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Abstract

Reid, S. 2023. Genetic Contributions to Manifestations and Prognosis of Systemic Lupus
Erythematosus. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty
of Medicine 1958. 79 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1848-6.

Systemic lupus erythematosus (SLE) is a severe autoimmune disease with a multifactorial
aetiology and an extremely heterogenous clinical picture. This thesis explores the impact of
SLE genetic variants, through their cumulative effect or gene-environment interactions, on SLE
manifestations and complications.

Paper I identifies clinical risk factors for permanent organ damage and mortality in 543
Swedish patients with SLE. Several previously undescribed risk factors for organ damage were
identified, including pericarditis, lymphopenia and haemolytic anaemia. After a mean disease
duration of 17 years, more than half of the patients were found to have developed organ damage,
demonstrating that long-term SLE consequences remain a critical challenge.

Paper 1II highlights the impact of a high cumulative genetic risk on disease severity, in
1001 Swedish patients with SLE. A genetic risk score (GRS) based on 57 genetic variants
with established SLE association was constructed, and patients with high and low GRSs
were compared with regard to clinical manifestations and complications. Patients with a high
GRS were found to develop SLE earlier in life, to more often be affected by organ damage,
cardiovascular events, nephritis and end-stage renal disease, and to have a higher mortality risk.

Paper 111 demonstrates gene-smoking interactions in two separate samples of Scandinavian
patients with SLE, totalling 1 612 patients. In both cohorts, the combination of two SLE risk
alleles located within the Signal Transducer and Activator of Transcription 4 (STAT4) and
Interleukin-12A (IL12A) genes, which share a connection through the IL12-STAT4 signalling
pathway, was associated with a substantial increase in the risk of myocardial infarction (MI).
We further demonstrated that smoking enhances the effect of the STAT4 risk allele on MI and is
associated with higher levels of phosphorylated STAT4 in CD8+ T cells. Together, these results
indicate that IL12-STAT4 pathway activation is associated with MI in SLE.

Paper IV describes the cumulative impact of 57 SLE risk variants on disease manifestations
in a large biobank cohort comprised primarily of individuals without SLE. A high genetic SLE
predisposition was associated with several manifestations resembling SLE, including skin and
pleural manifestations, arthritis and hematologic disorders. Furthermore, based on the findings
in the biobank cohort, GRSs for several SLE-like manifestations could be constructed which
were associated with the corresponding manifestation in patients with SLE.

In conclusion, this thesis provides new evidence for the importance of both genetic and
clinical factors, and their interaction, for SLE prognosis.
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Systemic Lupus Erythematosus

Systemic Lupus Erythematosus (SLE) is a severe, chronic, autoimmune dis-
ease characterized by defective elimination of apoptotic cellular material, an
activated type I interferon (IFN) system and exaggerated B and T cell re-
sponses.[ 1-5] Humoral autoimmunity, with antibodies mainly directed against
double-stranded deoxyribonucleic acid (dsDNA) and small nuclear ribonu-
cleic acid (RNA)-binding proteins, occurs in nearly all individuals with the
disease and precedes clinical symptoms by 3-9 years.[6-8] The aectiology of
SLE is multifactorial, with environmental and hormonal factors believed to
trigger the disease in genetically susceptible individuals (figure 1).[6, 9] The
relative risk (RR) of developing SLE is higher in women than in men, with
female-to-male ratios ranging between 8:1 and 15:1.[10, 11] This female-to-
male predominance varies with age and is the most pronounced between pu-
berty and menopause, indicating a possible importance of sex hormones in the
disease development.

Epidemiology

From a global perspective, the occurrence of SLE varies substantially between
different geographical locations, with the incidence ranging between 0.3-23.7
cases per 100 000 and the prevalence between 6.5-178 cases per 100 000
adults.[12] These variations may be due both to differences in health care
standards between different parts of the world, with likely under-diagnosis of
the disease in developing countries, and to differences in susceptibility to the
disease between different ethnicities.[13] Whilst the prevalence of SLE is low
in Africa,[14] studies performed on the north American and British popula-
tions have consistently reported a higher prevalence amongst African Ameri-
can, African-Caribbean, Hispanic, Asian and middle-Eastern individuals than
in Caucasians.[10, 15-17] In Scandinavia, the incidence has been estimated
to 2.6-5.4/100 000, and in a study from Sweden, the prevalence varied be-
tween 46-85/100 000 depending on the definition used for diagnosis.[18-24]
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Clinical presentation

The clinical presentation of SLE displays immense variation between individ-
uals, with symptoms ranging from mild skin and joint manifestations to severe
cytopenia or life-threatening involvement of internal organs.[9] The disease
course usually follows a relapsing-remitting pattern, with periods of higher
disease activity followed by periods where clinical symptoms improve and
laboratory measures, such as complement levels and anti-dsDNA, normalize.
In certain individuals, however, prolonged remission or a persistently active
disease may be observed.[25]

Clinical diagnosis

The diagnosis of SLE is clinical, supported by laboratory findings, and re-
quires ruling out other causes of each manifestation. Sometimes the disease is
easily identifiable, with the patient presenting with several distinct symptoms
such as painful, swollen joints, a malar rash, or signs of serositis and neuro-
logic manifestations such as a seizure or psychosis. Laboratory findings may
include leukopenia, thrombocytopenia, anaemia or proteinuria. In some cases,
however, the initial presentation may be more diffuse and involve constitu-
tional symptoms such as fatigue and malaise, low-grade fever, myalgia or ar-
thralgia, weight loss, headache and cognitive complaints.[9, 26, 27] As the
vast majority of individuals with SLE carry anti-nuclear antibodies (ANA),
this analysis has a high negative predictive value for the disease. The positive
predictive value is lower, however, as ANA may also occur secondarily to
other conditions including infection, malignancy and other autoimmune dis-
eases and is present in moderate titres in around 5% of the population.[27, 28]
For this reason, the analysis of ANA should only be carried out on a clinical
suspicion and not be used for general screening purposes. In the case of indi-
viduals presenting with diffuse symptoms, an analysis of ANA may thus not
be carried out immediately and consequently, the diagnosis of SLE may be
delayed by months or even years.[9]

The American College of Rheumatology classification criteria

Whilst the Fries and Holman’s diagnostic principle, requiring manifestations
from 2 separate, defined organ systems in the presence of ANA, are often used
in a clinical setting,[26] several sets of classification criteria have been devel-
oped to assist in clinical diagnosis and to aid in classifying patients for re-
search purposes, where the identification of a relatively homogenous cohort
with an established diagnosis is desired.[29] The 1982 American College of
Rheumatology (ACR-82) classification criteria for SLE are widely used for
these purposes.[30] The ACR-82 criteria (table 1) consist of 11 different cat-
egories including manifestations from the skin, joints, serosae, kidneys and
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Figure 1. The aetiology and consequences of SLE. Reproduced with permission from
George C. Tsokos. Systemic Lupus Erythematosus. N Engl J Med 2011; 365:2110-
2121; Copyright Massachusetts Medical Society.

central nervous system, as well as haematological and immunological mani-
festations.[30] In 1997, the criteria were revised due to certain sub-criteria,
such as the analysis of Lupus Erythematosus (LE) cells and the Wasserman
test for Syphilis, falling out of use. Instead, a positive Lupus anticoagulant
(LA) test and the presence of immunoglobulin (Ig) G or M anti-cardiolipin
(aCL) antibodies were added to the immunological criterion.[31] In both sets
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of classification criteria, 4 of the 11 main criteria must be fulfilled, simultane-
ously or successively, and each criteria must not be better explained by other
causes.[30]

Table 1. The 1982 American college of Rheumatology (ACR) classification criteria.

Malar rash Fixed erythema over the malar eminences, often sparing the na-
solabial folds

Discoid rash Erythematous raised patches with adherent keratotic scaling and
follicular plugging; atrophic scarring may occur in older lesions

Photosensitivity Skin rash due to unusual reaction to sunlight, by patient history or
physician observation

Oral ulcers Oral or nasopharyngeal ulceration, usually painless, observed by
physician

Arthritis Nonerosive arthritis involving >2 peripheral joints, characterized

by tenderness, swelling, or effusion

Serositis a) Pleuritis-convincing history of pleuritic pain or rubbing heard
by a physician or evidence of pleural effusion OR b) Pericarditis
documented by ECG or rub or evidence of pericardial effusion

Renal disorder a) Persistent proteinuria >0.5 grams/day or >3+ if quantitation not
performed OR b) Cellular casts (red cell, haemoglobin, granular,
tubular, or mixed)

Neurologic disorder a) Seizures OR b) Psychosis; both in the absence of offending
drugs or known metabolic derangements

Hematologic disorder ~ a) AIHA OR b) Leukopenia (<4,000/mm? total on >2 occasions)
OR ¢) Lymphopenia (<1,500/mm? on >2 occasions) OR d) Throm-
bocytopenia (<100,000/mm? in the absence of offending drugs)

Immunologic disorder a) Positive LE cell preparation OR b) Anti-dsDNA in abnormal
titre OR c) Presence of anti-Sm OR d) False positive serologic test
for syphilis for >6 months and confirmed by Treponema pallidum
immobilization or fluorescent treponemal antibody absorption test

ANA Abnormal ANA titre ever, by immunofluorescence or equivalent
assays, in absence of drug-induced Lupus

ECG: electrocardiogram. AIHA: Autoimmune haemolytic anaemia. LE: Lupus Erythema-
tosus. dsDNA: double-stranded DNA. Sm: Smith antigen. ANA: Antinuclear antibody. For
the purpose of identifying patients in clinical studies, a person shall be said to have SLE if
any 4 or more of the 11 criteria are present, serially or simultaneously, during any interval
of observation. Table adapted from Tan et al. Arthritis Rheum (1982).[30]

The Systemic Lupus International Collaborating Clinics
classification criteria

Since the publication of the ACR-82 criteria, critique has been raised for its
large emphasis of the skin domain, with 4 of the 11 criteria involving skin
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manifestations. In cases where all of these criteria are fulfilled, the ACR-82
criteria have been suggested to over-estimate the diagnosis, since neither in-
volvement of a second organ system, nor the presence of ANA, would be re-
quired for an individual to be classified as having SLE.[27, 32] For this reason,
the 2012 Systemic Lupus International Collaborating Clinics (SLICC-2012)
classification criteria were introduced, where the skin criteria were refined
whilst the total weight of the skin domain was decreased (table 2). In addition,
criteria definitions were changed and new neuropsychiatric manifestations
and hypocomplementemia were added.[32, 33] To be classified as having SLE
according to the SLICC-2012 criteria, an individual must fulfil at least 4 cri-
teria, including at least 1 clinical and 1 immunologic criterion (table 2). Due
to its high specificity for SLE, histology-proven nephritis compatible with
SLE in the presence of anti-dsDNA or ANA, is also considered sufficient for
classification (table 2).[32] Compared with the ACR criteria, the SLICC-2012
criteria has increased sensitivity, however the specificity is lower than for the
1997 ACR criteria.[34, 35]

In 2019, a new set of classification criteria was introduced by the European
League Against Rheumatism (EULAR) and the ACR, with ANA considered
an entry criterion and fever added as an additional criterion. Furthermore, in-
dividual weights were assigned to each criterion, reducing the contribution of
manifestations like oral ulcers and non-scarring alopecia, to the overall score.
Conversely, the weight assigned to other manifestations, such as biopsy-veri-
fied lupus nephritis (LN) or joint involvement, have been increased, meaning
that fewer of these criteria are required for diagnosis.[36] The EULAR/ACR
classification criteria have been demonstrated to have a similar specificity as
the ACR-97 classification criteria, whereas the sensitivity is higher than for
the ACR-97 and similar to the SLICC-2012 classification criteria.[36]

Serological differences and subphenotypes of SLE

Since only a small number of each of the sets of classification criteria for SLE
require fulfilment in order for an individual to be classified as having SLE, the
classification of the disease allows for a large number of combinations of man-
ifestations and the possibility of any 2 individuals with SLE fulfilling entirely
different criteria for the disease. Whilst several attempts have been made to
categorize patients based on clinical or serological findings, a neat categori-
zation of patients into distinct subphenotype groups has proven difficult.[37,
38] There are, however, several serological findings which are associated with
clinical manifestations on a group level:

Around half of patients with SLE carry anti—Sjogren's-syndrome-related anti-
gen A/B (SSA/SSB) auto-antibodies. These patients more often have a diag-

nosis of secondary Sjogren’s syndrome (SS) in addition to SLE. Patients with
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SSA antibodies are also typically older at disease onset and more often display
skin manifestations compared with SSA/SSB negative individuals.[37, 39]

Table 2. SLICC-2012 criteria

Clinical criteria
Acute cutaneous lupus

Chronic cutaneous lupus

Oral ulcers
Nonscarring alopecia

Synovitis
Serositis
Renal
Neurologic

AIHA

Leukopenia or lymphope-
nia

Thrombocytopenia
Immunological criteria
ANA

Anti-dsDNA

Anti-Sm
Antiphospholipid antibody

Low complement
Positive direct Coombs test
Lupus nephritis

Lupus malar rash, bullous lupus, toxic epidermal necrolysis,
maculopapular rash, photosensitive rash or subacute cutaneous
lupus

Localized or generalized discoid rash, hypertrophic lupus, lupus
panniculitis, mucosal lupus, lupus erythematosus tumidus, chil-
blains lupus or discoid lupus/lichen planus overlap

Palate, buccal, tongue, or nasal ulcers in absence of other causes.
In absence of other causes

Involving >2 joints, characterized by swelling/effusion OR ten-
derness and >30 minutes of morning stiffness

Pleurisy >1 day, pleural effusions/rub; typical pericardial pain
>1 day, pericardial effusion/rub, or pericarditis by ECG

Urine protein/creatinine (or 24 hr urine protein) representing
500 mg of protein/24 hr, or RBC casts

Seizures, psychosis, mononeuritis multiplex, myelitis, periph-
eral/cranial neuropathy, acute confusional state.

