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Abstract
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The human leukocyte antigen (HLA) plays a major role in keeping us healthy, but some of
the HLA alleles can contribute to disease susceptibility. One example is HLA-B*27, which
confers increased susceptibility of ankylosing spondylitis and represents one of the strongest
genetic associations found in any common human disease. Ankylosing spondylitis shows a
strong sex ratio skew (2-3:1 male to female) and studies confirm the existence of sexual-
dimorphism in the presentation of this disease. The genetic predisposition for this, however, has
not previously been studied.

A Swedish ankylosing spondylitis population was sequenced with a targeted array to
investigate the existence of sex-specific associations. RUNX3 was revealed to be associated in
males by a univariate test, while aggregate tests revealed the HLA gene MICB to be associated
in females. Functional validation demonstrated that the risk variants in RUNX3 increase
expression, and MICB changed the transcription factor binding sites. Interestingly, since the
disease involves bone changes, both RUNX3 and one of the MICB variants had effect in the
bone cell line, SaOS-2.

In order to help researchers obtain more controls for HLA analysis, an HLA allele bioresource
(SweHLA) was generated from 1,000 Swedish genomes. The alleles were typed with three to
four HLA typing software programs and results were combined by an n-1methodology. This
produced high quality alleles where the bias from each software program was diminished.

The methodology from SweHLA was utilised to study HLA in ankylosing spondylitis.
To investigate both sex-specific predisposition and HLA-B*27 independence, samples were
subdivided into two populations (one population with mixed HLA-B*27 positive and negative
samples and one with only HLA-B*27 positive samples) that in turn were grouped by sex. In
the mixed population, several alleles were replicated from previous studies. This study also
revealed three female-specific alleles, two of which were new and one that had previously
been associated to the severity of radiological changes. The HLA-B*27 population revealed a
previously unknown protective allele, HLA-A*24:02. Through deeper examination of the HLA-
B*27 population, two amino acids in HLA-A, position 119 in the whole set and position 180 in
the male set, were revealed to be protective.

This thesis brings new insight into the genetic predisposition for a sex-skewed disease,
demonstrating how sexual-dimorphism can be reflected in the genetic predisposition, hopefully
leading to more similar studies. It also highlights the importance of methodology and
demonstrate the drastic biases that can be imparted by software programs.
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“With method and logic one can accomplish anything.” 

― Hercule Poirot (Agatha Christie) 
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Introduction 

With genetics being key to this thesis, we start with the father of genetics, 
Gregor Mendel who experimented with peas already in the 1860s1. He no-
ticed that some phenotypes of the peas, such as seed shape and colour, 
seemed to be transferred from one generation of plants to the next1. He theo-
rised that this was determined by a factor (known now as genes conveyed in 
the genetic material, deoxyribonucleic acid; DNA) that could have either a 
dominant or recessive effect1. These monogenic traits are therefore named 
after him, Mendelian traits2.  

A well-known example of a Mendelian disease is Huntington’s disease 
which is caused by repeats in the IT15 gene3. Huntington’s disease is a dom-
inant trait3, meaning that if one parent develops Huntington’s disease their 
child will have a 50-100% risk of also developing the disease depending on 
if the parent is heterozygote (one copy) or homozygote (two copies)3. Since 
the healthy copy of IT15 is recessive, you will need this in two copies (one 
from each parent) to not develop disease. As such, if both parents have the 
disease, there is only a 0-25% chance that the child will be disease-free3. 

Another well-known genetic condition is colour blindness4. In the most 
common case of colour blindness, deuteranopia (red/green colour blindness), 
a locus containing two genes, OPN1LW and OPN1MW, on the X-
chromosome is the cause4,5. These genes do not exist on the Y-chromosome, 
which explains why the condition is more prevalent in males. If they get a 
defect copy of chromosome X there is no other chance to buffer this with 
normal genes on another X-chromosome, like there is for females4. If a 
mother is a carrier, her male child have a 50% chance of inheriting the con-
dition, since if they inherited the defect copy there is no healthy one availa-
ble. For a female child to inherit the condition, both X-chromosomes (inher-
ited from the father and mother) need to carry the defect genes. This is a 
recessive phenotype, which can act a bit differently because of the lack of 
copies of the locus on the Y chromosome. 

Huntington’s disease and colour blindness are examples of simple inher-
itance, but it is more often than not more complicated to understand what the 
cause of phenotypes are. The cause of a phenotype can result during muta-
tions in the DNA either at the germ line (egg or sperm) or it can result during 
development of the embryo. To complicate it even more, not all disorders 
can be explained by just one gene or locus. Those that do not fit the “one 
gene cause” description are instead called polygenic or complex diseases. 
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Although monogenic and polygenic are different, the approach to study 
complex diseases has developed from the Mendelian approach2.  

It might sound simple; as if you have a certain genetic material then you 
will get a specific set of phenotypes. Unfortunately, it is seldom as simple as 
affected individuals (cases) all having one genetic variant, and unaffected 
(controls) having the opposite. Instead, it is more common that one group of 
individuals have an enrichment of a particular genetic variant. Not only that, 
there can be additional factors that contribute to development of some dis-
eases, or genetic traits generally, e.g. environment and infections6. That is 
why two genetically identical individuals (monozygotic twins) might not 
develop the same disease, as some other factors might differ, like the envi-
ronment6. In essence, studying genetic diseases is not always black and 
white, and that makes the process more difficult. 

Genetic immune-mediated disease 
Genetic disorders can be divided into several groups, e.g. cancer and devel-
opmental disorders to mention a few. I will focus on one group, namely im-
mune-mediated diseases, which includes genetic diseases that affect the im-
mune system in one way or another. Sometimes immune-mediated diseases 
are for simplicity divided into two classes, autoimmune (AD; where acquired 
immune system cause disease by attacking self-cells) and autoinflammatory 
diseases (AID; where innate immune system cause disease by creating in-
flammation without an external trigger). It has been 20 years since the term 
AID was coined in the field of medicine7,8 when tumour necrosis factor re-
ceptor-associated periodic syndrome (TRAPS) was described9–11. Since then 
the immune-mediated disease classes have slowly transformed12,13.  

The disease classification has gone from a strict two camp policy, where 
the disease is either autoimmune or autoinflammatory, to a continuum with a 
class in each end and different degrees of mix of the two in-between (Figure 
1)7–12,14,15. When functioning normally, the innate immune system is the first 
responder to foreign molecules inside or outside of the cell, and also helps 
activate the acquired immune system by presenting potentially foreign pep-
tides13. Seeing how closely they work together, maybe it is not surprising 
that features from both the innate and acquired immune system can be seen 
in the presentation of many of the immune-mediated diseases16. A good ex-
ample of a disease with a mix of autoimmune and autoinflammatory features 
is psoriasis. This is considered as an autoinflammatory disease, but autoanti-
bodies against keratin have been observed in around 28% of the patients17. 
Autoantibodies is a part of the acquired immune system and therefore points 
toward an autoimmune disease. 

Immune-mediated diseases are very diverse in both presentation and 
cause for both Mendelian and complex diseases (Figure 1). Even though 
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there is a high genetic diversity, the symptoms often overlap making it chal-
lenging to diagnose the specific disease, not to mention the challenge its 
subsequent treatment is18,19. In some cases, genetic information can help in 
the process of diagnosis to distinguish between possible diseases. Systemic 
autoinflammatory disease support (saidsupport.org) has compared genetic 
testing for autoinflammatory panels available in the US, with the largest 
testing panel available from Blueprint genetics. This panel, for different im-
mune-mediated disorders, covers 274 genes. Although this might sound like 
a lot, there are still diseases without a genetic cause or, like for most of the 
complex diseases, where only a small fraction of the genetic cause has been 
explained14. An example of an immune-mediated disease where only a small 
part of the genetic cause has been discovered is ankylosing spondylitis (AS), 
which we will dive deeper into. 

 
Figure 1. Immune-mediated diseases are often a mixture of autoimmune and autoin-
flammatory processes. This figure illustrates how each disease can have different 
degree of autoimmune or autoinflammatory elements, and how its clinical presenta-
tion can range from organ-specific to systemic disease. Grey boxes are Mendelian 
diseases and white boxes are complex disease. Adapted from 14 and 10,12.  

Ankylosing spondylitis 
Clinical presentation 
AS is a rare chronic immune-mediated disease, with a prevalence of 0.1-
1.4% in the general worldwide population20 (0.09%-0.18% in Sweden21–23 
and 0.24% in Europe21). Contrary to most immune-mediated disease, AS is 
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more common in males than females (in Europe 2-3:1 ratio19,24, in Sweden 
1.6:123).  

The name is descriptive of the disease; ankylosing is stiffness of a joint 
where the bones on both sides of the joint start to fuse together, and spondy-
litis describes the cause of stiffness and the location, namely, inflammation 
of the vertebrae of the spine. As the name indicate, the main characteristics 
of AS are inflammation of the axial skeleton and sacroiliac joints. The clini-
cal signs of disease, however, can manifest differently from case to 
case19,20,23,25,26. Diagnosis is made even harder by the presence of co-
morbidities, a common feature in AS patients, with 40-60% of cases also 
having subclinical gut inflammation17,27,28, 20-40% uveitis (a form of eye 
inflammation)17, around 30% peripheral arthritis29 and 10-30% with 
psoriasis17,19. 

As many other immune-mediated diseases, AS often takes years to diag-
nose. This enables disease progression, which is significant to eventual 
prognosis, as the first 10 years are the most critical for loss of function 
caused by the disease30. Ankylosing, in this case vertebrae fusion, is irre-
versible, thus prompt treatment is critical to halt the spine from turning into a 
bamboo-like structure19. Inflammation of the spine leads to stiffness and 
back pains, which in turn leads to problems with standing up straight (ky-
phosis; Figure 2)19. The back pain can not be relieved by rest, which can 
cause sleep problems by preventing a full night’s rest with the pain keeping 
you awake31. It can severely affects quality of life and increases the risk of 
depression by 60%32, a similar pattern is seen in other chronic diseases, such 
as arthritis and cancer33. As the disease progresses, the back begins to hunch, 
changing the angles of the ribs and limiting the volume of the chest cavity, 
which in turn constricts the ability to take deep breaths34 (Figure 2).  

