 1000 Genomes dataset (4) with 4-digit G group allele
information. 20% of the data with a specific ethnical background were used as the validation set after training a
model with 80% of the remaining data and all data with other ethnical backgrounds. We used 1,360 African
American (AA), Hong-Kong Chinese (CHN), Caucasian (GER), Indian (IND), Iranian (IRN), Japanese {(JPN),
South Korean (KOR) and Maltese (MLT) samples and 937 samples from the 1000 Genomes dataset in total. (a)
Accuracies are depicted according to post-imputation probabilities with cutoff thresholds at 0, 0.3, 0.5 and 0.8.
Loci are shown according to alphabetical order. (b) Posterior probabilities are depicted as proportion of the

number of samples with a posterior probability smaller than a threshold (x-axis).
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Supplementary Figure 3 — Imputation accuracies employing the multi-ethnic reference panel in G group
context: Accuracies and post-imputation probabilities of HLA imputation with HIBAG using a 5x cross
validation scheme and the multi-ethnic dataset with 4-digit G group allele information. 20% of the data with a
specific ethnical background were used as the validation set after training a model with 80% of the remaining
data and all data with other ethnical backgrounds. We used 1,360 African American (AA), Hong-Kong Chinese
{CHN), Caucasian (GER), Indian (IND), Iranian {IRN), Japanese (JPN), South Korean (KOR) and Maltese
{MLT) samples in total. (a) Accuracies are depicted according to post-imputation probabilities with cutoff’
thresholds at 0, 0.3, 0.5 and 0.8. Loci are shown according to alphabetical order. (b) Posterior probabilities are
depicted as proportion of the number of samples with a posterior probability smaller than a threshold (x-axis).
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Supplementary Figure 4 — Disentenglar plots: Disentenglar (5) plot of alleles with a MAF >1% for (a) African
American (AA), (b) Chinese (CHN), (¢) European (EUR), (d) Indian (IND), (e) Iranian (IRN), (f) South Korean
(KOR), (g) Japanese (JPN) and (h) Maltese (MLT) data. Typing was performed on a 4-digit level using
HLAssign (6). Plot shows frequencies as height of the bar and haplotype connections as grey lines. HLA loci are

ordered by genomic location.

(a) AA

e

*18:01

I

o
=

53-01 .
+03.01 — VERLD)
1701 |

(¥

b 4

[*07:02 )

301

*05:01

*04:01

o 11 G

e o =} »

& o 5

S © = S

¥ (=3 5 1 S

: .
— *02:10 07:01
+08:04
EERER *17.01 *42:01 G H *02.02 +01:0
3 g
T T

=
10 |
Ve—
wosea
wssra
| o—
j+03:01 |
+08.04 |

-

@

<

Q

S

x

—

HLA-DQA1

£
o
3
T

*18.01 }
wEEum
os.01 |
[F13.01
)
-17.01 |

-~

2

Q

-

T
o

= T~ 3 N
30000k 31000k 32book 33500k

148



Chapter 8 — Appendix

(b) CHN

\,rm
y
\\}.ﬁ
\_
i s _
s i B [/
\__
/] »
[] |3
[ |8
| IR
f
A
/
/M
_\ / o
\ \ 3
\ _\ -
[ ]
_ m _ — _ DISI k\ 5_._
J
/
|
___>
[
__
w
2
. \a

(¢c) GER

mm_m_____l- Rendi gy
: A\
\

33000k

mmm——
o=
e,
—
s
L
o
o
=
3
X
l\\

[

- : o [
- E m _ ! _ - ﬂ(OQIS: I__ __
4 B 2 2 _

|

|

/
|
|

f
n-—_m_—___————! $h IL‘ ,«w
- z b4 M
/]
/]

/|

/|

/

: 8 /

[

J
J
|

J
- = - _
EEBEIIIE -~ -

\\x

32000%

31000k

30000k

149



Chapter 8 — Appendix

(d) IND

——-\._

26:01

HITESS

J

-

33000k

/
IVda-VIH

7

32000k

01:01

. |
S __‘

/

|

J
|
|

f
ol o - A - [ |
BEEIEEJIEER
S 3 o) e 5 M
: _\__

/]

/]

. /|

3 P4 |

|

A |

/

N ) — i~ {

33000k

T
32000k

'3 _‘
|

i
. \__
H /8
o T -]
=] [ ]a
/|
b~ = /|
s 8 B Y by B _._
|
J
|
J
N ___
) ~N \
H OVIH -
&
8
A™ p
/ b d

150

30000k

(e) IRN



Chapter 8 — Appendix

(f) IPN

_—“ m— — _ _ — _“ _________ﬂ _____— radaH ./

/1

[/

[ ]