In absence of other causes

<4,000/mm? (leukopenia) or <1,000/mm? (lymphopenia) at least
once.

<100,000/mm? at least once.

Above laboratory reference range

Above (ELISA: 2x above) laboratory reference range

Lupus anticoagulant, false positive RPR, medium or high titre
aCL/ ap2GP1 (IgA/IgG/IgM)

Low C3, low C4, low CH50

In the absence of AIHA

Biopsy-proven nephritis compatible with SLE and ANA or anti-
dsDNA

ECG: electrocardiogram. RBC: red blood cell. ATHA: autoimmune haemolytic anaemia.
dsDNA: double-stranded DNA. ELISA: Enzyme-linked immunosorbent assay. Sm: Smith.
RPR: Rapid plasma regain. aCL: anti-cardiolipin. af2GP1: anti-B2-glycoprotein 1. CH50: 50%

haemolytic complement. At least 1 clinical, at least 1 immunologic and 4 total, OR both lupus

nephritis criteria, are required for an individual to be classified as having SLE. Table adapted
from Petri et al. Arthritis Rheum (2012).[33]
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Around a third of patients with SLE carry anti-phospholipid antibodies (aPL),
including aCL or anti-B,-glycoprotein 1 (a2GP1) antibodies as well as a pos-
itive LA test. These patients more often also fulfil the classification criteria
for antiphospholipid syndrome (APS),[40, 41] which is defined by arterial
events (AE), venous thromboembolism (VTE) or obstetric complications such
as miscarriages or premature birth, in the presence of aPL. Patients positive
for aPL also more often fulfil the hematologic criterion due to the development
of autoimmune haematolytic anaemia (AIHA) or thrombocytopenia. In addi-
tion, they are more likely to be affected by neurologic manifestations, renal
microangiopathy, alveolar haemorrhage, myelitis and adrenal insuffi-
ciency.[41] Consequently, the overall risk of organ damage and premature
death, is higher in patients with secondary APS diagnosis.[42, 43]

Around 2/3 of patients with SLE are positive for anti-dsDNA. These antibod-
ies are strongly associated with the development of nephritis, and their titres
correlate positively with disease activity.[44]

Mortality, prognosis and complications

In the last 60 years, the mortality rate of SLE has decreased, likely due to both
new treatment strategies and to factors such as an improved recognition of
milder cases.[45] Whilst renal involvement historically has been a major rea-
son for premature death in SLE, changes in strategies for monitoring and treat-
ment of patients with LN have led to a remarkable improvement in prognosis.
The mortality rate in SLE, however, still remains 2- to 3-fold higher than in
the general population, and this figure has been relatively stable since the
1990s, with cardiovascular disease (CVD) and infections now representing the
major causes of death.[45-49]

The mortality pattern in SLE is bimodal, with early mortality found to be as-
sociated with disease activity and infections, and late mortality with CVD.[50]
The mortality risk in SLE has been demonstrated to be higher in Asia, Latin
America and North America compared with in Europe.[51] This may partly
reflect differences in socioeconomic factors, with non-Caucasian groups hav-
ing a poorer access to health care compared with Caucasians. Non-Caucasian
ethnicities are also known to accrue damage earlier in the disease course and
to have a higher risk of nephritis. In addition, the onset of the disease has been
demonstrated to occur earlier in life in non-Caucasian groups - a factor which
may reflect a higher genetic load.[10, 13, 52]
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Permanent organ damage

As a direct consequence of the inflammation associated with active disease,
or indirect disease-related factors such as prolonged corticosteroid use, the
majority of patients eventually develop permanent organ damage. To monitor
the prognosis of patients and assess the impact of SLE, the validated
SLICC/ACR Damage Index (SDI) is often used (table 3).[53] This instrument
records permanent organ damages, as defined by at least 6 months of disease
duration, from 12 different organ domains. The SDI does not only demonstrate
the disease progress so far, but also indicates a prognosis for the individual
patient as a higher score on the SDI is predictive of further damage.[54] Im-
portantly, unlike the classification criteria for SLE, organ damage thought to
occur for other reasons than SLE itself should nevertheless be recorded on the
SDI.[53] As the risk of many included items, such as osteoporosis, diabetes
mellitus or malignancy, is high in the elderly population in general, the SDI
does not only reflect co-morbidity related to SLE, but also to age.

Table 3. The systemic lupus collaborating clinics/American college of rheumatology
(SLICC/ACR) Damage Index
Ocular Any cataract; retinal change OR optic atrophy

Neuropsychiatric Cognitive impairment OR major psychosis; Seizures requiring ther-
apy for > 6 months; Cerebral vascular accident OR resection not for
malignancy; cranial or peripheral neuropathy; transverse myelitis

Renal GFR<50%; Proteinuria >3.5 g/24 h; ESRD

Pulmonary Pulmonary hypertension; pulmonary fibrosis; Shrinking lung; Pleu-
ral fibrosis; pulmonary infarction OR resection not for malignancy

Cardiovascular Angina OR coronary bypass; Myocardial infarction; Cardiomyopa-
thy; Valvular disease; Pericarditis OR pericardiectomy

Peripheral vascular ~ Claudication for >6 months; minor tissue loss; significant tissue loss
ever; Venous thrombosis with swelling, ulceration OR venous stasis

Gastrointestinal Infarction or resection of bowel below duodenum, spleen, liver or
gall bladder; mesenteric insufficiency; chronic peritonitis; stricture
OR upper gastrointestinal tract surgery ever; Pancreatic insuffi-
ciency requiring enzyme replacement OR with pseudocyst

Musculoskeletal Muscle atrophy OR weakness; Deforming or erosive arthritis; Oste-
oporosis with fracture or vertebral collapse; Avascular necrosis; Os-
teomyelitis;

Skin Scarring chronic alopecia; extensive scarring of panniculum other

than scalp and pulp space; Skin ulceration (excluding thrombosis).

Gonadal Premature gonadal failure
Endocrine Diabetes requiring therapy, regardless of treatment
Malignancy Malignancy (exclude dysplasia)

GFR: glomerular filtration rate. ESRD: End-stage renal disease. Table adapted from Glad-
man et al. Arthritis Rheum. (1996)[53]
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Cardiovascular disease

CVD is a set of heterogenous heart and circulatory system disorders which are
responsible for around half of all deaths in Europe.[55] CVD is more common
in individuals with SLE compared with the general population, with strong
evidence of a 2- to 3-fold increase in the RR of myocardial infarction (MI),
congestive heart failure, cerebrovascular disease, and overall CVD mortal-
ity.[56, 57] Whilst the absolute risk of CVD increases with age both in indi-
viduals with SLE and in the general population, the RR in SLE compared with
the general population is the highest in younger women and in the first few
years following SLE onset.[58, 59]

The traditional Framingham risk factors, which explain a substantial amount
of CVD in the general population and include important risk factors like smok-
ing and hypertension, are important also in patients with SLE, but cannot fully
account for the excess risk.[60, 61] SLE-specific risk factors like high disease
activity, renal disease and prolonged corticosteroid use, as well as genetic risk
factors, have been suggested to contribute to the excess risk.[56, 62] Several
mechanisms important in SLE have further been suggested to contribute to
endothelial dysfunction, which is thought to contribute to the development of
CVD. This includes enhanced type I IFN activity — which has been shown to
impair endothelial function even in patients with low disease activity — and
the presence of autoantibodies and immune complexes, neutrophil responses
and abnormal lipoprotein function.[62, 63]

Renal involvement

LN affects between 30-80% of patients with SLE, depending on the basic
characteristics of the sample studied, with the prevalence in Sweden estimated
to be 38%.[64] In general, a higher prevalence can be observed amongst men,
individuals of non-European ancestry and individuals with childhood-onset
SLE (cSLE).[52, 65, 66] Whilst improvements in treatment of LN have his-
torically resulted in increasing survival rates in developed countries, this re-
duction in mortality reached a plateau in the 1990s. Presently, the mortality
rate of SLE with LN remains 2-fold higher compared with that of patients
without LN. The reasons for this increased risk are several, with LN being
associated with a higher risk of accumulating organ damage and developing
CVD. Furthermore, in 5-30% of LN patients the nephritis progresses to end-
stage renal disease (ESRD).[65, 67, 68] Due to these risks associated with the
renal inflammation, early diagnosis and adequate treatment of LN in patients
with SLE is crucial for preventing permanent renal damage.

In the vast majority of cases, LN is either present at the time of SLE diagnosis,
or has its onset within the first 5 years of disease, with the highest incidence
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in the first year.[67, 69] Since the early clinical manifestations of the condition
can be mild or absent, regular screening for proteinuria, haematuria and hy-
pertension is important for early detection, especially during the first years
after SLE diagnosis.[67, 69] The gold standard for diagnosis of LN is by renal
biopsy. As the histological picture of LN varies, and the prognosis is worse in
some cases than others, the treatment modality is often adjusted according to
the degree of nephritis. Therefore, a renal biopsy and subsequent classification
is of importance not just for diagnosis, but for guidance on treatment, and
should be performed upon clinical suspicion of LN. The 1995 World Health
Organization (WHO) revised classification criteria (table 4) or the 2003 Inter-
national Society of Nephrology/Renal Pathology society (ISN/RPS) criteria
are often used for classification of LN.[70, 71] Proliferative nephritis (WHO
or ISN/RPS class III-IV) is associated with the worst prognosis and a higher
risk of developing ESRD, and requires a more intense immunosuppressive
therapy in combination with antihypertensive treatment.[71]

Table 4. World Health Organization (WHO) histological classification of lupus ne-
phritis (1995)

Class I Normal glomeruli
Normal by all techniques
Normal by light microscopy, but deposits by electron or immunofluores-
cence microscopy
Class 11 Pure mesangial alterations
Mesangial widening and/or mild hypercellularity
Moderate hypercellularity
Class III Focal segmental glomerulonephritis (associated with mild or moderate
mesangial alterations)
With “active” necrotizing lesions
With “active” and sclerosing lesions
With sclerosing lesions
Class IV Diffuse glomerulonephritis (severe mesangial, endocapillary, or mesangi-
ocapillary proliferation and/or extensive subendothelial deposits)
Without segmental lesions
With “active” necrotizing lesions
With “active” and sclerosing lesions
With sclerosing lesions
Class V Diffuse membranous glomerulonephritis
Pure membranous glomerulonephritis
Associated with lesions of class II
Associated with lesions of class I1I
Associated with lesions of class IV
Class VI Advanced sclerosing glomerulonephritis
Table adapted from Chow et al. Malays J Pathol. (2015)[71]
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Genetics

Genetics is the scientific study of genetic variation, and of heredity — how the
variation is transferred between individuals, resulting in both similarities be-
tween family members and diversity between, and within, species. Whilst hu-
mans have shown both curiosity and a certain understanding for the concept
of heredity for thousands of years, as demonstrated by ancient practices of
animal breeding and cultivation of crops, the scientific comprehension of its
mechanisms is only just over a century old. The laws of monogenetic inher-
itance, originally described by Gregor Mendel but subsequently fallen into
oblivion for decades, were re-discovered around the turn of the last century,
amid microscopy studies identifying a mysterious nuclear structure which ap-
peared to be transmitted from mother to daughter cell during cell division.
Eventually, these research paths would converge, with the realization that the
nuclear substance carried the very blueprint of both life and disease: the gene.

