This electronic thesis or dissertation has been
downloaded from the King’s Research Portal at
https://kclpure.kcl.ac.uk/portal/
Gene polymorphisms in SLE

Guerra, Sandra
Awarding institution:
King's College London

The copyright of this thesis rests with the author and no quotation from it or information derived from it
may be published without proper acknowledgement.

END USER LICENCE AGREEMENT
Unless another licence is stated on the immediately following page this work is licensed
under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
licence. https://creativecommons.org/licenses/by-nc-nd/4.0/
You are free to copy, distribute and transmit the work
Under the following conditions:



Attribution: You must attribute the work in the manner specified by the author (but not in any
way that suggests that they endorse you or your use of the work).
Non Commercial: You may not use this work for commercial purposes.



No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings and
other rights are in no way affected by the above.

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing
details, and we will remove access to the work immediately and investigate your claim.

Download date: 09. Jan. 2023

This electronic theses or dissertation has been
downloaded from the King’s Research Portal at
https://kclpure.kcl.ac.uk/portal/

Title:Gene polymorphisms in SLE

Author:Sandra Guerra
The copyright of this thesis rests with the author and no quotation from it or information
derived from it may be published without proper acknowledgement.

END USER LICENSE AGREEMENT
This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivs 3.0
Unported License. http://creativecommons.org/licenses/by-nc-nd/3.0/
You are free to:
Share: to copy, distribute and transmit the work
Under the following conditions:
Attribution: You must attribute the work in the manner specified by the author (but not in
any way that suggests that they endorse you or your use of the work).
Non Commercial: You may not use this work for commercial purposes.
No Derivative Works - You may not alter, transform, or build upon this work.

Any of these conditions can be waived if you receive permission from the author. Your fair dealings
and other rights are in no way affected by the above.

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk
providing details, and we will remove access to the work immediately and investigate your claim.

Gene polymorphisms in
SLE

Sandra Goncalves Guerra
Submitted for the degree of Doctoral philosophy (PhD)

1

Abstract

Systemic lupus erythematosus (SLE) is an autoimmune disease, with a strong
genetic component. It is characterised by hyperactive T and B cells, chronic
inflammation and the production of antinuclear autoantibodies. SLE affects mostly
women of child baring age, with a 9:1 ratio, women to men and has been reported
to be more prevalent in people of non-European ancestry. In the era of genomewide association studies (GWAS), elucidating the genetic factors present in SLE has
been very successful, with over 28 confirmed disease susceptibility loci mapped
and a number of candidate genes identified.
During this thesis I fine mapped IL18 as it had previously been reported to be
associated with SLE, SNP rs360719. After fine mapping and subphenotype analysis
in UK and African American cohorts, I was unable to replicate the published
association. Although genetic data did not confirm IL18 to be associated with SLE, I
demonstrated increased IL-18 serum levels in SLE renal patients compared to SLE
patients. I further analysed IL10, another previously associated SLE candidate loci
in our current SLE GWAS cohort (4000 cases and 9000 controls) of European
ancestry. I again was unable to replicate the previous association, however using
other SLE GWAS data showed SNP rs3024505 to be associated in Northern
European samples. Further analysing our SLE GWAS, I located IKZF3 as a
candidate loci. I identified an associated block of 56 SNPS and located the
association to a single SNP rs2941509, p=1.46x10-8. Furthermore, I demonstrated an
allelic imbalance in this SNP, with the protective G allele being expressed 1.5 times
greater than the risk A allele, in controls.
These data here demonstrated in this thesis indicates the importance of fine
mapping candidate loci and verification of previously associated loci. This thesis
contributes to the current knowledge of SLE by demonstrating discrepancies in
published association data and showing the importance of larger studies.
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1.1 Complex trait genetics

Understanding complex trait genetics is difficult and yet essential to fully deduce
disease pathogenesis. Diseases, such as SLE, which are categorised within the
complex trait group, are diseases which have multiple phenotypes. These diseases
are complex because the same genotypes can produce different phenotypes, or
different genotypes can result in the same phenotypes (Lander & Schork 1994).
Although the exact mechanisms of these diseases are not common between them,
they all show multiple gene defects which can lead to multiple phenotypes within
the disease. Therefore, unlike single gene disorders, complex trait genetics benefit
from larger studies such as candidate gene studies and Genome-Wide association
studies (GWAS). However, although many loci and polymorphisms have been
identified to date, the genetic associations found still only account on average for
less than half of the traits’ heritability. This may be due to unidentified rare
variants, gene-gene interactions or gene-environment interaction, all of which have
to be taken into account when analysing complex traits. The proportion of genetic
penetrance has to also be taken into account. Some individuals may inherit the
predisposing risk allele and not develop disease. This may be due to other factors
such as environment, age and sex. Some genetic risk factors may act in a polygenic
manner, in which case, multiple risk loci would have to be inherited
simultaneously for disease manifestation (Lander & Schork 1994). In human
genetics the main focus is to identify casual loci and variants to understand the
mechanisms through which they exert their effect. This could then lead to future
novel and targeted therapy (Stranger, Stahl, & Raj 2011).

To fully understand the genetic contribution of these diseases, loci, variants and
CNV (copy number variation) should be analysed. It is important to, not only
understand the possible risk loci, but also the possible variant and if there is CNV
contribution.

19

There have been a number of approaches to help understand the genetics
underlying complex traits. Looking at cohorts of monozygotic twins and family
based studies has shown to be fruitful in the understanding of complex genetic
traits. Using monozygotic twins, which are almost 100% genetically identical,
allows analysis of genetic penetrance and environmental contribution as well as
epigenetic effects. Alternatively, family based studies also allow genetic
characterisation within families which may have one or multiple affected members.
These data can then be correlated with unaffected controls with no disease. Studies
such as these have demonstrated unaffected family members may also have the
mutations present but no disease manifestation, this again suggests a more complex
pathogenesis where other factors such as environment and age may play a role.

A candidate gene approach, which allows a hypothesis-driven investigation of loci
which are good potential candidates have also been successful in elucidating
complex trait genetics. This allows identification of loci which need further
investigation and allows fine mapping of these regions. Once fine-mapped, these
regions can be analysed for associated variants and genetic architecture. However,
more recently there has been a great influx towards GWA studies, these allow
variants to be genotyped across the entire genome without a prior hypothesis about
the identity of the associated loci. This allows a well-powered study in a large
cohort to be performed. Furthermore, the associated loci here identified can then be
analysed and the functional affect of each variant can be determined.

As previously mentioned, SLE is a disease which is a complex genetic disease trait.
Using both candidate gene and GWAS approaches in this thesis, I aim to analyse
possible risk loci in SLE.
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1.2 Systemic lupus erythematosus (SLE)

SLE has a complex disease pathogenesis and there are many factors which have to
be accounted for. In this section I outline the main points which contribute to SLE
pathogenesis and I suggest possible mechanisms.

1.2.1 Background

Systemic lupus erythematosus (SLE) is a complex, chronic, autoimmune disease
(Deng & Tsao 2010) characterised by autoantibody production and deposition of
immune complexes (Lipsky 2001). SLE is thought to be a complex disease due to
the heterogeneous phenotypes presented in cases and chronic, due to the persistent
flares experienced by patients. Autoimmune diseases are conditions where the
immune system is unable to restrict its actions to foreign antigens. During an
infection, a foreign antigen may mimic host molecules to avoid an immune
response. However, the immune system is usually able to recognise that this is a
foreign antigen and the immune response is triggered. During autoimmunity the
immune system looses this ability to specifically recognise these foreign antigens,
and self antigens trigger the immune response which attacks tissues and organs.
This leads to chronic inflammation and over-reactivity of the immune system,
leading to autoimmunity. The destruction of cells in SLE occurs due to the
production of autoantibodies (Vyse & Todd 1996).
The autoantibodies produced in SLE are anti-nuclear antibodies, specifically against
DNA and nucleosomes (Napirei et al. 2000). SLE patients have demonstrated a
deficiency in clearance of immune complexes (ICs), and when this occurs the
complexes accumulate in joints and vessels, leading to manifestation of other
diseases such as vasculitis, kidney disease and arthritis. These diseases are due to
the un-cleared ICs triggering a hypersensitive type three reaction (IgG influx) at
sites where they have accumulated. This lack of clearance can be due to a genetic
reduction or lack of DNase 1 enzyme (Napirei et al. 2000). DNase 1 is involved in
21

the clearance of DNA from nuclear sites. It has been shown that mice deficient in
this enzyme present SLE type symptoms and being deficient in this enzyme
prevents removal of DNA from dead cells. The DNA is a target for the
autoantibodies and failure to remove it via DNase 1 action causes these complexes
to build, thus triggering the immune system. This over-reactivity of the immune
system causes hyper-responsive T cells, B cells and dendritic cells (Perl 2010).
SLE disease manifestations are very diverse leading to heterogeneity in the
phenotype of the disease between patients (Deng & Tsao 2010). Symptoms range
from facial rash, usually described as a butterfly rash, aches and pains to more
serious symptoms producing secondary condition such as arthritis and
glomerulonephritis (Rhodes & Vyse 2008).

As SLE presents such heterogeneous

symptoms, the diagnosis of this condition relies on patients fulfilling four of the 11
American college of rheumatology criteria (Tan et al. 1982). These criteria state that
to diagnose a patient with SLE a patient must be tested for symptoms such as Malar
rash around the malar eminencies (cheeks and over the nose), photosensitivity
causing a skin rash, renal disorder such as persistent proteinuria, haematological
disorders such as leukopenia and immunological disorders such as anti-DNA titres
(Tan et al. 1982). Pathogenic mediators such as auto-reactive antibodies, cell surface
antigens and IgG antinuclear antibodies are also used for the diagnosis of SLE
(Rhodes & Vyse 2008).

1.2.2 Epidemiology of SLE

To date the full aetiology of SLE is not yet completely understood, however lupus
has shown to be multi-factorial with environmental and genetic interactions. In this
section I will outline some of the major risk factors of SLE and outline their effect on
the prevalence of this disease.
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1.2.2.1 Age and gender

The incidence of SLE is shown to have a ratio of 9:1, females: males, with a peak age
susceptibility of 20-30 years in females and much later in males (Deapen et al. 1992).
Females are mostly susceptible to lupus in their childbearing years (15-45) although
SLE can occur at any age. Female susceptibility during childbearing age suggests a
hormonal mechanism for the pathogenesis of SLE, which will be discussed in more
detail in the next section (1.2.2.2 Hormones and pregnancy). However, male SLE
patients suffer a higher incidence of morbidity compared to females (Petri 2001),
although this may be due to non-disease factors as males have shorter life spans
compared to females, with higher incidences of diseases such as hypertension. The
prevalence of SLE in females also suggests an X-chromosome contribution to
disease pathology (Chagnon et al. 2006). In some cases, males with SLE also suffer
from a XXY phenotype (Klinefelters syndrome). One study reported this to occur
one in every 43 male SLE cases (Scofield et al. 2008), again suggesting an Xchromosome contribution. Genes on the X-chromosome may be over-expressed and
may play an essential part in the pathology of SLE (Chagnon et al.2006).
Paediatric lupus cases represent 10-20% of SLE patients with a mean onset age of
11-12 years (Kamphuis & Silverman 2010). The most documented difference
between paediatric and adult lupus is the severity of the disease, with paediatric
lupus manifesting a more aggressive disease resulting in organ damage (Carreno et
al. 1999). Generally, paediatric patients have more renal and musculoskeletal
damage compared to adults and therefore need immunosuppressant’s for a longer
period. These paediatric patients are more likely to suffer morbidity owing to
secondary diseases attributed from SLE. However, paediatric lupus is still 10 times
less common than other autoimmune diseases such as paediatric type 1 diabetes.
Paediatric lupus manifestations can be seen as early as 5-10 years after disease
onset, compared to a much more dormant disease in adults (Kamphuis &
Silverman 2010). Another major difference between paediatric and adult lupus is
the female to male ratio of disease prevalence, with paediatric lupus having a
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female: male ratio of 4:5 (Kamphuis & Silverman 2010), compared to 9:1 in adults,
as previously mentioned.

1.2.2.2 Hormones

As previously discussed, SLE prevalence is greater in females compared to males.
This suggests a higher risk in women which may be due to a number of hormonal
factors such as oestrogen levels. Oestrogen stimulates lymphocytes and immune
response through the stimulation of type 2 cytokines which causes a proinflammatory response (Petri 2001), which in SLE would cause a further overreaction of the immune system. Reports demonstrate oestrogen is hydroxylated to
16α metabolite causing a positive feedback loop increasing oestrogen levels further
in SLE (Petri 2001). Oestrogens have been shown to contribute to the 2-10 fold
increase prevalence of autoimmune diseases in women over men (Szyper-Kravitz et
al. 2005a). Exposure to exogenous oestrogens in drugs such as oral contraceptives
and hormone replacement therapy for menopause may also contribute (Petri 2001).
Oral contraceptives containing oestrogen have been shown to increase SLE activity
and flares in patients (Duarte & Ines 2010). Oestrogen levels have also been
reported to have a positive correlation with CREM which leads to a decrease in IL-2
production and T cell differentiation, all of which are characteristics seen in SLE
pathogenesis (Moulton et al. 2012).
Other sex hormones such as Estradiol (E2) have also been implicated in SLE
(Szyper-Kravitz et al. 2005a). E2 breaks B cell tolerance and alters B cell
development, increasing survival and proliferation of auto-reactive B cells, a major
characteristic of SLE. This occurs through interactions with Bcl-2 which stimulates
auto-reactive B cell survival. These data again suggest that female hormones such
as oestrogen play an important role in SLE and research into their full mechanism is
needed to understand the pathology further.
Other hormones such as Leptin (McMahon et al. 2011) and prolactin (Karimifar et
al. 2013) have been been reported to play a role in the development of SLE. These
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data suggest that in combination with genetics and environmental factors,
hormones play an essential role in the development of SLE.

1.2.2.3 Ethnicity

The incidence of SLE has been shown to differ between ethnicities; these differences
suggest that genetics coupled with environmental exposures play a key role. It has
been reported that European populations are less susceptible compared to African
Americans, Hispanics and Asian populations (Danchenko, Satia, & Anthony 2006).
African Americans populations have been reported as having 3-4 times greater
prevalence to lupus compared to European populations (Danchenko, Satia, &
Anthony 2006). (Molokhia & McKeigue 2006) reported the prevalence in the UK of
women with lupus to be 35 in every 100,000, compared to 117 in every 100,000
Afro-Caribbean and 200-250 in every 100,000 Caribbean women. These data suggest
a strong genetic link between SLE and ethnicity, making Caribbean women of
reproductive age the most susceptible. Moreover, studies in paediatric SLE have
shown that in African populations, SLE develops at a younger age than in
Europeans, 12.6 years compared to 14.6 years (Hiraki et al. 2009). In addition,
disease presentation between populations vary, with African Americans suffering
more with discoid SLE (malar rash) compared to Europeans (Petri 2001) and nonCaucasian populations suffering more from renal disease compared to Europeans
(62% vs 45%) (Hiraki et al. 2009).

1.2.2.4 Familial clustering

As with other autoimmune diseases, SLE has shown to have familiar clustering,
suggesting a strong genetic link. The heritability of SLE is approximately 66%, with
heritability being the transmission of genes being passed down through
generations to inherit different phenotypes. Twin studies best reflect this statement
as they showed that 24-56% of monozygotic twins both have SLE compared to 2-4%
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of dizygotic twins (Deapen, Escalante, Weinrib, Horwitz, Bachman, Roy-Burman,
Walker, & Mack 1992;Jarvinen et al. 1992) . Siblings of SLE patients are 20 times
more likely to develop SLE than those without an affected sibling (Alarcon-Segovia
et al. 2005).
Familiar clustering in SLE is important to understand the pathology of the disease.
Clustering within families could be due to the same genes and/or environment
and/or interactions between the two (Criswell et al. 2005). Understanding these
interactions is essential for full understanding of the aetiology of SLE.

1.2.2.5 Infection

It has been reported that infections can act as environmental triggers of SLE
symptoms in genetically predisposed individuals. More SLE patients carry
dominant viruses compared to healthy controls; Herpetoviruses such as EBV may
persist in a dormant state for many years before they are re-triggered (Cooper,
Miller, & Pandey 1999). Epstein-Barr virus (EBV) has shown to be more common in
SLE patients compared to healthy control, with 99% of SLE patients contracting
EBV compared to 90% in the healthy population (Zandman-Goddard et al. 2009).
This increased prevalence of EBV suggests that the immunosuppression of SLE
patients causes an impaired immune response to EBV, hence EBV acting as an
environmental trigger. During an infection with EBV, autoreactive B cells become
infected with the virus. These virally infected autoreactive B cells then proliferate
and mature into memory B cells which express anti-apoptotic molecules (ZandmanGoddard et al. 2009). As these B cells now present anti-apoptotic molecules they
can form ICs and are able to deposit in organs. T cells then migrate to these areas
and proliferate, producing cytokines such as IL-6 and IL-10 causing chronic
inflammation. In SLE patients, EBV infection would cause symptoms to flare due to
activation of the immune system. Clinically, SLE patients have shown an increase
of anti-Ro antibodies titres due to EBV infection causing disease activity to increase.
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Patients also have increase viral DNA and EBV- infected B cells with a lack of antiEBV antibodies and a reduced T cell response (Molina & Shoenfeld 2005).
The same effect has also be reported in other infections such Herpes Zoster
(Sayeeda et al. 2011) and Cytomegalovirus (Zandman-Goddard et al. 2009).
Infections in patients with SLE exacerbate the immune response causing the disease
to intensify. However, other viruses such as HIV have shown to decrease the
intensity of SLE because the immune system in this instance is compromised.