NN |

—“ ___m __“ _______—__“ ﬁ(ﬁvnTA\dI ) K
|

/

|

M.,

_——m mm __m __ —— _— — _ __m — M _—m mm __m ““ o L. x
o |

: |

: /

) |

[

_——m_ — — — _ _m _“ ————_m _——__ __“_ nm _—m— H A

“ ( R

/
/

)

33000k

-
32000k

|

31000k

J
f
J

J

J

30000k

A

x\\
_————————_w — — — __“ — __ _“ —_m __— d?a\dx K

(2) KOR

__ —m“m—__ —_ ———

33000k

32000k

[ |

_._

/] J

_—“ _ —————m _—————“ H(&Uﬂ?&\dx ) “
|
J
|

|

|

v . o M
S 5 2 5 /]
/]

/1

-
31000k

._._ ﬁ_
/

m__—_—__mmm—m g: .\ .x,
__

|

_

|
J
J

J

|

30000k

\\ g
/

: /

151



Chapter 8 — Appendix

(h) MLT

.,.,xm
Vi
m WavH -~
/i
\.:

u _ m _ _ _ _ . m m m m ﬂmooljx C,\ ,ﬁ;_».
_,,; _,

[

4<

n._ m
[ B
o4 % M v

__“— “_ _—" _—_____m — ———“ ———__m LN ‘

g n

|

J

|

|

' = " - o~ /
__——m_ — — ___“ _— — _— — _—“ _—— m — __ g e xg
3 . 5 & ;JH

.\ _,

/ m
> J

J
|
J
f
J
|

4

30000k

152



Chapter 8 — Appendix

REFERENCES

1 Zheng, X., Shen, J., Cox, C., Wakefield, J.C., Ehm, M.G_, Nelson, M.R. and Weir, B.S. (2014) HIBAG-
HLA genotype imputation with attribute bagging. Pharmacogenomics J., 14, 192-200.

2 Purcell, 5., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A_, Bender, D., Maller, J., Sklar, P, de
Bakker, P.I., Daly, M.J. er al. (2007) PLINK: a tool set for whole-genome association and population-based
linkage analyses. Am J Hum Genet, 81, 539-375.

3 Purcell, 8., in press.

4 Auton, A., Brooks, L.D., Durbin, R.M., Garrison, E.P., Kang, HM., Korbel, J.O., Marchini, J.L.,
McCarthy, 8., McVean, G.A. and Abecasis, GR. (2015) A global reference for human genetic variation. Nafure,
526, 68-74.

5 Kumasaka N., Q.Y Takahashi A. , Kubo M. , Nakamura Y, Kamatani N. (2014), in press.

6 Wittig, M., Anmarkrud, J.A., Kassens, 1.C_, Koch, S, Forster, M., Ellinghaus, E., Hov, I.R., Sauer, S,

Schimmler, M., Ziemann, M. et al. (2015) Development of a high-resolution NGS-based HLA-typing and
analysis pipeline. Nucleic Acids Res., 43, e70.

153



Chapter 8 — Appendix

8.2. Appendix B

SUPPLEMENT

Trans-ethnic analysis of the human leukocyte antigen region for ulcerative colitis reveals
common disease signatures

CONTENTS

SUPPLEMENTARY METHODIS e 1
SUPPLEMENTARY TABLES L. i 4
SUPPLEMENTARY FIGURES L. i e 6
COMPARISON TOPREVIOUS STUDY (GOYETTE ET ALY o 27
LIMITATIONS OF HLA IMPUTATION L e 27
ANALYSIS OF GENDER EFFECTS Lo 27
SUPPLEMENTARY METHODS ... s s 28
REFERENUES Lo e 37

154



Chapter 8 — Appendix

SUPPLEMENTARY METHODS

Supplementary cohort description
Individuals contained in this study are part of the data freeze published in Liu et al.", in Ye et al.2
and Huang et al.>.

Asian samples: Chinese samples were collected in and around Hong Kong (Chinese University
of Hong Kong), Korean samples in Seoul, Korea (Asan Medical Centre, Ye et al?), Japanese
samples in Tokyo (Institute of Medical Science, University of Tokyo, RIKEN Yokohama Institute
and Japan Biobank),

franian samples: Iranian samples were collected in Tehran (Tehran University of Medical Science).
Indian samples. Indian samples were collected in North India (Dayanand Medical College and
Hospital, Ludhiana), all self-reported Morth Indian which was consistent with their genetically
determined background.

Caucasian samples: The European samples were collected from different study centers in Europe
and North America and are described in Liu et al." Maltese samples were collected in Malta
(Department of Gastroenterology, Mater Dei Hospital, Msida, Malta).

African American samples: The African American samples, all self-described as African American
and determined genetically as consistent with African American ethnicity by their each having an
admixture of West African and European ancestry, were subjects collected recruited in the United
States of America and Canada by the Johns Hopkins Multicenter African American |BD Study as
well as other Genetics Research Centers of the NIDDK IBD Genetics Consortium, the Emory
University GENESIS study and at Cedars Sinai Medical Center (Huang et al.®, Supplementary
Note).