The human genome and genetic variation

Our cells contain complete instructions for generating a human being, with the
genes, consisting of DNA, encoding each of our proteins. The DNA is packed
into 23 chromosome pairs in most individuals, each consisting of 1 chromo-
some derived from each parent, and genes thus occur in 2 copies. The DNA
molecule is constructed from deoxyribose, a phosphate group and nitrogenous
bases which come in 4 different versions, represented by the first letter of their
names: C (cytosine), G (guanine), A (adenine) and T (thymine). The human
genome consists of 3 billion nucleotide pairs, with 2 bases consistently bound
together; C — G, and A — T. The nuclear DNA contains around 20,000 protein-
coding genes, in which the sequence of these bases determines the sequence
of amino acids used in the protein construction. In addition, 22,000 genes in
the human DNA encode RNA molecules involved in various cellular activi-
ties, including protein translation and regulation of gene expression.[72]

All genetic variation originates from changes in the DNA sequence. As a re-
sult of these changes, the DNA sequence can differ between individuals and,
when present in the germline cells, the change can be transmitted from parent
to offspring. The differing sequences, constituting only 0.1% of the human
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genome and yet responsible for all genetic variation in our species, are known
as alleles. When 2 alleles at the same locus are both common in the population,
they are referred to as polymorphisms, with single nucleotide polymorphisms
(SNPs) being the most common variation. As each chromosome occurs in 2
copies, for each bi-allelic SNP it is possible to be homozygotic, i.e. having 2
identical copies, for either the minor or major allele, or to be heterozygotic
and carry 1 copy of each allele.[72] Changes in the DNA sequence are often
functionally silent, with no consequence for the affected individual. In some
cases, however, a single point mutation may result in anything from a small
change of the function, to a complete loss-of-function of the expressed protein.
Moreover, in non-protein-coding segments of the DNA, variations can affect
the regulation of a gene’s expression, leading to alterations in the amount of
the protein produced.[72]

Monogenetic and multifactorial traits

Monogenetic disorders, also referred to as Mendelian disorders, are estimated
to affect 1% of the population and are associated with prominent and con-
sistent familial inheritance patterns. Whilst more than 6000 known monoge-
netic phenotypes are currently known, the prevalence of each individual mon-
ogenetic disease is typically very low. For reasons that are not yet fully under-
stood, the same monogenetic mutation can cause different degrees of disease
in different individuals, even in individuals within the same family. These
phenomena are known as incomplete penetrance or variable expressivity.[73]

Whilst the study of monogenetic disorders has been crucial for our under-
standing of genetics and heredity, the majority of common diseases have a
multifactorial aetiology, involving both multiple genes and environmental fac-
tors. Although these diseases are typically associated with a certain increase
in the risk of recurrence in siblings or close relatives of an affected individual,
they lack the distinct family pattern of inheritance observed in monogenetic
diseases.[73, 74] Furthermore, some features can be observed in these dis-
eases, providing evidence of polygenic inheritance and differentiating them
from monogenetic diseases with reduced penetrance. For example, the risk of
family recurrence of a multifactorial disorder is typically higher when multi-
ple family members are affected, if the disease severity in the affected proband
is greater than average, or if the affected proband is of the less commonly
affected sex.[74]
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The heritability of multifactorial traits

Whilst the environmental and genetic components responsible for causing
multifactorial diseases can be hard to separate from each other — with a widely-
accepted view that disease is a result of certain environmental factors trigger-
ing the disease in genetically susceptible individuals — family studies can be
used to calculate the genetic and environmental components of a particular
disease. In twin studies, the disease concordance between monozygotic (MZ)
and dizygotic (DZ) twins, can be compared, provided that the amount of
shared environmental influence is the same in both types of twins. This as-
sumption, however, has been shown not to always be accurate, and to fully
account for these differences, adoption studies looking at twins raised apart
from each other, can be of large value.[75] An obvious limitation of these
studies is the small number of MZ twins available, and unusual situation of
twins being separated early in life. For that reason, family studies investigating
disease concordance between full siblings or parent-child units are more com-
monly used, especially in diseases with a low population prevalence.[74, 75]

The genetics of multifactorial traits

Whilst twin- and family studies can provide information about heritability,
other methods are required to identify the specific disease-causing gene. Be-
fore 2005, there were two main methods used to identify the variants associ-
ated with genetic diseases. Firstly, in linkage studies, genomic regions con-
taining genes which predispose to disease were identified by studying mem-
bers of families with a history of a particular disease. The method relies on
linkage between genomic regions, and the method allows the identification of
regions responsible for causing the disease, even in the absence of hypothesis
about which genes may be involved. These studies are often used in the first
stage in the genetic investigation of a disease, and are primarily useful for
identifying monogenetic traits.[76] Secondly, in candidate gene studies, a
small number of genetic variants were compared between individuals with and
without a particular trait or disease. The variants explored were limited and
hand-picked by the investigators due to an a priori hypothesis, based on
knowledge about the involvement of the gene in a pathway, or based on the
gene being located in a particular chromosomal region, thought to be involved
in the trait of interest. This approach conferred some important limitations,
including that the choice of candidate genes may be based on an erroneous
hypothesis, that the causative genes may be located upstream or downstream
of the candidate gene in the signalling pathway, and that genes associated with
relevant but unknown mechanisms in the disease will not be examined.[77,
78]
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In the last 20 years, the cost of genotyping has decreased dramatically, ena-
bling comparisons of hundreds of thousands of genetic loci across the genome,
in thousands of individuals, in so-called genome-wide association studies
(GWAS:S). Typically, the genetic variants used are SNPs. In spite of this large
number of SNPs included, only a fraction of all our SNPs are normally com-
pared in a GWAS. This is possible due to linkage disequilibrium (LD), a phe-
nomenon causing certain variants to be inherited together more often than
would be expected by chance. Due to LD across regions in our DNA, the exact
variant causing a disease does not have to be measured in a GWAS, as SNPs
inherited together with that variant will cause a signal.[79]

Since the publication of the first GWAS in 2005, these studies have led to the
identification of more than 250,000 genetic variants associated with traits and
diseases at genome-wide significance (p<5x107%).[79, 80] The majority of
these genetic variants are common variants, defined as having a minor allele
frequency (MAF) > 5%. These results have had an extensive impact on our
understanding of the aetiology of several diseases, through the identification
of disease-causing mechanisms.[81-85] Furthermore, they have aided the dis-
covery of novel drug targets, with clinical trials supported by GWAS findings
showing a doubled success rate.[86, 87]

Assessment of polygenic risk

Before the GWAS era, a common belief was that polygenic diseases were in-
fluenced by a relatively small number of genetic variants, meaning that many
disease-causing genetic variants would have a significant impact on the dis-
ease risk, making them both relatively easy to identify in a GWAS and useful
in predicting the occurrence of a disease in an individual. However, with thou-
sands of GWASs now performed, evidence has emerged that very few variants
confer a risk of disease larger than an odds ratio (OR) of 1.5, with most asso-
ciations displaying even smaller ORs.[81-83, 85] With this realization fol-
lows, that to explain the whole genetic heritability of a typical, multifactorial
disease, thousands of genes may have to be identified. For this reason, poly-
genic models that consider the cumulative risk of anything from a few, to
thousands, of genetic variants, are gaining increasing interest.

The construction of a genetic risk score (GRS) is a method of estimating an
individual’s cumulative genetic risk of a particular phenotype. When the ge-
netic factors included in a GRS are based on genome-wide markers, the score
is often referred to as a polygenic risk score (PRS).[88] These scores can be
calculated in several ways. A simple method is to count the number of risk
alleles for a selected number of risk loci in an individual, and to let the total
sum of these risk alleles be defined as the GRS. More commonly, however,
each locus is also weighted by multiplying the number of risk alleles by the

26



previously reported effect size (or sometimes the natural logarithm of the ef-
fect size) for that allele. All weighted alleles are subsequently summa-
rized.[89] The equation of this calculation for an individual j can be written
as:

N
PRS; = Z Bi * dosage;;
l

The performance of a GRS can be evaluated in a number of ways. For exam-
ple, the pseudo-R?, providing an estimate of the phenotypic variance explained
by the GRS, may be used. Another commonly used method is to calculate the
area under the receiver operating characteristics (ROC) curve (AUC), which
compares rates of true positives (sensitivity) and false positives (1 — specific-
ity) and provides an aggregate measure of performance across all possible
classification thresholds. The AUC can have a value ranging from 0 to 1,
where a value of 0.5 indicates a performance equal to coin-flipping and a value
of 1 indicates a perfect separation of positive and negative cases.[84, 85, 89]

GRSs have been found to serve some usefulness in several common diseases.
In type 2 diabetes mellitus (T2D), studies have demonstrated up to 9-fold odds
of developing the condition for individuals with a GRS in the top percentiles
compared to the individuals with the lowest scores, and the American Diabe-
tes Association risk tool has been shown to generate a significantly higher
predictive accuracy when including a GRS in the model.[90-92] Similarly,
GRSs for coronary artery disease (CAD) have demonstrated the ability of
identifying groups with a strongly increased risk of both CAD and subclinical
atherosclerosis, with effect sizes comparable or larger than those of traditional
risk factors. In addition, numerous studies have found that the predictive abil-
ity of the American college of cardiology atherosclerotic CVD risk calculator,
improves significantly with the addition of CAD GRSs.[90, 91, 93, 94] For
obesity, GRSs have demonstrated a difference in average weight of 13 kilo-
grams, as well as a 25-fold change in the risk of severe obesity, when compar-
ing individuals the top and bottom deciles.[91] Similar results have been found
for a range of other diseases, including VTE, atrial fibrillation, breast cancer
and type 1 diabetes (T1D), with AUCs for several of tested GRSs approaching
0.75 — a figure that has been suggested as a minimum for informative screen-
ing of individuals with an increased risk of a disease.[85, 95, 96]

When constructing GRSs, there are some important technical factors to con-
sider. For example, any sample overlap between the cohort used for discovery
of genetic variants and the cohort where the GRS is tested, can inflate the
association between the GRS and the measured phenotype. In addition, popu-
lation differences between the discovery and target cohorts may affect the
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measured performance of the GRS, with previous studies demonstrating a bet-
ter performance when the scores are tested in the same ancestry for which they
were derived.[97, 98]
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Etiopathogenesis of SLE

The strong genetic component of SLE is evident from studies of twins and
families. Familial aggregation studies have estimated the sibling risk ratio
(lambda-s), defined as the increased RR for a sibling of an individual with
SLE compared to a member of the general population, to between § and 29.
MZ twins are approximately 10-fold more likely to be concordant for the dis-
ease compared to DZ twins or siblings (20-40% compared with 2—-5%).[99,
100] This knowledge has been used in attempts to quantify the genetic com-
ponent of SLE. These estimations, whilst difficult to carry out with precise
results, suggest that the genetic component constitutes 44% to 66% of the total
SLE risk. The environmental component of the SLE risk can be further di-
vided into shared- and non-shared environments, each accounting for approx-
imately half of the non-genetic risk of SLE.[101]

Genetic factors

In rare cases, SLE has been observed to run in families with an inheritance
pattern corresponding to a monogenetic disease. Those affected often present
with cSLE and typically display a more aggressive disease phenotype. Inter-
estingly, the female predominance normally observed in the disease, is gener-
ally absent in these cases.[102] With the exception of these rare monogenetic
instances, SLE is highly polygenic, with each genetic locus conferring only a
small increase in the risk of developing the disease.

To date, over 20 GWASs, large-scale replication studies or meta-analyses
have been conducted on SLE, mainly involving individuals of European or
Asian ancestry.[13, 103-123] Through these studies, more than 180 independ-
ent genetic regions associated with the disease have been identified (some of
which are illustrated in figure 2) and combined, these regions have been esti-
mated to explain 30% of the disease risk.[13, 101, 124] Consequently, a dis-
crepancy remains between the estimated heritability of SLE and the identified
genetic aetiology. The exact reasons for these comprehensive studies’ inabil-
ity to identify the remaining genetic risk factors remain unclear, however, this
“missing heritability” problem has been observed in virtually all common dis-
eases. Possible explanations include over-estimations of the heredity of SLE,
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imperfect coverage of GWAS arrays, interactions between certain genetic fac-
tors, or large contributions from risk variants which, due to rarity or small
effect sizes, require higher statistical power than studies have achieved thus
far.[79]

Figure 2. Genetic loci associated with SLE development. The figure shows genes lo-
cated within 84 genetic loci with established SLE association. The 23 chromosomes
are represented by the outside numbers. Reproduced with permission from Chen et al.
Genetic advance

The strongest genetic associations with SLE, giving rise to a 2-3-fold increase
in disease risk, have been found in the human leucocyte antigen (HLA) region.
This region, also known as the major histocompatibility complex region, is
located on chromosome 6, is highly polymorphic and, due to high LD across
the region, entails difficulties in pinpointing the genetic variants causally as-
sociate with SLE development.[110] Whereas the DRB1*03:01 and
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DRB1*15:01 HLA alleles have displayed association with SLE in multi-an-
cestry analyses, other HLA alleles may be specific to certain ancestries due to
variations in LD patterns between different ethnic groups.[110]

Most genetic variants associated with SLE are located outside of the HLA
region, and their effect sizes are usually smaller, with ORs for SLE develop-
ment often ranging between 1.1-1.5.]101]

The role of SLE risk genes in SLE pathophysiology

Of the approximately 180 independent SLE risk variants discovered in
GWASs so far, many have provided opportunities to confirm, or more deeply
understand, the pathophysiology of SLE. Of the SNPs with a confirmed or
probable function identified, many have been found to have a role in B- and
T-cell signalling, apoptosis, immune complex clearance and type I IFN sig-
nalling.[125] However, linking the genetic variants identified in GWASs to
functional consequences can be challenging for several reasons. Many of the
identified SLE risk loci are located outside of the coding regions of the DNA,
and thus do not directly affect protein transcription, but likely possess a regu-
latory role. The difficulty in distinguishing the causative variants from those
in LD with these variants, combined with the rapid pace of new genetic variant
identification, leaves the role of some identified variants on SLE pathogenesis
unknown.[101]