1.2.2.6 Cigarette smoke

Cigarette smoke has previously been reported to be associated with a number of
autoimmune diseases such as RA (Costenbader & Karlson 2005) and SLE
susceptibility, OR 1.5

(Kiyohara et al. 2009). Components of cigarette smoke

include tar, nicotine and carbon monoxide. These act as inflammatory mediators,
increasing neutrophil chemotaxis and recruitment of monocytes and macrophages
(Costenbader & Karlson 2005). This increases tissue damage through chronic
inflammation and complement deposition, which is a common feature of SLE.
Cigarette smoke also produces large quantities of free radicals; these free radicals
interact with DNA causing genetic mutations (Costenbader & Karlson 2005) which
can lead to autoimmune disease.
N-acetyltransferase 2 (NAT2) (an enzyme which detoxifies amines present in
cigarette smoke) (kiyohara et al. 2009) has been reported to be impaired in SLE
patients who smoke. This impairment causes high levels of amines in SLE patients
as these patients show to have an impaired NAT2, hence not being able to detoxify
carcinogens in cigarette smoke. These can potentially act as immune triggers by
accumulating in cells and causing chronic inflammation.
Additionally, cigarette smoke has been shown to increase expression of CD95 (Fas)
on B cells and CD4+ T cells. This increases the sensitivity of apoptosis and decreases
the rate of apoptotic clearance leading to increased immune complex deposition in
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tissues (Costenbader & Karlson 2005). This leads to chronic inflammation and tissue
damage, which is also a common characteristic of SLE.

1.2.2.7 Drugs and other environmental factors

Drug-induced lupus has shown to account for 10% of SLE cases per year. This drug
induced autoimmunity has been recorded in other autoimmune diseases such as
RA and Sjogrens syndrome. Some patients have these idiosyncratic reactions to
medication, and it is not clearly understood as to why, however genetics and the
environment have been suggested as possible factors (Chang & Gershwin 2010). A
well recorded example of this type of autoimmunity has been shown in patients
taking Quinidine. This is an antiarrhythmic agent which also inhibits the uptake of
apoptotic cells by macrophages.

When this occurs in susceptible patients

nucleosomes accumulate in the blood causing immune-proliferation and acting as
targets for the production of antibodies. These autoantibodies are anti-DNA
antibodies causing autoimmunity and damaging multiple organs.
Other environmental factors which contribute to SLE pathology are stress and
vaccinations. Stress causes an imbalance in the hypothalamic-pituitary adrenal axis,
disrupting Th2 responses and therefore increasing the susceptibility to SLE (SzyperKravitz et al. 2005b).
Vaccinations have been recently shown to, in some cases; trigger autoimmunity,
although the exact reason as to why this only occurs in some patients is still not
clearly understood (Zandman-Goddard et al. 2009). However one mechanism
would be that when vaccines trigger an immune response, genetically susceptible
people would produce a hyperactive immune response and thus autoimmunity.
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1.2.3 Mouse models in SLE

Mouse models have been used to mimic the human immune system for
experiments that could not be conducted in human patients. With the use of
GWAS, genes can be identified; however this alone will not help develop the full
understanding of the pathology of a disease. Murine models allow single genes and
pathways to be identified and examination of the functional consequences they
have on a system. As SLE is a complex genetic disease, a number of murine mouse
models have been used to help develop the understating of the disease. One of the
first murine models used in SLE was that of the NZB/NZW mouse (New Zealand
black/ New Zealand white) (Slavin 1979). This model produced mice which
spontaneously developed autoantibodies against nucleic acids as they aged. The
NZB/NZW was also reported to have a positive erythrocyte Coombs test and IC
deposition in the kidney (Slavin 1979), all these are common traits in human SLE.
These mice have been studied extensively and a number of different trials have
been performed, such as suppressing the immune system of these mice using high
doses of Cyclophosphamide (Slavin 1979). During this trial these mice were seen to
have a reduced number of autoantibodies and IC deposition. These initially mouse
models gave the starting point of which other models were then analysed for
possible therapeutic targets.
Such murine models allows homogenous inbreeding on a large scale, something
which is impossible in humans but a useful way to identify genetic effects and
provides a large number of genetically similar individuals for therapeutic trials
(Cunninghame Graham & Vyse 2004). To date, there are a number of mouse models
which have characteristic SLE symptoms, for example MRL-Faslpr, BX5B.Yaa,
NZB/NZW (as mentioned previously), and NZM2410, to name but a few. However,
as more GWA studies are being performed there are a large number of candidate
genes, together with known risk loci to be investigated. In mouse models, these
genes are knocked out and the functional consequence of this determined. For
example a mouse lacking Dnase1, B6 Dnase1 -/- was reported to show an increase in
autoantibody production (Napirei et al. 2000). This shows the importance of these
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murine models, because this analysis can then be translated into human lupus, and
investigation into the down-regulation of Dnase1 can be performed. GWAS
methods alone would not allow the functional consequences of a disease-associated
gene to be known, so mouse models provide a vital tool for increasing
understanding of disease pathology.

1.3 The Immune system and SLE

The immune system is divided into two parts; the innate or non-specific immune
system which is the first line of defence of an organism against infection and the
adaptive or acquired immune system, which is slower but specific to the pathogen.

1.3.1 The innate immune system

The innate immune system contains many components, all of which work
simultaneously to protect the host from infection. An invading pathogen first
comes into contact with barrier defences such as the skin, gastrointestinal tract,
mucous secretions and tears. These act as physical barriers to impede pathogens
from entering the host. Once a pathogen crosses these barriers, the cellular
components of the innate immune system are activated. These cellular components
of the innate immune system consist of monocytes, macrophages, granulocytes
(neutrophils, eosinophils and basophils) mast cells and dendritic cells, which
collectively play a role in killing and removing pathogens (Janeway, Jr. &
Medzhitov 2002).
Macrophages and neutrophils are the two main phagocytes of the innate immune
system. Their main functions are to recognise, engulf and remove invading
pathogens (Delves & Roitt 2000). If these phagocytes are not able to kill the
pathogen, they then play a role in antigen presentation to lymphocytes (discussed
in a later section). Macrophages and neutrophils are able to recognise pathogens via
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a number of cell-surface receptors called Pattern Recognition Receptors (PRRs);
these receptors recognise surface molecules broadly shared by pathogens
(Pathogen-associated molecular patterns (PAMs) but distinguishable from host
molecules (Janeway, Jr. 1989).
After recognition of the pathogen the pathogen is surrounded by the phagocytes
membrane to form an internalised vesicle called a phagosome. The phagosome then
fuses with the lysosome where the pathogen is digested using enzymes such as
lysozymes. Phagocytes also produce reactive oxygen species such as hydrogen
peroxide and superoxide to aid in the killing of the pathogen.
The process of acute inflammation is initiated by cells already present in all tissues,
mainly resident macrophages and dendritic cells. At the onset of infection these
cells undergo activation and start to release inflammatory mediators (chemokines,
cytokines).
This inflammatory response is needed to activate and recruit other immune cells to
the site of infection, to form a protective barrier to reduce the spread of infection
and to allow repair of tissue damage. Activated macrophages release cytokines
such as IL-1β which activates endothelia cells to produce adhesion factors. This
enables other immune cells to migrate to the site of infection and lymphocytes for
increased influx of effector cells into tissues, which further stimulates IL-6 release
(Cavaillon 1994).

IL-6 release stimulates lymphocyte activation and antibody

production through stimulation of B cell differentiation (Muraguchi et al. 1988).
These activated macrophages also secrete TNF-α which increases vascular
permeability allowing increased entry of IgG, complement proteins and
lymphocytes into the site of infection. Furthermore IL-8 is also secreted and acts as
a chemoattractant which attracts neutrophils, basophils and T cells to the site of
infection.
The inflammatory response is also activated through the complement system. The
complement system is made up of more than 30 plasma proteins produced mainly
by the liver. These complement proteins circulate in the blood and other bodily
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fluids. Most of these proteins are proteases which act as zymogens as they cleave
and activate each other. The main function is opsonisation where the complement
proteins coat the pathogens, which in turn facilitates recognition by phagocytes
(Janssen et al. 2005). Complement proteins are able to kill pathogens directly
thorough cell lysis (forming pores within the cell membrane), they facilitate
phagocytosis and stimulate the inflammatory response, as previously described.
There are three complement pathways; the classical pathway which activates
complement through the C1 complex which binds to IgM or IgG coupled with
antigens or C1q which binds directly to a pathogen. The alternative pathway which
activates complement through spontaneous C3 hydrolysis and the lectin pathway
which activate complement through lectin-proteins binding carbohydrates on
pathogens. All three pathways generate C3 convertase which cleaves C3 into C3a
and C3b. C3a is released whereas C3b is bound to the surface of the pathogen to act
as an opsonin. C3b also binds C3 convertase to produce a C5 convertase which
cleaves C5 into C5a and C5b. C3a and C5a then recruit phagocytes to the infected
site and augment the inflammatory cascade (Janssen et al. 2005). Phagocytes such as
macrophages and neutrophils which have the CR1 receptor or C3b are then able to
bind the pathogen with the bound C3b leading to phagocytosis.
Another cell type which is part of the innate immune system are natural killer (NK)
cells. NK cells circulate in the blood where they kill pathogens through the release
of cytoplasmic granules which contain cytotoxic granzymes and perforins. NK
cells can be activated by cytokines released by activated macrophages such as TNFα, IL-2, IL-12, IL-15 and IL-18. IL-12 and IL-18 secreted by activated macrophages
also stimulate NK cells to release IFN-γ, which can stimulate CD4+ T cells to
differentiate into Th1 cells which then can activate macrophages (Godshall et al.
2003). NK cells release their cytoplasmic granules in close proximity to infected
cells, whereby the perforins and granzymes penetrate the cell membrane to induce
cell death (apoptosis or lysis). NK cells are able to distinguish between self and
non-self by recognising the loss of MHC class I expression (Borrego et al. 2002).
Infected cells have a reduced or total loss of MHC class I which activates NK cells
to release cytotoxic granzymes and kill the pathogen. Furthermore, NK cells are
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able to detect infected cells opsonised with antibodies via the FcγRIIIb leading to
their activation (antibody dependent cell mediated cytoxicity, ADCC).
Other cells such as eosinophils and basophils play a role in the defence against
parasitic infection. These cells also release granules with digestive enzymes and
toxic proteins to kill pathogens. They both migrate to play a role in the
inflammatory cascade once activated. Eosinophils mature in response to IL-3, IL-5
and GM-CSF (released by Th2 cells). In turn eosinophils secrete IL-1, IL-2, IL-4, IL-5,
IL-6, IL-8 IL-13 and TNF-α. Compared to basophils which secrete IL-4 which is
needed for IgE antibody production (Parkin & Cohen 2001).
As previously mentioned both the innate and the adaptive immune systems are
needed to mount the appropriate immune response. For this to be effective there
has to be cross-talk between both systems, for this, dendritic cells play a key role.
Dendritic cells are another type of phagocyte which act in the same way as
described for macrophages. However, the main role of these cells is to act as
messengers between the innate and adaptive immune systems by processing and
presenting antigens on MHC molecules to T cells (Cella, Sallusto, & Lanzavecchia
1997). Immature dendritic cells recognise pathogens through PRRs, such as TLRs.
Once an immature dendritic cell recognises a pathogen it becomes activated.
Dendritic cells process the pathogens through phagocytosis and present them on
their MHC molecules to T lymphocytes.

1.3.2 The adaptive immune system

The adaptive immune system consists of two types of lymphocytes; T lymphocytes
and B lymphocytes. Each cell type has a distinctive role in the adaptive immune
response, as discussed below.
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1.3.2.1 T lymphocytes

T lymphocytes mature in the thymus where they undergo positive and negative
selection after presentation of self peptides on MHC molecules (as discussed later).
This selection process gives rise to naive single positive T lymphocytes which then
leave the thymus and move into the periphery (Parkin & Cohen 2001). These naive
T cells express either CD4+ (T helper cells) or CD8+ (cytotoxic T cells) and these
markers identify the role which they play in the adaptive immune response. Once a
naive T lymphocyte recognises an antigen presented on an antigen presenting cell
(for example a dendritic cell, macrophage or B cell), the T lymphocyte is activated
through the TCR and co-signals such as CD28 and ICOS in the presence of IL-2,
causing clonal expansion and differentiation (Parkin & Cohen 2001). There are
three main types of T lymphocytes; cytotoxic T cells, T helper cells and T regulatory
cells. Cytotoxic T cells play a role in killing, mostly virus infected or cancer cells, by
recognising specific antigens presented on MHC class I molecules. These cytotoxic
cells induce cell death by releasing cytotoxic granules containing perforins,
granzymes and granulysin. The main function of T helper cells is to provide help to
other immune cells. T helper cells secrete cytokines which activate other immune
cells, help in B cell class-switching and propagate increased phagocytic activity.
T helper cells (Th0) differentiate into two main subsets (Th1 and Th2), depending on
the cytokine environment at the site of antigen presentation. On Th0 cell activation
through the TCR and co-signals such as CD28 or ICOS, these cells beginning to
secret IL-2 and differentiate into either Th1 or Th2 cells depending on the other
cytokines present. Th0 cells differentiate into Th1 cells in the presence of IFN-γ and
IL-12. Th1 cells play a role in the activation of macrophages, cytotoxic T cells and
NK cells through the production of inflammatory cytokines (Yamane & Paul 2013).
Th1 cells secrete IL-2 which stimulates T cell proliferation, and IFN-γ, which
activates macrophages, B cell proliferation and inhibits Th2 differentiation. These
cells also secrete TNF-α which induces apoptosis and inflammation through
macrophage stimulation. After Th0 activation and in the presence of IL-4, these
cells differentiate into Th2 cells. Th2 cells secret a range of cytokines such as IL-4, IL34

5, IL-6, IL-10, IL-13 and IL-31 (Cousins, Lee, & Staynov 2002). These cytokines
augment the recruitment and activation of eosinophils, mast cells and basophils,
stimulate B cell maturation and class switching and promote barrier immunity
(Cousins, Lee, & Staynov 2002). One hallmark cytokine of Th2 cells is IL-4 which
plays a role in inhibiting Th1 cell generation and promotes immunoglobulin isotope
switching.
A more recently identified group of T helper cells are Th17 cells, which differentiate
from Th1 cells in the presence of TGF-β, IL-1, IL-6 and IL-23. Th17 cells produce IL17, IL-21 and IL-22 (Al-Muhsen et al. 2013). Functionally, Th17 cells play a role in
the defence against extracellular pathogens by mediating the recruitment of
neutrophils and macrophages to infected tissues.

Furthermore it has become

evident that dysregulation of Th17 cells may play in the pathogenesis of different
inflammatory and autoimmune diseases (Gocke et al. 2007).
Another T helper cell subtype which is found in the B cell follicle of secondary
lymphoid organs is that of T follicular helper cells (TFH). These cells are
characterised by their constitutive expression of the chemokine receptor, CXCR5,
ICOS and the inhibitory receptor PD-1. TFH cells express the transcriptional
repressor Bcl-6 and secret IL-4, IL-21 and IFN-γ. These cells have emerged as the
key T cell subtype required for the formation of Germinal centres (GCs). Once GCs
are formed, TFH cells maintain and regulate GC B cell differentiation into plasma
and memory cells (Zhang et al. 2013). To avoid immune mediated pathology and
unrestricted clonal expansion of effector T cells, the immune system has subsets of
T cells, known as regulatory T cells (Tregs). They can be broadly classified into
natural or adaptive (induced) Tregs characterised by high expression of CD25 and
the transcription factor FoxP3. Natural Tregs are CD4+CD25hi which develop and
emigrate from the thymus whereas adaptive Tregs are CD4+ T cells which acquire
their regulatory phenotype in the periphery typically induced by inflammation and
autoimmunity or cancer (Ohkura, Kitagawa, & Sakaguchi 2013). The suppressive
mechanisms by which Treg cells operate are controversial; however some reports
suggest cell-cell contact and the secretion of cytokines such as IL-10 and TGF-β.
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Furthermore, other Treg cells such as Tr1 cells secrete high amounts of IL-10 and
Th3 cells which produced TGF-β. All of which play a role in the maintenance of the
immune balance.