Puerto Rican samples: The Puerto Rico samples were collected from third generation Puerto
Ricans recruited for the study Mapping genes for IBD in Puerto Ricans for the NIDDK IBD
Genetics Consortium, in collaboration with Cedars Sinai Medical Center. Puerto Ricans are a
genetically admixed population having European, African and Native American ancestry, Both
parents and all four grandparents of each subject were required to be Puerto Ricans®. .

Sample numbers are shown in Supplementary Table 1. The herein used Caucasian data freeze
did notinclude the Multiple Sclerosis controls published with Goyette et al.5. These missing control
data could not be accessed due to a change in the use and access policy. The East Asian data
set was split into Chinese and Japanese populations, for the Indian data set we used only samples
with reported Indian ancestry. Additional data sets include data for African American, Korean,
Maltese and Puerto Rican ulcerative colitis patients and controls.

Supplementary information on genotyping & genotype calling

All individuals were typed on the lllumina Humanimmuno v.1.0 (ImmunoChip) or the lllumina
Infimum ImmunoArray 24 v2.0 (Malta only). Both chips interrogate a wide proportion of the
extended HLA with a total of 196,524 and 253,702 variants respectively. lllumina IDAT files were
provided for the African American, Korean, Maltese and Puerto Rican data sets. Genotypes for
these data sets were called using Opticall version 0.7.0° with default parameter settings (-hwep
10-15, -minp 0.7). For the remaining cohorts pre-called data were used from Liu et al.".

All data were exported on the on the + strand and SNPs matching with missing strand or
chromosome annotation, InDels coded as | and D and duplicated positions with duplicated allelic
information were removed.
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Quality control of study genotypes

The quality control was performed separately in each population using PLINK™®. Individuals with
missing gender information, genotype missingness > 10%, outlying heterozygosity (not within
interval [mean + 3"sd, mean -3*sd]) (sd: standard deviation), with a kinship coefficient (R-
package: SNPRelate version 1.4.2; gdsfmt version 1.6.2) = 0.185 (IBD > 0.37) and those failing
gender check were removed from the data set. SNPs with missingness of > 5%, differential
missingness between cases and controls (P <10%) and a deviation from Hardy-Weinberg
equilibrium (HWE) P <10 in controls were excluded. We additionally excluded SNPs that failed
one of the following criteria in one or more batches: per batch missingness > 0.1, HWE in controls
(P <10} or differential missingness between cases and controls (P <107%). For the analysis of
population stratification by PCA, we merged each data set with genotype data of the 1000
Genomes Phase Il population and calculated PCs as defined below. Based on PC1 and PC2
distances of each sample from the “center point” [median(PC1), median(PC2)] were calculated.
Outlying samples were defined as those with a Euclidean distance > median(distance to center
point) + 3*IQR(distance to center point) were excluded as outliers. Next, we performed PCA
analysis on each cohort separately (without merging it to the 1000 Genomes Phase Il population)
to identify batch outliers, that we defined as above.

For the Indian and the Puerto Rican data set we identified 3 and 2 distinct subpopulations during
QC. For the Indian population this has been observed before (Negi et al.'") and represents
population substructure within the Indian population. The Puerto Rican data were split into two
distinct genotyping batches and had been typed at different time points. We kept these data and
adjusted for batch in the later association analyzes. For the Liu et al. data set, the samples we
received had previously undergone QC as described in the original publication. Post-QC sample
and SNP statistics are listed in Supplementary Table 1.

Calculation of Principal Components (PCs)

Principal components were calculated SNPs pruned for linkage disequilibrium (LD) data with
MAF = 5% for each population separately. SNPs were pruned using PLINK's -indep-pairwise 50
5 0.2. Additionally, several regions of high LD were excluded (chr5:44Mb-51.5Mb, chrG:25Mb-
33.5Mb, chr8:8Mb-12Mb, chr11:45Mb-57Mb). For calculation of PCs, FlashPCA2® was used.
Genomic inflation factors were calculated on 3,120 SNPs "null SNPs" not associated with immune
disease (Liu et al.") as Asc=0.98, 0.98, 1.33, 0.98, 0.97, 1.01, 0.95, 0.95, 1.01 and 1.05 for the
analysis in the African American, Chinese, Caucasian, Iranian, Indian, Japanese, Korean, Maltese
and Puerto Rican populations, respectively, using the first five PCs.

Calculation of kinship

First, possible related samples were identified using PLINK™® and its method of moments (MOM:;
--genome ) estimator. Related samples were then further analyzed with the R-package SNPRelate
version 1.4.20 based on the more computationally intensive calculation of a maximum likelihood
estimator (MLE) and related samples were then finally identified using this MLE estimation.