Cell death and immune complex clearance

A major contributor to the pathology of SLE, is the imbalance between the
production and clearance of cellular debris. Defects in cell death mechanisms,
including apoptosis and a neutrophil-specific form of death involving neutro-
phil extracellular traps (NETs), termed NETosis, expose the immune system
to autoantigens and damage-associated molecular patterns. Under normal cir-
cumstances, apoptotic debris is rapidly cleared following apoptosis, facilitated
by opsonization by complement components.[126] In SLE, however, an in-
creased production of apoptotic material and decreased levels of classical
complement components, result in sustained levels of debris for long enough
to trigger autoimmune and inflammatory responses.[127, 128]

The monogenetic forms of SLE clearly demonstrate the importance of the
complement system for disease development, as they include several forms of
deficiencies in complement components 1q (C1q), 2 and 4. Among these, Clq
deficiency entails the strongest absolute risk for SLE, exceeding 90%.[102,
129] Additionally, genes involved in immune complex clearance and apopto-
sis also play an important role in polygenic SLE (figure 3).[130] In addition
to impairments in apoptosis and NETosis, there is evidence of other forms of
cell deaths, including necroptosis and pyroptosis, to be implicated in the SLE
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pathogenesis. The role of autophagy, a process for digesting and recycling
unnecessary or dysfunctional cellular organelles, is less explored. However,
GWASs have identified several autophagy-related genes, including Autoph-
agy Related 5 (A7G5) and C-Type Lectin Domain Containing 16A
(CLECI16A4), as associated with SLE.[127]

Auto-antibodies and cellular immunity

Due to disrupted central B cell tolerance mechanisms, SLE patients have an
increased number of hyperreactive and autoreactive B cells.[131] Although
the exact mechanisms of the loss of tolerance have not yet been fully eluci-
dated, gene variants in B cell signalling pathways, including BLK Proto-On-
cogene (BLK) and B Cell Scaffold Protein With Ankyrin Repeats 1 (BANKI),
have been shown to contribute to this hyperactivity (figure 3).[107, 109] The
auto-reactive B cells are responsible for a sustained production of a profuse
number of ANAs, which primarily target nucleic acid or related proteins.
However, B cells have multiple additional roles besides autoantibody produc-
tion, including antigen presentation and cytokine secretion. Furthermore, a
particular subset of cells, the B regulatory cells, serve to maintain immune
homeostasis, and an impairment in this cell type has been pointed out as im-
portant in the development of SLE. B regulatory cells largely achieve their
effect through the production of inhibitory cytokines like Interleukin 10 (IL-
10), and SNPs associated with IL-10 have found to contribute to SLE devel-
opment.[131]

In order for B cells to function, costimulatory signals from cluster of differen-
tiation 4 positive (CD4+) helper T cells are required. CD4+ T cells are thus
crucial for the development of the autoantibody response, and activated CD4+
cells have further been identified in kidney and skin tissue and are thought to
directly contribute to damage in these organs. Simultaneously, both the bal-
ance between, and function of, certain subsets of CD4+ cells is altered in SLE,
with T helper 17 cells contributing both to SLE pathogenesis and the devel-
opment of LN whilst T regulatory cells are found in lower numbers and fail to
limit inflammation.[132, 133] Another CD4+ cell subset, T follicular helper
cells, are necessary for an optimal antibody response, and uncontrolled expan-
sion of these cells have been found in SLE. Several of these alterations have
been found to be particularly pronounced in active SLE. In addition to the
CD4+ cell subsets, cluster of differentiation 8 positive (CD8+) cytotoxic T
cells demonstrate reduced activity in SLE, leading to both an increase in in-
fection susceptibility and to sustained autoimmunity. Self-reactive CD8+ cells
have also been shown to lose their CDS8 positivity, and thereby their CD8-
dependent immunosuppressive potential, and convert to double-negative T
cells, which are capable of infiltrating tissues.[132, 133]
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Many genes identified as associated with SLE development have been found
to be associated with important T cell pathways. This includes the Signal
Transducer and Activator of Transcription (S7474) gene, which is crucial for
the differentiation of naive CD4+ cells into Thl cells, TNF Superfamily Mem-
ber 4 (TNFSF4), which is involved in interactions between T cells and anti-
gen-presenting cells (APCs), and Interleukin-10 (/L10) (figure 3).
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Figure 3. The role of genetics in SLE pathogenesis. Reproduced with permission from
Deng et al. Genetic susceptibility to systemic lupus erythematosus in the genomic era.
Nat Rev Rheumatol 6:683-692 (2010). Copyright Springer Nature.

The type I interferon system

Due to increased apoptosis, decreased clearance of apoptotic material and pro-
duction of auto-antibodies, nucleic acid-containing immune complexes are
formed in SLE. These immune complexes, together with the neutrophil extra-
cellular traps (NETs) formed during NETosis, trigger type I IFN production
in plasmacytoid dendritic cells. This production, in turn, affects numerous
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components and events in the immune system, including maturation of den-
dritic cells into APCs as well as activation, differentiation and increased sur-
vival of auto-reactive B and T cells.[125, 134] Most patients with SLE exhibit
an upregulation of a large number of type I IFN genes, known as the type |
IFN-signature, which, along with evidence of treatment with type I [FN lead-
ing to an SLE-like phenotype in certain individuals and of success in the newly
approved type I IFN-receptor-blocking antibody anifrolumab, provides strong
evidence of a causal role of type I IFN in SLE pathogenesis. Through the
events triggered by type I IFN, immune tolerance is disrupted, promoting per-
petual autoimmunity.[125, 134-137] Not unexpectedly, GWASs have shown
a large over-representation of genes involved in type I IFN signalling, produc-
tion and response, including Interferon regulatory factor 5 (/RF5) and STAT4
(figure 3).[138, 139]

Associations between SLE genetic variants and other diseases

A number of SLE-associated genetic variants are known from large GWASs
to be associated also with other diseases. An interesting example is the SH2B
Adaptor Protein 3-Ataxin 2 (SH2B3-ATXN?2) risk variant rs10774625, which
has shown association with a wide range of phenotypes in addition to SLE,
including several CVD variables, glomerular filtration rates (GFR), asthma
and cancer.[140-144] Currently, the strongest association between this SNP
and phenotypes reported in the GWAS catalogue, is for smoking initiation,
which is in turn a risk factor for some of these diseases.[145] The pleiotropic
effects of certain other SLE risk SNPs appear limited to other autoimmune
diseases. A famous example of this is that variants in the Signal Transducer
and Activator of Transcription 4 (STAT4) gene, have displayed strong associ-
ation with a wide range of auto-immune diseases in addition to SLE, including
rheumatoid arthritis (RA), primary biliary cholangitis, juvenile idiopathic ar-
thritis, SS, multiple sclerosis (MS) and ulcerative colitis.[146-151] Moreover,
in certain GWASs of traits resembling manifestations observed in SLE, a no-
table number of SLE-associated genes have come up amongst the strongest
observations. Examples include a large GWAS and meta-analysis of oral ul-
cers, that demonstrated strong associations with several well-established SLE
risk loci including STAT4, Interleukin 12A (11124), IRF'5, Interferon regula-
tory factor 8 (/RF8), Ikaros Family Zinc Finger 1 (IKZF1) and IL10.[152]

Associations between genetic variants and SLE manifestations

In addition to the observations made in the general population, several studies
have attempted to analyse whether the individual SLE genetic variants are as-
sociated with specific manifestations of SLE, with many associations re-
ported. For example, variants in ST474 have been reported to be associated
with nephritis, severe renal insufficiency, earlier SLE onset, higher prevalence
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of anti-dsDNA positivity, as well as the presence of aPL and ischemic
stroke.[153-157] Other examples include associations of Integrin Subunit Al-
pha M (ITGAM) variants with discoid lupus, renal disease and immunological
manifestations, an association between a variant in /RF§ and CVD, as well as
multiple variants in SLE- or non-SLE risk genes and LN.[158-161]

Many of the studies performed to date, however, carry some important limi-
tations. For example, several associations reported from GWASs comparing
patients with SLE with and without the manifestation of interest, only reach
suggestive significance, whilst others are the results from comparisons of SLE
patients with a particular phenotype and healthy controls. In the latter case, it
may be unclear whether the associations are driven by the phenotype, or by
the disease itself. In addition, many studies that employ a candidate-gene ap-
proach to examine associations between risk alleles and manifestations are
restricted by the limitations of such studies.[158] For these reasons, the
knowledge of how a genetic SLE predisposition affects the development of
specific subphenotypes, remains relatively limited.

Environmental and hormonal risk factors

The moderate concordance rate in MZ twins clearly reveals that environmen-
tal factors also play an important role in the development of SLE. Due to the
low incidence rate of SLE, however, prospective studies are difficult to con-
duct as they require following a very large number of individuals in order to
achieve enough statistical power to detect associations. Instead, many studies
aiming at investigating environmental factors in SLE use a retrospective case-
control approach. Such studies often entail a risk of recall bias, or of measur-
ing differences in laboratory parameters or epigenetic changes which may
have occurred as a consequence of, rather than prior to, diagnosis. With few
exceptions, the evidence of environmental factors suggested to cause SLE re-
mains insufficient. In the case of Silica dust, population- and occupational
based prospective studies have provided consistent evidence of an associa-
tion.[162-164] There is also some support for other respiratory exposures such
as asbestos and air pollution playing a part in SLE development.[164] Ciga-
rette smoking has been evaluated as a risk factor for SLE in several studies,
and may be linked in particular to anti-dsDNA positive SLE.[165-167] In
addition to respiratory exposures, certain drugs can induce an SLE-like state,
which typically is transient and ceases when the treatment is discontin-
ued.[168] Ultraviolet radiation (UVR) is a trigger of apoptosis and can cause
exacerbation of SLE, with a photosensitive rash being included as a classifi-
cation criterion in both the ACR-82 and SLICC-2012 criteria. Whether it is
also associated with onset of the disease, however, remains unclear.[169]
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Other suggested risk factors for SLE include viral infections, in particular Ep-
stein-Barr Virus infections, and vitamin D deficiency,[170, 171] although
more prospective studies would be needed to confirm these associations.

Since SLE displays a clear female predominance, which is accentuated after
puberty and attenuated after the onset of menopause, female sex hormones
appear to play an important role in the disease development. This is further
supported by studies investigating the role of oral contraceptives containing
oestrogen, which seems to increase the risk of SLE flares.[172] In addition to
differences in sex hormones, the female X chromosome contains several genes
important for the immune system, and some of these have displayed associa-
tion with SLE in GWASSs.[173] In addition, impaired X-inactivation appears
to be involved in the disease aetiology, since men with Klinefelter’s syndrome
carrying the XXY karyotype are at increased risk of SLE compared with XY
males.[174]
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Present investigation

Aims of the thesis

The general aim of this thesis is to enhance the understanding of how clinical
and genetic risk factors contribute to the extreme heterogeneity of SLE mani-
festations, with a special focus on more severe disease phenotypes, the devel-
opment of permanent organ damage, and mortality.

The specific aims of each paper were:

Paper I - to characterize the accumulation of organ damage and causes of death
in patients with SLE, and to investigate clinical risk factors for the accumula-
tion of organ damage.

Paper II - to assess the relationship between a high cumulative genetic risk of
SLE and clinical manifestations associated with a more severe disease pheno-
type, including the accumulation of organ damage, cardiovascular events
(CVE) and end-stage renal disease.

Paper III - to investigate the association between smoking and clinical mani-
festations of SLE, and to examine how the effect of smoking on these mani-
festations is modulated by the presence of genetic variants that contribute to
the development of these manifestations.

Paper IV — to investigate the possibility of constructing genetic risk scores for

manifestations of SLE, by considering associations between SLE risk SNPs
and SLE manifestations in a large cohort of individuals without SLE.
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Patients and methods

Patients and controls

In paper I, 543 patients with SLE from the University clinics of LinkOping and
Uppsala were included. In paper II and IV, we included 1001 patients with
SLE from the University clinics in Uppsala, Linkdping, Lund, Karolinska In-
stitute (Stockholm) and from the 4 northern-most counties in Sweden. In ad-
dition, paper II included 5 524 individuals with SLE with European ancestry
as a validation cohort,[175] and paper IV included 486 additional patients with
SLE from the University clinics in Uppsala, Lund, Link&ping, Gothenburg
and Oslo. In paper III, 774 patients with SLE from Sweden and 836 patients
from Norway and Denmark were included in the study. A complete list of the
number of patients from each clinical centre included in each paper, is availa-
ble in table 5.