1.3.2.2 B lymphocytes

B lymphocytes are responsible for the humoral branch of the adaptive immune
system. Their main functions are to produce antibodies against specific antigens
and to function as antigen presenting cells. The development and maturation of B
cells occurs in the bone marrow. Through a process of maturation and selection,
naive B cells are developed and leave the bone marrow to circulate in the blood and
lymphatic system where they perform their role of immune surveillance. This
process of maturation creates a wide repertoire of naive B cells expressing B cell
receptors (BCR) specific for different antigens (Allman, Li, & Hardy 1999).
In order to proliferate, a naive B cells has to be activated, this activation occurs
through the engagement of the BCR with a specific antigen. However depending
on the nature of the antigen, this activation can either be a T cell-dependent (TD) or
T cell-independent (TI) B cell activation (Parkin & Cohen 2001).
A T-dependent activation occurs when a specific antigen cross-links the BCR and a
second signal, a co-stimulation is provided by a T helper cell. After engagement of
the BCR the antigen is internalised, degraded and finally displayed on the cell
surface on MHC class II molecules. Once a T helper cell recognises the antigen
displayed by the B cell, cytokines are released and further signalling through costimulatory molecules, such as CD40 activate the B cell causing B cell proliferation
and differentiation into memory and plasma cells (Heyzer-Williams et al. 2000).
Early T cell-dependant B cell activation occurs at the edge of lymphoid follicles, and
these reactions lead to production of short lived plasma cells. However, some
activated T and B cells migrate back into the follicle where germinal centres are
formed. Here B cells undergo somatic hypermutation and isotype class switching,
during a process called affinity maturation. The plasma cells formed in the
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germinal centres migrate back to the bone marrow and produce antibodies,
whereas the memory B cells move back into the periphery where they can then be
activated to become plasma cells (Cahalan & Parker 2005).
However, B cells activated in a T cell- independent manner are activated only
through antigens cross-linking the BCR. In general this response is against antigens
with repetitive structures (Balazs et al. 2002). These antigens are able to cross-link
the BCR with sufficient avidity to activate the B cell and a co-stimulatory signal
maybe given through TLRs. The nature of the antigen is not only controlling the
type of response but also the type of antibody produced. Antibodies can be divided
in three different groups based on their function. These antibodies can bind
pathogens to prevent them entering and damaging the cell, they can bind
pathogens to increase phagocytic recognition by macrophage and finally antibodies
are able to induce the destruction of the pathogen by stimulating other immune
responses, for example activating the complement pathway.

1.3.3 Tolerance

Tolerance is a mechanism required to ensure that an improper immune response is
not mounted against self-antigens. T cell tolerance occurs in two stages; central
tolerance, in the thymus, and peripheral tolerance, which occurs after lymphocyte
maturation in the periphery.
Firstly within the thymus T cells precursor are exposed to self-MHC molecules and
T cells which do not recognise self-MHC are deleted through apoptosis. This
process is known as positive selection and is needed to ensure the functionality of
the T cell receptor (TCR); furthermore the T cells lineage at this stage is recognised.
T lymphocytes which recognise MHC class I molecules mature into CD8+ T cells,
and those that recognise MHC class II molecules mature into CD4+ T cells (Benoist
& Mathis 1989). T lymphocytes which survive positive selection then undergo a
process of negative selection to prevent auto-reactive T cell survival. T cells are then
exposed to self-peptides presented on MHC molecules and only T cells which do
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not react are saved from apoptosis, all other T cells which react to self- peptides
undergo apoptosis. Central tolerance however, cannot eliminate all the self-reactive
T cells, therefore secondary tolerance mechanisms are in place to insure the control
of auto-reactive T cells in the periphery.
These mechanisms are known as peripheral tolerance and act on reactive T cells
inducing anergy, deletion or suppression. As previously described T cells require
co-stimulation for activation and if these are not present or are in low amounts, T
cells cannot proliferate. Therefore an auto-reactive T cell that encounters a specific
antigen in periphery, out of an inflammatory contest, will not encounter a costimulation and will become anergic (a state of unresponsiveness) or will be deleted
via apoptosis (Nossal 1993). Finally the reactive T cells may also be inhibited
through T regulatory cell interactions, a process known as suppression.
As for the T cells, B cells also undergo a process of tolerance to ensure that no autoreactive clones are produced. Immature B cells in the bone marrow are negatively
selected, and all those cells which recognise self-antigen are deleted by apoptosis.
However, before apoptosis occurs, these B cells have a second chance for a further
gene rearrangement to form a new BCR. If this BCR is not auto-reactive then the B
cell survives otherwise the B cell dies by apoptosis (William et al. 2006).
Furthermore, B cells which bind soluble self antigens lose the ability to express IgM
and migrate to the periphery expressing only IgD. These B cells are unable to bind
any antigen and are in an anergic state. If mature B cells in the periphery do
recognise soluble antigens but no co-stimulation of T cells are present, these B cells
also become anergic through the loss of IgM.
If loss of tolerance occurs, auto-reactive lymphocytes are able to survive and may
mount an autoimmune response.
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1.3.4 Autoimmunity

Autoimmunity is the failure of an organism to recognise its own structures as “self”
which leads to an immune response against self structures. This occurs when there
is a breakdown or loss of tolerance mechanisms, which can lead to chronic
inflammation and tissue damage. There is a range of autoimmune diseases, such as
psoriasis and rheumatoid arthritis, which are characterised by auto-reactive T
lymphocytes and SLE which is characterised by the production of autoantibodies
due to defective clearance and auto-reactive B lymphocytes.

1.3.5 Apoptosis and defective clearance in SLE

Apoptosis and the clearance of apoptotic debris occur as part of an immune
response and during cell turnover. Cells that undergo apoptosis are engulfed and
cleared by phagocytes, such as macrophages and DC’s. However, in SLE, clearance
of these apoptotic cells has been reported to be impaired (Salmon et al. 1984).
Defective clearance leads to accumulation of this material within the tissues causing
the cells to undergo necrosis. Apoptosis is a normal mechanism of programmed cell
death which leads to cell death and clearance in a non-inflammatory manner.
Apoptotic cells express death signals such as phosphatidylserin on the cell surface.
These signals, together with chemoattractant which are released, propagate
macrophages and dendritic cells to migrate and engulf the apoptotic bodies.
However, if there is impairment in the clearance of these apoptotic cells, as seen in
SLE, this leads to necrosis. Necrosis is un-controlled, causing the cells to swell, have
cytoskeleton disruption, leading to cell rapture and an inflammatory response. This
cellular rapture releases material such as DNA and RNA into the extracellular
environment which then acts as autoantigens (Cocca, Cline, & Radic 2002). As this
material is not cleared effectively, they accumulate, expressing nucleic acids on
their surfaces. The small autoantigens which are not cleared are bound by
antibodies to form immune complexes (ICs), which accumulate in tissues and give
rise to a hypersensitivity type III reaction. This propagates further inflammatory
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response, stimulating pDC activation which secretes IFN-α (Ronnblom & Pascual
2008). These autoantigens cause loss of tolerance of the adaptive immune system by
being presented to T cells which have lowered TCR signalling thresholds or
thorough follicular DCs interaction with auto-reactive B cells in germinal centres
causing auto-reactive B cells to survive and proliferate (Radic, Marion, & Monestier
2004).
ICs which contain DNA and RNA bind to FcγRIIa on pDCs, are endocytosed and
activate TLR7/9 through RNA/DNA presentation (Elkon & Stone 2011), inducing
IFN-α production. The pDC presents these self-antigens on MHC molecules to T
cells causing T cell activation which can lead to autoantibody production through
auto-reactive B cell interactions (Jin et al. 2010). TLRs, as previously mentioned, are
PRRs which recognise PAMs on pathogens (Medzhitov & Janeway, Jr. 1997). Both
TLR 7 and 9 have been reported to be increased in SLE patients compared to
healthy controls (Komatsuda et al. 2008). This may be due to polymorphisms
associated with the TLR genes, discussed further in the next section (section 1.4
GWAS and SLE).
The impaired clearance reported in SLE may be due to an increased rate of
apoptosis of phagocytes and lymphocytes (Lorenz et al. 1997). Mutations in
phagocytes and their receptors may also contribute to defective clearance. SLE
patients have been reported to have reduced monocytes and macrophages in their
peripheral blood (Steinbach et al. 2000), leading to impaired phagocytosis and
clearance (Herrmann et al. 1998;Tas et al. 2006). Macrophages of SLE patients have
been reported to be smaller and die earlier compared to healthy macrophages
(Gaipl et al. 2007). Monocyte cell surface receptors have also been reported to be
defective in SLE (fully discussed in the next section 1.4 GWAS and SLE). Low copy
number of FcγRIIIB have been reported to be correlated with SLE, whereas
increased copy number of FcγRIIIB has shown to play a protective role against SLE
(Aitman et al. 2006;Fanciulli et al. 2007). With low copy numbers of FcγRIIIB,
recognition of apoptotic cells is impaired, hence leading to defective clearance. The
inhibitory receptor FcγRIIB has also been reported to be down-regulated in SLE (Li
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et al. 2003). Furthermore, SLE monocytes have been reported to secrete increased
levels of the pro-inflammatory cytokine, TNF-α and low levels of the antiinflammatory cytokine, TGF-β, compared to monocytes from healthy controls (Sule
et al. 2011). This leads to an increased inflammatory response which contributes to
tissue damage and possible further apoptosis.
It has also been reported that the increased rate of apoptosis of lymphocytes and
neutrophils may also contribute to disease pathogenesis (Donnelly et al.
2006;Perniok et al. 1998;Ren et al. 2003). The apoptosis of neutrophils, known as
NETosis, leads to neutrophil death and release of its intracellular content i.e. DNA,
histones and proteins, into the extracellular matrix (Lande et al. 2011). With
increased rate of NETosis and defective clearance, these again can act as
autoantigens, stimulating TLRs, leading to loss of tolerance and autoantibody
production through B cell interactions.
Additionally, the complement system has also been reported to play a role in SLE
pathogenesis. As previously described, complement plays a role in aiding
phagocytosis through opsonisation. SLE patients have been reported to have C1q
deficiency, with impaired C1q binding on ICs leading to defective phagocytosis
(Botto et al. 1998;Taylor et al. 2000). All of which contributes to the defective
clearance seen in SLE, propagating disease.

1.3.6 Defective adaptive immune response in SLE

T and B lymphocytes have also been reported to be dysregulated in SLE. The
interaction between defective clearance, increased apoptosis and a defective
adaptive immune response, leads to autoimmunity.
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1.3.6.1 T cells in SLE

T cells have been shown to be dysregulated in SLE, contributing to disease
pathogenesis by secreting pro-inflammatory cytokines, activating B and dendritic
cells (Zhou et al. 2009) and through inappropriate tissue homing (Crispin et al.
2010). Although there are a number of mechanisms in place to ensure tolerance is
maintained, some autoreactive T cells are able to escape central tolerance and
circulate in the periphery. These T cells contribute to autoimmunity by recognising
self-antigens (presented from autoreactive B cells), which may lead to autoantibody
production if co-stimulating an auto-reactive B cell.
T cells from SLE patients have also been reported to have increased early signalling
once the TCR is engaged with an antigen compared to healthy controls (Crispin et
al. 2008). The principle signal molecule of the TCR, CD3ζ, has been reported to be
expressed at a lower level in T cells of SLE patients compared to controls (Liossis,
Hoffman, & Tsokos 1998), and is substituted by the FcεRI γ chain. The FcεRI γ
chain signals via Syk, in place of ZAP-70, which induces an increase in intracellular
calcium levels, leading to increased CD40L and CREM expression (Vassilopoulos,
Kovacs, & Tsokos 1995) and a decrease in IL-2 production. With an increase of costimulatory molecules such as CD40L, T cells are able to facilitate an increased Tcell dependant B cell activation (Koshy, Berger, & Crow 1996;Nagafuchi et al. 2003),
which can cause a hyper reactivity of B cells.
T cell signalling is also increased in SLE with T cells of SLE patients reported to
have increased CD44 expression (Estess et al. 1998;Li et al. 2007). CD44 is involved
in adhesion, signalling, cell-cell interactions and facilitates T cell migration to
tissues. This may contribute to an increased inflammatory response seen in SLE
(Estess et al. 1998). Mutations in CD44 and other genes, such as STAT4, a
transcription factor which is required for the development of Th1 cells, have been
reported to be associated with SLE and are discussed below (Section 1.4 GWAS and
SLE).
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On the other hand, increased T cell death has also been reported in SLE, with
spontaneous apoptosis, and increased necrosis when in contact with oxidising
agents (Emlen, Niebur, & Kadera 1994). Due to this increased necrosis of T cells
there is an increase in the amount of free nucleic acids, which, as mentioned above
can act as autoantigens. Furthermore T cell proliferation and differentiation is also
affected in SLE due to a decreased IL-2 production (Linker-Israeli et al.
1983;Solomou et al. 2001).
Different T cell subsets have been reported to be defective in SLE. Active SLE
patients have been shown to express higher amounts of cytotoxic CD8 + T (Blanco et
al. 2005), Th17 and TFH cells (Simpson et al. 2010;Yang et al. 2009). Th17 cells secrete
IL-17 which as discussed previously plays a role in mediating inflammation
through macrophage and dendritic cell activation. However, the exact role of T h17
cells in SLE is still not fully understood and warrants further investigation. Studies
over the last years have underlined an increase of TFH cells in active SLE. This
increased number of TFH cells may play a role in the breakdown of peripheral
tolerance of auto-reactive B cells at GC reaction. Furthermore an expansion of TFH
cells can contribute to overactive GC reactions and increased generation of longlived plasma cells which produce high affinity autoantibodies (Dong et al. 2011).
Impairment has also been observed in T regulatory cells (Treg), however these data
generated are controversial. In fact, the level of these cells have been reported to be
decreased in a number of studies (Barath et al. 2007;Lyssuk et al. 2007;Miyara et al.
2005;Valencia et al. 2007), increased in other studies (Jury et al. 2010;Lin et al.
2007a;Pan et al. 2012) and have shown no changes compared to controls in other
reported studies (Venigalla et al. 2008;Yates et al. 2008). Treg cells are a CD4+ subset
characterised by the expression of CD25hiFoxp3+. These cells are vital for the
regulation of peripheral tolerance through suppression of auto-reactive T cells (as
discussed previously). A reduced number of these Treg cells would lead to an
increased number of auto-reactive T cells in the periphery, leading to increased
autoantibody production though co-stimulation of B cells (Crispin, Martinez, &
cocer-Varela 2003). One potentially hypothesis for this reduction may be due to a
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decrease in IL-2 in SLE (Humrich et al. 2010;Lieberman & Tsokos 2010): LinkerIsraeli et al. 1983) reducing T cell differentiation and an increase in IL-6 and TGF-β
converting Treg cells into Th17 cells (costa-Rodriguez et al. 2007;Mangan et al. 2006)

1.3.6.2 B cells in SLE

SLE is considered to be a B cell mediated autoimmune disease through
autoantibody production. In SLE, B cells have three distinct roles in disease
pathogenesis which are; presentation of autoantigens to T cells inducing T cell
expansion, production of autoantibodies and the secretion of pro-inflammatory
cytokines such as IL-6, TNF-α and IFN-γ (Anolik 2013). B cells producing
autoantibodies and the formation of ICs are the major source for tissue destruction
in SLE, as seen, for example in lupus nephritis.
A major characteristic of SLE is the production of antinuclear autoantibodies.
These autoantibodies are produced from auto-reactive B cells that have escaped the
tolerance mechanisms (Goodnow et al. 2005). Although it is still not fully known
what triggers the activation of auto-reactive B cells, there are a number of
mechanisms which have been reported which may contribute to SLE pathogenesis.
Impaired clearance of apoptotic cells in SLE lead to a larger numbers of circulating
nucleic acids that can cross-link the BCR on auto-reactive B cells, stimulating them
to produce autoantibodies. As previously mentioned, these auto-reactive B cells
escape tolerance through interactions with follicular DCs presenting in germinal
centres. Furthermore, these auto-reactive B cells are also able to present
autoantigens to auto-reactive T cells which again can induce auto-reactive B cells to
proliferate and to produce autoantibodies.
Although BCR engagement is necessary to activate auto-reactive B cells, the
presence of autoantigens alone is not enough to induce an autoimmune response.
However in SLE, patients have demonstrated defective check points for the control
of B cells activation. For instance SLE patients have an increased expression of co-
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stimulatory molecules such as CD40L on T lymphocytes, as previously mentioned.
With this increase, there is an increase of CD40/CD40L interactions, leading to an
increased expression of CD86 which in turn leads to B cell hyperactivity and
antibody production (Nagafuchi et al. 2003).
Cytokines, such as IL-4, IL-6, IL-10, IL-21, IFN-γ and BAFF which regulate B cell
activation have been reported to be elevated in SLE (Jego et al. 2003). These
cytokines augment auto-reactive B cell survival and expansion into memory and
plasma cells, again leading to autoantibody production, induction of chronic
inflammation and autoimmunity.
The BCR threshold has also been reported to be lower in SLE compared to healthy
individuals (Pugh-Bernard & Cambier 2006). B cells with lowered BCR threshold
can be activated more easily which contributes to the hyperactivity of B cells seen in
SLE. Taken together all these results indicate that patients with SLE have increased
numbers of auto-reactive B cells and that these B cells are more likely to be
activated compared to healthy controls.
Furthermore, there are a number of reported mutations in many of the B cell
regulators and throughout the BRC signalling pathway which are discussed in
more detail in the next section (1.4 GWAS and SLE).
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1.4 GWAS and SLE

Before the GWAS era the key method to begin to understand the genetics of such
complex disease would be through the use of linkage studies. These linkage studies
would allow the identification of regions in the genome where segregations of traits
were found. This would allow further investigations into these regions to identify
the causal variant. However, with the development of GWAS, these regions are
identified together with potentially causal variants. These studies are usually done
at a large scale which allows both common are rare variants to be identified for
further analysis.