AS diagnosis is based upon fulfilling the modified New York criteria34. 
These criteria consist of two parts, diagnosis and grading34. Diagnosis in-
cludes clinical (low back pain for more than three month, less mobility of the 
lumbar spine, and decreased chest expansion) and radiological (signs of in-
flammation in the sacroiliac joints) criteria34. The grading tells if it is a cer-
tain case of AS (radiological changes and one of the clinical criteria present) 
or if it is a probable case (when all clinical signs are present or only the radi-
ological criteria are fulfilled)34. 

While there is no cure, there are several options of treatment that can help 
against pain, increase mobility, decrease inflammation and overall slow down 
progression of disease19,35,36. Physical therapy is always recommended to pa-
tients as a part of increasing mobility37. Normally the first medication adminis-
tered as a treatment is non-steroidal anti-inflammatory drugs (NSAIDs)37. If 
that fails, available alternative treatments include anti–tumour necrosis α 
(TNF-α) inhibitor agents and different monoclonal antibodies (targeting inter-
leukin-17A, CD20+ B cells, and interleukin-12/23)38–42. These treatments have 
been shown to reduce the signs and symptoms of disease, but there is no 
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treatment yet showing that the progression of structural damage is affected38–

42. Additional drugs for treatment of AS are being developed, including in-
terleukin-6 receptor inhibitors42. 

Even though the disease is highly heterogeneous, it is possible to see dis-
tinct groups of cases with similar clinical presentations or treatment re-
sponse43. Females experience higher disease activity, while males have more 
kyphosis and radiological changes43,44. When treated with TNF-α inhibitors, 
females typically respond poorly and needs to change TNF-α inhibitor 
treatment more frequently than males43,44. This could be explained by the 
generally higher body fat proportion content in females that may affect the 
response to treatment44. Another division in the clinical presentation can be 
made by genetic predisposition, namely human leukocyte antigen B*27 
(HLA-B*27) status. Individuals that are HLA-B*27 positive have an earlier 
onset of disease (before 35 years old)45–49, more often have a family history 
of AS (22.5% versus 15.6%)45, higher disease activity (with more 
sacroilitis49, radiological changes of the spine45,49, joint involvement45,47–49), 
and uveitis47–49. 

 

 
Figure 2. One of the symptoms of ankylosing spondylitis is that the spine becomes 
bent and stiff (kyphosis) 19. To the left is the posture of an individual that suffer from 
ankylosing spondylitis and to the right that of a healthy individual (spine highlighted 
to illustrate the impact of AS on posture). 

Genetics 
The high heritability of disease show that ankylosing spondylitis is largely 
caused by genetic predisposition17,28. Monozygotic twin and family studies 
have revealed a heritability over 90%50. In 1973 three studies were published 
describing the existences of a link between the allele HLA-B*27 and AS51–53. 
These studies had 88%-96%51–53 HLA-B*27 positive cases in their studies, 
while today it is more often said that the expected number of HLA-B*27 
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positive AS cases is above 80%19,54. Even though the vast majority of disease 
cases carry the allele, less than 7% of HLA-B*27 positive individuals (de-
pending on ethnicity) develop disease19,25,53,54.  

It has been almost 50 years since the association between HLA-B*27 and 
AS was revealed, but it still remains one of the strongest genetic associations 
discovered in any human disease (with p-values down to 10-300 55)17,35,56. 
Even though a lot of time has passed since this association was found, the 
question of how it contributes to disease, its role in disease and what mo-
lecular disease mechanisms it has, is still unknown14,17,56,57. There have been 
different hypotheses describing HLA-B*27 involvement in disease causation 
(Figure 3), but so far none have been proven correct14. 

A strong association, however, does not mean that it fully explains the 
heritability17,19, in fact only 20% can be explained by HLA-B*2720,28,35,56,58. 
This is not that surprising seeing as only a small fraction of the individuals 
with the allele develop the disease. It clearly demonstrates that there must be 
other genes involved in AS17,36,56,58,59. It is hypothesised that at least 10 
genes, but maybe as many as thousands of genes, could be contributing to 
disease susceptibility35,56. In total, around 30% of the heritability has been 
explained, as mentioned, 20% by HLA-B*27 and the remaining 10% comes 
from 45 other loci that have been associated to disease20,28,35,56,58. Still more 
variants and loci have been associated since this calculation.  

To this date, more than 100 variants, located in around 50 loci, have been 
associated to AS with genome-wide significance17,19,20,28,35,36,55,58,60–62. The 
majority of the associations have been identified through genome-wide asso-
ciation studies (GWAS), while a few others have been found using HLA 
imputation from an Immunochip63 and an exome-wide association study28.  

Despite these associations, the causative picture of disease is not under-
stood. Since a majority of the cases have subclinical gut inflammation one 
hypothesis is that the start of disease is exactly that56 (Figure 3). That the 
microbiome becomes disturbed such that the gut mucosal immunity, with the 
disease associated interleukin-23 receptor and others, overreacts and drives 
inflammation throughout the body56. Both endoplasmic reticulum aminopep-
tidase (ERAP) 1 and 2, and HLA-B*27, are part of the aminopeptidase path-
way, supporting a hypothesis where the peptide presentation pathway be-
comes defective, which leads to disease36,56(Figure 3). There is more than 
one idea here; either peptides are not being processed properly, or the protein 
from HLA-B*27 is being misfolded leading to a endoplasmic reticulum (ER) 
stress response36,56. These hypotheses and associated genes are illustrated in 
Figure 3. 



 19 

 
Figure 3. Many genes have been associated to disease with different hypotheses of 
their role. A) In the ER, proteins from the ERAP1 and ERAP2 genes are suspected 
to abnormally cut peptides. The result is that HLA-B*27 either is misfolded, causing 
the unfolded protein response, or the ability to bind to peptides are changed. B) The 
peptides presented by HLA-B*27 might activate a cytotoxic response. C) In the gut, 
the microbiome in AS cases are altered compared to healthy controls, and many of 
the genetic susceptibility genes are predicted to have a role in inflammation of the 
gut. D) The processes mentioned would lead to the release of cytokines that travels 
through the bloodstream to e.g. the spine, where inflammation flares up. The cyto-
kines also affect other processes in the body and are predicted to activate bone ero-
sion. Adapted from 56,62,64. 

The role of MHC genes 
HLA-B is one of the genes located in the major histocompatibility complex 
(MHC), which is a key gene region for the immune system in not just hu-
mans but in all jawed vertabrates65. In humans, the MHC contains more than 
200 genes with around 40% of them having immunological function66. Lo-
cated on the short arm of human chromosome 666, this approximately 4 Mb 
region contains the human leukocyte antigen (HLA) genes, which are divided 
into classes depending on which cells they are expressed in65 (Figure 4). 
Class I molecules are expressed in all nucleated cells in the body, while class 
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II molecules are located on cells specified to present antigens to T-cells65,67. 
The HLA genes are some of the most polymorphic genes in the human ge-
nome, and new variations continue to be discovered66,68,69. 

At the end of the 20th century, the international ImMunoGeneTics project 
established their HLA database (IMGT/HLA database) in an effort to gather 
all known polymorphisms of these genes in one place70,71. The number of 
alleles in this database has expanded six fold during the past ten years, 2008-
201872,73, for both HLA class I (from ~2,500 to ~15,500), and class II (from 
~1,000 to ~6,000 alleles)72,73.  

With this vast diversity of alleles, a robust system for nomenclature is re-
quired. Each version of a gene is called an allele of that gene. All alleles 
from e.g. HLA-A would have an allele name starting with that gene. Depend-
ing on the serotype the alleles have they are divided into 1-field groups e.g. 
HLA-A*24, and the next division is based on the specific protein an allele 
creates, 2-field, e.g. HLA-A*02:24. Synonymous variation in the coding 
region can be found in 3-field and the 4-field identifies changes in the non-
coding region. However, there are more ways to divide HLA alleles, such as 
by their G-groups (which means all alleles that are identical in the binding 
groove, exon 2 and 3 for class I and exon 2 for class II, are grouped togeth-
er). Some software, and often sequence based lab-typing, genotype on a G-
group level. 

The high polymorphism is not the only reason why this region is hard to 
work with. There is also high sequence similarities between genes and high 
linkage disequilibrium (LD) in the region65. For example, HLA-DRB1 and 
HLA-DRB5 are two separate genes with very high (>90%) sequence similari-
ty of the coding region74. Also, when alleles are in high LD, it can be hard to 
pinpoint which one of the alleles that is the cause of an association signal. 
Alleles from a group of genes can create haplotypes. In 2004, two MHC 
haplotypes, PGF and COX, were described based on homozygote human cell 
lines, which also gave the names to the haplotypes75. These two cell lines 
were chosen not only because they represented some of the most common 
haplotypes in Europe but also because they were carrier of autoimmune dis-
ease haplotypes of four alleles each75. More than 95 MHC haplotypes have 
now been characterised and named with a focus on eight genes (HLA-A, -B, -
C, -DRB1, -DQA1, -DQB1, -DPA1 and -DPB1)74 and depending on the 
number of genes, and which genes, several haplotypes might look the same. 
In the British population, when considering the first six genes for the haplo-
type, COX (and VAVY since they share those six alleles) has a frequency of 
7.51% and PGF 3.03%76. These haplotypes have relatively low frequency 
and the more genes you include, the lower the frequency will become; proof 
of how diverse individuals are when it comes to the immune system. 
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In sickness and in health 
We come in contact with foreign molecules every day; molecules that do not 
naturally occur in our bodies. With a working immune system, these foreign 
molecules seldom bother us, or we may get a fever as the immune system is 
activated to rid us of harmful intruders. 

MHC class I and II molecules have slightly different roles in protecting us 
from foreign molecules (Figure 4). Class I genes help the immune system to 
see that our own cells are healthy by presenting peptides from inside of the 
cell to CD8+ T-cells65,67. All nucleated cells in our body express class I 
genes and if a foreign molecule, e.g. virus, invades a cell it will present these 
derived foreign peptide65,67. The presentation of the foreign peptide in turn 
leads to activation of T-cells, which will kill cells that present this 
peptide65,67. 

Class II is only located on cells that can engulf and breaks down other 
cells, e.g. dendritic cells65,67. These cells have the job to clean up in the body 
and to present what they found. They can break down a bacterium, and will 
present peptides derived from it to CD4+ T-cells65,67. Other HLA genes 
(HLA-DM and TAP) are translated to proteins that play a role in placing the 
peptide in the binding groove of the peptide presenters65,67.  