Table 5. Number of patients included from each research centre in each paper

Paper [ Paper 11 Paper III  Paper IV

Uppsala University 296 172 (IC) 171 (IC) 172 (IC) + 10 (GSA)
Linkdping University 247 165 (IC) 165 (IC) 165 (IC) + 12 (GSA)
Lund University - 141 (IC) 141 (IC) 141 (IC)+ 118 (GSA)
Karolinska Institute - 299 (1C) 299 (IC) 299 (IC)

Northern Sweden - 224 (1C) - 224 (1C)
Gothenburg University - - - 77 (GSA)

Oslo University - - 289 (CA) 269 (GSA)
Copenhagen University - - 175 (CA) -

Odense University - - 220 (CA) -

Aarhus University - - 152 (CA) -

Non-Swedish Europeans - 5524 (1C) - -

[110]
IC: Immunoarray chip. GSA: Global Screening Array. CA: Custom Array. The number of

patients included in each of the papers, from each clinical centre. When genotyping of patients

was performed, the genotyping chip used is given in brackets.

In paper I, no healthy controls were studied. Paper Il and IV included 2802
control individuals who were either blood donors from Uppsala and Lund, or
population-based controls from the 4 northernmost counties of Sweden. In ad-
dition, the validation cohort in paper II included 9859 healthy controls of Eu-
ropean ancestry.[110] Paper III includes 45 blood donors from the Uppsala
Bioresource.

Collection of clinical data and classification of SLE

All clinical data for the clinical cohorts included in the papers of this thesis,
was retrieved from medical charts, with the exception of causes of death in
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paper I, which was retrieved from death certificates. In paper I, patients were
included in the studies provided that they had a clinical diagnosis of SLE ac-
cording to their medical records, and that they fulfilled at least 4 ACR-82 or
SLICC-2012 classification criteria for SLE.[30, 33] In the discovery and val-
idation cohorts included in paper II and III, patients who had a clinical diag-
nosis of SLE according to their medical records and fulfilled at least 4 ACR-
82 criteria were included.[30] In paper IV, all patients who fulfilled at least 4
classification criteria for SLE according to the ACR-82, ACR-97 or SLICC-
2012 criteria, were included.

Definitions of clinical variables

In all papers included in this thesis, the age at disease onset was defined as
patients’ age at the time of the first clinical diagnosis of SLE according to the
medical file and the disease duration was considered the number of years from
SLE clinical diagnosis to the time of follow-up. The age at follow-up was de-
fined as the patients age at the time when the medical chart was reviewed or,
for deceased patients, the age at death. In paper I and II, organ damage was
defined according to the SDI, and extensive organ damage was defined as
having an SDI score > 3 points.[53] In paper I, we classified a patient as hav-
ing hypertension, hyperthyroidism, hyperlipidaemia or depression, respec-
tively, if the patient was receiving antihypertensive therapy, levothyroxine
therapy, statins or anti-depressive therapy according to their medical record.
Furthermore, in this paper a diagnosis of lymphoma required verification by
biopsy, whereas a diagnosis of Secondary SS required a clinical diagnosis set
by a rheumatologist according to classification criteria. A Myositis diagnosis
was defined as having clinical symptoms with proximal muscle weakness as-
sociated with elevated creatinine kinase and/or electromyogram changes
and/or biopsy showing myositis, and a diabetes mellitus diagnosis was defined
as fasting blood glucose >7.0 mmol/L and/or glycated haemoglobin Alc >48
mmol/mol.

In paper II-111, the identification of the patients’ age at nephritis diagnosis was
based on the point of when they first fulfilled the ACR-82 nephritis criterion
according to their medical charts.[30] The Modification of Diet in Renal Dis-
case formula was used to calculate GFRs, and the chronic kidney disease
(CKD) system was used to categorize renal function.[176] Classification of
renal biopsies was performed using the 1995 WHO- or the 2003 ISN/RPS
classification systems.[70, 71] In accordance with this system, mesangial ne-
phritis was defined as class I-1I, proliferative nephritis as class III-IV and
membranous nephritis as class V.[70] Biopsies indicating signs of nephritis
but not fulfilling the criteria for any of the above classes, were classified as
other.[70] Patients were classified as having ESRD if they had undergone a
renal transplantation or were receiving dialysis. The ACR-82 classification
criteria were used to classify anti-dsDNA and anti-Smith antibody (anti-Sm)
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positivity.[30] A clinical diagnosis of APS was defined as fulfilled if a patient
had positive tests for I[gG aCL, IgG al2GP1 or LA in conjunction with throm-
bosis and/or obstetric complications in accordance with Miyakis et al.[40] Tri-
ple-positivity for aPL was considered to occur if tests for aCL (IgG and/or
IgM) and aBB2GP1 (1gG and/or 1gM) and LA were positive, whereas positivity
for any aPL required positivity for any of the 3 test variables. A confirmed MI
required electrocardiography evidence and a rise in plasma creatine kinase,
muscle and brain fraction or troponin T. Ischemic cerebrovascular disease
(ICVD) was confirmed by computer tomography or magnetic resonance im-
aging. VTE, defined as a deep vein thrombosis and/or pulmonary embolism,
was identified through venography or ultrasonography, and/or through radio-
nuclide lung scanning or angiogram, respectively. CVE was defined to en-
compass any of the above events, whereas AE included MI and ICVD only.

In paper III, smoking status was collected from medical charts and patients
were categorized as “ever-smokers” if they had ever told their healthcare pro-
vider that they were a current or past smoker, or “never-smokers” if they had
denied ever smoking according to their medical chart. For patients whose
medical file did not reference smoking, the data was considered missing for
the variable.

Ethics approvals

Oral and/or written informed consent have been obtained from all individuals
included in the papers of this thesis. For paper I, the study protocol was ap-
proved by the Regional Ethical Review Board in Linkdping (DNR M75-
08/2008) and Uppsala (DNR 2016/155). For paper 11, the study protocol was
approved by the Regional Ethical Review Board in Uppsala (DNR 2016/155)
and the local ethics committees. The Regional Ethical Review Board in Upp-
sala and the local ethics committees also approved the study protocol for paper
IIT (DNR 2020-05065) and paper IV (DNR 2009/013 and 2020-05065). Paper
IV is partly based on analysis using datasets from the FinnGen consortium.
The University of Helsinki is responsible for the FinnGen research project,
and the Coordinating Ethics Committee of the Helsinki and Uusimaa Hospital
District have provided ethical approval of the project.[177]

Genotyping and quality control procedures and selection of
SNPs

In paper 1I-1V, patients (and healthy controls, in paper II and IV) were geno-
typed using a 200 K Immunoarray chip (IC) array (Illumina). In paper IV, an
additional 486 patients were genotyped using the Global Screening Array
(GSA, INlumina), table 5. All samples were checked for autosomal heterozy-
gosity rate, mislabelled gender, European ancestry and relatedness, and all
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ambiguous samples were excluded. SNPs with more than 5% missing data or
a MAF below 1% were excluded, and 61 (paper 1), 60 (paper III) and 55
(paper IV) SNPs with previous GWAS association (p<10e-8) with SLE de-
velopment were selected for further analysis.[101] Patients missing data for
any of the selected SNPs were excluded from further analyses.

The patients and controls of the validation cohort in paper II were genotyped
on the custom-designed Immunochip Illumina Infinium Assay according to
[lumina’s protocols, using the Illumina iScan scanner.[178] In total, 6,748
cases and 11,516 controls with European ancestry were genotyped and passed
quality control for the Immunochip, and 120,873 SNPs passed quality control
analyses in >1 ancestry. Of these, data for the 57 genetic variants studied in
paper II, located outside the HLA region, were selected. Individuals with
<100% genotype success rate of the 57 SNPs were excluded from the valida-
tion cohort, and due to an overlap in this cohort with the Swedish SLE cohort,
subjects identical to any individual included in the discovery cohort (pi-hat >
0.9) were identified and excluded, leaving 5 524 patients and 9 859 controls
available for analysis.

Genotyping of the replication cohort in paper III was performed using the
iPLEX chemistry on a MassARRAY system (Agena Bioscience, San Diego,
CA, USA). Quality control procedures included a minimum per sample call
rate of 90% and a per variant call rate of 90%.

Genetic risk score construction

In paper II, a logistic regression model was used to investigate associations
between each of the 57 genetic variants located outside of the HLA region
included in the study, and SLE. In addition, a separate HLA-GRS, based on 4
SNPs located in the HLA region, was constructed. For each SNP, the natural
logarithm of the OR for SLE development, based on the patients and controls
in the discovery cohort, was multiplied by the number of risk alleles (0, 1 or
2) in each individual. The sum of all weighted SNP values in each individual,
was defined as the GRS. In paper IV, the same 57 non-HLA genetic variants
as in paper II, were used to create 9 different weighted GRSs, representing 9
different clinical manifestations. In this paper, each SNP received a weight
corresponding to the effect size of the SNP-manifestation association based
on each of the datasets. When the SNP-manifestation associations displayed a
direction of the effect opposite to that between the SNP and SLE according to
previous GWAS results, the weight was defined as zero. The 9 GRSs were
subsequently standardized by subtracting the mean value performing division
with the mean GRS value, to facilitate the interpretation of ORs.
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Mendelian Randomization analysis

Mendelian Randomization (MR) is a genetics-based instrumental variable
(IV) approach that relies on the random assignment of genetic variants at con-
ception, to investigate the causal effect of an exposure on an outcome.[179,
180] In order for the MR results to be valid, the included Vs must fulfil 3 core
assumptions; 1) the IVs must be strongly associated with the exposure; 2) the
IVs must not be related to any confounder which affects both the risk of the
exposure and the outcome; 3) the IVs must not influence the outcome in any
other way than through the exposure. Whilst fulfilment of the first assumption
can be directly ensured by selecting well-investigated genetic variants display-
ing clear association with the exposure, evaluation of the second and third
assumptions requires indirect investigation through additional MR sensitivity
analysis and tests of pleiotropic effects.[179, 180]

Exposure dataset

Since in paper II, the included SLE risk SNPs were extensively validated in a
validation cohort, we determined these SNPs to fulfil the relevance assump-
tion, and therefore used these SNPs a representation of the genetic SLE pre-
disposition in paper I'V. For each of these SNPs, the original GWAS was used
to retrieve summary level statistics, including risk alleles, effect sizes and
standard errors.[13, 103, 110, 113, 117, 175, 181-190]

Outcome data sources

Paper IV, utilizes the FinnGen consortium database (Data Freeze 5, 2021) for
identification of datasets which as closely as possible resemble the ACR-82
classification criteria.[30, 177, 191] To prevent inclusion of datasets not rele-
vant for SLE, the search was narrowed down to datasets including a number
of SLE patients representing at least twice of what would be expected based
on the prevalence of SLE in the entire FinnGen database. Datasets were fur-
ther limited to include the International Classification of Diseases (ICD)-10
codes corresponding to diseases of the skin and subcutaneous tissue (LO0-
L99), diseases of oral cavity, salivary glands and jaws (K00-K14), diseases
of the musculoskeletal system and connective tissue (M00-M99), other forms
of heart disease (130-152), other diseases of pleura (190-194), glomerular dis-
eases (NOO—NOS), diseases of the nervous system (G00—G99), diseases of the
blood and blood—forming organs and certain disorders involving the immune
mechanism (D50-D89), and abnormal findings on examination of blood, with-
out diagnosis (R70-R79).[192] Moreover, a SLE GWAS performed on 538
patients and 176,590 controls was included.[191]
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Interleukin-12-induced phosphorylation of STAT4

In paper 111, data from a previous study examining Interleukin 12 (IL-12)-
induced phosphorylation of STAT4 (pSTAT4) in 72 healthy blood donors
from Uppsala Bioresource, was included.[193] Of the 72 blood donors previ-
ously analysed, we included a subset of donors (n=45) who had data on smok-
ing. Of these individuals, 20 were past or current smokers and 25 were non-
smokers.

Statistical analysis

In paper I, chi-square tests or Fishers exact test were used to compare fre-
quency distributions, and comparisons on interval/ratio scales were performed
using independent t-tests or Mann-Whitney U tests. In addition, Poisson re-
gression was used for uni- and multivariate analysis to investigate associations
between clinical variables and organ damage, and these analyses were ad-
justed for age at diagnosis and disease duration. In addition, the Kruskal-Wal-
lis test was used for comparison of groups with different SDI scores and dis-
ease duration.

In paper 1I-1V, logistic regression models were used to assess differences be-
tween groups for all binary outcomes. In paper II, ordinal regression models
were employed to assess the association between the GRS and SDI scores or
CKD stages, and the generalized Wilcoxon test was used for survival analysis.
All logistic and ordinal regression models in paper Il were adjusted for the age
at follow-up, and statistically significant associations were further adjusted for
in a secondary analysis using the age at SLE onset.

In paper III, the associations between each of the included 60 SNPs and MI
were analysed in separate logistic regression models including age at follow-
up and disease duration as covariates. In subsequent analysis, all SNPs with a
direction of the effect corresponding to that of SLE itself, were included in a
forwards conditional logistic model with age and disease duration. Paper 111
also included multiplicative interaction analyses, which were performed by
adding an interaction term in the logistic regression; and additive interaction
models, which were performed by calculating the attributable proportion due
to interaction.[ 194, 195] In addition, in Paper I1I, differences in pSTAT4 were
assessed using Student’s T test as well as a linear regression model to allow
for the adjustment of age and the number of STA74 risk alleles.