To date there have been a number of genome wide association and replication
studies which have confirmed approximately 30 associated loci and have identified
many more (Cunninghame Graham et al. 2011;Gateva et al. 2009;Han et al.
2009;Harley et al. 2008;Kozyrev et al. 2008;Lessard et al. 2011). These GWA studies
have been performed and replicated in a number of populations which allow transethnic mapping across the loci. This allows correlation of variants and loci between
populations to determine which variants are mostly correlated and inherited in a
given population. These studies allow the genetic component of SLE to be further
understood, as associated loci can be categorised into a number of pathways which
are implicated in this disease. By being able to identify these pathways, the
functional consequence of these variants can be categorised to allow further
understanding into the pathogenesis of SLE. Gene-gene interactions or genes part
of the same pathway can be linked to help understand the pathological mechanism
which causes SLE. It also allows identification of other loci in these pathways which
may not reach genome-wide significance (GW) but contribute to SLE pathogenesis
through gene-gene interactions. Once variants and candidate loci are identified,
functional studies into how these variants affect a particular gene or genes can then
be performed to help understand the role of those genes in SLE pathogenesis.
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These large scale studies not only allow identification of variants which can be
cross referenced between populations, but also allows cross referencing between
similar autoimmune diseases. For example associated loci found in an SLE GWAS
can be cross-referenced with loci reported in rheumatoid arthritis. This allows
greater understanding into both diseases and the common pathways which
contribute to autoimmune pathogenesis. There are a number of diseases associated
with SLE, and it is difficult to determine if these diseases are casual or an affect of
SLE. By being able to identify these casual variants, further functional analysis can
be performed to determine their role in SLE. This would allow better
understanding into the pathogenesis of the disease.
There have been a number of GWASs in multiple populations, mainly European,
African American, Hispanic and Asian populations. They have identified key loci
which have been further investigated. As previously mentioned, to date there are
approximately 30 confirmed associated loci in SLE. Here I briefly discuss each
confirmed locus to date and their role in SLE (Summarised in Table 1.1).

ITGAM
GWAS have found, ITGAM, which encodes the α-chain of αMβ2-intergin (CD11b)
(Nath et al. 2008) to be associated in SLE. ITGAM plays a role in phagocytosis and
leukocyte adhesion (Anaya et al. 2012) and variants in this locus has shown to cause
defective clearance of IC (immune complexes) allowing the deposition of IC in
tissues causing increased inflammation and tissue damage, both characteristics of
SLE. Previous reports have located variants at this locus to be associated with SLE,
with SNP rs9888739 showing the strongest association (p=1.61x10-23). However, a
trans-ancestral study consisting of European, African, Hispanic and Korean
populations reported the causal variant as rs1143679, p=3.32x10-46 (Kim et al. 2012).
This variant (rs1123679) causes two functional changes, firstly an amino acid
mutation at R77H (Arg-His) which modifies the tertiary and quaternary structure
of the αMβ2 ligand-binding domain (Han et al. 2009b) and secondly this variant
impairs the phagocytosis of C3bi coated particles (MacPherson et al. 2011). αMβ247

intergin interacts with a number of ligands such as ICAM-1 and the complement
C3 degradation product, C3bi; these ligands are needed in leukocyte activation,
migration and phagocytosis (Nath et al. 2008). Variants in the αMβ2 ligand-biding
domain could play a role in altering binding affinity, hence impairing phagocytosis
and IC clearing (Hepburn et al. 2006). Recent reports have shown monocytes with
the R77H mutation lack phagocytic receptors and have reduced adhesiveness to
C3bi, impairing phagocytises and clearing (Rhodes et al. 2012), however the R77H
mutation does not affect binding of C3bi, hence the mutation is thought to impair
signalling needed for phagocytosis . This defective IC (immune complex) clearance
propagates inflammation, a characteristic of SLE.
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LOCUS

Gene

Position

Variant
(Associated
allele)
rs988839 (T)

P value

OR (CI)
(Effect size)
1.62 (1.47-1.78)

Autoimmune diseases
associated with SLE
variant
SSc (Anaya et al. 2012)

1.61x10-23

Phagocytosis

Multiple see
text
rs548234 (G)

Multiple
see text
5.18x10-12

Multiple see text

RA (Thabet et al. 2009)

Phagocytosis

6q23
(Exonic)

rs2230926 (C)

1.37x10-17

1.72 (1.52-1.94)

5q32- q33.1
(Intronic)
22q11.2q13.1
(Upstream)
11q23.3
(Downstrea
m)
7p12
(Upstream)
11p13
(Upstream)

rs7708392 (C)

3.8x10-13

1.27 (1.10-1.35)

rs463426 (G)

1.48x10-16

0.78 (0.74-0.83)

rs6590330 (A)

1.77x10-25

1.37 (1.29-1.45)

rs4917014 (C)

2.75x10-23

1.23 (1.03-1.42)

rs507230 (G)

3.98x10-12

0.71 (0.63-0.79)

rs1453560

3.48x10-10

1.23 (1.09-1.37)

ITGAMa

Intergrin alpha M

FcγR

Fcγ Receptors

PRDM1ATG5b

PR domain zinc finger protein 1Autophagy related 5 homolog

TNFAIP3b

Tumor necrosis
induced protein

TNIP1e

TNFAIP3-interacting protein 1

UBE2L3b

Ubiquitin-conjugating
E2L 3

ETS1b

V-ETS avian erythroblastosis
virus E26 oncogene homolog 1

IKZF1b

IKAROS family zinc finger 1

CD44d

CD44

IKZF3ZPBP2g

Ikaros family zinc finger protein
3- zona pellucida binding protein
2
B-cell scaffold protein with
ankyrin repeats 1

17q21
(Intergenic)
4q22-q24
(Exonic)

rs10516487 (G)

3.7x10-10

1.38 (1.25-1.53)

BLKb

B lymphoid tyrosine kinase

rs7812879 (A)

2.09x10-24

0.69 (0.64-0.74)

LYNa

V-yes-1 yamaguchi sarcoma viral

8p23-p22
(Upstream)
8q13

rs7829816 (C)

5.40x10-9

0.77 (0.70-0.84)

BANK1c

factor

alpha-

enzyme

16p11.2
(Intronic)
Multiple see
text
6q21- q22.1
(Intergenic)

1.25 (1.17-1.33)

Function

Autophagy and B
cell differentiation
Sjögren’s syndrome,
CD, PS, RA (Musone et
al. 2011)

Ubiquitination

Lymphocyte
development and
activation

RA (Orozco et al. 2009)
SSc (Rueda et al. 2010)
PS (Zhang et al. 2011b)

B cell activation
and signalling
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RasGRP3b

related oncogene homolog
RAS guanyl releasing protein 3
(calcium and DAG-regulated

(Intronic)
2p25.1- p24.1
(Intronic)

NCF2f

Neutrophil cytosolic factor 2

STAT4b

rs13385731 (G)

1.25x10-15

0.70 (0.64-0.76)

rs10911363 (T)

2.87x10-11

1.18 (1.10-1.30)

Signal transducer and activator of
transcription 4

1q25
(Intronic)
2q32.2-q 32.3
(Intronic)

rs7574865 (A)

5.17x10-42

1.51 (1.43-1.61)

PTPN22e

Protein tyrosine phosphatase nonreceptor type 22

1p13
(Exonic)

rs2476601 (A)

3.4x10-12

1.35 (1.24-1.47)

TNFSF4b

Tumor necrosis factor (ligand)
superfamily member 4

1q25
(Upstream)

rs2205960 (A)

2.5x10-32

1.46 (1.37-1.56)

HLADRB1e

HLA class II histocompatibility
antigen

6p21.3
(Downstrem)

rs3135394 (G)

2.0x10-60

1.98 (1.84-2.14)

SLC15A4b

Solute carrier family 15, member 4

12q24.32
(Exonic)

rs10847697 (A)

3.54x10-11

1.26 (1.17-1.34)

IRF5e

Interferon regulatory factor 5

rs2070197 (C)

5.8x10-24

1.88 (1.78-1.95)

IRF7a

Interferon regulatory factor 7

rs4963128 (T)

3.0x10-10

0.78 (0.73-0.85)

SSc (Carmona et al.
2012)

IRF8g

Interferon regulatory factor 8

7q32
(3'UTR)
11p15.5
(Downstrea
m)
16q24.1

rs11644034 (G)

2.72x10-9

0.79 (0.65-0.97)

SSc (Terao et al. 2013)

RA,T1D,SSc,JIA,APS UC
and pSS (Liang et al.
2012)
T1D (Lee & Song 2013)
RA (Torres-Carrillo et
al. 2012)
Graves disease (Velaga
et al. 2004) SSc (Gourh
et al. 2006)
SSc (Coustet et al. 2012)

T cell
development and
signalling

Antigen
presentation

Interferon
regulation and
production
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IFIH1f

Interferon- induced helicase C
domain-containing protein 1

TYK2f

Tyrosine Kinase 2

IL10

Interleukin 10

LRRC18WDFY4b

Leucine rich repeat containing 18WD repeat- and fyve domaincontaining protein 4

PXKa

PX domain containing
serine/threonine kinase
Juxtaposed with another zinc
finger gene 1
UHRF binding protein 1

JAZF1e
UHRF1BP
1e
XKR6a

XK, Kell blood group complex
subunit-related family, member 6

(Downstrea
m)
2q24
(Exonic)

rs1990760 (T)

1.63x10-8

1.23 (1.09-1.39)

19p13.2
(Intronic)
1q31-q32
(Downstrem)
10q11.22q11.23
(Intergenic)

rs280519 (A)

3.88x10-8

1.29 (1.15-1.47)

rs3024505 (A)

4.0x10-8

1.19 (1.11-1.28)

rs1913517 (A)

7.22x10-12

1.24 (1.17-1.32)

3p14.3
(Intronic)
7p15
(Intronic)
6q23
(Exonic)
8p23.1
(Intronic)

rs6445975 (C)

7.10x10-9

1.25 (1.16-1.35)

rs849142 (T)

1.5x10-9

1.19 (1.13-1.26)

rs11755393 (G)

2.2x10-8

1.17 (1.10-1.24)

rs6985109 (G)

2.51x10-11

1.23 (1.16-1.30)

PS, Chronic
periodontitis (Chen et
al. 2012)
T1D (Smyth et al. 2006)

UC (Franke et al. 2008)
CD (Wang et al. 2011)
Unknown
function
RA (Stahl et al. 2010)

Table1.1- Current associated loci in SLE: Adapted from (Guerra, Vyse, & Cunninghame Graham 2012), a summary of the top associated loci
with SLE in one or more GWAS, meta-analysis and replication study. Odds ratios (OR) and confidence intervals CI and Lower confidence
interval of the mean (L95) and upper confidence interval of the mean (U95) are noted with the primary function of each locus. The studies from
which this table was generated were: GWAS

Harley et al. 2008 (1,846 SLE women cases and 1,825 controls), bHan et al. 2009 (1,047 Han

a

Chinese cases and 1,205 controls) and cKozyrev et al. 2008 (279 Swedish SLE cases and 515 controls). The meta-analysis study was d(Ramos et
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al. 2011) (939 SLE Caucasian cases and 3,398 controls). The replication studies were of Han et al. 2009 (3,152 Han Chinese cases and 7,050
controls), eGateva et al. 2009 (1,963 SLE cases and 4,329 controls), fCunninghame Graham et al. 2011 (870 UK SLE cases and 5,551 controls) and
(Lessard et al. 2012) ( 7,998 multiethnic SLE cases and 7,492 controls). All loci which have been reported to be associated with other

g

autoimmune diseases are also stated; Rheumatoid arthritis (RA); Celiac disease (CeID); Ulcerative colitis (UC); Psoriasis (PS); Crohn’s disease
(CD); Irritable bowel syndrome (IBD), Systemic sclerosis (SSc), Juvenile idiopathic arthritis (JIA), Primary antiphospholipid syndrome (APS),
Primary Sjogren’s syndrome (pSS) and Type 1 diabetes (T1D).
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Fcγ Receptors
The FCGR genes encode diverse Fcγ receptors that recognise the Fc portion of IgG
immunoglobulin molecules. A number of nonsynonymous polymorphisms in
FCGR2A, FCGR2B and FCGR3A (Brown, Edberg, & Kimberly 2007;Floto et al.
2005;Karassa, Trikalinos, & Ioannidis 2003) have been reported to be associated
with SLE. Three of the five FCGR genes (FCGR3A, FCGR2C and FCGR3B) have
shown copy number variation (CNV) (Breunis et al. 2009) which alters the
expression of Fcγ receptors on the cell surface depending on the number of copies
expressed (Morris et al. 2010). A CNV which reduces the number of FCGR3B
molecules expressed on neutrophils cell surface is associated with SLE. The exact
mechanism of this association is not fully established, although a possible
hypothesis is, reduced copy number of FCGR3B, impairs IC clearing by reducing
the binding of IC (immune complexes) to neutrophils.

TNFAIP3 and TNIP1
GWA studies have identified a number of loci which have been reported to alter the
protein modification system, ubiquitination, of which TNFAIP3 was reported as an
associated locus. TNFAIP3 encodes the ubiquitin-editing enzyme A20 (Sestak et al.
2011;Vereecke, Beyaert, & van 2011), A20 alters ubiquitin patterns altering
proteosome degradation and termination of NF-κB derived pro-inflammatory
responses. The regulation of A20 mediated NF-κB is determined through the
ubiquitin modifications of RIP and TRAF6 (Adrianto et al. 2011). This alteration
causes the ubiquitination of IKKγ and phosphorylation of IκBα (Beyaert, Heyninck,
& Van 2000;Hitotsumatsu et al. 2008), triggering NF-κB.
Variants in TNFAIP3 have been reported in a range of autoimmune diseases
(Vereecke, Beyaert, & van 2011) of which, rs2230926 has shown the strongest effect
(p=1.37x10-17) in SLE. This non-synonymous SNP causes an amino acid change from
a Phe-Cys (Deng & Tsao 2010) rendering A20 protein inhibition of TNF-induced
NF-κB activity, less effective (Musone et al. 2008). Variants at this locus could cause
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defective NF-κB regulation and reduced expression of A20. Tnfaip3-/- mice show an
increased NF-κB signalling response, developing spontaneous inflammation and
lymphocyte cell death (Wertz et al. 2004). Variants which cause the downregulation

of

TNFAIP3

facilitate

hyperactive

NF-κB

signalling,

chronic

inflammation and reduced apoptosis, all characteristics of SLE.
TNIP1, an adaptor protein encodes ABIN1 which recruits A20 for modulating
NEMO through NF- κB, has also been reported to be associated in SLE. NF-κB
induces TNIP1 expression on lymphocytes (Kawasaki et al. 2010), however, over
expression of TNIP1 inhibits NF-κB activation by TNF (Oshima et al. 2009). SNP
rs7708392 has been reported to play a role in TNIP1 splicing, reducing the
inhibition of the NF-κB pathway. Recent reports have also shown two haplotypes,
one of which carries the rs7708392 SNP, has shown to present in SLE individuals
expressing reduced TNIP1 mRNA. An imbalance in the NF-κB pathway could be
caused by negative regulation through variants in TNIP1 (Graham et al. 2008). This
would

propagate

pro-inflammatory

responses

and

chronic

inflammation,

characteristics seen in SLE.

UBE2L3
UBE2L3 is another locus reported to be associated in SLE and plays a role in
ubiquitination. UBE2L3 is expressed on lymphocytes and is an ubiquitin-carrier
enzyme gene (Agik et al. 2011). UBE2L3 plays a key role in the development of
transcription factors, such as p53 and p105 (nuclear factor-κB precursor) (Moynihan
et al. 1998;Nuber et al. 1996) and regulates interferon through TLR7/9 (Chuang &
Ulevitch 2004;Orozco et al. 2011). The exact mechanism of UBE2L3 is still not fully
understood, however variants in this locus have been shown to be associated in
SLE (rs463426, p=1.48x10-16) (Han et al. 2009). High levels of IFN-α have been shown
to be a key characteristic of SLE, with UBE2L3 regulating the degradation of TLR’s
(Chuang & Ulevitch 2004), variants at this locus could cause defective interferon
regulation and impaired protein modification causing increased inflammation and
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tissue damage, contributing to SLE pathogenesis. A recent study suggested a risk
haplotype of SNPs within UBE2L3 to increase risk of SLE. This haplotype was
correlated with increase UBE2L3 expression through possible mRNA modification
affecting binding of transcription factors to UBE2L3 (Wang et al. 2012).