Gender check

The gender check was conducted by counting heterozygous calls on X and Y separately for each
individual and plotting the sum for each individual. A cluster analysis (kmeans) was performed on
the counts using the kmeans-function (2 centers, 10 iterations, nstart 1) of R (version 3.3.1) and
incorrectly assigned samples (gender and cluster assignment not identical) were removed.
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Supplementary information on SNP imputation: Imputation from HLA alleles

For this, we generated a library using FASTA files of HLA alleles published with the IMGT/HLA
database (version 3.30.0)"". The human reference genome (hg19, GRCh37 Genome Reference
Consortium Human Reference 37) contains contigs of 7 different cell lines for the HLA region of
chromosome 6. The main contig is derived from the PGF cell line which carries A*03:01:01:01,
B*07:02:01, C*07:02:01:03, DPA1*01:03:01:02, DPB1*04:01:01:01, DQA1 01:02:01:05, DQB1
06:02:01:01 and DRB1 15:01:01:01"%. For these alleles, we generated genomic position
information for each single variant position by aligning the FASTA sequences against the
hg19.2bit (09112017) published with the UCSC hg19 assembly using Blat version 35 (Kent et
al."*) with default parameters. We then proceeded to aligning all alleles present in our multi-ethnic
reference (Degenhardt et al.'¥) per locus to the respective PGF allele using MAFFT (Katoh et
al.’®) on a 4-digit basis, using full length sequences where possible. For allele sequences located
on the minus strand of the reference, we generated reverse complement sequences for
assignation to the genomic position and concatenated insertions into single string information.
For each position we then checked for allelic consistency with alleles names in the NCBI's dbSNP
Human Build 150 (i.e. to determine if alleles generated for specific positions in our library were
consistent with known alleles).

HLA pocket definitions

Our HLA-II pocket definitions are based on direct sidechain-sidechain interactions between the
HLA protein and the nine-peptide residue that contacts the HLA binding groove. First, we defined
all HLA residues that locate within 7A of the peptide. Second, members of the same pocket P1 to
P9 were only included if the interaction was based on sidechain-sidechain contacts to the same
peptide sidechain. By this strict definition we aimed for the highest specificity regarding HLA-
peptide interaction, because only a few HLA residues contact more than one peptide sidechain
directly. The protein structure of HLA-DRA*01:01-DRB1*01:01 (PBD ID 1dlh) in complex with an
influenza virus peptide was used as reference’®.

Generation of human peptides

The human reference proteome, available at hftps://www.uniprot.org/proteomes/UP000005640,
was downloaded together with its additional isoforms. We fragmented this dataset using a sliding
window with size 15 and a step size of 1 into 15-mer peptides using a custom C++ code and
Python version 3.7.4 and the Pandas library version 0.24.1. The fragmentation process generated
36,964,665 15-mers. We deleted peptide sequences containing unconventional or unknown
amino acids and sampled 200,000 unique random peptide sequences.

Clustering of HLA proteins

Based on the results shown in Figure 4 of the Main Manuscript, we clustered both risk and
protective alleles into two groups each. Risk group 1 (RISK 1) included DRB1*11:01/04 and
DRB1*13:01, risk group 2 (RISK 2), DRB1*12:01, DRB1*14:04 DRB1*15:01/03. We also
separated the protective alleles DRB1*04:01/05, DRB1*07:01, DRB1*09:01 and DREB1*10:01
(PROT 1) and alleles DRB1*04:03/06 (PROT 2) into two protective clusters. With DRBE1703:01
forming its own cluster (prominent D at position 4 of the binding motif), we did not analyze this
protein further. DRB1*15:02 and DRB1*13:02 were also not considered with their clustering
probably being an artefact of NetMHCllpan-3.2 (Supplementary Figure 7).
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SUPPLEMENTARY TABLES

Supplementary Table 3 - Applied numerical scores for amino acid properties.

We show the Atchley scores F1 and F3, charge, residue-volume and hydrogen-acceptor
capability. Atchley et al.”. generated multidimensional values from 54 different amino acid
properties as factors F1 to F5. F1 is also named polarity index and reflects intramolecular
characteristics of amino acids, such as polarity, hydrophobicity and hydrogen donor capacity. F3
combines values of amino acid size and bulkiness. Additionally, we defined two scores "hydrogen
acceptor”, for the ability of amino acids to participate in hydrogen bonds, and charge. For the
former, the value applied simply corresponds to the number of atoms within amino acid sidechains
that can accept a hydrogen. The AAl score “charge” used here, describes the presence of positive
and negative charge of an amino acid sidechain by integers (positive charge: +1, negative charge:
-1 and absence of charge: 0). The parameter “residue volume" (GOLD730102; based on
Goldsack et al.'®) was selected from the AAlndex database (https://www.genome.ad.jp/aaindex/)
(Kawashima et al.’) as an indirect measure of pocket volume.