Since there are many foreign molecules, the repertoires of HLA genes 
need to be large in order to bind peptides derived from the vast diversity of 
possible invaders77. Not only are the genes highly polymorphic but it is also 
common that individuals are heterozygous for HLA genes77. HLA genes are 
co-dominant, such that both molecules are produced in heterozygous indi-
viduals, so increasing the chance to recognise an intruder since each allele 
will present slightly different peptides77.  

 
Figure 4. MHC is located on the short arm of chromosome 6. The genes are divided 
into different classes depending on their function, class I, II, III and class I-like 
genes. 
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HLA genes do not only have an important role in keeping us healthy, they 
can also be an imperative part in causing disease. Even though the HLA 
genes are essential for the immune system to work properly, they can also be 
the cause of malfunction. HLA class I and class II proteins have important 
roles in immune recognition, which can impact processes from organ trans-
plantation, to disease and infection susceptibility (including immunological 
diseases, cancers and neuropathies), to drug response and pregnancy 68,69,78,79. 

The name MHC actually comes from the role many of the genes have in 
transplantation65. It is usually in that context that people might have heard 
the name HLA, when signing up for being a bone marrow donor or hearing 
about transplantations of organs. To be able to transplant an organ or bone 
marrow, HLA genes must be similar, and the more HLA genes that match 
between donor and recipient, the better65,78. The lower limit for what is ac-
cepted for a transplant is one serological mismatch for HLA-A, -B and -
DRB1, but this depending on what is being transplanted and the hospital 
routines, so it can be up to 2-3 mismatches if HLA-C is included in the genes 
considered80. HLA proteins are part of how the body recognise what is self 
and what is foreign (“non-self”) 65,78. It is, thus, important that the proteins 
look the same on the cells, otherwise, the binding to the T-cells could be 
affected, and alert the immune system that a normal cell from a donated or-
gan is foreign65,78. If the immune system notices that there are foreign cells, 
even if they are actually good for the body, it will create antibodies against 
them and start to attack, causing what is called host versus graft syndrome 
and can result in transplant rejection65,78. 

That is an understandable immune response, to reject something foreign 
found in the body. However, the immune response does not always work as 
it should, where the immune system turns against self-cells and tissues, caus-
ing autoimmune disease65. The detailed mechanisms behind this are unclear 
but HLA genes are often implicated in genetic predisposition to autoimmune 
disease65. This is also true for autoinflammatory diseases where spontaneous 
inflammation occurs without any signs of infection or damage65. 

HLA genes are essential when they function normally but their contribu-
tion to disease is enigmatic65. They can even be a problem when they are not 
the cause of disease, by causing drug sensitivty65. Here, as in most cases, 
several concepts have been devised trying to explain this, but with no proof 
for any of them65. 
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Aim of this thesis 

The overall aim of this thesis was to investigate the genetic predisposition of 
ankylosing spondylitis, and the HLA allele distribution in Sweden. A further 
aim was to reveal stratified signals based on sex and/or HLA-B*27 status in 
ankylosing spondylitis. 

The specific aims were to: 

1. Delve into the genetic predisposition of AS in Sweden with help of tar-
geted sequencing data 
a. Investigate the existence of sex-stratified genetic associations 
b. Dissect the association signal from the MHC region by studying 

HLA allele associations 
c. Explore HLA-B*27-independent HLA associations 

2. Create a Swedish HLA bio-resource, SweHLA, using data from healthy 
Swedish individuals for the research community at large 

3. Develop a methodology to obtain robust HLA genotype calls based on 
NGS data and existing software programs 
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Comments on material and methods 

Description of material and methods can be found in each respective paper. 
This is a summary of the populations and methods used in order to help the 
understanding of the results and discussions. 

Study populations 
The Swedish population has been the focus of the studies included in this 
thesis but this is not just because of the fact that we are in Sweden. AS is 
included in two of three papers in this thesis, and the third paper contains the 
creation of a resource that was built by us to study AS in an accurate man-
ner. 

Why is Sweden a good population to study to understand the genetics be-
hind AS? AS is commonly studied in population of European ancestry (Brit-
ish) or Han Chinese. These populations differ in predisposition for AS, e.g. 
the HLA-B*27:05 allele is the most commonly associated with disease in 
Caucasian populations whereas for Han Chinese it is HLA-B*27:0442. Even 
though the Han Chinese population has a higher prevalence of AS (0.2-
0.54%81) than United Kingdom (0.15%72), using another Caucasian popula-
tion to study disease association could help in finding the missing heritability 
and to dissect haplotypes. Comparing prevalence between studies is hard, 
however, since there are multiple ways to perform the analysis82. As men-
tioned in the introduction, Sweden has an AS prevalence of 0.18%23 and the 
South of Sweden is a more homogenous population compared to the ones of 
a British or mixed European ancestry (with higher regional linkage disequi-
librium83,84, pair-wise comparison p-value < 0.00284). Theoretically, fewer 
samples should thus be required to identify associations. Seeing as AS in 
Sweden clinically mirrors that of Europe21,23,24, Sweden also has a genetic 
background that sets it apart (with around 9 million unique variants85), which 
can help in finding new associations relevant for other populations. Further-
more reason is that Sweden is one of the countries with the highest frequen-
cy of HLA-B*27:05 in the world at 14%34,86,87, compared to an United States 
population of European ancestry with an allele frequency of 3.3%88 and a 
British population with allele frequency of 4.2%76. 

Paper I includes, after quality controls, 310 patients (ankylosing spondyli-
tis) and 381 healthy (blood donors) individuals from the South East of Swe-
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den (Linköping, Jönköping and Örebro). Our collaborators from Linköping 
University collected these DNA samples and ankylosing spondylitis diagno-
sis was based on the modified New York criteria. These cases were enriched 
for HLA-B*27 positive samples and therefore represents a higher frequency 
of HLA-B*27 than a representative AS population. For replication, a second 
dataset containing 619 samples were collected (317 cases and 302 controls, 
where above 84% and below 13% of individuals were HLA-B27 positive, 
respectively) including samples from our collaborators at Linköping Univer-
sity and the University of Gothenburg. Of note, the replication set from 
Gothenburg was an AS population without any signs of subclinical gut in-
flammation. 

Paper II includes sample data from the Swedish whole-genome data re-
source (SweGen)34. SweGen34 contains 1,000 healthy individuals from a 
cross-section of Sweden, with samples from the Swedish Twin registry (only 
one of a pair) and the Northern Sweden Population Health Study. 

Paper III includes next-generation sequence data from the discovery pop-
ulation in paper I, and the healthy Swedish population in paper II. In addition 
to these samples, data for 815 healthy individuals from the Uppsala Bio-
resource89 were included (comprised of blood donors from Uppsala and 
Stockholm), making the total number of controls 2,196. These extra controls 
were included in order to obtain a control population large enough for a 
case/control study with only HLA-B*27 positive individuals. 

The path from DNA to variants 
The idea that led to this thesis came about before I joined the project. There 
was an interest to study immune-mediated disease in an alternative way to 
the standard method of genome-wide association studies (GWAS).  

GWAS has been a big help in discovering common variants associated to 
disease, e.g. Alzheimers90, B cell lymphomas91 Crohn’s disease6, multiple 
sclerosis92, and spondyloarthritis93. Single nucleotide polymorphism (SNP) 
markers are spread over the whole genome at known polymorphic sites for 
GWAS. In a typical GWAS, 90% of the associations found are non-coding 
genome regions and thus can be hard to interpret6,94. The associated variants 
identified might not be the causative ones, but might instead be in linkage 
disequilibrium with the real culprit, which was not targeted with GWAS6,95. 
When finding a signal with GWAS, the associated region needs to be studied 
further to be able to say which SNP, or other variant type, is the causative 
one.  

There are several techniques to go from a sample containing DNA (e.g. 
blood), to data files with the information of the order of the bases. The 
breakthrough for reading DNA came with the development of Sanger se-
quencing96, the first-generation of sequencing techniques. As with most 
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technology, sequencing techniques are continuously improving. Since 1977 
and Sanger sequencing, the techniques to sequence DNA have moved for-
ward in great leaps, especially after the success of sequencing the draft hu-
man genome in 200197–99. During these years, technologies have moved past 
the next-generation (from sequencing one DNA fragment at the same time to 
millions) to third-generation (from hundreds of bp per read to tens of thou-
sands) sequencing methods. In this thesis, samples have been sequenced 
with next-generation sequencing (NGS), specifically using short reads tech-
nology on Illumina HiSeq 2500 or X platforms. With NGS, it is possible to 
find rare variants, see which variants that are in LD in the same region, and 
study also structural variations6, overcoming some of the disadvantages of 
GWAS. 

In 2012, whole genome sequencing (WGS) was still very expensive (and 
still is in comparison to other options). In order to get the benefits of WGS 
without actually targeting the whole genome, a custom-made targeted array 
was developed covering around 1% of the human genome89 (Figure 5). In 
order to be used for a handful of immune-mediated diseases the regions for 
sequencing were carefully selected for targeting89. Roughly 1,900 genes 
were selected based on their previous implication in immune-mediated dis-
ease in several animals, e.g. humans and dogs, or for their role in immuno-
logical pathways89. The sequences in and around these genes, including con-
served regions100 within 100 kb up- or downstream of the genes were includ-
ed in the target, allowing the study of regulatory regions in addition to pro-
tein coding sequences89 (Figure 5). 

 
Figure 5. Illustration of the targeted array. Roughly 1,900 genes (green) and their 
conserved regions, including extra genes (orange), 100 kb up- and downstream of 
the genes were targeted. 

Reading the DNA 
Illumina sequencing 
Samples sequenced for Study I were sequenced on one Illumina HiSeq 2500 
(v3 chemistry) lane, using 100-bp paired-end reads with eight barcoded 
samples. The extra controls for Uppsala Bio-resource were sequenced the 
same way (some samples with v4 chemistry), while SweGen were sequenced 
with Illumina HiSeq X (v2.5) using 150-bp paired-end reads. 

I will provide a quick walkthrough of the basics of Illumina sequencing 
(Figure 6). In my case, DNA is fragmented by restriction enzymes and ligat-
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ed with oligos101,102. In the Illumina flow cell, bridge amplification creates 
local clusters of the same fragment on the flow cell101,102. By sequence-by-
synthesis, copying the strand with bases will emit a fluorescent signal at the 
same time as they are built into the nucleic acid chain, each base with a dif-
ferent colour101,102. This creates reads that are copies of the fragmented DNA 
and can be put back together (aligned) to a reference DNA sequence. 