ETS1 and IKZF1
Dysfunctions of lymphocyte subsets are major contributors to SLE pathogenesis,
loci which play a role in lymphocyte development are key in understanding the
pathogenesis of SLE. Lymphocyte differentiation and development is regulated by
transcription factors such as ETS1 and IKZF1 (Hu et al. 2011;Sullivan et al. 2000),
both of which have been reported to be associated with SLE. ETS1 is a negative
regulator of B cell and Th17 cell differentiation (Yang et al. 2010). ETS1 expression
has been reported to be reduced in SLE patients, which may contribute to abnormal
B cell differentiation into Ig- secreting plasma cells and increased number of Th17
cells (Bories et al. 1995;Eyquem et al. 2004;Wang et al. 2005). Increased proliferation
of Th17 cells causes increased inflammation through the secretion of IL-17, however,
ETS1 deficient Th1 cells secrete higher amounts of anti-inflammatory cytokine IL-10
and IL-2 (Leng et al. 2011). IL-2 has also shown to be a potent Th17 inhibitor,
showing the importance of the regulation of ETS1. The ETS1 variant rs6590330 has
been reported to be associated in SLE, p=1.77x10-25, and could potentially play a role
in decreasing ETS1 expression. Furthermore SNPs in EST1 together with a SNP in
MiR146a have shown to have an additive effect on ETS1 levels (Luo et al. 2011).
SNP rs1128334, which is in strong LD with top associated SNP rs6590330, within
ETS1, has also been reported to reduce ETS1 levels (Leng et al. 2012). Hence
indicating reduced ETS1 expression leading to increased B and Th17 proliferation,
which have been shown to be characteristics of SLE.
SLE patients have also shown a reduced IKZF1 expression in the peripheral blood
(Yang et al. 2010). IKZF1 has been reported to play a role in trans-activating STAT4,
a confirmed risk locus in SLE (Georgopoulos et al. 1994) and is important for
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lymphocytes differentiation (Wojcik et al. 2007) and regulation of self-tolerance via
IKZF1 would therefore promote loss self-tolerance, a hallmark of SLE. Variant
rs4917014, p=2.75x10-23, has been reported to be associated in SLE (Han et al. 2009),
this variant could play a role in down regulating IKZF1 expression, hence
promoting loss of tolerance. IKZF1 has also been reported to interact with IRF5 and
ETS1, all of which play a role in B cell signalling (Leng et al. 2012). These
interactions again highlight the complex pathogenesis of SLE and the role which
multiple loci and variants interact to cause dysregulation of pathways.

IKZF3 (Aiolos)
Discussed later in section 1.7.

BANK1, BLK and LYN
BANK1, BLK and LYN gene products have been reported to be associated with SLE
and are operate in the B cell receptor (BCR) signalling pathway (Kozyrev et al.
2008). With at least three gene products shown to be associated with SLE it attests
to the importance of this pathway in disease pathogenesis.
Once B cell activation has occurred, tyrosine phosphorylation of BANK1 arises
resulting in phosphorylation of type 1 inositol-1,2,4-triphosphate (IP(3)R). This
phosphorylation event serves to augment calcium mobilisation and B cell
activation. Variant rs10516487 (located in BANK1 binding region) (Yokoyama et al.
2002) has shown the strongest association in SLE (p=3.1x10-10). This variant creates a
splicing enhancer, causing an increase in BANK1 expression and an increase in the
binding efficiency of IP(3)R, causing hyper-responsiveness (Huck et al. 2001). This
SNP also produces two different protein isoforms (Kozyrev et al 2012). The shorter
Isoform competes with the longer isoform for substrates which causes a distorted B
cell signalling. The risk allele of this variant also shows to increase BANK1 protein
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levels, sustaining BCR signalling and causing hyperactive B cells, all of which are
characteristics of SLE (Castillejo-Lopez et al. 2012).
However, variants in BLK (rs7812879 p=2.09x10-24) and LYN (rs7829819 p=5.40x10-9)
have been shown to decrease their respective expression. BLK affects pre-BCR
signalling and active BLK enhances BCR responsiveness (Fan et al. 2011). Despite
variants in BLK being associated in SLE, Blk-/- mice have shown no phenotype
(Texido et al. 2000), thus,

the association found at BLK could be due to an

interaction with BANK1. However, a haplotype association in the promoter region
of BLK has showed to be associated with reduced BLK levels potentially through
altering BLK mRNA (Delgado-Vega et al. 2012). In contrast to LYN kinase which
mediates inhibitory signals from CD22 which modulates the B cell activation
threshold (Xu et al. 2002). Down-regulation of LYN causes hyper-responsiveness of
BCR stimulation, triggering autoimmunity (Lu et al. 2009) as shown in Lyn-/- mice
(Hibbs et al. 1995).

RasGRP3
RasGRP3 (Ras guanyl-releasing pritein 3) regulates Ras-ERK signalling, which is
plays an important role in lymphocyte development and activity (Han et al. 2009a).
RasGRP3 is also involved in inhibiting B cell proliferation and immunoglobulin
production. Variant rs13385731 (p=1.25x10-15) has been reported at this locus to be
associated with SLE. This variant may reduce RasGRP3 expression, hindering its
inhibitory role in B cell proliferation.

NCF2
NCF2 is a cytosolic subunit of NADPH-oxidase, which is expressed on B cells
(Cunninghame Graham et al. 2011). Little is known about NCF2; however it is
thought to play a role in the increasing the release of free radicals, which
propagates B cell activation. As shown in SLE, hyperactive B cells are a well
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defined characteristic of this disease, by increasing B cell activation it could lead to
hyperactive B cell response and production of autoantibodies. Variant, rs10911363
(p=2.87x10-11), has been reported to be associated in SLE (Cunninghame Graham et
al. 2011) and could play a role in increased NCF2 expression in SLE patients. SNP
rs10911363 has also been reported to be associated with increased risk of
developing arthritis in SLE patients and increased autoantibody production (Yu et
al. 2011). This SNP has also shown to be located in the PB1 domain of NCF2
protein, reducing NCF2 binding with VaV1. Thus decreasing production of reactive
oxygen species by VaV1 which are needed for signalling antigen presentation and
control of cell activation (Jacob et al. 2012), leading to dysregulation of the immune
response.

STAT4
The transcription factor STAT4 has been reported to mediate Th1 T cell response,
Th1 cytokines, IL-12, IL-23 (Remmers et al. 2007;Watford et al. 2004) and IFNγ
signalling (Farrar et al. 2000;Morinobu et al. 2002). STAT4 propagates a Th1 T cell
response, increasing IFNγ release (Li et al. 2011), a common characteristic seen in
SLE. This increased IFNγ causes chronic inflammation and tissue damage in organs
such as the kidney. The variant rs7574865 has been reported with the strongest
association with SLE (p=5.17x10-42), and has been reported in subphenotypes such as
lupus nephritis (Kawasaki et al. 2008). This variant has also been described for
other autoimmune diseases such as rheumatoid arthritis (RA) (Remmers et al.
2001), Sjögren’s syndrome (Korman et al. 2008), inflammatory bowel disease (IBD)
and type 1 diabetes (T1D) (Martinez et al. 2008). This association found in multiple
autoimmune diseases highlights the importance of GWAS as it allows comparison
and commonality between diseases to be deduced, which increases our knowledge
in these diseases. SNP rs7574865 may act to increase STAT4 expression and hence
IFNγ production, as shown in SLE patient profiles.
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PTPN22
PTPN22 encodes the lymphoid tyrosine phosphate protein, LYP, which interacts
with the Src domain of cytoplasmic tyrosine kinase (CSK) which suppresses Src
family kinases through phosphorylation (Aksoy et al. 2011). LYP is also a negative
regulator of TCR signalling through the dephosphorylation of Lck, Fyn, ITAMs of
the TCRζ-CD3 and Zap-70 (Gjorloff-Wingren et al. 1999). The variant rs2476601
(p=3.4x10-12) has been reported to be associated in SLE, T1D and RA (Criswell et al.
2009). Furthermore, a trans-ancestral study has shown that this variant, rs2476601,
is associated with SLE in Europeans, Hispanics and African Americans (Lea & Lee
2011). This variant causes an amino acid change from Arg-Try, prohibiting PTPN22
interaction with CSK (Begovich et al. 2004;Bottini et al. 2004). The rs2476601 SNP is
in the P1 domain of LYP where it binds to Csk, hence this SNP inhibits LYP-Csk
binding (Bottini et al. 2004), inhibiting the negative TCR signalling regulation. The
experimental evidence suggests that rs2476601 propagates TCR signalling (Vang et
al. 2005) through inhibition of Csk interaction, however augments CD28-assocaited
signalling through increased activation of AKT (Vang et al. 2013). Furthermore,
rs2476601 has shown to cause stronger interaction of LYP with P13K increasing cell
survival and proliferation. PTPN22 expressing the associated risk allele (A) for
variant rs2476601 has been reported to bind CSK less effectively compared to those
expressing the protective G allele. Hence, as the TCR signalling is not inhibited it
allows an exaggerated Th1 response and a reduced Th17 differentiation, hence
reduced IL-17. Consequently LYP may play a role in survival of autoreactive T cells
in the thymus through inhibiting negative selection, hence allowing autoreactive T
cells into the periphery, propagating autoimmunity.

This SNP has also been

reported to cause loss of regulator T cell suppression of Th1-IFN-γ production;
hence increased IFN-γ production (Vang et al. 2013). The immunosuppressive
characteristics of T regulatory cells may be inhibited, propagating an over-reactive
immune response, as seen in SLE.
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TNFSF4 (OX40L)
TNFSF4 is a known SLE risk locus and has been reported in many GWAS and
replication studies. TNFSF4 is expressed on the surface of antigen presenting cells
(APC), B cells and macrophages, and its ligand CD123 (OX40) is expressed on
activated CD4+ and CD8+ T cells (Gourh et al. 2010). The upstream variant,
rs2205960 has shown to be the strongest associated variants, at this locus (p=2.5x1032

), this variant shows both a risk and protective haplotype (Cunninghame Graham

et al. 2008). The risk haplotype has been reported to be associated with increased
TNFSF4 transcript levels (Chang et al. 2009;Gramaglia et al. 2000), promoting
OX40/OX40L interactions, which increases the co-stimulatory signal between APC
and T cells, propagating T cell survival and hence autoimmunity. OX40L has been
shown in vitro, to inhibit IL-10 producing T regulatory cells, which are needed for
tolerance. Mutations in this T regulatory pathway causes loss of tolerance and
autoimmunity, key characteristics of SLE pathogenesis (Farres et al. 2011).

HLA-DRB1/ MHC
To date the MHC region has shown to exert the strongest genetic effect in SLE.
There have been a number of associated SLE genes within the MHC region, for
example complement member c4 has been reported to be associated with SLE and
is located in the MHC class III region. Similarly, TNF-α has also been reported to be
associated with SLE and is also located within MHC class III region. This MHC
region is comprised of multiple genes with strong LD between them, which makes
this region the most associated and replicable with SLE genetic studies, however it
also is the most complex region as the LD makes delineating the causal variant,
gene or loci, difficult. Of all the associated gene in this MHC region, HLA-DRB1 has
been reported to be the strongest association (p=2.0x10-60) and which has been
replicated in multiple studies. Studies which have focused on HLA class II, have
implicated both HLA-DRB1*03:01 and HLA-DRB1*15:01 (Fernando et al. 2007) in
SLE. The MHC region consists of 250 genes, subdivided into 3 classes; I, II and III,
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with a strong LD throughout the region. This region has shown multiple
independent signals to be associated with SLE, all contributing to the strong effect
this region exerts on the contribution to disease pathogenesis. One study reported a
180 kb region of class II, spanning HLA-DRB1, HLA-DQA1 and HLA-DQB (Harley
et al. 2009), with a second signal found in a marker of the class III gene SKIV2L. This
MHC region also contains other immunologically relevant genes such as
complement C4A and C4B; these associations may contribute to the strong genetic
effect seen in this region with SLE. The strong LD covering the MHC region makes
it difficult to identify whether the associations arise from the associated variants
currently identified, or from variants within this LD region but further up or down
stream. Although GWAS have allowed for further knowledge into the MHC region,
further fine mapping of the region is needed. This should then be followed by
trans-ancestral mapping (Fernando et al. 2012).

IRF5, IRF7 and IRF8
Multiple members of the Interferon regulatory transcription factor family have
been associated with SLE, mainly that of IRF5, IRF7 and IRF8. IRF5, IRF7 and IRF8
are transcription factors which play a role in type 1 interferon signalling, immune
cell development (Salloum & Niewold 2011) and are important for the JAK-STAT
pathway. Variants at these loci have been reported to be associated with increased
risk of SLE (IRF5 p=5.8x10-24, IRF7 p=3.0x10-10 and IRF8 p=2.72x10-9) (Ronnblom
2011), by increasing transcript and protein expression levels (Feng et al. 2010). IRF5
has been reported to exert the largest effect. An IRF5 risk haplotype carrying
multiple mutations has been observed, including rs2004640, which creates a novel
splicing variant. Another variant found at the 3'UTR of IRF5, rs10954213, has been
reported to create a more stable transcript by producing a more stable
polyadenlyation site (Cunninghame Graham et al. 2007). Variants at the IRF5 locus
could influence alternative splicing forming transcripts which alter or prolong IRF5
expression, if increasing IRF5 expression it would propagate an increased IFNα
production, as seen in the serum of SLE patients. The TT and GT genotype of IRF7
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polymorphism rs4963128 has been reported to be correlated with higher IFN-α and
anti-dsDNA antibody production, suggesting this SNP to affect the TLR pathway
increasing IFN-α in SLE (Xu et al. 2012). Currently little is reported for IRF7 and
IRF8, therefore these loci warrant further investigation to determine the functional
consequences of the variants associated and to ascertain if they share a common
mechanism with IRF5.

IFIH1
IFIH1 is a DEAD box helicase enzyme which is encodes a pattern recognition
receptor for intracellular RNA, cell growth and division and induces IFN (type 1)
activation (Robinson et al. 2011). Variants at this locus have been associated with
other autoimmune diseases such as T1D (Smyth, Cooper, Bailey, Field, Burren,
Smink, Guja, Ionescu-Tirgoviste, Widmer, Dunger, Savage, Walker, Clayton, &
Todd 2006), autoimmune thyroid disease (Sutherland et al. 2007) and psoriasis
(Strange et al. 2010) suggesting IFHI to play a role in common pathways in these
autoimmune diseases. The top reported associated variant in SLE, rs1990760
(p=1.63x10-8), has demonstrated to increase IFIH1 expression. This increased
expression could contribute to an IFN cascade initiated by nucleic acids and
increased cell division, all of which have been seen in SLE.

TYK2
TYK2, a JAK- family member, plays an important role in the pro-inflammatory
immune response, being involved in cytokine signalling (IL-6, IL-10 and IL-12) and
the phosphorylation of IFN receptors, triggering a type 1 IFN response
(Cunninghame Graham et al. 2011). TYK2 also regulates the proliferation and
survival of immune cells, differential expression of this locus would impact
immune cell levels. Variants in TYK2 have been reported to increase type 1
interferon gene expression (Jarvinen et al. 2010) and deregulate the Th1/Th17
response. As TYK regulates IL-6 and TGFβ (Ishizaki et al. 2011), and the
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proinflammatory cells, Th17, differentiation is dependent on these cytokines,
differential expression of TYK2 causes loss or gain of Th17 cells. The top associated
variant in TYK2, rs280519 (p=3.88x10-8) has been reported to increase TYK2
expression levels and IFN production. This leads to a proinflammatory phenotype
with increased levels of Th1/Th17 cells (Ishizakii et al. 2011). Multiple variants in
TYK2 have been reported to be associated in other autoimmune and inflammatory
diseases (Tao et al. 2011) again highlighting the possible role of TYK2 in common
disease pathways.
IL10
Discussed later in section 1.6.

PRDM1-ATG5
The PRDM1-ATG5 gene region has shown a significant association with increased
risk of SLE at the intergenic variant rs548234 (p=5.1x10-12, OR 1.25) (Zhou et al.
2011). This variant has been reported to increase the expression of ATG5 in
individuals which are homozygous for the C allele (Zhou et al. 2011). The ATG5
locus is important for the formation of autophagosomes (Kuma et al. 2004). The
increased expression of ATG5 would increase autophagy, stimulating the IFNα and
NF-κB pathways and exacerbating the immune response, all of which are hallmarks
of SLE. In contrast to PRDM1 (BLIMP1) which has been reported to play a role in B
cell differentiation (Garaud et al. 2011). Variants affecting PRDM1 could allow
plasma cell differentiation, propagating hyperactive B cells and autoantibody
production. Therefore, both ATG5 and PRDM1 could potentially have causal effects
for SLE. Consequently, further experiments into the functional effects of variant
rs548234 will be required to establish whether one (or perhaps both) of these genes
play a role in the pathogenesis of SLE.
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CD44-PDHX
One trans-ancestral study (Europeans, African Americans and Asian) reported two
intergenic SNPs between PDHX-CD44 (Lessard et al. 2011) to be associated with
SLE. PDHX plays a role in the pyruvate dehydrogenase complex and CD44 is an
integral cell membrane glycoprotein, which regulates IFNγ and LCK (Ramos et al.
2011). Variants in CD44 alone have shown to be association with SLE. These
variants cause CD4+ and CD8+ T cells of SLE patients to over-express CD44, causing
an influx of IFNγ, inflammation and tissue damage (Ramos et al. 2011). However,
these associations are not as significant as the intergenic variant. This fact suggests
that the intergenic associations are pointing towards CD44 as a more likely
candidate gene for SLE than PDHX although further analysis would be needed to
investigate this hypothesis further.

As shown in the above GWAS summary, there have been a number of loci to date
which have been implicated as associated in SLE. The common mechanisms in
which their effect play a role have also been shown (Figure 1.1) and can be used for
analyse in other autoimmune diseases.
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Figure 1.1- Effected pathways in SLE and associated loci: Taken from (Guerra et al.
2012) a schematic representation of the pathways affect in SLE and the known
associated loci within these pathways. All loci shown have been reported in a
GWAS or replication study and functional assays for possible mechanism
investigated.
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1.5 IL18

The IL18 gene encodes the pro-inflammatory cytokine IL-18. This cytokine has been
reported to play a key role in both the innate and adaptive parts of the immune
system. Polymorphisms in this gene have also shown to play a role not only in SLE
pathogenesis, but in a number of other autoimmune diseases. To fully understand
the potential role of IL18 in SLE, fine mapping of the locus and analysis of its
biological role was performed.