Amino acids Charge HB-Acceptor Residue-Volume F1 F3
Ala (A) 0 0 88.3 -0.591 -0.733
Cys (C) 0 0 112.4 -1.343 -0.862
Asp (D) -1 4 110.8 1.05 -3.656
Glu (E) -1 4 140.5 1.357 1.477
Phe (F) 0 0 189 -1.006 1.891
Gly (G) 0 0 60 -0.384 1.33
His (H) 0 2 152.6 0.336 -1.673
lle (1) 0 0 168.5 -1.239 2.131
Lys (K) 1 0 175.6 1.831 0.533
Leu (L) 0 0 168.5 -1.019 -1.505
Met (M) 0 0 162.2 -0.663 2.219
Asn (N) 0 2 125.1 0.945 1.299
Pro (P) 0 0 122.2 0.189 -1.628
Gin (Q) 0 2 148.7 0.931 -3.005
Arg (R) 1 0 181.2 1.538 1.502
Ser (S) 0 2 88.7 -0.228 -4.76
Thr (T) 0 2 118.2 -0.032 2.213
Val (V) 0 0 141.4 -1.337 -0.544
Trp (W) 0 0 227 -0.595 0.672
Tyr (Y) 0 1 193 0.26 3.097
4
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Supplementary Table 4 - HLA pocket definitions for the alpha (DQA1) and beta chains
(DQB1, DRB1). Our HLA-Il pocket definitions are based on direct sidechain-sidechain
interactions between the HLA protein and the nine-peptide residue that contact the HLA binding
groove. First, we defined all HLA residues that locate within 7A of the peptide. Second, members
of the same pocket P1 to P9 were only included if the interaction was based on sidechain-
sidechain contacts to the same peptide sidechain. By this strict definition we aimed for the highest
specificity regarding HLA-peptide interaction, because only a few HLA residues contact more than
one peptide sidechain directly. The protein structure of HLA-DRA*01:01-DRB1*01:01 (PBD ID
1dlh) in complex with an influenza virus peptide was used as reference’®.

Pocket Positions alpha chain Positions beta chain

1 7.,24,31,32,43,52,53,54 82,85,86,89

2 55 77,78,81,82

3 22,54,58,61,62

4 9,62 13,26,28,70,71,74,77,78
5 61,62 70,71

6 11,62,65,66,69 11,13

7 28,47,61,64,67,70,71

8 65,68,69,72 60

) 69,72,73,76 9,30,57 61
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SUPPLEMENTARY FIGURES

Supplementary Figure 1 — Cluster analysis. Cluster analysis of quality-controlled SNP
genotypes (a)-(c). (a) Analysis of the whole study cohort with African American (AA), Puerto Rican
(PRI), European (EUR), Maltese (MLT), Iranian (IRN), North Indian (IND), Chinese (CHN), Korean
(KOR) and Japanese (JPN) individuals merged together with the 1000 Genomes Phase Il dataset
of Admixed American (AMR), African (AFR), Caucasian (EUR), East Asian (EAS) and South Asian
(SAS) individuals. (b) Zoom into the datasets that match to the European region with detailed
patient origins. (c) Zoom into the datasets that match to the East Asian region. The Chinese,
Korean and Japanese datasets cluster well with the East Asian 1000 Genomes samples, the
Indian dataset clusters best with the South Asian 1000 Genomes samples, with the Iranian
dataset clustering closer to the European samples. The African American samples cluster closest
to the African 1000 Genomes samples and towards the 1000 Genomes European samples, while
the Puerto Rican dataset clusters closest to the 1000 Genomes European samples and towards
the 1000 Genomes African samples. Both datasets contain admixed populations. The Maltese
samples cluster closest to the Italian population within our European data.
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Supplementary Figure 2 — Association analysis on single HLA alleles Univariate association
analysis. (a-f) Association analysis results for imputed and genotyped SNVs (grey) and 4-digit
HLA alleles (Supplementary Table 5) (yellow) are shown for (a) 373 African American cases and
590 controls (AA), (b) 141 Chinese cases and 228 controls (CHN), (c)13,927 Caucasian cases
and 26,764 controls (EUR) (d) 779 Indian cases and 842 controls, (IND), (e) 343 Iranian cases
and 312 controls (IRN), and (f) 709 Japanese cases 69 and controls (JPN) as well as (g) 704
Korean cases and 461 controls (KOR), (h) 98 Maltese cases and 190 controls (MLT), (i) 202
Puerto Rican cases and 419 controls (PRI} at variants with MAF >1% and (i) the meta-analysis
(META) results from the analysis with RE2C (Lee et al.?%) at variants with a MAF > 1% in the
respective cohorts (including 17,276 cases and 32,975 controls from 9 different cohorts). Arrows
indicate the top associated alleles for each locus and the top associated SNP. The overlying
curves show the P-value of the meta-analysis (REC2p*), including 17,276 cases and 32,975
controls from 9 different cohorts. Dashed lines indicate the thresholds of genome-wide (P=5x10
#) and nominal significance (P=10-).
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Supplementary Figure 3 - Conditional analysis for Korean and Japanese cohorts.