 
Figure 6. Illumina HiSeq sequencing method. This illustrates how the DNA is 1) 
fragmented into a 2) library, 3) the library is fixed on a flow cell and forms clusters, 
and 4) is read at the end. For the final stage, different colour light is emitted, is de-
tected and translated into bases. 

Pipeline: from targeted sequencing to high quality variants 
Sequencing produces a file with all the reads in it, a fastq file, which contain 
roughly 100-bp sequence reads, but does not tell you from which part of the 
genome the reads comes from. By taking the reads and aligning them to the 
human genome, it is possible to place the reads in the right place. We im-
plemented Burrows-Wheeler Aligner (BWA)103 for this (Figure 7). BWA is 
not the most accurate tool on the market but it is a good option when running 
many samples. When weighing up the time of execution with the accuracy 
gained, BWA has a good combination of speed and accuracy. The reads are 
scored based on of how well they match to the genome where they are 
placed, e.g. if they are placed next to its pair and there is no other read that 
looks the same (duplicates) they are higher quality. There are differences in 
the genome between individuals, which can make it harder to align reads, 
e.g. in the case of insertions or deletions (indels). Genome analysis toolkit104–

106 (GATK) have several modules, including one that realign reads around 
potential indels to improve the overall alignment (RealignerTargetCreator 
and IndelRealigner). Picard (http://broadinstitute.github.io/picard) is used to 
mark duplicates to exclude them from downstream analysis (Figure 7). The 
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quality score is recalibrated based on a list of true single nucleotide variants 
(SNV) that are submitted to another of GATKs modules, BaseRecalibrator 
(Figure 7). It inspects how true variants look in the dataset and change the 
quality score accordingly. GATK modules are used for calling variants, first 
by individually using HaplotypeCaller and creating a genomic variant call 
format (gvcf) file, which uses genotype probabilities for the different geno-
types (Figure 7). This module discovers locations where there might be a 
variant and, disregarding the alignment, re-aligns the region to make sure it 
is a variant and not an alignment or mapping error. Genotypes are afterwards 
called on a population/cohort level (all samples/gvcfs together) through 
GenotypeGVCFs, helping with calling the correct variant (Figure 7). If there 
are several individuals that are called as variant it affects the probability that 
others might be variant for that position as well. 

 
Figure 7. The pipeline for going from fastqs to association analysis ready variants. 
This illustrates how the pipeline from variant calling is part of the pipeline for HLA 
allele calling, with imputation and inference branching off at different points 

Out with the bad and in with the good 
The variants called are not all of good quality, and bad quality variants needs 
to be filtered out. The first basic step is to make sure that the variant had a 
chance of being good. With a larger number of reads supporting a variant, it 
is more likely that that variant is true. The first round of filtering is per-
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formed on individual genotypes based on genotype quality and read 
depth106,107. By filtering variants with less than 8 in read depth, the variants 
with low chance to detect heterozygote calls are filtered out107 (Figure 7). 
Each variant also has a genotype quality score that range from 1-100, we 
filtered variants with less than 20 in quality score107 (Figure 7). These filters 
remove the genotype calls for a single individual, but not the whole position, 
from analysis. 

The second step is to remove positions that are bad. This is done by an-
other one of GATK modules, VariantRecalibrator, a machine learning based 
approach where you provide files with real variants of different qualities 
(Figure 7). The program uses provided data to make a cut-off based on how 
the scores for real variants look in the dataset, and make a rule for what is 
real. This process filters out some of the positions suspected of bad quality, 
and we also applied an extra hard filter to remove positions called in less 
than 85% of the samples (Figure 7). 

Bad samples were removed based on if they had lower than 80% call rate, 
had a high level of singletons, high level of heterozygosity, or discordant sex 
(Figure 7). The thresholds for what were high levels were determined empir-
ically based on values for the data as a whole. 

Pipeline: from fastq to high quality HLA alleles 
This pipeline is, to some degree, based upon the previous one described 
(Figure 7). Imputation software programs need high quality variants and 
therefore utilise the variant pipeline, while the inference software programs 
branch off quickly into its own path (Figure 7). HLA typing uses estimations 
by software programs based on NGS read data, and neither these software 
programs nor NGS reads are perfect. In particular, there might be inherited 
biases in many software programs, which during our experiments this was 
shown to be true. To get past this issue, a combination of software programs 
was used. Since not all software programs have the ability to call alleles for 
all genes, the ones used were chosen with that in mind. 

Even though Sanger sequence-based typing (SBT) is considered the gold-
en standard for genotyping HLA alleles, considerable effort has been made to 
use NGS data to extract this information108. The different lab typing ap-
proaches are both time-consuming and expensive, especially if you already 
have the NGS data available108. While sequence-based lab typing often call 
HLA alleles at a G-group level (the exons creating the binding groove is the 
same), software programs have the ability to type up to 4-field resolution108. 
It is, however, hard to say how accurate this would be since not many soft-
ware programs use the data needed for this level of resolution108. Lab typing 
can of course go to higher resolution too, but it is not as simple as it sounds 
because of the sequence similarities in the region. NGS based methods have 
been limited by the fact that they rely on the presences of known alleles, but 
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this is beginning to change109. There is a group of software, not used here, 
that uses G-groups as resolution and tries to find new alleles, e.g. Kourami109 
and HLA-PRG110.  

Since the protein level of the gene was of interest for us a 2-field resolu-
tion was used. As the technique develops, the best way to genotype HLA 
alleles will hopefully soon be to use long-read sequencing to sequence the 
whole gene as one single read and be able to overlap reads to get the full 
haplotype over the MHC, something that should be possible already (but at a 
considerably higher cost). 

Imputation 
Imputation relies heavily on the quality of the input. If bad quality variants 
go in, then you get bad quality results coming out. This is because imputa-
tion fills in information that is missing in a haplotype based on the infor-
mation that is present (Figure 8). The previous section describes the pipeline 
for going from fastqs to acquire high quality variants and it is utilized for 
imputation too (Figure 7). In order to get even higher quality variants only 
positions with a call rate above 98% were kept for the HLA genotyping. 

We used SNP2HLA111 to impute HLA genes. This software uses a refer-
ence panel as a database to determine linked variants so to fill in missing 
information. We used the T1DGC reference panel based on roughly 5000 
European samples111. SNP2HLA utilizes Beagle112 to impute variants and the 
combinations of the variants in the HLA genes (included in the reference 
panel) are translated into HLA alleles. This software was selected based on 
its popularity, having been cited over 300 times. It is commonly used as the 
imputation software for GWAS and other SNP chip data, where studies of 
HLA genes were warranted. SNP2HLA had also been used in an ankylosing 
spondylitis HLA study; studying associations based on imputed genotype 
data, Cortes (2015), which also contributed to its prioritisation above other 
HLA imputation software63. 
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Figure 8. An illustration of how imputation in SNP2HLA is performed. A reference 
panel that includes and extends past the gene of interest is combined with infor-
mation of LD between SNPs. Missing SNPs in the input will be probabilistically 
inferred based on the reference panel. 

Inference 
For inference software programs, only the fastqs are needed for genotyping 
the HLA alleles. To simplify the task to call correct alleles, only the reads 
from the MHC region and unmapped reads are used (Figure 7 and 9). If all 
reads are used to map to a smaller part, BWA’s mapping algorithms will 
cause reads that should not map to a given location to do so, because there is 
no better option available. The pipeline from the previous section was used 
to create a binary sequence alignment map (bam) in order to extract the de-
sired reads (Figure 7), which in most cases were converted back into fastq 
files. These files are then used as input into the inference software programs, 
where the reads are aligned to all the possible HLA alleles in the reference 
used (Figure 9). In this thesis four inference software programs were used, 
namely HLA-VBSeq113, HLAscan114, HLA-HD115 and OptiType116. 

Each inference software program is different in several – and not always 
obvious – ways, including not just the method used for inferring alleles, but 
also the reference and resolution ability. When it comes to the reference, it 
can differ in two ways. Among the four programs mentioned, all use a 
IMGT/HLA70 reference, but there are many versions of this reference, and 
not all software programs allow for changing the reference. The reference is 
also divided into three options: sequence of only the exons (nucleotide refer-
ence), sequence for the whole gene (genomic reference), and the amino acids 
in the resulting protein (protein sequence). Some software programs use the 
nucleotide reference while others use the genomic. It might not sound like a 
big difference, but the content of these references differs considerably in the 
number of available alleles, because only a small fraction of the alleles has 
been reported with genomic sequence. It is only recently that it has become 
common practices that the genomic sequence needs to be available when 
describing a new allele. It was earlier possible to only have the exons coding 
for the binding groove available. Since higher resolution HLA typing needs 
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intronic information, not all software programs are able to infer these. Some 
software programs try to take advantage of LD to make a best guess when 
using the nucleotide reference, but those calls might not be correct since they 
ignore information from the intronic variation. It is not only the variants in 
the introns that might be missed; some software programs only take the 
binding groove exons into account, ignoring variants in other exons. This is 
something we noticed during our study, in particular that one software pro-
gram did not include exon 1, resulting in a random call between the two 
alleles that differed in only exon 1. 

 
Figure 9. A general description of the workflow for inference software programs. 
Raw reads are aligned to a reference genome, and those that align to the MHC re-
gion or are unmapped are extracted. These selected reads are realigned to alleles 
from the IMGT/HLA database. The interpretations of which alleles are present in 
any given individual differ between software programs. 

n-1 method 
Seeing as each software program is biased in its own way, we decided to 
make a consensus dataset that would ensure high quality genotypes, while 
diminishing the bias. Depending on the study, the constellation of the soft-
ware programs varied.  

In paper II the software used for the three HLA class I genes (HLA-A, 
HLA-B and HLA-C) were SNP2HLA111, OptiType116, HLA-VBSeq113 and 
HLAscan114. For these genes three out of four software programs needed to 
be concordant for the allele to be called. For the other five genes (HLA-
DPA1, HLA-DPB1, HLA-DQA1, HLA-DQB1 and HLA-DRB1) only three 
software were used, SNP2HLA, HLA-VBSeq and HLAscan, and therefore 
the call was based on two out of three software programs instead. 