1.5.1 Previous associations in IL18 with SLE

A number of variants in IL18 were previously reported to be associated with SLE
pathogenesis. In total five polymorphisms were observed to play a role in SLE,
however all these associations were from small cohorts and analysed a smaller
number of variants.
The homozygous genotype, AA for SNP rs549908 has been reported to be
associated with increased renal manifestations in SLE, p=0.0351 OR=3.36 (Warchol
et al. 2009) It was observed that patients homozygous for AA at this variant overproduced IL-18 in kidney tissue, leading to chronic inflammation and tissue
damage. Caspase-1 activity cleaves pro-IL18 within macrophages present in the
nephritis glomeruli. Variant, rs549908 AA genotype, may increase IL-18 expression
allowing IL-18 to act as a chemoattractant of plasmacytoid dendritic cells to the
kidney, leading to renal damage (Tucci et al. 2008). These data suggest variants in
the IL18 locus to play a role in the pathogenesis of SLE by propagating overexpression of IL18.
Furthermore, there have been a number of studies showing three IL18 promoter
gene polymorphisms, rs1946518, rs1946519 and rs187236, to be associated with SLE
(Lin et al. 2007b). These variants may increase IL18 activity by also increasing
Caspase-1 activity (Tone et al. 1997). It has been reported that heterozygous
genotype GC, for SNP rs187236, coupled with variants in IFN-γ, also increases the
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risk of arthritis development in SLE patients (Hirankarn et al. 2009). In analysing a
haplotype of variants at the IL18 locus, it was determined that a haplotype from
SNPs rs1946519 and rs187236 containing the A and C alleles, respectively, showed a
lower IL18 promoter activity compared to the C G alleles which showed an increase
IL18 promoter activity (Giedraitis et al. 2001). Functional studies suggested that the
C allele from SNP rs187236 alters H4TF-1 nuclear factor binding site needed in the
GM-CSF promoter (Hirankarn et al. 2009). By blocking GM-CSF activity,
macrophage stimulation is also down-regulated, hence less IL18 production and
activity. This down-regulation of IL18 would correlate with reduced lupus nephritis
in patients with a CC homozygous genotype, compared to those of a CG or GG
genotype at this variant. Alternatively, it has also been reported that the CC
genotype for SNP rs1946519 has been associated in SLE (p=0.05) (Xu et al. 2007).
This CC genotype has also been reported to increase IL-18 protein in the serum of
SLE patients. A potential mechanism for this is that this variant, rs1946519, is in the
CREM/CRE binding region (Xu et al. 2007). Usually cAMP induces CREM (cAMP
response element binding protein), CREM then binds to a recognition site, an 8
base-pair CRE consensus sequence in the gene promoter. As the variant, rs1946519
is in this binding region, it may increase the CREM/CRE binding affinity, increasing
IL-18 protein levels, and hence increasing inflammation, as seen in SLE.
Furthermore, the AA genotype for SNP rs1946519 showed a protective affect
against lupus nephritis in a Chinese cohort (Chen et al. 2009).
Finally SNP rs360719 has also been reported to increase the risk of SLE. A strong
association with this variant was found in a Southern European population (pcombined=
3.8x10-7). Unlike the other studies previously mentioned, this study was of a larger
cohort and of mixed Southern European populations. This strong association
showed an increase in IL18 expression with the C allele of this variant and SNP
rs360719 has shown to lead to a loss of OCT-1 binding site. OCT-1, a transcription
factor, is needed for the regulation of many cytokines (Pankratova et al. 2003). The
ability of binding of this transcription factor could increase and decrease IL18
expression. With the inhibition of OCT-1 through SNP rs360719, IL18 is able to
over-express, as identified in SLE patients. Additionally, the CC genotype for SNP
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rs360719 was also reported to increase SLE incidence 2.5 fold, in a small Polish
cohort (Warchol et al. 2011).
These previously reported variants show IL18 to be a good candidate gene in SLE,
however warrants further investigation. To fully understand the affects these
variants have on the pathogenesis of SLE, further understanding into the biology of
IL18 and the pathways in which it is implicated is needed.

1.5.2 IL-18 function and signalling pathway

IL-18 is a pleiotropic proinflammatory cytokine previously named Interferon-γ
inducing factor (Dinarello et al. 1999), which participates in both the innate and
acquired immunity. IL-18 shares homology to IL-1 and is part of the IL-1 superfamily of cytokines. Both IL-1 and IL-18 share the primary amino acid sequences
and are folded into β-trefoil structures (Kato et al. 2003). The IL18 gene is located
on chromosome 11 at 11q22.2-q22 (Dong et al. 2007;Novak et al. 2005), and is in a
linkage region of SLE and mutations in this gene may impact SLE pathogenesis. IL18 is produced by a number of cell types including monocytes and macrophages, T
cells and NK cells, after stimulation (Boraschi & Dinarello 2006). This cytokine is
part of the family of Th1 inducing cytokines, including cytokines such as IFN-γ, IL2, IL-12, and IL-15 (Dinarello et al. 1999). IL-18 main function is to induce a Th1
response in T and NK cells through the up-regulation of IFN-γ. IL-18 also induces
gene expression, TNF, IL-1 and Fas ligand synthesis, simultaneously increasing NK
and T cell cytotoxixity, GM-CSF production and mediating B cell class switching
(Figure 1.2). IL-18 activates cells and other cytokines through co-stimulation of
other cytokines, for example IL-12 is needed for stimulation of NK cells,
alternatively co-stimulation with IL-23 leads to activation of IL-17 (Lalor et al.
2011;Lebel-Binay et al. 2000;Robinson et al. 1997). IL-18 has also been reported to
suppress anti-inflammatory cytokines such as IL-10 (Puren et al. 1998). All of
which would contribute to the pathogenesis of SLE by propagating and increasing
chronic inflammation, causing tissue damage and further immune responses.
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As a sole cytokine, IL-18 is able to induce IFN-γ, however if co-stimulated with IL12, IFN-γ production is greatly enhanced. Alternatively, there have been reports
which demonstrate IL-18 to be a more potent IFN-γ activator compared to IL-12,
with mice lacking IL-12, IFN-γ is still produced to a significant level (Okamura et
al. 1995).
Alternatively, it has also been reported that IL-18 can induce a Th2 response
through co-stimulation of IL-2 for the production of IL-13 in NK cells (Hoshino,
Wiltrout, & Young 1999;Nakanishi et al. 2001). However little is known about the
role of IL-18 in a Th2 response and warrants further investigation.
Apart from IL-18 Th1 properties, this cytokine also plays a role in B cell
development. Typically, B cells produced IgG1 and IgE once stimulated with antiCD46 and IL-4. However, once these anti-CD46 activated B cells are stimulated
with both IL-18 and IL-12, they also produce IFN-γ (Yoshimoto et al. 1997). This
IFN-γ production inhibits IL-4 dependent IgG1 and IgE production and enhances
IgG2a production. Of the total B cell population, after stimulation with IL-18 and IL12, 23.4% show to secrete IFN-γ (Yoshimoto et al.1997). In SLE, this further IFN-γ
production would lead to further inflammation and tissue damage, both of which
are characteristics of SLE.
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Figure 1.2- The role of IL-18 in SLE: Figure demonstrates the role IL-18 plays in
autoimmunity. IL-18 affects a number of cells, most of which leads to IFN-γ
production as seen in the Figure. Cytokines in synergy with IL-18 are shown at each
stage of IFN-γ production.

IL-18 has a multi-factorial signalling pathway and signal through two main
pathways for gene transcription, all of which depends on the IL-18 receptor
complex (IL-18RC). The IL-18RC is made up of two chains, the IL-18Rα chain which
consists of a singling peptide and CD48, and the IL-18Rβ chain does not bind IL-18
directly but is used in signalling (Boraschi & Dinarello 2006). Both the IL-18Rα and
IL-18Rβ are part of the IL-1R family and both consist of three Ig-like extracellular
domains. IL-18Rα is expressed on a range of cell surface areas such as
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macrophages, B cells, neutrophils, basophils, endothelial cells, fibroblasts and
epithelial cells (Airoldi et al. 2004;Gerdes et al. 2002;Kim et al. 2001;Moller et al.
2002;Nakamura et al. 2000;Sims 2002). Within a given cell, for example an antigen
presenting cell, IL-18 is in its inactive precursor form, proIL-18. This proIL-18 does
not have a signalling peptide and has to be cleaved to become active. Caspase-1
enzyme cleaves proIL-18 within the antigen presenting cell, once this occurs mature
IL-18 is released into the extracellular environment. This mature IL-18 is now free
to bind, however in the presence of the IL-18 binding protein (IL-18BP) the mature
IL-18 becomes inactive. The mature IL-18 which is not inactivated is then able to
bind IL-18Rα which recruits IL-18Rβ (Debets et al. 2000). Once IL-18 binds IL-18Rα
and IL-18Rβ, the heterodimeric IL-18RC is formed and this complex then binds the
adaptor molecule MyD88. From this point the IL-18 then signals though the Ras or
IRAK pathway leading to NF-κB activation. Firstly, through the activation of IRAK
in the effector cell. If this occurs IRAK dissociates from the IL-18RC, triggering
TRAF 6, augmenting IκB ubiquitination and NF-κB activation (Bowie & O'Neill
2000;Dunne & O'Neill 2003). Alternatively, MyD88 signals through Ras which
activates Raf and MAPK (Kalina et al. 2000;Wyman et al. 2002). MAPK then
becomes phosphorylated, augmenting its translocation into the nucleus where it
activates both NF-κB and C/EBP (Orozco et al. 2007) (Figure 1.3). Both NF-κB and
C/EBP then induce gene transcription of other pro-inflammatory cytokines such as
IFN-γ, TNF-α and IL-6, all of which contribute to the inflammatory response.
Alternatively, proIL-18 which is found in the extracellular matrix can be cleaved by
the serine esterase PR-3 (Figure 1.3). This mature IL-18 will then become inactivated
by the IL-18BP or bind its receptor complex as described above, which leads to gene
transcription.
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Figure 1.3- IL-18 signalling pathway: Figure depicts the IL-18 signalling pathway.
Within an antigen presenting cell (APC), proIL-18 is cleaved by Caspase-1 and
released as mature IL-18. This mature IL-18 then either binds to IL-18 binding
protein (IL-18BP) or to its receptor complex (IL-18RC). This receptor complex
comprises of IL-18Rα, CD48, a GPI signalling chain and IL-18Rβ. This complex then
binds to MyD88, where gene transcription occurs either though the IRAK/NF-κB
pathway or through the MAPK/C/EBPβ pathway.
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The IL18-BP is a naturally secreted protein with high affinity for mature IL-18
(Novick et al. 1999), with its main function to neutralise the biological activity of IL18. Any mutations in the IL-18BP could lead to less mature IL-18 being neutralised,
hence an increase in mature IL-18 binding and gene transcription of proinflammatory cytokines. A dysregulation in the IL-18BP can also contribute to SLE
pathogenesis and both molecules would have to be analysed to fully understand
the role of IL-18 in SLE. Furthermore the same is true for the IL-18Rα and IL-18Rβ,
and a dysregulation in either chain can lead to an over-expression and hence an upregulation of gene transcription. The IL-18RC is up-regulated by cytokines such as
IL-12 and IL-2 (Neumann & Martin 2001), and inhibited by IL-4 (Smeltz et al.
2001;Smeltz et al. 2002). Mutations in these cytokines would again allow over or
under-expression of the IL-18RC leading to over or under- expression of IL-18, this
imbalance could lead to detrimental effects on the immune system.

1.5.3 IL18 Mouse models in SLE

A number of mouse models have been developed to understand the complex
genetics of autoimmune diseases such as SLE. From these models many loci have
been knocked down and the implications of these knock downs then analysed. The
same is true for that of IL18. Mice models such as those of MRL-Faslpr show lupus
like symptoms, with increased lymphocyte proliferation, autoantibody production
and tissue damage (Faust et al. 2002). MRL-Faslpr mice show over-expression of the
IL-18 receptor, IL-18Rβ on lymphocytes. These lymphocytes became hyperresponsive to IL-18, enhancing IFNγ secretion and hence enhancing inflammation
and tissue damage (Neumann et al. 2001), all of which contribute to SLE
pathogenesis. These mice have also been reported to have a positive correlation
between IL-18 serum levels and renal disease (Faust et al. 2002). As these mice have
an increase IL18 expression, IFNγ secretion also increases, which in turn increases
auto-reactive T cell infiltration into organs such as the kidney, causing tissue
damage and possible renal failure. Further evidence of the effect of IL18 on these
mice, has been reported in Caspase-1-/- mice. As previously mentioned, Caspase-1
73

cleaves pro-IL18 to release mature IL-18 which causes the secretion of IFNγ, by
having a reduced level of Caspase-1, reduces IL-18 levels, which in turn decreases
renal damage (Melnikov et al. 2001). This again highlights the pathological role of
IL-18 in SLE.
Furthermore, IL-18 has shown to share biological functions with other proinflammatory cytokines such as IL-12 (Trinchieri 1994;Trinchieri 1995). Both
cytokines stimulate IFNγ production, increase NK cytotoxixity and increase
activated T cell proliferation (Takeda et al. 1998). IL-18 -/- mice have been reported to
have a decreased in IFN-γ production and a defective Th1 cell response (Takeda et
al. 1998). If IL-12 is then stimulated with LPS, there is little affect on the elevation of
IFNγ production, suggesting IL-18 to be the more potent cytokine in this synergy
(Neumann et al. 2006).
Others have reported reduced lymphoproliferation, IFNγ production and renal
damage in MRL-Mp-Tnfrsf6 mice vaccinated against autologous murine IL-18
(Bossu et al. 2003). These mice models suggest the potential pathological role IL-18
plays in autoimmune diseases and the potential affect a mutation in this gene could
have in disease pathogenesis. These models allow greater understanding into the
biological role of IL-18 and the possible pathways it is implicated in.

1.5.4 IL-18 serum levels in SLE

IL-18 has been reported to be elevated in the serum of SLE patients (Amerio et al.
2002;Wong et al. 2000). This elevation has also been reported to correlate with
disease activity, with active disease (SLEDAI >8 points) showing higher IL-18
serum levels compared to inactive SLE. IL-18 serum levels have been reported as
mean ± SD 721.23±360.15 pg/ml in the serum of active SLE patients, compared to
mean ± SD 343.68±3.17.78 pg/ml in inactive SLE and mean ± SD 113.98±13.22 pg/ml,
in healthy controls (Park, Park, & Lee 2004). This correlation may contribute to SLE
disease activation and progression and could be a useful in targeted therapeutics
(Favilli et al. 2009).
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Elevated IL-18 serum levels have also been correlated with subphenotypes of SLE.
Firstly IL-18 has been reported to be elevated higher in the serum of renal nephritis
SLE patients compared to those without renal complications (Calvani et al. 2004).
These patients also showed increased IL-18 expression within the glomeruli. IL-18
polarises a Th1 response causing increased inflammation and tissue damage, all of
which is dominant in lupus nephritis.
IL-18 has also been reported to be elevated in subacute cutaneous lupus (SCLE),
where patients show non-scarring lesions, photosensitivity, and positive ANA
(Maczynska et al. 2006). IL-18 levels were further analysed and also showed a
positive correlation between positive ANA and negative ANA, with a mean IL-18
level of 508.4 pg/ml in the serum of patients positive for ANA, compared to 100.5
pg/ml in the serum of patients negative for ANA (Maczynska et al. 2006).
These IL-18 serum data again suggest IL-18 to be a good candidate gene in SLE
pathogenesis that warrants further investigation.

1.5.5 IL18 associations in other diseases

IL18 has also been reported to be associated with a number of other diseases, such
as hypersensitive diseases; rhinitis (Kruse et al. 2003), asthma (Ma et al. 2012;Shin
et al. 2005) and hayfever (Imboden et al. 2006), autoimmune diseases such as RA
(Rheumatoid arthritis) (Gracie et al. 2005;Pawlik et al. 2009) and T1D (Type 1
diabetes) (Ide et al. 2004;Kretowski et al. 2002), inflammatory diseases such as oral
lichen planus (Bai et al. 2007) and other diseases such as lung cancer (Farjadfar et al.
2009). As shown in Table 1.2, two variants, rs1946518 and rs187238 have shown to
be associated in a number of diseases. This again suggests IL18 plays a key role in
the pathogenesis of diseases through a number of common pathways.
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Reference
Variant

Disease
Oral lichen planus

rs1946519
RA
Hayfever
T1D
Asthma
rs1946518

rs187238
rs360718
rs360717
rs189667
rs5744247

Oral lichen planus
RA
T1D
Hayfever
Oral lichen planus
IgE hypersensitivity
Rhinitis
Oral lichen planus
Asthma

(Bai, Zhang, Lin, Zeng,
Wang, Shen, Jiang, Gao, &
Chen 2007)
Gracie et al. 2005
(Nieters, Linseisen, &
Becker 2004)
Kretowski et al. 2002
(Ma, Zhang, Tang, Liu, &
Peng 2012)
Bai et al. 2007
Gracie et al. 2005
Ide et al. 2004
Nieters et al. 2004
Bai et al. 2007
Kruse et al. 2003
Kruse et al. 2003
Bai et al. 2007
(Harada et al. 2009)

Table 1.2- Table of IL18 associations in other diseases: Table shows variants within
the IL18 locus region and diseases they have been reported to be associated in.
Abbreviations in the Table are as follow; RA, rheumatoid arthritis and T1D, type 1
diabetes.