In paper IV, MR analysis was conducted using the TwoSampleMR pack-
age.[196, 197] The inverse variance weighted (IVW) model was used as an
initial test to determine the association between the SLE genetic risk and each
of the 30 investigated datasets. Additional MR methods, specifically the MR
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Egger method, simple and weighted median methods and a sign concordance
test, were employed for sensitivity analysis.[179, 180] A test of the MR-Egger
intercept and assessment of the Q statistics for heterogeneity with respect to
IVW, was further carried out.[179, 180] In analysis of the 9 constructed GRSs
in this paper, age at follow-up and gender were used as covariates. In all papers
included in this thesis, p-values <0.05 were considered statistically significant.

Results and discussion

Paper I

The majority of Swedish systemic lupus erythematosus patients are still af-
fected by irreversible organ impairment: factors related to damage accrual in
two regional cohorts

Despite increased understanding of SLE, development of new treatment strat-
egies and decrease in mortality in recent decades, the accrual of irreversible
organ damage among patients affected by the disease remains a critical con-
cern. In this paper, the main objectives were to characterize organ damage, as
defined by the SDI, and to identify factors associated with damage accrual and
death.[53] The study includes 543 patients with SLE from 2 Swedish univer-
sity clinics in Uppsala and Linkoping who were predominantly of Caucasian
ethnicity (>90%). More than 95% of the patients had an established disease,
defined as more than 1 year of disease duration.

At the time of follow-up, the mean disease duration in the combined study
population was 17 years. At this point, 318 of the 543 patients (59%) had >1
incident of organ damage recorded. Upon retrospective investigation of the
accumulation of organ damage from the time of diagnosis to the time of fol-
low-up, the highest rate of damage accrual was observed in the first few years
following SLE diagnosis, with around 12% of patients experiencing organ
damage in the first year, 30% within the first 5 years and 45% within 10 years
(figure 4). These figures are largely in accordance with a previous study from
the University College London Hospital (UCLH), in which 50% of patients
with SLE were found to have acquired some organ damage after 10 years of
disease.[198] Other studies have provided both higher and lower figures, with
differences possibly attributable to variations in factors such as age and eth-
nicity composition of the examined cohorts. In a Portuguese study examining
the damage accrual in 976 patients with SLE who were around 5 years younger
at follow-up compared with the present study, only 37% presented with dam-
age after 14 years.[199] Conversely, a study of the multi-ancestry SLICC in-
ception cohort exhibited higher rates of damage, with 24% of patients having
acquired some damage already after a disease duration of 1.2 years.[200]
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Figure 4. The accumulation of organ damage in the study population from the time of
SLE diagnosis until follow-up. Figure adapted from paper I, previously published in
Lupus (2019).

Of the individuals with >1 point on the SDI in the present study, 137 (43%)
had “extensive damage”, defined as an SDI score >3. The most prevalent dam-
age domains were found to be neuropsychiatric damage, including cerebro-
vascular accidents and seizures, which affected a quarter of the patients. This
was followed by ocular, cardiovascular, and musculoskeletal damage. These
findings are essentially in line with other studies, with the aforementioned
UCLH and Portuguese studies identifying neuropsychiatric damage as the pri-
mary or secondary most common domain.[198, 199]

Upon comparing patients with any damage (SDI>0) to patients without dam-
age, those with damage were found to be older at diagnosis and to more often
be of Caucasian ethnicity, possibly reflecting the association between these
variables with a higher age at follow-up and longer disease duration, respec-
tively, which are well-known risk factors for organ damage.[10, 52, 200] In
addition, patients with any damage were found to fulfil a higher number of
SLICC-2012 criteria, with fulfilment of its neurologic disorder criterion being
specifically associated with damage accrual. Furthermore, a secondary diag-
nosis of APS or positive aPL test at any point in the disease history, was asso-
ciated with an increased risk of having accrued organ damage. Lastly, associ-
ations were found between the occurrence of damage and SS, hypertension,
hyperlipidaemia, depression and several therapies for SLE including cyclo-
phosphamide, ciclosporin and mycophenolate mofetil. When analysing asso-
ciations with extensive damage, in addition to the variables above, associa-
tions were found with serositis, haematological and renal disorder, and inter-
stitial lung disease (ILD). These results were not unexpected, since APS, renal
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disorder and ILD are well-known to be associated with a poorer prognosis in
SLE.[199, 201, 202] In addition, treatment with more aggressive immunosup-
pressants may be indicative of a more severe disease, leading to increased ac-
crual of organ damage.

To identify independent risk factors for organ damage, a multiple Poisson re-
gression analysis was carried out. Upon adjusting this model for disease dura-
tion and age at SLE diagnosis, several independent associations with damage
accrual were identified, including fulfilling the ACR-82 or SLICC-2012 clas-
sification criteria for pericarditis, AIHA, lymphopenia, and neurologic disor-
der. Treatment with prednisolone, cyclosporine and cyclophosphamide, or for
hypertension or hyperlipidaemia, were also associated with an increased risk
of organ damage. In addition, a clinical APS diagnosis, myositis and a sec-
ondary diagnosis of SS were associated with organ damage. In total, the iden-
tified factors were found to explain around half of the variation in SDI scores.
Several of these manifestations, including pericarditis, AIHA, lymphopenia
and myositis, have to the best of our knowledge not previously been described
in this context. Whilst renal disease is a well-known risk factor for the accrual
of damage, this association did not show up as significant in the multivariate
model. However, treatment with angiotensin converting enzyme inhibitors is
usually prescribed to patients with nephritis to reduce proteinuria. Anti-hyper-
tensive treatment, which was significant in the model, may therefore be con-
sidered a proxy for nephritis in this analysis.

54 patients (10%) in the cohort were deceased at the time of follow-up, with
malignancy being the leading cause of death, followed by infections and CVD.
In concordance with previous studies demonstrating a strong relationship be-
tween higher scores on the SDI and an increased risk of death,[9, 201] de-
ceased cases were found to have higher SDI scores compared to patients alive
at follow-up. The mean age at death among the 54 cases was 70 years, with
10 of the cases found to have died before the age of 60. Importantly, due to
the retrospective approach of this study and the fact that recruiting patients to
the study sometimes occurred many years after the onset of SLE, it is likely
that these figures under-estimate the true mortality risk.

There are several strengths of this study, including a large and well-character-
ized study population and a high estimated coverage of patients in the 2 in-
cluded regions of Sweden. There are, however, also some limitations. Whilst
we had excellent, retrospective data for the SDI, detailing both the year and
the type of damage for each event, we did not have access to information on
when the examined risk factors were first fulfilled. Whilst we found many
associations between these risk factors and the presence of organ damage, it
therefore remains unclear whether the risk factors occurred before or after
each event of organ damage. In addition, despite efforts to adjust the multi-
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variate model for age- and disease duration related effects, due to a strong
correlation between these variables and the age at follow-up, we could not
adjust the model for all 3 age variables. Furthermore, some associations in this
study may be influenced by similarities in the classification criteria for SLE
and the SDI. For example, pericarditis, which was significantly associated
with an increased risk of organ damage in the multivariate model, is included
as an item in the SDI.[53] However, the impact of this overlap is likely mini-
mal, as only 4 individuals had an event of pericarditis recorded in the SDI.
Lastly, some significant differences were present between the 2 populations
included in this study, with higher rates of malar rash, photosensitivity, oral
ulcers, and positivity for anti-dsDNA and anti-Sm in the Uppsala patients,
whereas the Linkdping patients included older patients with a shorter disease
duration and higher prevalence of aPL and APS. Due to these differences,
analysis of each individual cohort separately would have been valuable, alt-
hough this was not performed due to a risk of insufficient statistical power.

In conclusion, the study demonstrates that the majority of patients with SLE
experience severe consequences of their disease. Additionally, we have iden-
tified several independent risk factors for the accrual of organ damage, of
which some have not previously been described.

Paper 11

High genetic risk score is associated with early disease onset, damage accrual
and decreased survival in systemic lupus erythematosus

Of the more than 180 independent genetic variants associated with SLE, only
a smaller subset has been linked with specific clinical manifestations of the
disease.[124] In the few previous publications exploring the association be-
tween the cumulative genetic risk of SLE and the occurrence of specific sub-
phenotypes, analyses have been limited to the ACR-82 classification criteria,
disease activity, sex and age at onset.[203-206] To enhance the understanding
of how a high genetic risk of SLE affects the long-term prognosis of the dis-
ease, we investigated the association between a GRS based on 57 established
SLE risk SNPs, and factors associated with more severe SLE manifestations.
This included the accumulation of organ damage, as defined by the SDI, over-
all mortality, the development of ESRD and CVE, and the presence of aPL,
anti-dsDNA and anti-Sm.[53] The study included 1,001 patients with SLE,
for which case-case analyses were conducted to compare clinical variables
collected from medical charts. To validate the effect on the risk of developing
SLE conferred by the GRS, we also included 2,802 Swedish healthy controls,
as well as a replication cohort consisting of 5,524 European patients with SLE
and 9,859 healthy controls.

47



In our case-control analysis, we found a strong association between a high
GRS and the probability of having SLE, with a high-to-low quartile compari-
son showing over 12-fold and 7-fold higher risks of SLE in the discovery and
validation cohorts, respectively. A strong correlation between the mean GRS
and the prevalence of SLE was further identified upon division of the individ-
uals into smaller groups, with the prevalence of SLE in the validation cohort
being ~5% and ~90% in the groups with the lowest and highest GRSs, respec-
tively (figure 5).

Figure 5. The correlation between the genetic risk score and prevalence of SLE, with
each point representing a group of 100 patients and controls from the validation co-
hort. Figure adapted from paper II, previously published in Ann Rheum Dis. (2020)

This paper also confirms a previously reported association between the cumu-
lative genetic risk of SLE and an earlier onset of the disease.[110, 206] When
comparing the quartiles of patients with the highest and lowest GRS, the mean
age at onset was found to be 33 years in the high quartile, compared with 39
years for individuals with a GRS in the low quartile. Interestingly, however,
in our cohort the difference in onset between patients with a high and low GRS
began already during childhood and reached its peak at 20 years of age. In
contrast, in the largest study of GRSs in European individuals with SLE pre-
dating our study, the deviation between the groups did not occur until after
age 20 and reached its peak around age 40.[110] Although these differences
would need to be scrutinized in future studies, it may be an indication that
different SNPs are associated with early- and late onset SLE, respectively, and
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that the exact consequence of a high genetic risk for SLE on the onset age, is
thus also dependent on individual SNPs.

In analysis of associations between the GRS and clinical outcomes, we found
that patients with a high GRS were more likely to have accrued organ damage
and to be deceased at the time of follow-up. In analysis of the ACR-82 criteria,
renal variables and CVE, we could further demonstrate that a high GRS was
associated with doubled odds of fulfilling the ACR-82 nephritis criterion and
more than 5-fold elevated odds of having ESRD. Furthermore, we investigated
renal biopsy results from 222 patients with positive renal biopsies, and found
a significant association between a high GRS and the risk of proliferative ne-
phritis (WHO class III-1V). In addition, we found that a high GRS was asso-
ciated with a decreased time to the first CVE, and in particular AE, as well as
with an increased risk of having tested positive for aPL.[207] As renal in-
volvement, CVD and the presence of aPL are important causes of permanent
organ damage and death in SLE, these associations may be the explanation of
the association between a high GRS and organ damage or death.[48, 57, 62]

An observation made in family studies of many multifactorial diseases is that
when the least affected sex is affected by a disease, the recurrence risk is
higher, presumably because the genetic liability is higher in these individu-
als.[74] In accordance with this hypothesis, a previous study examining GRSs
in SLE showed a very strong association was found between male gender and
a GRS for SLE.[205] Contrarily, however, another study showed the opposite
association, with a high GRS strongly associated with female gender.[204]
Importantly, both of these studies used sex-dependent weights acquired from
the same cohort in which the scores were tested, which may have introduced
bias in the analyses. In our study, no association between a high GRS and male
gender could be identified. However, as the GRS used in this study did not
include variants on the X-chromosome and several SLE risk variants are lo-
cated on this chromosome, this study does not rule out that such an association
is present.[101]

Whilst most of the associations between the GRS and clinical manifestations
identified in this paper were positively associated with a high GRS, we found
that for photosensitivity, a high GRS conferred a protective effect. Whilst the
reasons for this finding are not entirely clear, a possible hypothesis may be
that patients who are sensitive to this environmental risk factor, require a
lower genetic risk in order to develop SLE.

In conclusion, the findings of this study contribute to the comprehension of
the genetic aetiology of permanent organ damage, CVE, renal dysfunction and
overall mortality in patients with SLE. Furthermore, the results provide an
indication that GRSs may be potential tools for prediction of disease severity,
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which may be useful both in a clinical setting and for stratification of patients
in clinical trials.