In paper III, OptiType were switched to HLA-HD115 in order to expand 
the selection of HLA genes included in the study. From eight genes in study 
II, we now included 17 genes (with the ability to include more but these 
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were not in the targeted array and therefore excluded from analysis). The 
eight from study I were all called by four software programs (SNP2HLA, 
HLA-VBSeq, HLAscan and HLA-HD) then using data from three out of 
four concordance, while the remaining nine (HLA-DOA, HLA-DOB, HLA-
DRA, HLA-E, HLA-F, HLA-G, MICA, MICB and TAP2) were called with 
two out of three software concordance (Note that SNP2HLA is not able to 
call these with the T1DGC reference panel). 

Associations and where to find them 

A test for each occasion 
Unfortunately, there is no “one size fits all” when it comes to testing for 
associations. Depending on if you want to include rare or common variants 
and also depending on the disease studied, there are different tests that would 
work well in different situations. 

Univariate test  
A univariate test is commonly used when finding associations from GWAS 
data. Here, each variant by themselves is tested for association to the disease. 
For this analysis, common variants are used. Common is often specified as 
alleles with an minor allele frequency above 5% but can also be specified for 
the population used based on the number of samples (n) and the formula, 
threshold 1 ÷ √(2𝑛) 117. As for most methods there are several software 
programs with the ability to perform this analysis, for example the software 
suite GenABLE (used in Paper I). There are different models of univariate 
tests and model selected is based on the inheritance model of the disease. For 
AS, the polygenic mixed model was utilised. An identity by state (IBS) ma-
trix was included in order to remove confounding effects of population strat-
ification. 

Aggregate test 
In order to analyse if a combination of both common and rare variants in a 
region produces an association, aggregate tests can be used. Aggregate tests 
can also help discover variants with low effect size if there are several in the 
same region, since the combined effect of such variants can be larger than 
for any individual variant. Selecting a software program for aggregate testing 
is not a simple task. There are many options to choose from and they might 
not be as good as they appear. The problem with many of the options is that 
there is no explanation of what the program actually does, the algorithm is 
not described, or the parameters used is not specified, making the software 
program into a black box.  
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In the end, we selected the R package Sequence Kernel Association Test 
(SKAT118) which seemed to be one of the most transparent option with the 
algorithm easily available. It also had the positive addition of a ready pro-
gram for prioritising the variants from a significant region using a backward 
elimination test (which I will mention more in full in the next section).  

SKAT includes all markers in a region, irrespective of MAF117, and we 
performed a combined rare and common variant test, SKAT CommonRa-
re117, with the SKAT algorithm. The SKAT algorithm first performs individ-
ual regression tests of the variants before combining the variants in the re-
gion, which removes any problems that variants with effect of different di-
rections could bring. It also performs best with data where the majority of 
the variants are non-causal, which was what we expected for our dataset.  

SKAT CommonRare aggregate the same region once with only rare and 
once with only common variants. This is because the variants are differently 
weighted in the tests (rarer alleles have more weighting, which then decreas-
es down to the common allele threshold, where all alleles are given the same 
weight) and making it possible to use different algorithms for the tests if so 
wished. The two tests are then combined to provide the association of the 
region as a whole. 

The decision of which regions and variants to aggregate is up to the user. 
It is possible to use a-priori information or only variants that are predicted to 
possibly have a functional effect, but that would limit down the search. What 
is already known or predicted might not reflect completely what can be 
known. Our regions were based on the longest transcript space from each 
gene (the first start and the last stop of any transcript) together with regulato-
ry regions, specifically from the 5’UTR plus 2 kb upstream to the 3’UTR 
plus 20 bp downstream. The targeted sequencing array resulted in more than 
7,200 genes, since genes were covered by the conserved regions and were 
found around the roughly 1,900 targeted genes.  

In order to decide which genes that were covered enough to be part of the 
SKAT analysis, we calculated the average exon coverage (AEC). The logic 
behind this was that the test would not be able to fairly evaluate the gene if 
only a small part of it had been sequenced. To calculate AEC, gvcfs for 10% 
of the samples were used. First, the percentage of coverage for exons was 
calculated per sample (number of bases with ≥ 8 read depth and ≥ 20 geno-
type quality divided with total number of bases in the exon). A threshold was 
chosen empirically based on plots where different levels of AEC were plot-
ted against sample missingness for each transcript. In order to keep many 
targeted genes with coverage in the majority of samples, a ≥ 70% AEC and a 
≤ 10% missingness were used as a threshold (and only regions with at least 
two variants were used) resulting in 3,673 regions retained in the analysis for 
males and 3,652 regions for females.  
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Logistic regression and Fisher’s exact test 
In the PyHLA software119 used to analyse HLA alleles, there were three op-
tions of association tests available; logistic regression, Fisher’s exact test and 
chi squared. Even though the tests are similar, there are differences between 
them that make one or the other a better choice. 

Since sex was significantly associated to disease we wanted (when possi-
ble) to use sex as a covariate in the association test. This could only be done 
with logistic regression test (also for linear regression but that is for quantita-
tive traits), which made the choice easy in this case. For amino acids, logistic 
regression was not available, and since Fisher’s exact test works better on 
small sample sizes than chi squared, it was used for these tests. 

Male. female and the whole population analysis 
For both paper I and III, we were interested in investigating if genetic sex-
stratification could be identified in this sex-biased disease. Around 2/3 of our 
case population was males. By dividing the population studied into males 
and females it was possible to compare the associations found in the differ-
ent data. This was by far the best way to try to dissect sex-specific associa-
tions; partly because the population studied became more homozygous mak-
ing signals of associations clearer and partly because other options might 
have a hard time handling the skew. When studying the whole population, 
sex needed to be taken into consideration, since it was significant in our da-
taset. This was done in two different ways; sex was either used as a covariant 
in the test (paper III) or the individual test for each sex was combined with a 
weighted Fisher’s method120 to combine the p-values from the shared vari-
ants from two different sized groups (paper I). 

Prioritisation of variants 
After running the association test, most variants are filtered from down-
stream analysis since they do not have significant p-values. Once again there 
are choices to be made; what should be the significance threshold and which 
variants are driving the signal? 

Significance threshold 
It is obvious that there needs to be a threshold for what is significant and 
what can be seen by chance, but how to do this is not always straightforward 
or easily understandable. Significant p-values for a single test is normally set 
to 0.05121. When performing several tests the significance threshold, or p-
value, needs to be adjusted for the number of tests121.  

Bonferroni test is one of the most common ways of choosing a signifi-
cance threshold to correct for multiple testing. In paper I, two different Bon-
ferroni thresholds were applied. For the univariate test, a cut-off of 1x10-6 
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was used instead of the classical 5x10-8 since we have targeted and not ge-
nome-wide data121. For the aggregate tests a 5% Bonferroni was used based 
on the number of regions that was aggregated in the test. 

Bonferroni is based on the preconception that the tests are independent, 
which often makes it too strict when it comes to genomics datasets with 
many variants and loci in linkage disequilibrium. To address this, it is possi-
ble to use permutation testing to take all dependence and dataset structure 
into account. A false discovery rate (FDR) was used in two of the papers (I 
and III), where the tests were performed 1,000 times with phenotype or sex 
shuffled. The p-value for 95% lowest value is used as the threshold for a 5% 
FDR. 

Some software programs also provide you with an odds ratio (OR), which 
determines the effect size of the variant. The OR is the ratio of the following 
ratios, i) having the variant versus not having it in cases and ii) having the 
variant versus not having it in controls. An OR that have the 95% confidence 
interval (CI) that crosses 1 (the line for what is a protective variant and what 
is a risk variant) is a sign that more data is needed to obtain a trustworthy 
effect of the variant (narrow the CI). 

Backward elimination 
An aggregate test uses all variant positions in a region when performing the 
test. But as each individual have 3-5 million single nucleotide variants 
(SNVs), the majority of these do not have an impact on disease122. To narrow 
down the number of variants in a region, to those more probable to cause 
disease, backwards elimination can be performed (BE; SKAT-BE123). 

The idea of BE is simple, variants that contribute to the signal will nega-
tively influence the p-value when removed, while removal of neutral variants 
will not change the p-value or even make it more significant. When running 
the aggregate test with all variants, it will give a p-value that is used as the 
baseline for the BE. One variant at a time is removed and the p-value re-
measured. The variant that improves the p-value the most when removed is 
excluded from the next run using the new improved p-value as baseline. The 
process continues until no variant can be removed without negatively chang-
ing the p-value, creating a set of variants that are most likely to have an im-
pact on disease. 

How to hypothesise 
Discovering associated variants is not enough to meaningfully contribute to 
disease diagnosis and treatment. When a set of significantly associated vari-
ants has been acquired the question becomes “how”. How might this specific 
variant impact disease? How could this hypothesis be tested?  

A hypothesis of what the function of a variant might be can be created in 
several ways. Collecting information about the variant, for example, if it is a 
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coding variant, the gene in which it is located can provide crucial infor-
mation about its potential function. The variant or gene might have been 
associated with a phenotype before, which might exist in the disease studied. 
There might have been functional analysis done on the variant before, which 
could shed light on its role in disease. 

 In some cases, there are no previous studies mentioning an associated 
variant and no information about what the resulting protein does. Luckily, 
there is a multitude of databases available to mine for information. Some of 
the ones used for this study include ENCODE124, RegulomeDB125, GTEx126, 
GeneHancer127, PROVEAN128 SnpEff 4.1129, and pair-wise TFBS potential, 
sTRAP130,131. These are all resources available to predict function, such as 
transcription factor binding, amino acid changes, loss of function, which 
genes that can be affected, how deleterious a variant might be and how prob-
able it is that it has a regulatory effect. With this information collected, it is 
possible to create a hypothesis of how the variants might contribute to dis-
ease and, even better, find a way to prove it. By using the little grey cells, it 
is possible to design an appropriate experiment. 

“Everything must be taken into account. If the fact will not fit the theory – let 
the theory go.” 

― Hercule Poirot (Agatha Christie) 
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Results and discussion 

The discussion is divided into four parts, including Papers I-III, and a final 
section that will cover the investigation to determine if sex-dimorphism ob-
served for disease is reflected in the genetic predisposition as studied in Pa-
per I and III. 