(a-d) Association analysis of UC conditioned on B*52:01, C*12:02, DQA1*01:03, DQB1*06:01
and DRB1*15:02 alleles. Association analysis results forimputed and genotyped SNV's (grey) and
4-digit HLA alleles in the extended HLA region are shown for (a,b) 709 Japanese cases and 69
controls (JPN), (c,d) 704 Korean cases and 461 controls (KOR) at variants with MAF =1%. Arrows
indicate the remaining top associated alleles for each locus and the top associated SNPs. The
overlying curve in shows the P-value of the meta-analysis (REC2p*) including 17,276 cases and
32,975 controls from 9 different cohorts. a and ¢ show the results of conditioning on HLA class |
B*52:01 and C*12:02 while b and d show the results of conditioning on HLA class || DRB1*15:02
and DQA1*01:03, DQB1*06:01.
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Supplementary Figure 4 — Association analysis for single HLA alleles. Results at 2- and 4-
digit resolution for HLA class | loci HLA-A, -C, -8B (a-c) and class Il loci HLA-DQAT1, -DQB1, -DPAT,
-DPB1 (d-g). (AF; common defined as AF>1%), odds ratio (OR), P-value (P) and whether an
allele had a P-value<0.05 (circle symbol) is shown for the respective population (e.g. circles with
black boundary and red color represent an allele that is common and associated with risk). We
depict association results of the analysis of the African American (AA), Puerto Rican (PRI),
Caucasian (EUR), Maltese (MLT), Iranian (IRN), Indian (IND), Chinese (CHN), Korean (KOR) and
Japanese (JPN) cohorts and the meta-analysis (META) with RE2C's 12 as an indicator of allelic
heterogeneity and the P-value of association (RE2Cp*, combined here with single study P-values
P). Only HLA alleles which are significant in the meta-analysis, that have an AF>1% in at least
one population and that have a marginal post imputation probability =0.6 are shown. Alleles with
OR=>5 or OR<0.2 (rare and non-significant alleles may have larger/smaller OR) values were
“ceiled" at 5.0 and 0.2 respectively. The alleles of the HLA-A, -DPA1, -DPB1 genes do not show
consistently strong association signals across the different ethnicities. C*12:02 and B*52:01 are
located on a haplotype with DRB1*15:02.
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Supplementary Figure 5 — Correlation between effects in different populations. \We show
the pairwise correlation between the beta estimates of the analysis in two different populations.
Betas in analysis of African American (AA), Caucasian (EUR), Iranian (IRN), North Indian (IND),
Korean (KOR) and Japanese (JPN) are shown. Correlation of effects were calculated on alleles
that had a frequency > 0.5% in each population. Both Pearson correlation (cor) and weighted
correlation (cor(w)) were calculated. The weighted correlation estimates were weighted by the
inverse of the larger variance for an allele in the populations that were analyzed (which might
originate from either low AF or low sample size). Colors represent AF in the population on the x-
axis, symbol represent AF in the population on the y-axis. Alleles with frequencies of <1% in both
cohorts were omitted.
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Supplementary Figure 6 — Clustering of DRB1 and DQA1-DQB1 proteins according to
preferential peptide binding.

For 5 replicate sets of 200.000 unique random human peptides, the percentile rank scores of
preferential peptide binding were calculated using NetMHClIpan-3.2 (Jensen et al.2"). Within each
set, the top 2% binders (following default NetMHCllpan threshold) were used to perform a
clustering on the pairwise correlations between two proteins using complete observations (i.e.
data points present in the top 2% of both respective proteins) only. (a) Exemplary clustering for
peptide set 2 and DQBA1-DBQ1. Labels were colored according to risk (red) or protective (blue).
We show all DQA1-DQB1 that were significant in the meta-analysis of genetic association of the
HLA. (b) Cluster stability between the 5 sets of 200,000 random peptides. Cluster stability was
evaluated using the corrplot (version 0.84) and dendextend (version 1.12) packages in R for
DRE1 (1) and DQA1-DQB1 (2). Here, the correlation between cluster dendrograms (i.e. the

concordance of the tree-structure) is calculated with a value of 0 signifying dissimilar tree-
structures and 1 signifying highly similar tree-structures.
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Supplementary Figure 7 - Why DRB1*15:02 and DRB1*13:02 may cluster together

Within the peptide binding pockets P1-P9 (Methods), DRE1*15:01/03 and DRB1*15:02 differ in
their amino acid composition only in position 88 (86) within P4. Here, DRB1*15:02 displays a
glycine (G) instead of valine (\V), which it shares, amongst others, with DRB1*13:02. Peptides
predicted to bind to DRB1*13:02 are frequently showing asparagine (N) at position 4 (position
binding to P4 of the HLA protein). We observed that N is also present in peptides predicted to
bind to DRB1*15:02 and other alleles that have a G at position 86B of the HLA protein. Screening
through the peptide binding motifs of the DRB1 alleles with a G at position 868, we observed that,
among these alleles, only the alleles which are underrepresented or not present in the dataset
have a higher chance of an N occurring at position 4 of their peptide binding motifs. Though the
amount of data present for DRB1*13:02 in the training dataset is comparably lower or the same
as other alleles in this group, DRB1*13:02 may have a greater impact on the extrapolation of
peptide binding HLA proteins with few or no training data, because among its bound peptides, N
is very prominent at position 4.