Paper III

Interaction between the STAT4 rs11889341(7) risk allele and smoking confers
increased risk of myocardial infarction and nephritis in patients with systemic
lupus erythematosus

Whilst the prognosis of LN has improved in recent decades, death from CVD
remains a major challenge in SLE.% > It is known that both traditional risk
factors like smoking, and SLE-related risk factors such as a high disease ac-
tivity or nephritis, are important for the development of CVE. A considerable
part of the excess risk seen in patients with SLE, however, remains unex-
plained.!® " In 2 well-characterized cohorts of patients with SLE, with a com-
bined size of over 1200 patients, we investigated how gene-smoking interac-
tions contribute to the development of specific manifestations of SLE.

Whilst smoking in itself was found to be a risk factor for M1, a key finding of
this study was that its effect was enhanced in patients carrying the STAT4 SLE
risk allele rs11889341. In the discovery cohort, smokers carrying the risk al-
lele were observed to have a 2.7-fold elevated risk compared with non-smok-
ers carrying the risk allele. In smokers carrying 2 risk alleles, the risk was 8-
fold elevated, and in the replication cohort, patients carrying >1 risk allele
displayed a 6-fold elevated risk. Through both additive and multiplicative in-
teraction analysis, we demonstrated that the effect of the STAT4 risk allele on
MI was dependent upon smoking status amongst the patients, with the propor-
tion of the risk attributable to the interaction estimated to 54%. In addition, we
found a similar interaction between smoking and the STA T4 risk allele on the
risk of nephritis. Patients with nephritis are known to have an increased prev-
alence of CVD and it has been demonstrated in previous studies that the
STAT4 risk allele is associated both with nephritis and severe renal insuffi-
ciency.[153, 154, 208] We therefore speculated that these results were con-
nected. However, after performing stratification and analysing only patients
without nephritis, we could conclude that the 2 associations occurred inde-
pendently of each other.

It has previously been demonstrated that the STAT4 risk allele is associated
with increased levels of pSTAT4 in activated CD8+ T cells of SLE pa-
tients.[ 193] Increased STAT4 messenger RNA expression has further been
associated with increased cardiovascular damage in patients with SLE.[209]
We therefore hypothesized that smoking, similarly to carrying the STAT4 risk
allele, results in higher levels of pSTAT4. To test this hypothesis, we analysed
pSTATH4 levels in CD8+ cells of 45 healthy controls with available smoking
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data (ever vs never). We found the levels to be twice as high in the smokers
(mean geometric fluorescence intensity: 1063 vs 565). This is in line with re-
sults from a previous study demonstrating higher levels of pSTAT4 in bron-
chial T cells of smokers, compared with non-smokers.[210] Due to these find-
ings, we speculate that for patients with SLE who both smoke and carry the
risk allele, the alteration in levels of activated STAT4 is larger, resulting in
cardiovascular and renal manifestations.

Lastly, when assessing associations between 60 SNPs with previously con-
firmed association with SLE (p<5.0E-8), we found the Interleukin 12A /L1124
SLE-risk SNP rs564799 to be associated with MI in both the discovery and
replication cohorts. The /L7124 risk allele is located within the /L7124 gene,
which encodes a subunit of the IL-12 protein (figure 6).[211] The binding of
this protein to the IL-12 receptor, leads to phosphorylation of STAT4, which
subsequently translocates to the nucleus, constituting a transcription factor for
hundreds of genes. Examples of consequences include IFN-y production, T
helper type 1 and -17 differentiation and monocyte activation.[211] These
findings point further to the importance of STAT4 activation for the develop-
ment of MI in patients with SLE. Indeed, when we examined the effect of
carrying both the STAT4 and /L124 risk alleles in the discovery cohort, we
found that patients homozygous for both the STAT4 and the /L12A risk alleles
displayed a statistically significant and more-than 5-fold increased risk of MI,
compared with patients with any other combination of the risk alleles. In the
replication cohort, the same analysis demonstrated a statistically significant
and more than 7-fold increased risk in patients homozygous for both risk al-
leles.

The findings of this paper are important as they may provide a clue about a
possible mechanism behind the increased prevalence of CVD in SLE. CVD is
a leading cause of death in the disease, and the identification of pathways in-
volved in the development which could be targeted by future therapies, is
therefore of great importance. Besides the STAT4 and IL124 risk alleles, sev-
eral SNPs associated with genes involved in the STAT4-IL-12 signalling path-
way have displayed genome-wide or suggestive association with SLE in pre-
vious GWASs, including Janus Kinase 2 (JAK2), Tyrosine Kinase 2 (7YK2),
Interleukin 12B (/LI2B) and Interleukin 12 Receptor Subunit Beta 2
(IL12RB2) (figure 6), however their effect on the development on CVD in
SLE is unexplored.[110] In previous work, the potential of an efficient block-
ing of STAT4 phosphorylation by Janus kinase (JAK) inhibitors has been
demonstrated, which appears to ameliorate murine lupus and to improve its
associated vascular dysfunction.[193, 212] In light of the findings of this
study, the effect of the additional SLE risk alleles on the risk of CVD, and of
specific blocking of the STAT4-IL-12 pathway in SLE, warrants further in-
vestigation.
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Figure 6. Components of the IL-12-STAT4 signalling pathway, resulting in phosphor-
ylation of STAT4. Genes in genetic loci with genome-wide association (p<5x10-8)
for SLE development according to previous studies, are printed in blue.

In conclusion, our results suggest that the IL-12-STAT4 signalling pathway
may be of importance in the development of CVE and renal manifestations in
patients with SLE. In addition, the findings stress the importance of smoking
cessation in patients with SLE.

Paper IV

From genetic predisposition to clinical outcome in systemic lupus erythema-
tosus: construction and validation of subphenotype-specific genetic risk
scores

The findings of an association between the cumulative genetic risk for SLE
and certain specific manifestations of the disease, as demonstrated in paper II
of this thesis, may suggest a potential role of genetic risk prediction in a clin-
ical setting. It is imaginable, however, that the predictive ability of a GRS
would be enhanced if the model was based on the risk of each specific mani-
festation, rather than the risk of SLE itself. In this study, we explored the pos-
sibility of increasing the number of manifestations associated with the cumu-
lative genetic risk of SLE, by inferring knowledge of SNP-subphenotype as-
sociations from a large non-SLE population. To acquire this knowledge, we
explored how a high genetic predisposition towards SLE affects the risk of
developing manifestations relevant for the disease, using publicly available
GWAS data based on 321,000 individuals from Finland.[177, 191] Using the
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FinnGen database, a systematic search for ICD-10 codes representing diagno-
ses which as closely as possible resemble the ACR-82 classification criteria,
was conducted, resulting in the identification of 30 relevant datasets. To ex-
plore how a high genetic risk of SLE development, represented by the 57 SLE
risk SNPs, affects the risk of being diagnosed with each of these 30 manifes-
tations, MR analysis was conducted.[179, 180] Lastly, we examined whether
SNP-manifestation associations identified in these datasets could be validated
in a clinical cohort consisting of 1487 patients with SLE from Sweden and
Norway.

Of the 30 selected datasets, 5 were related to skin manifestations (figure 7). In
the MR analysis, a high genetic risk of SLE was found to increase the proba-
bility of being diagnosed with the skin manifestation, in all 5 datasets. Among
the manifestations, the analysis for rosacea displayed the highest OR and low-
est p-value (figure 7). This result is interesting as it corroborates results from
a few previous studies, which have provided support for an association be-
tween rosacea and auto-immune disease. For example, in a population-based
case-control study involving over 6000 individuals with rosacea and 30 000
controls, rosacea was associated with an over 2-fold elevated risk of develop-
ing T1D, celiac disease and RA, and a 65% increased risk of developing
MS.[213] In a study from 1970, an SLE-like deposition of immunoglobulins
in the skin of patients with rosacea was reported.[214] Moreover, the HLA
allele DRB1*03:01 has stood out amongst the strongest genetic factors asso-
ciated with both rosacea and SLE.[110, 215] The IVs included in the present
study were all located outside the HLLA region, and the association found be-
tween SLE and rosacea may thus be an additional indication of a connection
in the aetiology. However, rosacea is also known as a common “SLE mim-
icker”, with an SLE malar or discoid rash easily mistaken for rosacea.[216]
Therefore, it is not entirely clear whether the association represents a shared
genetic background between the diseases, or is an indication that individuals
with early or incomplete SLE initially tend to be misdiagnosed with rosacea.

For arthritis, we examined 7 datasets, of which 5 were significantly associated
with the SLE genetic risk (figure 7). In accordance with the clinical picture
seen in SLE, the strongest association was found for polyarthrophathies. Cor-
respondingly, the 2 non-significant datasets were for pyogenic arthritis and
reactive arthropathies, which plausibly have different aetiologies than im-
mune-mediated arthritis. Importantly however, in subsequent analyses per-
formed to assess the fulfilment of the MR assumptions,[180] we found indi-
cations that some of the individual 57 SNPs affected the risk of polyarthropa-
thies through an alternative pathway to SLE. It is well-known that many Vs
included in this study increase the risk of both SLE and other auto immune
diseases, including RA, which is also a cause of polyarthropathies.[217]
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Hence, the strong association found in this study does not necessarily indicate
a causal relationship.
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Figure 7. Results from the Mendelian Randomization analysis. Figure adapted from
paper IV.

For serositis, we included 2 datasets for pericarditis and 3 for pleuritis (figure
7). Whilst neither of the 2 pericarditis datasets were associated with a high
genetic SLE predisposition, we found associations between the SLE genetic
risk and all 3 pleuritis datasets. The most significant association was for pleu-
ral effusion, which is a common manifestation in SLE.[30]
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For hematologic disorder, we found associations between the SLE genetic risk
and haemolytic anaemia in 2/3 examined datasets (figure 7). In addition, we
found an association with agranulocytosis, whereas the dataset representing
other disorders of white blood cells and thrombocytopenia did not display any
significant association with the SLE genetic risk. Lastly, for the dataset se-
lected to represent the ACR-82 immunologic disorder criterion, no significant
association with the SLE genetic risk was present (figure 7).

Next, a single dataset per manifestation was selected, narrowing the number
of datasets down from 30 to 9, and individual SNP-manifestation associations
in the datasets were scrutinized. In most datasets, the number of SNPs statis-
tically significantly associated with the respective manifestation was low, with
the exception of arthritis where 15 SNPs with a p<0.05 and the same direction
of effect as previously reported for SLE, were identified. Of these, 2 SNPs
associated with the PTPN22 (rs2476601) and SHB3-ATXN2 (rs10774625)
loci, met the GWAS significance threshold of p<Se-8.

To assess whether the cumulative effect of the individual SNPs associated
with each manifestation, could be used to predict the presence of each corre-
sponding ACR-82 criterion in SLE, a GRS for each of the 9 datasets were
constructed and analysed in the clinical cohort using a logistic regression
model. For 5 of the 11 ACR-82 criteria, specifically arthritis, nephritis, neu-
rologic disorder, hematologic disorder and immunologic disorder, the GRS
was found to be significantly associated with the corresponding ACR-82 cri-
terion. This indicates that, in addition to the association of the cumulative ge-
netic risk of SLE with nephritis and immunologic disorder shown in paper II
in this thesis as well as by others,[206, 218] some SNPs within the genetic risk
of SLE give rise to these additional subphenotypes.

This study has several strengths, including the use of a large number of well-
established SLE risk SNPs and a well-characterized clinical cohort of nearly
1,500 individuals with SLE. However, there are also some limitations to con-
sider. Firstly, this study did not evaluate the possibility of a reversed relation-
ship between the SLE genetic risk and the examined manifestations, due to
the low number of GWAS-associated SNPs in most datasets. Secondly, alt-
hough a number of additional sensitivity analyses have been employed to re-
duce the possibility of violation of the MR IV assumptions, it is not possible
to completely rule out that some SLE risk SNPs are associated with confound-
ers which in turn lead to development of certain manifestations. Our analyses
did not find strong evidence of pleiotropy for any of the examined manifesta-
tions, however, in analysis of the polyarthropathies dataset we found strong
heterogeneity among individual SNPs. Similarly, it is unclear whether certain
associations discovered in the MR analysis reflect biological mechanisms or
other factors, such as in the case of rosacea described above.
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In conclusion, this study highlights the potential of combining analysis of
large biobank datasets and a smaller clinical cohort, to overcome the chal-
lenges entailed by rare diseases like SLE.
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General discussion

The focus of this thesis has been to explore the impact of SLE genetic variants,
through their cumulative effect or gene-environment interactions, on SLE
manifestations and complications. The recent revolution in the field of genet-
ics, brought about by rapidly decreasing genotyping costs, has enabled the
genotyping and analysis of millions of individuals. This has offered substan-
tial benefits to our comprehension of the underlying pathogenic mechanisms
of many diseases. In addition, clinical trials supported by GWAS findings are
more than twice as likely to yield positive outcomes, emphasizing the im-
portance of identifying additional genetic markers associated both with SLE
itself, and with specific subphenotypes.[86, 87] With this in mind, a central
discovery presented in this thesis is the potential role of the IL12-STAT4 path-
way in the development of CVE and nephritis. This pathway, which may con-
stitute a potential drug target in SLE, is further associated with several addi-
tional SLE risk loci, including JAK2, TYK2 and SOCS1.[110, 219] Given our
findings, further exploration of these variants, their functional consequence
and their individual and combined impact on the clinical picture of the disease,
may provide additional knowledge about the role of this pathway in SLE.