Paper I: The sex-stratified genetic architecture of 
ankylosing spondylitis  
In this study we identified both shared and sex-specific associated loci. By 
subdividing the population by sex, we could uncover three sex-specific loci 
significantly associated to disease. Univariate test revealed a distal promoter 
to run-related transcription factor 3 (RUNX3) was associated in males. Ag-
gregate tests revealed one associated locus in males, prolyl 3-hydrocylase 1 
precursor (P3H1, also known as LEPRE1), and one in females MHC class I 
polypeptide-related sequence B (MICB). All variants prioritised for func-
tional validation were replicated in a second Swedish population unless oth-
erwise stated. 

MHC was most highly associated to disease in the univariate test for both 
males and females, which was not surprising. The SNP with lowest p-value 
was located around 700 bp upstream of HLA-B. Males and females did not 
have the same SNP as most significant even though they were in LD. Locat-
ed in a region with histone marks and transcription factor binding sites 
(TFBS), it is possible that this variation can affect gene regulation. When 
performing a conditional analysis on the most significant SNP, the remaining 
association peak in males and female differ, namely HLA-B in males and 
MICA in female. It is, however, difficult to dissect the signal in the region 
because of the high linkage disequilibrium. 

RUNX3, on chromosome 1, is a locus that has previously been associated 
with AS, with the first time being around 10 years ago36. In this study, how-
ever, we have discovered some new information. We do not have the same 
top SNP in the region as previous studies36, though it is in LD (r2=0.98), and 
in our data we can show that the locus is male-specific. This may explain 
why this locus does not always show up as significant, seeing as a popula-
tion of mixed female and male samples would lower the signal. The locus 
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consists of five variants, four SNPs and one indel, located in a GeneHancer 
element127 with several upstream transcription factor-binding sites (TFBS). 
The region may play a regulatory role not only on RUNX3 itself but also as a 
distal enhancer for MAN1C1 and SYF2I. The LD between these variants was 
investigated and haplotypes reconstructed. Homozygote risk was observed in 
33/16% of male cases/controls, which was significant with an OR of 2.6, and 
20/28% of female cases/controls (not significant).  

Luciferase assays were performed on two fragment sizes, one with three 
of the variants and one with all five. The risk haplotype was a significantly 
stronger enhancer than the non-risk and the longer fragment produced 3-4 
times more relative luciferase expression than the shorter fragment. This is 
not only proof that these variants can affect expression, but also hints at that 
these variants may influence expression of RUNX3, MAN1C1 and SYF2I. It 
also brings forth the importance of considering more than one variant when 
performing validation. Intriguingly, this experiment revealed that expression 
is not only altered in immunological cell lines (Jurkat), but also in skin cell 
lines (HaCat) and bone cell lines (SaOS-2). These three cell lines are all of 
interest for AS, with psoriasis as a common comorbidity (skin) and the main 
symptom of ankylosing (bone erosion followed by growth). 

Electrophoretic mobility shift assay (EMSA) was performed on the most 
significant SNP in the locus, since the risk variant was predicted to disrupt 
several TFBS. Since EMSA is not a quantitative assay it is hard to tell if 
there is more or less binding in either group, and which transcription factor 
that binds. What we could conclude was that both alleles had binding in both 
activated and naïve T-lymphocyte cells (Jurkat). Seeing as the association 
has been known since 2011, it is not surprising that the idea of how it con-
tributes to disease have evolved during this time. Based on a recent mouse 
study, Runx3 might have a dual job in disease, both in immune regulation 
and in osteogenesis (process of bone building and breakdown)132–136.  

Aggregate test revealed two loci, MICB and P3H1, to be associated with 
AS. By implementing BE, the number of variants in the loci decreased so 
that 27 of 115 variants from MICB and three of 31 variants from P3H1 were 
retained as contributing to the association signal and are thus more likely to 
be contribute to disease. 

P3H1 is a good candidate gene, with its previous association to the bone 
disease osteogenesis imperfecta. Of the three SNPs, two were rare and one 
common, only the common variant was used in downstream analysis. This 
allele was, however, not significant in the replication population or the com-
bination of the discovery and replication data. This might be because of the 
disease differences in the discovery versus the replication dataset or even 
that they are collected in different regions of Sweden. In any case, we decid-
ed to examine if the locus could be functionally validated using one of the 
common variants, rs7552138. Even though the variant was predicted to af-
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fect TFBS this could not be validated with EMSA. This does not mean they 
are not functional, and other cell lines might tell a different story. 

MICB was more successful. With 27 variants to choose from, we investi-
gated the LD in the region. This resulted in two haplotype blocks and a few 
variants independent of these blocks. Both blocks had a risk haplotype. In-
terestingly, the homozygote risk haplotype of block 1 always co-occurred 
with homozygote risk haplotype for block 2. The reverse was not true, ho-
mozygote risk haplotype for block 2 was as common with heterozygote as 
for homozygote risk haplotype for block 1. Information about their regulato-
ry potential and previous associations was utilized to prioritise one variant 
from each block (or independent group, three in total) that should be used for 
functional validation. With help of EMSA it was possible to learn that all 
three variants had binding capabilities. One of the variants (rs3828903-A) in 
block 1 showed competitive binding across skin (HaCat), T-lymphocyte 
(K562) and bone cell lines (SaOS-2). MICB is known for its role in presenta-
tion and binding to natural killer cells in the immune response137, so this 
result hints towards MICB having roles not yet known. This variant is in 
weak LD (r2=0.23) with the most significant HLA-B allele, but that does not 
exclude the possibility of LD to HLA-B*27. It is also one of 13 variants in 
that haplotype that is co-located in a GeneHancer element that influences 26 
genes.  

GTEx data supports that regulation in certain tissues by this region for 
five of those 26 genes. Three of the genes that might be regulated by this 
region has been associated with ankylosing spondylitis before, DDX39B 
(BAT1)138, HLA-C139 and MICB140. One of the other genes was also particu-
larly interesting, ATF6B. Even though this gene as never been genetically 
associated with disease, previous reports have described a 1.8 fold up-
regulation of mRNA in the whole blood of AS patients compared with 
healthy controls141. A knock-out of ATF6B counterpart in mice, Atf6B, re-
vealed a correlation between expression of the gene and chondrocyte prolif-
eration142, suggesting that ATF6B might not only have a potential role in 
endoplasmic reticulum stress response, a response theorised to play a part in 
AS, but also in ankylosing. 

The MHC region is as always hard to dissect and to explicitly understand 
how it has a role in disease. We hypothesise in Paper I that the MICB associ-
ation could have a role in ankylosing spondylitis through TNF-α homeostasis 
and the innate immune system, while RUNX3 might have a role in the adap-
tive immune response with regulation of T-cell differentiation. The results 
from both MICB variant rs3828903 and RUNX3 hints about a role also out-
side of the immune system with interesting results in a bone cell line. The 
fact that RUNX3 is male-specific might explain why it has been elusive in 
association tests, where the composition of males and females in study popu-
lations will affect the strength of association signals from sex-specific vari-
ants. In this study, we have contributed to increasing the knowledge of pre-
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disposition of AS, exposed new ideas of how previous associations might 
function, like RUNX3, and opened up for new studies, e.g. what effect have 
increased levels of ATF6B. 

Paper II: SweHLA: the high confidence HLA typing 
bio-resource drawn from 1,000 Swedish genomes 
This study focused on the generation of the high confidence Swedish HLA 
typing bio-resource (SweHLA). This resource was the next step in the study 
of 1,000 Swedish whole genomes published in 2017, SweGen85. With the 
data from SweGen, eight HLA genes (HLA-A, -B, -C, -DPA1, -DPB1, -
DQA1, -DQB1 and -DRB1) were genotyped and their allele frequencies cal-
culated. Both the frequencies of the n-1 high confidence set, and the individ-
ual software programs are freely available. The methodology used has been 
carefully described in the comments on samples and methods section; here 
we are going to explain why this is so important. 

When trying to do a case-control study with only one software program 
we found one association, but after a closer look we realised that it was a 
false association. The software could not differentiate between two of the 
alleles and by random chance had control samples been assigned more of 
one allele than the cases. This was disconcerting and implied that we needed 
another, better approach to genotype HLA alleles. The solution came half 
from the software Ensemble143 (a software combining results) and half from 
the fact that we had already tried more than one software program. Since 
each software program has its biases (see Comments on sample and meth-
ods), combining their results should diminish their individual biases. By 
combining results, while some alleles would not be called when the software 
programs disagreed, the genotyping rate was still very high, varying between 
genes from 82.4-98.1% in this dataset. 

The big question was if these biases could make a significant difference. 
When comparing results with studies using the same software, there is the 
same bias in both datasets, so here the bias should be negligible. But when 
comparing results from different software programs, there will start to be 
problems. We discovered 18 alleles that had more than 2% difference in 
their allele frequencies between any two software programs. Of these, 15 
were alleles that have been associated to some kind of disease. This clearly 
makes a difference. Depending on the software program utilised, the allele 
might be rare and filtered out, or common and included in the association 
tests, or even worse, some alleles could not be called at all. Therefore, before 
saying that the allele was not replicated by the dataset, it is important to see 
if it even had the possibility of being called. One clear example of the im-
parted bias when using only one software program is demonstrated by HLA-
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DRB1*16:01, where this allele had three different allele frequencies depend-
ing on software: 0%, 0.3% and 10.7%. 

In order to evaluate the quality of the data, the allele frequencies were 
compared to the largest freely available lab-typed Swedish population of 
only 245 Swedes144. This is the only population with more than three genes 
available for the same set of individuals at a 2-field resolution. Unfortunate-
ly, not all of the genes studied had 2-field information available, but there 
was a high correlation between the genes that was possible to compare. The 
dataset was also compared to a British SNP2HLA population76 with over 
5,000 samples to compare population diversity. HLA-DQA1*03:03 had a 6% 
allele frequency in SweHLA but was not found in the British set. This is 
another clear example of the problems that using different software pro-
grams can create. This was not a proof of diversity, but rather result of 
SNP2HLA not having the allele in its reference panel. These kinds of dis-
crepancies in calling are to be expected, since the number of alleles available 
in the references for the four software programs used in this study varies 
between 298 and 9,854. 

This approach, to create consensus calls, seems to be closer to the gold 
standard than any of these software programs are on their own. SweHLA is a 
high-quality resource with the option to use allele frequencies from one sin-
gle software program if that is desirable, but our recommendation is to com-
bine software programs for a more robust and trustworthy result. 