As previously described, IL18 plays a key role in IFN-γ production through the
stimulation of T and NK cells. This propagates chronic inflammation and tissue
homing, of which are characteristics of many of the diseases mentioned above.
Therefore mutations in the IL18 gene causes an imbalance in IFN-γ production
leading to chronic inflammation and tissue damage, as seen in these diseases. As
IL18 is implicated in a number of diseases it again shows IL18 to be a good
candidate gene for association with SLE and warrants further investigation. By
understanding the role these mutations play in IL18 signalling and biology it allows
common pathways to be analysed, and hence a number of diseases.
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1.6 IL10

The IL10 gene encodes the anti-inflammatory cytokine IL-10. Located in a major
SLE susceptibility locus, 1q31-32 (Johanneson et al. 2002), IL-10 levels have been
reported to be elevated in the serum of SLE patients (Houssiau et al. 1995) and a
number of polymorphisms in the IL10 locus have also been correlated with SLE
disease severity. I therefore explored the potential role of polymorphisms within
IL10 in SLE.

1.6.1 Previously reported IL10 polymorphisms in SLE

There have been a number of association studies with IL10 and SLE; however the
full genetic effect of IL10 in SLE is still not fully understood. The strongest
association was reported by Gateva et al. 2009 in a GWAS and replication study,
which showed SNP rs3024505 to be strongly associated with SLE, pcombined=4.0x10-8.
However, the most abundantly studied polymorphisms within IL10 are the
promoter

polymorphisms;

rs1800896,

rs1800871

and

rs1800872.

These

polymorphisms have been reported in a number of populations and have shown
discrepant results, hence showing the complex nature of IL-10. The rs1800896-A,
rs1800871-T and rs1800872-A haplotype was reported to be associated with
increased risk of renal involvement in SLE, in a Chinese cohort (Mok et al. 1998). In
the same study the rs1800871-T and rs1800872-A haplotype was significantly
associated with lupus nephritis (p=0.001).

A further haplotype with SNPs

rs1800890-T, rs6693899-C, rs1800896-A, rs1800871-T and rs1800872-A, in another
Chinese cohort, was reported to be associated in SLE (Chong et al. 2004).
Furthermore, the rs1800896-A, rs1800871-T and rs1800872-A haplotype was also
reported to be associated with neuropsychiatric SLE (Rood et al. 1999), with the
ATA haplotype being over-expressed 30% in neuropsychiatric SLE patients
compared to 18% in controls and 17% in non- neuropsychiatric SLE patients. This
shows a possible pathogenic role of IL10 in SLE. However, there are a number of
studies which report the rs1800896-G, rs1800871-C and rs1800872-C haplotype to be
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associated with SLE (Rosado et al. 2008) and in SLE patients positive for anti-Ro
autoantibodies

(Lazarus et al. 1997). This haplotype has been correlated with

increased IL-10 serum levels in SLE patients (Rosado et al. 2008) and serves as a
good clinical marker for disease progression.
Interestingly, a further study reported the rs1800896-G, rs1800871-C and rs1800872C haplotype to be correlated with disease severity, and SLE patients expressing the
rs1800896-A, rs1800871-T and rs1800872-A haplotype having less severe disease
(Chung et al. 2007). This study also hypothesised PARP-1 regulation of IL10 which
may contribute to increased IL-10 serum levels in SLE patients. PARP-1 is a key
regulator of cell death and is activated once cleaved during apoptosis. It also acts as
a key regulator of IL-10. Once PARP-1 encounters apoptotic cells it is cleaved and
triggers transcriptional repression of IL-10. PARP-1 binds at the rs1800872-C/A site;
hence, PARP-1 activity of repression has been reported to be weaker at the
rs1800872-C site compared to the rs1800872-A site. SLE patients with the rs1800872C allele have shown to have increased serum IL-10 levels as there is less repression,
and therefore leading to a differential expression of IL-10 leading to chronic
inflammation and increased auto-reactive B cell responses.
A number of studies have also reported single polymorphism associations. SNP
rs1800872 was reported to be associated with increased SLE activity in a Korean
population (Sung et al. 2006). However, SNP rs1800896 has been reported to be
associated with increased risk of SLE in Asian (Nath, Harley, & Lee 2005),
Vietnamese (Khoa, Sugiyama, & Yokochi 2005) and Spanish (Suarez et al. 2005)
populations. However, others have also reported no association with SNPs
rs1800896, rs1800871 and rs1800872 in Colombian (Guarnizo-Zuccardi et al. 2007),
Caucasian (Dijstelbloem et al. 2002) mixed (van der Linden et al. 2000) and Mexican
(Alarcon-Riquelme et al. 1999) populations. These discrepant results warrant
further investigation into the genetics of IL10 in SLE to allow further understanding
of the role of IL10 in SLE pathogenesis.
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1.6.2 IL-10 function and signalling in SLE

IL-10 is a potent anti-inflammatory, immunosuppressive cytokine which acts as a
double edge sword in SLE (Beebe, Cua, & de Waal 2002). IL-10 is predominantly
secreted by monocytes, B cells and T cells. This cytokine modulates immune cells
such as; keratinocytes, endothelial cells, monocytes, macrophages, dendritic cells
(Caux et al. 1994) and macrophages (de Waal et al. 1991a), through the inhibition of
adhesion and accessory molecules and reducing T cell stimulation (Peguet-Navarro
et al. 1994) (Figure 1.4) . This potent cytokine also affects the inflammatory response
by inhibiting the pro-inflammatory roles of granulocytes (Kasama et al. 1994), Th1
cells (Cassatella et al. 1993;de Waal et al. 1991b), NK cells and endothelial cells.
Hence, a reduction in IL-10 could potentially lead to a hyperactive proinflammatory response, leading to chronic inflammation. However, in SLE it has
been reported that the monocytes of patients have shown to be less responsive to
IL-10 and hence not allowing IL-10 to mediate the inflammatory response and
down-regulate proinflammatory cytokines such as IL-6. A key characteristic of SLE
is the presences of immune complexes. Monocytes of SLE patients are constantly
being stimulated with IFNα and immune complexes. Theses immune complexes
stimulate FcγRs which can alter IL-10 signalling (discussed later in this section).
Immune complexes present cross link the FcγR and Fc region of immunoglobulins
(Ji et al. 2003;Mongan, Ramdahin, & Warrington 1997), hence reducing IL-10
signalling and IL-10 homeostatic control in monocytes.
However, as previously mentioned IL-10 also propagates inflammation through
two main mechanisms. Firstly, IL-10 induces the recruitment and proliferation of
cytotoxic CD8+ T cells (Chen & Zlotnik 1991;Groux et al. 1998;Jinquan et al.
1993;Santin et al. 2000). In SLE, patients with increased CD8+ T cells would
demonstrate a more severe phenotype, with the deposition of immune complexes
leading to autoantibody production and further tissue damage. Secondly, IL-10 has
been reported to be a potent B cell co-factor (Figure 1.4) of B cells activated by antiIgM or CD40 cross-linking (Rousset et al. 1992;Saeland et al. 1993)). IL-10 increases
immunoglobulin production in B cells, propagating class switching for IgG1, IgG3
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and IgA, with long term IL-10 stimulation causing B cell differentiation into plasma
cells (de Waal et al. 1993). In SLE, increased numbers of plasma cells can lead to the
increase in autoantibody production, which is a key factor in the pathogenesis of
disease. B cells of SLE patients are constantly primed from IL-10 co-stimulations, as
the BCR is stimulated by dsDNA or antibodies. IL-10 has also been reported to
promote B cell survival through the induction of Bcl-2 expression (Levy & Brouet
1994). Bcl-2 is an anti-apoptotic protein and the over-expression of this protein
would lead to inhibition of apoptosis leading to increased cell numbers and
deposition of cellular debris in tissues. This deposition would cause an impaired
clearance

mechanism

leading

to

autoantibody

production

and

chronic

inflammation, as seen in SLE patients.
A number of studies have shown that blocking IL-10 leads to a reduction of
autoantibody production (Llorente et al. 1995). However, reducing IL-10 secretion
also

leads

to

increased

pro-inflammatory

responses,

promoting

chronic

inflammation and tissue damage, as observed in SLE. Hence IL-10 levels are
important in understanding the role of IL-10 in SLE pathogenesis as too much IL-10
can lead to B cell hyperactivity and autoantibody production, whereas reduced IL10 can lead to increased pro-inflammatory response.
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Figure 1.4- The role of IL-10 in SLE: The role of IL-10 in the immune system. IL-10
inhibits macrophage response and hence down-stream inflammatory responses and
interaction with NK cells and Th1 cells. IL-10 also stimulates B cell proliferation and
antibody production, which is a key characteristic in SLE.

IL-10 signals through binding of its IL-10 receptor complex (IL-10R). This receptor
is a tetramer which consists of two ligand binding subunits (IL-10Rα) and two
accessory proteins (IL-10Rβ) (Moore et al. 2001) to form the IL-10R complex
(Donnelly, Dickensheets, & Finbloom 1999). Once IL-10 binds to IL-10Rα, it
activates the phosphorylation of JAK1 and TYK2. JAK1 is bound to the IL-10Rα
domain of the IL-10R and TYK2 to the IL-10Rβ domain. After phosphorylation of
these kinases, they then phosphorylate residues present on the intracellular part of
the IL-10R (Y446 and Y496). This phosphorylation then produces docking sites for
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STAT3, which then binds and are phosphorylated by JAK1. The STAT3
transcription factors then homodimerise and translocate to the nucleus where they
bind SBE (STAT-Binding elements) in the promoter of IL-10 induced genes such as
BCL2L1 (encodes BCLXL) and MYC (encodes C-Myc) (Donnelly, Dickensheets, &
Finbloom 1999) (Figure 1.5).
IL-10 also signals through the Akt/PKB pathway through activation of PI3K
(Antoniv & Ivashkiv 2011). This pathway promotes the proliferation of mast cells
and survival of astrocytes (Strle et al. 2002). IL-10 also activates the MAPK pathway
through activation of p38 (Kontoyiannis et al. 2001) (Figure 1.5).
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Figure 1.5- IL-10 signalling pathways: IL-10 signalling pathways lead to
transcription of gene products such as BCL-xl. IL-10 binds to its receptor complex
consisting of two IL-10Rα subunits and two accessory proteins IL-10Rβ. Signalling
occurs through three major pathways; STAT3, Akt/PKB and MAPK.

IL-10 plays an important role in immune tolerance and B cell regulation. As
described previously, IL-10 signals through a number of pathways, polymorphisms
within IL10 or genes located on these pathways would induce differential
signalling, which can alter IL-10 levels. This alteration can lead to chronic
inflammation and deregulation of the immune system, as seen in SLE. Hence
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suggesting IL-10 to be a key player in the pathogenesis of SLE and warrants further
investigation.

1.6.3 IL-10 and mouse models in SLE

There have been a number of murine lupus models to date and a number of which
have focused on the role of IL10 in SLE pathogenesis. These mice models have
found confounding effects of IL-10 in SLE and hence again demonstrates the dual
effect of IL-10. Firstly using the NZB/W F1 lupus model, it was reported that after
administering anti-IL-10 antibodies two to three times per week a delay in the onset
of autoimmunity was seen (Ishida et al. 1994). It was also shown that the survival of
the mice at nine months was increased to 80% from 10%. However, continuous
administration of IL-10 from four weeks old to 38 weeks old accelerated the onset
of autoimmunity in these mice (Ishida et al. 1994).
In another study, using the MRL-MpJ-Tnfrsf6(Fas)lpr mouse, which develops
spontaneous lupus like symptoms, Il10 gene targeted knockout mice were
produced. MRL-Faslpr Il10-/-, a full Il10 knock out mouse model, MRL-Faslpr Il10+/-, a
mouse model with one functional copy of Il10 and MRL-Faslpr Il10+/+, a mouse model
with two functional copies of Il10 (Yin et al. 2002). The MRL-Faslpr Il10-/- mouse
showed severe lupus with skin lesion, increased lymphadenopathy, severe
glomerulonephritis and increased mortality. The phenotype of the MRL-Faslpr Il10+/-,
and MRL-Faslpr Il10+/+ mice showed that the disease severity decreased with the
increased copies of functional Il10. This increased lupus severity seen in the MRLFaslpr il10-/- mouse model was associated with increased IFNγ production by CD4+
and CD8+ T cells and increased IgG2a anti-dsDNA autoantibodies (Yin et al. 2002).
Once the mice models were administered with recombinant IL10, the levels of antidsDNA autoantibodies were reduced. This again demonstrated the dual effect of
IL-10 and the importance of IL-10 levels to keep the homeostatic balance between
its anti-inflammatory role and B cell stimulatory role.
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A further mouse model, a triple congenic for three separate murine lupus
susceptibility loci (Sle1, Sle2 and Sle3) termed B6.TC (B6.Sle1.Sle2.Sle3) was
investigated and it was shown that increased IL-10 serum levels was due to
increased numbers of splenic CD4+ T cells, producing IL-10 (Blenman et al. 2006).
Increased levels of serum IL-10 increases CD24- CD43+ B lymphocytes and reduces
CD24+ CD43+ pro-B cells. This increased IL-10 serum level also increases CD44CD62L+ naive CD4+ T cells and reduces CD44+ CD62L- activated effector CD4+ T
cells.

Young B6.TC mice were exposed to the over-expression of IL-10. This

delayed the production of antinuclear autoantibodies, glomerulonephritis and
disease severity (Blenman et al. 2006). This administration did not alter B cells;
however it reduced T cell activation. This again shows that although elevated IL-10
leads to autoantibody production, IL-10 is needed for the regulation of proinflammatory cytokines. The level of IL-10 needed without propagating
autoimmunity still warrants further investigation. However, these mice models
demonstrate the importance of IL-10 in SLE pathogenesis. Polymorphism within
IL10 will alter its function, and hence the homeostatic control, which may lead to
autoimmunity, as seen in SLE.

1.6.4 IL-10 serum levels in SLE

There have been a number of studies into the serum levels of IL-10 in SLE, most of
which have reported patients to have elevated IL-10 serum levels. Due to the
complex role IL-10 plays in immunity, the serum levels vary. One study into the
serum levels of IL-10 in SLE reported low titres of IL-10 serum levels; however, a
correlation was seen between increase IL-10 serum levels and disease severity. This
correlation was also reported with patients positive for anti-dsDNA autoantibodies and IL-10 levels (Houssiau et al. 1995). These data suggest that the
serum level of IL-10 vary depending on the stage and severity of the disease. Many
studies report increased IL-10 serum levels compared to controls, however these
levels range vastly, for example one study showed SLE patients to have a mean IL-
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10 level of 29.2 pg/ml compared to 3.5 pg/ml in controls (Park et al. 1998). In
comparison to another study which reported SLE patients to have an IL-10 serum
level of 8.6 pg/ml, which was reported to be three times as more elevated compared
to controls (Waszczykowska et al. 1999). However, in this study these IL-10 levels
were also correlated with increased generation of reactive oxygen species and free
radicals. During SLE pathogenesis, phagocytic cells engulf immune complexes and
release oxygen free radicals, which lead to tissue damage. With impaired clearance
and large amounts of immune complex deposition, both IL-10 and increased free
radicals further propagate SLE severity.
A further study also demonstrated that SLE patients have increased IL-10 serum
levels with increased levels of spontaneous intracellular expression of IL-10 from
CD4+ and CD8+ T cells (Mellor-Pita et al. 2009). Further stimulation of these cells
propagated further CD4+ and CD8+ T cells intracellular IL-10 production and this
correlated with disease severity. As SLE progresses and the disease intensifies,
further stimulation of cells occurs, hence increasing IL-10 serum levels.
An SLE family based study also revealed that family members of SLE patients
showed higher IL-10 serum levels compared to controls (Llorente et al. 1997). In this
study a comparison between SLE patients with no affected family members, SLE
patients with multiple family members affected, healthy family members and
healthy controls were compared. This study revealed that the healthy family
members produced higher IL-10 serum levels compared to controls (3,050±311
pg/ml vs. 515±88 pg/l) (Llorente et al. 1997). These family members also showed
only slightly lower IL-10 serum levels compared to SLE patients. SLE patients
within a multiplex family with multiple affected members showed a slight
increased IL-10 serum level compared to those SLE patients with no affected family
members (4,384 ± 908 pg/ml vs. 4,709±560 pg/ml (Llorente et al. 1997). These data
suggest the genetic component of SLE pathogenesis and reveals IL-10 to be a key
play in SLE progression. A possible explanation for the varying IL-10 serum levels
between SLE patients is the stage of disease at which the sample is taken, with more
severe and active SLE such as glomerulonephritis patients showing higher IL-10
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serum levels compared to those mild SLE. However these varying IL-10 serum data
shows the difficulty in understating the role of IL-10 in SLE and the possible dual
mechanisms it plays. In some studies SLE cases which show an increased IL-10
serum levels compared to controls, have lower levels of IL-10 serum compared to
controls from another study. Hence, to fully understand the level of IL-10 in the
serum of SLE patients, each cohort of patients being analysed should also have
their level of IL-10 serum analysed.