Considering the challenges of early recognition of SLE, with delays in diag-
nosis potentially leading to postponements in adequate treatment, the idea of
being able to employ a genetic model as a diagnostic aid in the future of pre-
cision medicine — especially for patients at risk of developing more severe
manifestations — is intriguing. In this context, another key finding presented
in this thesis is the strong association between a high GRS for SLE, and the
development of the disease itself as well as its renal manifestations. In 2018,
when our study on GRSs was initiated, the 57 SNPs included could be con-
sidered representative of the vast majority of established non-HLA SLE ge-
netic loci in the European population.[101] However, due to the rapid evolve-
ment in the field of genetics, at present point this GRS comprises less than a
third of the ~180 currently identified SLE risk loci. [124] This raises an im-
portant question: Will the predictive ability of our model be further improved
in the future, and if so, to what extent?

Ultimately, the predictive potential of a GRS for a particular trait is restricted
by the trait heritability. This factor determines the highest AUC that could
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theoretically be achieved from a ROC curve, under the assumption that all
genetic contributors to the disease were known and included in the model.[84]
As SLE is a rare disease and has a moderate MZ twin concordance, doubt has
been raised about the prospect of using GRSs as a screening tool for the dis-
ease, even if extensive knowledge of the genetic actiology was available.[124]
Contrarily to this view, however, mathematical estimations have demon-
strated that, assuming an heritability of SLE at the high end of current estima-
tions, an AUC of 1.0 can theoretically be achieved. Moreover, assuming in-
clusion of variants explaining half of the genetic variability of the disease, an
AUC of 0.95 has been estimated to be achievable.[84, 85, 220]

In the ROC curve analysis performed in this thesis, the AUC in the validation
cohort was found to be 0.71. In spite of the progress in GWAS studies after
the publication of our study, with estimations showing that half of the genetic
risk of SLE has been identified, results from subsequently published papers
have at best been in line with this figure.[101] In a large study including more
than 7,000 patients with SLE with European and Chinese ancestry, the AUC
was found to vary between 0.64 and 0.72 when testing GRSs for SLE within
European and between the European and Chinese groups.[218] The best-per-
forming PRS in this study was later validated in the UK biobank material,
generating a lower AUC of 0.64.[221] Consistent with the latter result, an ex-
amination of a GRS based on 80 SLE risk SNPs in a small number of patients
from the Nurses’ Health Study (NHS), also resulted in an AUC of 0.64.[222]
These lower values may reflect a difference in the selection of patients, with
the UK Biobank and NHS possibly including more patients with a milder dis-
ease compared with studies performed on patients recruited from hospital clin-
ics.

With this discrepancy between the suggested possible accuracy of GRSs and
the results of these studies, it remains unclear whether the genetic risk of SLE
has a purpose in the future as a diagnostic test. It is, however, possible that the
current knowledge may provide some usefulness in certain situations where
the pre-test probability of SLE is higher than in the general population. In a
study comparing GRSs for different rheumatic diseases in patients with in-
flammatory arthritis, it was shown that taking GRSs into account could help
discriminate true diagnoses across 3 different cohorts, with AUCs for the pre-
dictions ranging from 0.69-0.84. Taking genetics into account, the accuracy
of an initial rheumatologist evaluation of patients with arthritis was further
shown to increase from 39 to 51%.[223]

Furthermore, as demonstrated in this thesis, using GRSs to differentiate be-
tween mild and severe cases in patients who have already developed SLE,
may be another approach of using genetic risk models in a clinical setting. In
our evaluation of predictive ability of the GRS for manifestations of SLE, the
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strongest result was found for ESRD, with a sensitivity and specificity at the
optimal cut-off level of 63% and 83%, respectively. Calculations of positive
and negative predictive values further showed that at a prevalence of ESRD
of 11%, it would be possible to divide patients into a group with only a 5%
lifetime risk of developing the complication, and a group with a 31% lifetime
probability. The accuracy for ESRD is thus approaching values which would
be required for clinical utility. However, in light of the variation between
AUC:s for SLE found in different studies, cautiousness in the interpretation of
these findings is important and 2 limitations of the paper, likely affecting the
average disease severity of the cohorts in opposite directions, are important to
consider: Firstly, the retrospective collection of clinical data, with the inclu-
sion of patients diagnosed with SLE decades ago only possible for patients
still alive at the time of DNA sampling, may result in patients with the most
aggressive disease courses being included to a smaller extent than expected.
Secondly, as all patients included in the study were recruited from university
hospital clinics, the patients with the mildest disease can also be expected to
be under-represented in the material. Due to these limitations, it is difficult to
predict how the GRS would perform on a population level, and further studies
exploring this question are indeed warranted. Moreover, some additional lim-
itations of GRSs in general must be overcome before clinical implementation
of the method would be possible, of which the most important is the current
lack of equitable use of GRSs across ancestries and social groups.[89]

Similar to the prediction of SLE itself, an important question which remains
to be answered is to what extent GRSs for specific SLE manifestations can be
further improved. On this note, it is important to remember that the GRS ex-
amined in this thesis, was based on SNPs associated with SLE itself, rather
than its subphenotypes. Provided that more knowledge is acquired about indi-
vidual SNP-manifestation associations, future GRSs may be constructed with
regards to each specific SLE manifestation, and it appears plausible that this
would increase their predictive ability. So far, genetic variants identified as
associated with SLE subphenotypes are few, and the construction of subphe-
notype-specific GRSs has proven difficult. In the largest study to date explor-
ing the possibility of creating a LN-specific PRS, the statistical power was
found to be too low in spite of 3000 patients being included in the discovery
cohort, and neither of the PRSs constructed reached statistical significance in
the replication cohort.[218] With these challenges, brought on both by the rar-
ity of SLE and the small effect sizes of each SNP for the manifestations, in-
creased international collaboration between clinical centres, enabling analysis
of very large materials of well-characterized patients, may be necessary to en-
able a more precise analysis of the link between the SLE genetic risk and dis-
ease outcomes.
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A different way to overcome these challenges, as demonstrated in this thesis,
is to investigate associations in materials not limited to patients with SLE. By
incorporating large, publicly available datasets in our analyses, we succeeded
in re-constructing our original GRS to find associations with the ACR-82 cri-
teria beyond nephritis and anti-dsDNA antibodies, specifically with arthritis,
neurologic disorder and hematologic disorder. An important limitation of this
study, is that the selected datasets from the FinnGen biobank included patients
with a wide range of causes of their examined manifestation. For example, for
the dataset selected to represent the ACR-82 nephritis criterion, glomerular
disorders secondary to diseases such as amyloidosis, congenital syphilis, mul-
tiple myeloma and sepsis were included, some of which may have a very dif-
ferent aetiology compared with LN.[192] As the number of individuals in-
cluded in publicly available datasets continue to grow, the phenotype data is
likely to become more sophisticated, which may enable analysis of manifes-
tations even more closely related to the subphenotypes of SLE.

In addition to methods which incorporate information from the general popu-
lation, it is likely that GRSs for SLE could improve in several ways. In an
interesting study exploring pathway specific PRSs in SLE, it was demon-
strated that patients could be clustered into 4 different molecular subsets, and
that specifically, patients with high T- and B-cell pathway PRSs displayed
increased organ damage.[224] If further elaborated, this method may provide
not only clinically relevant information, but also insights on the differences in
the disease aetiology between patient groups. Additionally, there are a number
of suggested uses for GRSs in SLE which remain largely unexplored, includ-
ing stratification of patients for medical trials. Another interesting application
of GRSs which has been suggested, is to identify patients more likely to carry
monogenetic disease variants.[225] As demonstrated in this thesis, patients
with an early onset of SLE have a higher GRS compared with patients with
and onset later in life. In patients with early-onset SLE lacking this cumulative
genetic risk factor, however, it may be speculated that the chance of finding a
monogenetic cause of the disease is increased.

Although a high predictive accuracy for SLE itself and its renal manifestations
may be attainable using a model based purely on the genetic risk, the herita-
bility of other SLE manifestations, and thereby the maximal potential accu-
racy of a GRS for the manifestations, may be lower.[84] As exemplified by
the interaction between smoking and the STAT4 risk allele in this thesis, gene-
environment interactions may further be responsible for the development of
certain manifestations and complications of the disease. For these reasons,
predictive models based purely on genetics may not be sufficient to predict all
manifestations of SLE, and combined models based on both the genome and
exposome may ultimately be required to accurately predict the disease course.
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Gene-environment interactions remain poorly studied regarding the develop-
ment of SLE, and even more so when it comes to specific manifestations, and
the field thus warrants further investigation.

Moreover, as the extreme heterogeneity of SLE is seen not only between pa-
tients but over time in the same patient,[9] factors not relying solely on life-
time exposure may need to be combined with a PRS in order to achieve an
optimal predictive ability. Recently, it was demonstrated that an epigenetic
IFN score could predict the presence of the IFN signature in SS and was asso-
ciated with several clinical phenotypes in patients with the disease.[226, 227]
Scores combining the genetic risk with an epigenetic score may thus poten-
tially provide a more optimal combination of both lifetime and current risk of
manifestations.

Concluding remarks

SLE is a complex disease in which the clinical picture varies extremely be-
tween individuals. Understanding the underlying mechanisms that contribute
to both common characteristics and the heterogeneity of the disease, is im-
portant for both clinical management and the development of new treatment
strategies. This thesis highlights the importance of both genetic and clinical
factors, as well as their interaction, for the prognosis of SLE. The results pri-
marily support the idea that the genetic burden in SLE has an impact on the
occurrence of more serious manifestations, and that the IL-12-STAT4 signal-
ling pathway may be relevant for the development of cardiovascular compli-
cations in SLE. Through this thesis, the role of genetic factors in disease man-
ifestations has been elucidated, thereby enhancing the overall understanding
of the disease.
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Sammanfattning pad Svenska

Systemisk lupus erythematosus (SLE) &r en kronisk, autoimmun sjukdom or-
sakad av bade gener och miljofaktorer. Personer med SLE uppvisar en extrem
variation i sin symptombild, som kan vara allt ifran mild till livshotande. Syf-
tet med denna avhandling &r att 6ka kunskapen om hur genetiska riskfaktorer
for SLE, genom samverkan med varandra och med miljoéfaktorer, bidrar till
uppkomsten av sjukdomens olika symptom.

Trots att overlevnaden for personer med SLE har forbattrats, &r risken for or-
ganskada och for tidig dod fortfarande hogre &n hos normalbefolkningen. I
delstudie I studerades utvecklandet av permanent organskada hos svenska in-
divider med SLE. Studien visade att efter i genomsnitt 17 érs sjukdomsdurat-
ion, hade drygt hilften av patienterna utvecklat organskada. Flera kliniska
riskfaktorer for organskada identifierades ocksa i studien.

I nuldget saknas palitliga markdrer som kan forutse vilka patienter med SLE
som kommer att uppvisa ett allvarligt respektive milt sjukdomsforlopp. 1
delstudie II undersoktes om den sammantagna effekten av 57 kénda SLE-
riskgener, var kopplad till sjukdomens symptom eller komplikationer. Hos de
patienter som visade sig bara pa en hogre genetisk risk for SLE, fann vi att
risken var hogre att utveckla permanent organskada, njursvikt och kardiovas-
kuldr sjukdom, jaimfort med patienterna med en lag genetisk risk. Vi fann
ocksa att risken att avlida var kopplad till en hogre genetisk risk. I delstudie
IV undersoktes effekten av samma 57 riskgener i en stor grupp individer utan
SLE. I denna grupp fann vi att en hogre genetisk risk for SLE var associerat
med utvecklandet av diagnoser som paminner om vissa SLE-manifestationer,
sasom led- och lungsicksinflammation. Sammantaget visar studierna att den
sammanlagda genetiska risken for SLE kan utgéra en mdjlig framtida markor
for sjukdomens symptombild och prognos.

Det har foreslagits att rokning spelar en roll for utvecklandet av SLE, och det
ar dessutom vélként att rokning ger upphov till hjartinfarkt. I delstudie 111
kunde vi visa att sambandet mellan rokning och hjértinfarkt forstérks hos pa-
tienter med SLE som bér pa en kénd SLE-riskvariant i Signal Transducer and
Activator of Transcription 4 (STAT4)-genen, med en mycket kraftig riskok-
ning hos patienter som bar pa tva kopior av riskvarianten. Vi kunde ocksa visa
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att rokning &r kopplat till hogre nivéer av aktiverat STAT4 i immunceller fran
friska personer, vilket kan vara forklaringen till hur genen samverkar med rok-
ning. Hjartinfarkt forekommer i hdgre utstrackning bland patienter med SLE
jamfort med normalbefolkningen, och denna studie belyser bade en mgjlig
orsak till detta, samt vikten av att personer med SLE avstar fran att roka.

Sammantaget understryker denna avhandling betydelsen av bidde genetiska
och kliniska riskfaktorer, savil som deras samverkan, for prognosen vid SLE.
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