Paper III: HLA-A confers protection in HLA-B*27 
positive ankylosing spondylitis 
In this study, the methodology developed in paper II was utilised to study 
association between HLA alleles and ankylosing spondylitis. By changing 
one of the software programs, 17 genes could be genotyped (HLA-A, -B, -C, 
-DOA, -DOB, -DPA1, -DPB1, -DQA1, -DQB1, -DRA, -DRB1, -E, -F, -G, 
MICA MICB, and TAP2), with 15 having a genotyping rate above 80% 
(HLA-DPA1 and TAP2 were excluded). Since both HLA-B*27 independence 
and sex-specific predisposition were to be investigated, the population were 
subdivided into six groups. One group with all samples and one group with 
all HLA-B*27 positive samples; these groups were further split into only 
males and only females. Seeing as sex was significantly associated with dis-
ease, it was included as a covariate in analysis encompassing groups with 
combined male and female samples (except for amino acids since Fisher’s 
exact test could not use covariates). Discussion about sex-stratification can 
be found in the next section because of the close connection with paper I in 
that regard. 
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Of the 15 genes that were genotyped at a high rate (> 80%), nine were as-
sociated to disease, with 25 alleles when all samples (combined set: ncas-

es=310 and ncontrols=2,196) were used (all associated alleles with OR and CI 
for all tests can be viewed in Figure 10). These alleles were detected in dif-
ferent combinations of the datasets (as illustrated in Figure 10 with boxes; 
grey for combined, black for male and white for female). Four alleles were 
only detected in the combined dataset, whereas seven were associated in all 
datasets: the combined, male and female dataset. The remaining 14 associat-
ed alleles were shared between the combined and the male set only. The 
seven alleles associated in all groups demonstrate a robust association, while 
the ones shared between the combined and male dataset hint at the composi-
tion of the combined set (3:1 males). Three alleles were associated in fe-
males but not in the male or combined dataset, HLA-DQA1*04:01, -
DQB1*04:02 and -DRB1*08:01 (Figure 10). Interestingly, HLA-
DRB1*08:01 has been previously associated to a decreased degree of radio-
logical changes in AS, concordant with manifestation of disease, seeing that 
female cases often have less changes145. The other two alleles were novel. 
One of the alleles associated with risk in the combined dataset was MICB-
005:02.  

An HLA-B*27 positive cohort (or negative) is the best way to find out if 
there are any association signals independent of this gene in ankylosing 
spondylitis. In most studies, researchers perform conditional analysis tests, 
where the gene is either masked or used as a covariate. This is a strategy 
commonly used in AS too, but it was not the optimal way to do it here. In 
AS, with more than 80% of cases being HLA-B*27 positive19,54 versus only 
around 7-14% in controls depending on population144,146, it is very close to 
conditioning on disease, which is not the intent. To extract real independent 
associations in the best way, in AS, is to have a homogenous group. In this 
study we were able to create a HLA-B*27 positive population (with only 
eight HLA-B*27 negative cases, an negative analysis could not be done). 
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Figure 10. All alleles significantly associated to ankylosing spondylitis when ana-
lysing a population with both HLA-B*27 positive and negative individuals. Odds 
ratio above 1 (with 95% confidence interval not crossing the line) indicate risk, and 
below 1 indicate protective effect. Grey boxes indicate alleles significantly associat-
ed to disease in the combined set, black in males and white in females. 
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One allele, HLA-A*24:02, was protective in the HLA-B*27 positive popu-
lation. Neither male- nor female-specific analysis revealed any significant 
associations. This was not unexpected given that the groups were rather 
small. In order to try to find other HLA-B*27 independent associations, these 
three groups were further analysed to see if there could be any association 
signals from amino acids. This, too, presents an opportunity to discuss reso-
lution. An amino acid is a lower resolution than a 2-field allele, because 
amino acid analysis group alleles together by matching one single amino 
acid. This does not mean they have the same three bases that codes for it, but 
in the protein, the amino acid at that position is the same. Our HLA-B*27-
independent associations reveal a link between the amino acids and the asso-
ciated allele, as the protective amino acids are found in HLA-A*24:02. When 
all HLA-B*27 positive samples were included the position 119 in HLA-A 
was significantly protective when being a leucine (119L). Males revealed a 
significant protective association at HLA-A position 180 if the amino acid 
was glutamine (180Q). Both amino acids are located in the binding groove 
of HLA-A and could significantly impact binding capacity. Both 119L and 
180Q have bigger side chains compared to the other amino acids found at 
these positions, and while 119L does not change the charge of the protein, 
180Q is hydrophilic contrasting to the other hydrophobic amino acids com-
monly occurring at that position. 

This is the largest (by the number of genes) HLA study of ankylosing 
spondylitis done in one and the same population. It is also one of the largest 
studies, by the number of samples and genes, of only HLA-B*27 positive 
samples. We have not only replicated some of the previously known HLA 
associations but also presented new ones. What makes the newly described 
HLA-A*24:02 allele protective in an HLA-B*27 positive population? Figur-
ing out how this allele is involved in hindering disease progression might 
potentially reveal a drug target. 

Paper I and III 
Both paper I and III cover association analysis of ankylosing spondylitis 
with the goal to investigate if sex-specific predisposition to disease exists. 
The manifestation of AS differs between sexes, the genetic background to 
this has not been studied. It is, however, important to understand if this has a 
genetic cause, considering that it could be exploited to better personalise 
disease treatment. In fact, these studies demonstrate that the genetic predis-
position reflects the sexual-dimorphism in disease. 

Paper I revealed male-specific variants in or close to RUNX3 and P3H1 
whereas MICB is female-specific. Paper III found three female-specific al-
leles in the HLA-B*27 mixed population (HLA-DQA1*04:01, -DRB1*08:01, 
-DQB1*04:02), and one amino acid in males (HLA-A 180Q). To make sure 
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that the results were not caused by subsampling or difference in cohort size, 
two 5% FDR were used as thresholds, one with the phenotype shuffled (pa-
per III) and one with sex shuffled (paper I and paper III). Another investiga-
tion was also made, comparing the difference in allele frequencies between 
cases and controls for female versus males. This examined if the association 
difference is caused by one sex having a higher allele frequency at a specific 
allele. If the difference between cases and controls in one sex is larger than 
the other, it is more probable that it is true. This all adds weight to the dis-
covery of sex-specific genetic predisposition in ankylosing spondylitis. 

 There are a few points here of importance. When sex is significantly as-
sociated with disease, to only use that fact as a covariate might not be 
enough. In paper III, we used sex as a covariate, which should strengthen 
sex-specific associations signal. Since we have more males it is easy for the 
signal to be controlled by them, by using sex as a covariate this influence 
should be less obvious, but this did not reveal any of the sex-specific vari-
ants that we discovered later by dividing the cohort into male and female 
datasets. Even though the subdivision reduces the number of samples, it 
creates even more homogenous groups and simplifies detection of associa-
tions. It probably goes without saying, but many of these sex-specific associ-
ations would not have been detected if sex were disregarded, like is often the 
case in studies of ankylosing spondylitis. There are studies that do not men-
tioning the sex ratio of their population at all, which is likely to be imbal-
anced, and others include this information but do not use it as a covariate in 
analysis even though it is significantly associated with disease. 

Another point in favour of these studies is that although the population 
sizes were relatively small, they were able to replicate known associations, 
as well as revealing new ones. In paper I, functional validation strengthens 
the result, while the associations in paper III would need more investigation 
to prove the putative functional effects. HLA-DRB1*08:01 does make a 
compelling story, though, with its association with less radiological changes 
and its association to female-specific disease, as females are reported to have 
less radiological changes. 
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Concluding remarks and future prospects 

Overall, we have taken the research into ankylosing spondylitis and NGS 
HLA genotyping forward. There are still much that could be done with this 
data, not to mention how this work could be transferred and utilised in other 
diseases or into clinical genetics. 

What have we learnt from these projects? 
The first efforts to utilise this dataset for genetic studies have resulted in new 
insight into the sex-stratification of ankylosing spondylitis for both the 
whole targeted sequence array and HLA alleles. Even though the fact that 
males have a higher incidence of disease and that males and females have 
different manifestation of disease, the genetic differences had not been stud-
ied before. Skewed sex ratios are true for several diseases, especially immu-
nological diseases. Hopefully this proof of concept, that skewed sex ratio 
and differential manifestation of disease might be caused by genetic predis-
position, will lead to more studies of its kind. Another lesson that really hits 
home is to not expect a software program to be perfect. Always make sure to 
test it out, ideally on data where you know the result, to know if it performs 
the task that it should and in the way you expect it to. If you are unsure about 
what bias a software program might bring, combine several to reduce the 
overall bias. It might result in less data but at least the data you have will be 
of high quality and confidence. 

What else could be done with the ankylosing spondylitis dataset? 
There is still a lot that can be done with this dataset. First of all, imputation, 
which might be the easiest next step to implement. Since we have a targeted 
array covering around 1% of the genome there a wealth of information that 
has not been considered yet. The targeted array has allowed for a more in-
depth study of this disease than the various SNP chips used in earlier publi-
cations. By imputation based on a really large reference panel with almost 
65,000 haplotypes from 32,500 samples of predominantly European ances-
try147 and with high quality variants, we could expand the region of infor-
mation and learn even more. To provide extra strength to this analysis, extra 
controls from SweGen can be included.  

Second, careful association analysis should be performed also for the sex 
chromosomes. The sex chromosomes are largely overlooked in most disease 
association studies, often explained by the higher difficulty in calling vari-
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ants for sex chromosomes than autosomes. For females, they are diploid 
(chromosome X), but for males there is a mix of haploid and diploid (chro-
mosome X and Y have an overlapping regions called pseudo autosomal re-
gion148), this region makes the variant calling tricky. Our solution has been 
to divide the X chromosome in males and treating the pseudo autosomal 
region as diploid while the other region in haploid, but further analysis is in 
the works.  

Third, it would be interesting to attempt to investigate structural variation 
(SV) in the dataset. Even though our data is targeted sequencing, which 
makes SV detection harder, it is not impossible to do. There exist software 
programs especially designed to accommodate exome sequencing, similar in 
scale to our targeted array149. In this field, it is standard to apply a similar 
approach to our HLA typing, by using several software programs and get the 
consensus before trusting an SV. This examination is even more interesting 
since it is known that there is a copy number variation (CNV) region within 
MHC that covers among others HLA-DQA1150.  