(a) Exemplary boxplots showing positions-specific scores within the position-specific scoring
matrix (PSSM) of glutamine (Q) and asparagine (N) at position 4 of the 9 amino acid peptide.
PSSM scores were calculated with Seq2Logo® based on preferential binders (top 2% as given
by NetMHCIllpan-3.22") of set 2 of the 200,000 unique random human peptides. PSSM values are
given in halfbits and indicate which amino acids are typically over — (positive) or under- (negative)
represented at a specific position. In total 8/5/17 proteins with a valine (V) at position 86B (beta-
chain at position 86) in pocket 4 had <=500/>500/no (n.a.) recorded peptide-protein affinities,
respectively. In total 5/11/11 proteins with a glycine (G) at position 85B had <=500/>500/no
recorded peptide-protein affinities

Q ]
o v - [ v
07l [EN B 00087 [E7]
a1 1
[
(&) 0
[ — 1 »
- . ]
conlent conent
; | = - < 1 ! = -
£ e f e -
: o B na
.
4 00 a 0 - m 00

173



Chapter 8 — Appendix

(b) Number of peptide-protein affinity measurements used for the training in NetMHClIpan-3.2
(based on train1 and test1 datasets downloaded from the NetMHCllIpan-3.2 server).
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Supplementary Figure 8 — Analysis of the previously published Caucasian population.

(a) Reestablishing the DRB1*01:03 signal using the HLARES panel We show allele frequency
(AF), odds ratio (OR), P-value (P) and whether an allele had a P-value of < 0.05 for the HLA
imputation with our own reference panel and the HLARES panel published with HIBAG=
(ImmunoChip-EuropeanHLARES-HLA4-hg19.RData). Only HLA alleles which are significant at a
P-value threshold of 0.05 and have an AF >1% in at least one cohort are shown. The HLARES
imputation panel was obtained from publicly available pre-trained model of Zheng et al.?*(b-c)
Comparison to previous study. Allele frequencies are compared between controls and cases
separately. Pearson correlation coefficient denoted as /. Labels are shown for alleles for which
the deviation between studies is within the upper 95% percentile of the positive absolute or relative
deviation of alleles with an AF > 0.5% in our previous study (Goyette et al.®, PMID25559196).
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Supplementary Figure 9 - Results of physico-chemical analysis of DRB1 - Charge. We only
show sites with variable information in pockets (P) 1, 4, 6, 7 and 9 and only proteins for which the
genetic analysis was significant (meta-analysis RE2Cp* <0.05) and for which at least 1 cohort
had AF >1% are depicted. (Methods). Clustering was performed using the hclust function of the
R package stats. Box below cluster plot shows positions of P1, 4, 6, 7, 9 at the alpha (A) and beta
(B) chains of the molecules. The score “charge” used here, describes the presence of positive
and negative charge of an amino acid sidechain by integers (positive charge: +1, negative charge:
-1 and absence of charge:0).
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Supplementary Figure 10 - Results of physico-chemical analysis of DQA1-DQB1
properties. We show the analysis on (a) F1, (b) F2, (c) HB-Acceptor, (d) residue volume and (e)
charge. We only show sites with variable information in pockets (P)1, 4 ,6, 7 and 9 (Methods)
and only proteins for which the genetic analysis was significant (meta-analysis RE2Cp* <0.05)
and for which at least 1 cohort had AF >1% are depicted. Clustering was performed using the
hclust function of the R package stats. Box below cluster plot shows positions of P1, 4, 6, 7 and
9 of the alpha (A) and beta (B) chains of the molecules. Here we show parameters F1, F3 which
were taken from Atchley et al.”” and were calculated in a factor analysis from 54 unique amino
acid properties. F1 captures polarity and hydrophobicity of the amino acid, while factor F3
captures amino acid size and bulkiness. For F1, high values indicate larger hydrophobicity,
polarity and hydrogen donor abilities while low values indicate non-polar amino acids. For F3,
high values indicate larger and bulkier amino acids while low values indicate smaller, more flexible
amino acids. Additionally, we defined two scores and "hydrogen acceptor” (HB-acceptor) and
“charge". The score “charge" used here, describes the presence of positive and negative charge
of an amino acid sidechain by integers (positive charge: +1, negative charge: -1 and absence of
charge:0). The value applied for HB-acceptor defines the ability of amino acids to participate in
hydrogen bonds and corresponds to the number of atoms within amino acid sidechains accept a
hydrogen. We additionally show the residue-volume as a measure of pocket size.
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COMPARISON TO PREVIOUS STUDY (GOYETTE ET AL.9)

Previously, we imputed HLA alleles into the Caucasian population using the T1DGC reference
(Mychaleckyj et al.*') panel and SNP2HLA (Jia et al?%) as well as HLA*IMP (Dilthey et al.257).
Imputation results achieved with the T1DGC reference panel are based on custom G groups (for
class | alleles with identical sequences at exons 2 and 3 are grouped together; for class Il alleles
with identical sequences at exon 2 are grouped together). Additionally, there was a major update
of allele nomenclature in 2010. This combined mainly has an impact on the alleles of the HLA-
D@ and HLA-DP genes, i.e. frequencies of alleles in the same group are combined. In this study
we imputed our cohort using our full context (no G grouping) multi-ethnic reference panel with the
most recent nomenclature. To account for this in comparing the results of this study to the results
of Goyette et al.?, we estimated summed allele frequencies of the current study and the previous
study according to G-group annotation (IPD-IMGT/HLA 3.29.0). Though different imputation
panels were used, the association results correlate well (Supplementary Figure 8).

LIMITATIONS OF HLA IMPUTATION

We would like to point out a few drawbacks of HLA imputation, since this is also important to
understand some of the results. Especially rare and low-frequency (AF <1%) alleles, as well as
alleles that are very similar based on the variants that were used to construct the HLA reference
are important to note here. Previously, we constructed a reference panel for the imputation of HLA
alleles in a multi ethnic context (Degenhardt et al.™), including sensitivity and specificity values
for each single allele in each population. We saw that apart from rare alleles being challenging to
impute, there are also some allele groups, comprising more than one allele, for which alleles are
challenging to impute from ImmunoChip data to different extents across divergent populations.
This is true for alleles of the DRE 1704 group, where DRB1*04:04 is misclassified as DRB1*04:03,
for DRB1*11, where DRB1*11:04 is often misclassified as DRB1*11:01 and DQA1*01 where
DQA1*01:01 and DQA1701:05 are similar. These challenges are consistent with those of previous
imputation panels and may be overcome by using panels resulting from sequencing approaches.

ANALYSIS OF GENDER EFFECTS

Because former linkage studies for IBD hinted towards sex-specific signals in the HLA
region(Fisher et al., Venkateswaran et al.?®2%), we performed an HLA-wide association analysis
within the Caucasian, Japanese, Indian and Korean populations for case only and control only as
well as a meta-analysis using RE2C (Lee at al.*). We additionally calculated stratified odds ratios
(OR) for male and female UC vs. male and female controls. With a larger sample size, the control
data (except for the Korean dataset) were predicted to have a greater power of discovering an
effect. Overall the association with gender was observed to be moderate, none of the non-
Caucasian associations remained significant after P-value correction with Bonferroni-Holm
(Supplementary Table 8). We could not reproduce the previously observed® stronger
association with DRB1*01:03 with female gender in the Caucasian population when imputing the
HLARES imputation panel published with HIBAG (Zheng et al 2*) (male vs. female UC: OR=1.12
p=0.17). The most associated (though still moderately associated) HLA-DRBT alleles in the meta-
analysis were DRB1*07:01 (RE2Cp* = 7.01x10%)and DRB1*04 (RE2Cp*=9.38x10™) as well as
alleles located on the same haplotypes (Main Manuscript). For these alleles effect estimates
were observed to be slightly smaller in male than in female UC patients As already discussed in
the main paper, DRB1*07 and DRE1*04 are both located on the same haplotype as HLA-DRB4
alleles, which increases power for these alleles show association. Hence, DRB4*00:00 (not
having DRB4) and DRB4*01:03 are among the strongest associated alleles in the meta-analysis
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(RE2Cp*=6.45x10* and RE2Cp*=4.69x10%). The opposite is true for alleles located on the same
haplotype as HLA-DRB3 (DRB3*00:00; RE2Cp* =1.89x10%), namely alleles located on a
haplotype with DRB1*11:01 and DRB1*03:01, for which effect estimates of the alleles were
observed to be slightly larger in males than in females.

SUPPLEMENTARY METHODS

In the analysis of gender effects, we performed association analysis in a case only and control
only populations with gender as the dependent variable (male was coded as 0 and female as 1)
according to

logl(oddsi) = Bo + Baxi+ BzUsi + BaUz + Bals + BsUa + BsUsi+ (Brbi)
with g as gender and b as batch. Gender specific odds ratios were calculated in the female only
case-control data and in the male only case-control data.
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