Fourth, it would be good to do further functional validation. In some of 
the studies, we could show that a specific variant had an effect on the bind-
ing of transcription factors or altered expression, but we still do not know 
how they contribute to disease. We also have the example of HLA-A*24:02 
and the amino acids, which could affect binding in the allele compared to 
alleles without the two associated amino acids, but the functionality of this is 
not proven. In any case, this picture will not be complete until the molecular 
mechanism of how variants contribute to disease can be demonstrated.  

Fifth, it would be interesting to expand the study, to look further afield. 
With this I mean, investigate if the associations found in the Swedish popu-
lation can be replicated in another populations. In an ideal study, all the AS 
datasets would be combined to see what more power could help reveal in a 
larger, more diverse dataset and which variants held the key to disease no 
matter which population you belonged to. With a larger AS population, it 
would also be possible to subdivide into sub-phenotypes, such as co-
morbidity categories.  

Sixth, even though I do think combining software programs is the best 
way to type HLA alleles, I would like to compare the associations from our 
SNP2HLA data with that from Cortes et al. (2015). This paper did a thor-
ough investigation of HLA alleles imputed with SNP2HLA from an Immu-
nochip. Cortes had 9,069 ankylosing spondylitis cases and over 13,000 con-
trols (no sex information provided). It would be interesting to see if we are 
able to find the same associations in our different (and smaller) populations 
and, if we do, if we can find a difference when having sex as a covariate or 
when testing each sex by itself. 
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What about all data generated with the custom-made targeted array? 
Since the creation of the array several diseases has been sequenced with it, 
not just ankylosing spondylitis but also Addison’s disease, Systemic lupus 
erythematosus (SLE), Sjögren’s syndrome, myositis and vasculitis, generat-
ing a group of immune-mediated diseases (all sequenced with the same array 
and in the same way). This presents a unique dataset that should be exploit-
ed. Some of these diseases also share co-morbidities, like psoriasis or nephri-
tis. In AS the co-morbidity groups were too small for independent examina-
tion, but by combining these different disease dataset, it might be possible to 
study sub-phenotypes common across diseases. Not to mention the possibil-
ity to find disease variants common between diseases. Combining the da-
tasets can lead to detection of causative variation with lower effect that are 
hard to detect in a single disease but will be brought through with the height-
en power of more samples. 

What is next for HLA analysis? 
Even though our work is important and if implemented by others, will lead 
to more robust genotyping of HLA genes from NGS data, there are ideas that 
might take it a step further. New software programs rely more on graph-
guided typing instead of realigning to the known alleles from IMGT/HLA 
database108,109. This idea to use population graphs, with the different variant 
options across the gene, will make the software programs less dependent on 
what has already been reported108,109. These software programs claim that 
they have the ability to find novel alleles108,109, but these alleles are right now 
only reported by G-groups, which is why we have not used them in these 
studies.  

We have tested Kourami but since the resolution was different, we could 
not incorporate it in paper II. Overall, the G-groups agreed with calls from 
the other software programs if the 2-field alleles had been assigned their G-
groups instead. We tried to investigate the potentially novel alleles, but the 
variants did not agree with the ones in IGV when looking at the bam files. 
This can have many explanations, like the reads are realigned to the graph, 
and only Sanger sequencing of the potentially novel alleles would prove or 
disprove their existence. When the population reference graph-based soft-
ware programs start giving 2-field resolution, they will be one of the best 
options available. This, in combination with long read sequencing of the 
MHC, will give the golden standard of HLA sequencing (SBT) a hard fight. 

What is next for SweHLA? 
As mentioned above, more software programs are being developed. Since 
the creation of SweHLA, the same population has been run with one more 
software program, and though not included in the analysis, Kourami has 
been performed. My vision is that this resource will continue to grow, to 
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meet developing needs in the field. It already serves to the needs of SNP-
based typing as well as NGS data at 2-filed resolution. The next step would 
be to include G-groups from population graph software programs. With the 
use of software programs that claim they can detect novel alleles, another 
door opens. Like for the resource, a combination of software programs capa-
ble of identifying novel alleles could be used for an in-depth analysis of HLA 
in the Swedish population. Novel alleles would of course need validation by 
sequencing; here long-read sequencing could be put to good use.  
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Populärvetenskaplig sammanfattning 

Ankyloserande spondylit (tidigare känd som Bechterews sjukdom) är en 
immunologisk sjukdom som påverkar livskvalitén hos den drabbade. Huvud-
symptomen av sjukdomen är ryggsmärtor och stelhet, detta är orsakat av 
inflammation i ryggrad och bäckenbenets leder. Om sjukdomen får fort-
skrida ostört blir ryggraden böjd och kotorna i ryggraden börjar få skelett 
utskott, vilka växer ihop och till slut formar en bambu liknande struktur. Den 
böjda ryggraden leder till andningssvårigheter då volymen i bröstkorgen 
minskar och det blir svårare att expandera den då hela strukturen är stelare. 
Det är även vanligt att ankyloserande spondylit patienter drabbas av andra 
sjukdomar: subklinisk inflammation i mag- och tarmkanal, psoriasis, druv-
hinneinflammation (ögat) och ledinflammation. Ankyloserande spondylit är 
mer vanlig hos män än kvinnor (2-3:1), något som är ovanligt för immuno-
logiska sjukdomar. Även symptomen kan variera beroende på kön, till ex-
empel man kan se en högre grad av skelettförändringar hos män. 

Ankyloserande spondylit är en ärftlig sjukdom vars orsak inte helt kart-
lagts. När det kommer till genetiken bakom sjukdomen så har mer än 50 
regioner i arvsmassan blivit kopplade till sjukdomen. En variant av immun-
genen HLA-B, nämligen HLA-B*27, finns i arvsmassan hos mer än 80 % av 
patienterna, men färre än 7 % av de med HLA-B*27 utvecklar sjukdomen, 
något som tyder på att det är fler gener involverade. (HLA gener översätts till 
protein som är avgörande för ett fungerande immunförsvar.) Den här av-
handlingen fokuserar på de genetiska orsakerna till ankyloserande spondylit i 
en svensk population och metoderna som användes för dessa undersökning-
ar. 

I den första studien sekvenserade (avläste) vi ca 1% av den mänskliga 
arvsmassan baserat på vilka gener som tidigare har blivit associerat med 
olika immunologiska sjukdomar, och de konserverade regionerna runt om-
kring (för att inkludera reglerande element). Totalt 310 personer med anky-
loserande spondylit och 381 friska blodgivare användes för att undersöka 
associationer till sjukdomen. Då sjukdomen varierar mellan könen under-
sökte vi om detta reflekterades i den genetiska bakgrunden för sjukdomen. 
Med ett univariat test kunde de vanliga varianterna (>5% av proverna bär på 
den) undersökas, och det var ingen överraskning att den starkaste associat-
ionen i både könen kom från HLA-B. Några varianter nära genen RUNX3 var 
signifikant associerad till sjukdomen i män medan med ett aggregerande test, 
som inkluderar både vanliga och mindre vanliga varianter i en region (till 
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exempel runt en gen), kunde både P3H1 och HLA genen MICB bli identifie-
rade att vara associerade till sjukdom i män respektive kvinnor. Vi kunde 
bevisa att varianterna vid RUNX3 kan bidra till ökad utryck av de gener de 
reglerar, medan MICB ändrar bindningen av transkriptions faktorer. Detta 
kunde visas i bland annat benceller, vilket är av intresse för sjukdomen då 
den involverar skelettförändringar. 

Nästa studie involverade att både hitta en robust metod för att undersöka 
HLA gener, och att skapa tillgång till ett större antal kontroller för fortsatta 
studier av ankyloserande spondylit men även som en resurs för andra fors-
kare. Arvsmassan av 1,000 svenskar sekvenserades och publicerades 2017 
och med dess data kunde vi utöka vår kontrollgrupp för en HLA studie. Av-
läsning av HLA gener kan göras från sekvenserade prover med hjälp av da-
taprogram. Vi använde oss av tre till fyra program, beroende på genen, vars 
resultat kombinerades med en n-1 metod, för att undvika inbyggd partiskhet 
av ett program. Medan vi byggde upp en kontrollresurs för HLA studier 
kunde vi även undersöka frekvensen av de olika HLA gene varianterna i den 
svenska populationen. Vi kunde även se tydliga exempel på hur partiskhet 
kan påverka forskningen, då 15 av 18 gene varianter med stora skillnader 
mellan dataprogrammen har blivit associerade med olika sjukdomar. 

Med kunskapen från föregående studie gjordes en undersökning av HLA 
genernas roll i ankyloserande spondylit, både vad gäller om det fanns någon 
skillnad mellan könen och om det fanns varianter som är oberoende av HLA-
B*27. Samma tillvägagångsätt användes, 3-4 program vars resultat kombine-
rades med en n-1 metod, för att få fram HLA gen variationer från de tidigare 
nämnda proverna, plus 815 extra kontroller. När alla prover användes kunde 
flera tidigare associationer replikeras, vi såg även att tre HLA varianter var 
associerade hos bara kvinnor. Två av dessa har inte blivit beskrivna i sam-
band med sjukdomen förut, och den tredje (HLA-DRB1*08:01) har setts i 
sammanhang med lägre grad av skelettförändringar. För att undersöka obe-
roendet av HLA-B*27 användes bara de prover som är bärare av denna vari-
ation. HLA-A*24:02 var associerad med ankyloserande spondylit i gruppen 
med båda könen. Vi tittade närmare på regionen genom att undersöka om 
aminosyrorna, som generna ger upphov till, kan ge oss mer information. 
HLA-A hade två aminosyror som var associerade, båda finns kodade i 
A*24:02. Position 119 var signifikant i gruppen med både kvinnor och män 
medan position 180 var specifik för män.  

Med dessa studier har vi kunnat visa att inte bara sjukdomens presentation 
skiljer sig mellan män och kvinnor men även den genetiska bakgrunden. 
Detta lägger tyngd på vikten av att använda sig av kön som en faktor när 
man studerar sjukdomar, speciellt när de är kända för att se annorlunda ut 
mellan könen. Vi har även visat att metoderna man använder kan spela stor 
roll i ens resultat. När man gör studier som förlitar sig på dataprogram ska 
man inte anta att de gör exakt vad man har tänkt sig. Många program har 
tyvärr en inbyggd partiskhet, genom att kombinera resultat från flera pro-
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gram kan man minska effekten av detta och få mer robusta och trovärdiga 
resultat.  
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