1.6.5 IL10 associations in other diseases

IL10 polymorphisms have also been reported in to be associated in other diseases
(Table 1.3), for example; Crohn’s disease, Ulcerative colitis (Wang et al. 2010), type
1 diabetes (Barrett et al. 2009), rheumatoid arthritis (Lee et al. 2012;Zhang et al.
2011a), Graves’ disease (Liu et al. 2011), Juvenile idiopathic arthritis (Moller et al.
2010) coronary artery disease (Ben-Hadj-Khalifa et al. 2010), chronic periodontitis
(Zhong et al. 2012), cancer (Zhang et al. 2012) and asthma (Hakimizadeh et al.
2012).

IL10 polymorphisms, like IL-18, have been associated with a range of

diseases which demonstrates the possible common pathways between these
diseases. By understanding the polymorphisms present and their affect in SLE, the
pathways can then be transferred to multiple diseases for further analysis and
interactions between diseases.
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Variant

rs3024505

rs1800872

rs1800871

Disease
CD
UC
T1D
CD
RA
Coronary artery disease
Chronic periodontitis
Asthma
Cancer
RA
AS
Chronic periodontitis

Reference
(Doecke et al. 2013)
Doecke et al. 2013
Wang et al. 2010
Wang et al. 2010
(Hee et al. 2007)
(Karaca et al. 2011)
(Albuquerque et al. 2012)
(Nie et al. 2012)
(Ding et al. 2013)
Hee et al. 2007
(Lv et al. 2011)
Albuquerque et al. 2012

RA

(Zhang, Zhang, Jin, Li, Xie,
Wen, Cheng, Chen, & Lu
2011a)
Lv et al. 2011
(Liu, Lu, Tao, Guo, Liu, Cui,
& Ning 2011)
(Fife et al. 2006)

AS
Graves disease
JIA
rs1800896

Table 1.3- IL-10 associated polymorphism in other diseases: Table shows common
variants within the IL10 locus which have been reported to be associated in a
number of other diseases. Abbreviations in the table are as follows; Crohn’s disease
(CD), Ulcerative colitis (UC), Type 1 diabetes (T1D), Rheumatoid arthritis (RA) and
Ankylosing spondylitis (AS).
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1.7 IKZF3 (Aiolos)

IKZF3, a zinc-finger transcription factor part of the Ikaros family, of which there are
five members; IKZF1, IKZF2, IKZF3, IKZF4 and IKZF5, encodes the Aiolos protein.
Polymorphisms in IKZF3 have shown to play a role in autoimmunity and a knock
out mouse model confirmed SLE-like symptoms, as described below.

1.7.1 IKZF3 function and signalling

IKZF3 has been reported to play an important role in B cell differentiation and
proliferation. Although IKZF3 is expressed in pre-T and pre-B cells, its expression is
highest in mature peripheral B cells compared to T cells, NK cells and monocytes
(where IKZF3 is almost undetectable) (Billot et al. 2010). During B cell selection,
antigens, which are presented to pre-B cells, propagate apoptosis of these cells, if
they bind the BCR with sufficient avidity. This is done to reduce autoimmunity,
however, antigens presented to mature B cells, activate and proliferate the B cells
further (Kikuchi et al. 2009). IKZF3 plays a vital role in B cell differentiation. In a
study which looked at the chicken cell line DT40, knock-down IKZF3-/- B cells were
analysed (Narvi et al. 2007). These B cells showed an active phenotype, with
enhanced B cell receptor signalling and apoptosis. The IKZF3-/- B cells analysed also
showed a slower rate of maturation and had defective immunoglobulin conversion,
hence hindering B cell diversification in the BCR repertoire. Aiolos has been
reported to bind the promoter of transcription factor c-Myc, suppressing c-Myc
expression in pre-B cells (Ma et al. 2010), hence reducing pre-B cell proliferation.
Located at 17q11.2 (Hosokawa et al. 1999), Aiolos can form heterodimers with its
family member Ikaros, located at 7p12. Aiolos is 509 amino acids in length and the
sequence is conserved throughout mouse, avian and fish genomes

(Rebollo &

Schmitt 2003). The Aiolos homodimers are potent transcription activators
compared to Aiolos/Ikaros heterodimers. These heterodimers are important in
chromatin remodelling and deacetylase activities (Georgopoulos, Bigby, Wang,
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Molnar, Wu, Winandy, & Sharpe 1994;Morgan et al. 1997). The IKZF3 protein has
two C2H2 zinc finger domains for DNA binding, and the C-terminal for
dimerisation causing protein stability.
Aiolos and Ikaros recruit Mi-2/NURD and SIN3 histone deacetylase (HDAC),
HDAC contains repressor and nucleosome remodelling complexes SWI/SNF, to
silence genes (Caballero et al. 2007). Once IKZF3 recruits these suppressors they
form complexes which can then either activate or block gene transcription through
chromatin remodelling and histone deacetylases (Kim et al. 1999). Hence, it might
be anticipated that the mechanism by which genetic polymorphisms in IKZF3
would predispose to SLE patients would involve alternations in target gene
expression. This lowered IKZF3 gene expression would propagate deregulated
gene expression, allowing possible down-regulation of anti-apoptotic, antiinflammatory genes and up regulation of pro-inflammatory genes. Hence,
propagating an immune imbalance which can lead to hyperactive lymphocytes,
chronic inflammation and possible autoimmunity. IKZF3 is able to either interact
with genes products such as Bcl-2 to silence the gene or it affects downstream genes
blocking gene expression. For example Aiolos activity requires stimulation via the
IL-4 receptor, which allows Aiolos to cause down regulation of the anti-apoptotic
mediator BCL-XL (Rebollo et al. 2001). Aiolos also increases apoptosis in an IL-2
deprived environment. In this case Aiolos is sequestered by Ras, they then
translocates into the cytoplasm instead of the nucleus (Romero et al. 1999) (Figure
1.6). IL-2 is required to allow phosphorylation of Aiolos, which in turn promotes
the dissociation from Ras and the translocation to the nucleus, where Aiolos can
influence gene expression.
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Figure 1.6- The role of Aiolos in SLE: A schematic representation of the IKZF3 gene
transcription mechanism using Bcl-2 as an example. Aiolos is comprised of four
zinc fingers and two dimerization fingers which bind to the NURD complex made
up of Aiolos, MBD2, MBD3, HACD1, HACD2, Mi2α and Mi2β. The left of the
Figure shows phosphoralation (P) of Aiolos and gene transcription in an IL-2
environment. Compared to the left-hand side of the Figure which shows an IL-2
deprived environment which inhibits Aiolos translocation and gene transcription of
Bcl2.

Recent reports have also demonstrated Aiolos to play a role in inhibiting IL2
expression and subsequently promoting Th17 differentiation (Quintana et al. 2012).
Th17 cells are needed for the immune response against pathogens, however
dysregulated expansion of Th17 cells have been reported to play a role in tissue
inflammation and autoimmunity through the production of IL-17 (Patakas et al.
2012). Due to this, there are mechanisms in place which regulate Th17
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differentiation, one of which is through IL-2 secretion. IL-2 inhibits Th17
differentiation by binding IL-6R causing a STAT3 to STAT5 switch which in turn
suppresses IL17a and IL17f (Yang et al. 2011). Quintana et al. 2012 demonstrated
Th17 cells express Aiolos, in contrast to naive Aiolos deficient CD4+ T cells which
showed impaired Th17 differentiation and low IL17a and IL17f expression. These
Aiolos deficient CD4+ T cells also showed increased numbers of CD26L loCD44hi
CD4+ memory T cells, increased IFN-γ and IL-2 production but low IL-17+ CD4+
memory T cells. It was proposed Aiolos interacts with the IL2 promoter causing
chromatin modification and silencing IL2, hence suppressing its Th17 inhibitory
function (Quintana et al. 2012). Aiolos was also reported to be detected in IL-27 Tr1
cells, in which IL-27 suppresses IL2, this again may be through interaction with
Aiolos (Quintana et al. 2012). This demonstrates another function for Aiolos in the
immune response and demonstrates the multiple roles it plays. This suggests
possible multiple mechanisms Aiolos plays in autoimmunity and hence SLE, and
therefore warrants further investigation.

1.7.2 Ikzf3 -/- mouse models

The generation of Ikzf3-/- mouse models have produced mice which develop SLElike symptoms. The Ikzf3-/- mouse model has shown a reduction in activation
threshold of mature peripheral B cells in response to BCR engagement with CD40
(Cortes & Georgopoulos 2004), hence enhancing B proliferation. Ikzf3-/- B cells also
activate T cell dependent immunity through engagement of self-antigens.

The

reduction of B cell threshold and enhanced engagement of self-antigens can lead to
a hyperactive response of the BCR causing hyperproliferation of B cells and
possible autoantibody production, all of which are characteristics seen in SLE. Ikzf3/-

mice have increased B cell precursors and a break-down in B cell tolerance, which

has also been reported to be associated with increased incidence of B cell
lymphomas (Wang et al. 1998). These B cell precursors have increase expression of
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activation markers and low surface IgM, however they demonstrate increased
production of IgG2a, IgE and IgG1 (Wang et al. 1998).
The highest expression of IKZF3 can be found in B cells. In Ikzf3-/- mice, B-1a cells,
marginal zone B cells and recirculating B cells have been reported to be depleted
(Wang et al. 1998), the greatest reduction was observed in re-circulating B cells,
with a reduction of 50%. Acceleration in development between pro-B cell and preB cell has also been reported in Ikzf3-/- mice (Wang et al. 1998). 82% of Ikzf3-/- mice
have been reported to have circulating anti-dsDNA autoantibodies (Sun et al.
2003), again showing the importance of IKZF3 in B cell development, and how the
reduction or lack of IKZF3 may contribute to SLE pathogenesis through the
deregulation of B cell development and proliferation, which can lead to the
production of autoantibodies and a chronic immune response.

1.7.3 IKZF3 alternative splicing

A number of alternative splicing isoforms have been reported in IKZF3. The first
reported study found the expression of five differential IKZF3 transcripts (Liippo et
al. 2001). These isoforms were reported to be identical to the isoforms demonstrated
in chickens, showing the conservation of this gene through different species
(Liippo, Mansikka, & Lassila 1999). As there are a number of different isoforms, the
cellular activity of IKZF3 is dependent on the splicing of this gene. These isoforms
can be categorised into two groups; those with three or more zinc fingers at the Nterminal, which can bind DNA (Caballero et al. 2007), and those with less than
three zinc fingers and are not able to bind DNA but are still able to form
homodimers or heterodimers with other IKAROS-family members (Molnar &
Georgopoulos 1994). Other groups reported a further nine novel transcripts
(Caballero et al. 2007) and found an association between length of transcripts and
location. They demonstrated that the longest isoforms, which had complete
function (Koipally et al. 1999), was expressed at higher levels in the nucleus. In
comparison to the shorter isoforms which were showed to be expressed at a higher
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level in the cytoplasm (Caballero et al. 2007). Hence, once IKZF3 translocates to the
nucleus it is able to propagate or inhibit gene transcription.
It was also reported that IKZF3 transcripts, which lacked the DNA binding domain,
were still able to bind other IKAROS-family members to form heterodimers
(Caballero et al. 2007). These heterodimers were less effective at gene regulation in
comparison to IKZF3 homodimers; however they were still able to regulate gene
expression at low levels. Hence, these data suggest that it is important to verify the
IKZF3 transcripts present in each sample to be able to ascertain its function.
Polymorphism in IKZF3 may cause alternative splicing or effect transcript length,
hence altering gene regulation through loss of zinc finger binding domains.
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1.8 Overall aims of this thesis

The overall aims of this thesis are to explore gene polymorphism in SLE in three
loci: IL18, IL10 and IKZF3. I also aim to demonstrate the need for larger studies and
the importance of replication of both large GWAS and candidate gene studies, to
fully understand the genetic component of SLE.
Individual aims per locus are as follow;
IL18;
1) I aim to replicate the previous findings reported in IL18 and to fine map this
region in multiple cohorts to ascertain new variants and if this is a risk locus
for SLE.
2) I will measure serum IL-18 levels using an ELISA approach in a UK trios
cohort.
3) If a difference is seen in IL-18 serum levels, I aim to correlate these levels
with individual genotypes.
IL10;
1) I aim to replicate the previous associations found in IL10 and ascertain new
polymorphisms in IL10.
2) I aim to explore population difference in IL10 polymorphisms.
IKZF3;
1) I aim to fine map the IKZF3 region and explore the potential causal
polymorphism(s) in a Euro-Canadian SLE GWAS.
2) For any SNP of interest I will study the functional consequences it has on
gene transcripts.
3) I will explore the possible 17 transcripts to ascertain true transcripts and
partially quantify each transcript.
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Chapter two
Materials and methods
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2.1 Study Cohorts

Six cohorts were used for the analyses of the work here presented. Each cohort
preparation was undertaken differently and is described below.

2.1.1 UK SLE trio cohort:

This cohort consists of a growing collection of 380 UK SLE trios, of which, DNA of
the affected patient and their unaffected parents are collected and held in Professor
Tim Vyse’s laboratory. The recruitment of these families is made through
rheumatology clinics within the United Kingdom, or by direct patient contact after
advertisement. All SLE pro-bands met the ACR criteria for SLE classification (Tan
et al. 1982) and written consent was obtained from all participants. Ethical approval
was granted by the MREC (Multi-Centre Research Ethics Committee) and all
participants completed a questionnaire before blood extraction.
All blood samples were collected before the start of this work by laboratory
technicians. In brief, 40mls of whole blood were extracted from each participant,
and DNA was made using a phenol-chloroform extraction. All DNA samples were
diluted into 50ng/µl concentration and stored. In addition, an extra 10mls of whole
blood was obtained for serum extraction; serum was extracted and stored at -80°C.

2.1.2 UK SLE non-trio cases:

The UK SLE non-trio cases were also recruited as described for the UK SLE trio
cohort. These cases however were individual SLE cases and no other family
members were part of the cohort. The DNA and serum were extracted as
previously described and stored in Professor Tim Vyse’s laboratory.
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2.1.3 WTCCC2 controls:

Publically available Wellcome Trust Case Control Consortium 2 (WTCCC2)
controls were used as part of the UK|CC cohort described in the result section of
this thesis. These WTCCC2 controls consisted of 3,000 1958 British birth cohort
controls, genotyped on either the Affymetrix V6.o chip or the Illumina 66oK chip.
All sample DNA and genotyped as previously described (Craddock et al. 2010).

2.1.4 European American GWAS cohort (Genentech):

A European American GWAS cohort from (Genentech) was used in this thesis for
genotyping validation and imputation. This cohort as previously described (Hom et
al. 2008) was collated using samples from the following centres; Autoimmune
Biomarkers collaborative network, National Institute of arthritis, musculoskeletal
and skin disease repository, Multiple autoimmune disease genetics consortium,
University of California San Francisco (UCSF) Lupus genetics project, University of
Pittsburgh medical centre and Feinstein institute medical research. All European
decent was self-reported and SLE cases were determined using the ARC criteria.
All subjects gave their written consent and DNA was extracted as previously
described (Hom et al. 2008).

2.1.5 African American cohort:

The African American cohort (700 SLE cases and 900 controls) used in this thesis
were from Dr Robert Kimberly. As previously reported (Edberg et al. 2008) these
samples were part of the CASSLE study and were collected at UAB (University of
Alabama at Birmingham). In brief all SLE cases were diagnosed and met at least 4
of the 15 ACR criteria. Ethnicity was self-reported and confirmed by (where
possible) the ethnicity of the four grandparents. All participants gave their written
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consent for these studies and ethical approval was obtained. Only the AfricanAmerican samples were used from this cohort for the analysis in this thesis.

2.1.6 Euro-Canadian SLE GWAS cohort:

The samples for the Euro-Canadian SLE GWAS were part of a multi-centre cohort
with Professor Timothy Vyse as the lead investigator. This cohort was made up of
SLE cases and controls from 18 countries (Table 2.1). Samples were sent from each
collaborator to the Vyse laboratory to produce this collated dataset. Publically
available Wellcome Trust case control consortium controls were also used for the
analysis of these genotype data.
Country
Argentina
Belgium
Canada
Denmark
Germany
Greece
Hungary
Iceland
Italy
Netherlands
Poland
Portugal
Spain
Sweden
Turkey
UK
USA
Total

Number of
SLE Cases
55
7
823
167
228
69
2
26
353
222
95
138
1,033
110
77
1,307
188
4,900

Number of
Controls
1
0
0
0
6
48
1
0
427
0
0
64
371
9
128
277
0
1,332

Total
56
7
823
167
234
117
3
26
780
222
95
202
1,404
119
205
1,584
188
6,232

Table 2.1- Euro-Canadian SLE GWAS sample list: A sample summary showing the
number of SLE cases and controls from each country used for the genotyping of the
Euro-Canadian SLE GWAS cohort before quality control analysis.
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SLE disease was verified using the ACR criteria at each centre and phenotype data
collected. DNA integrity was analyzed before samples were sent for genotyping on
the Illumina HumanOmni1-quad BeadChip. DNA from HapMap Phase 3 samples
collected by the Vyse laboratory were also used as internal quality controls between
batches.

2.1.7 SLEGEN Cohort:

The SLEGEN cohort used in this thesis consisted of 720 female SLE cases and 2,337
controls. The SLE cases were identified as SLE patients using the ARC criteria as
previously described (Harley et al. 2008). All patients gave written consent for
genotyping and analysis.

2.1.8 Twin Cohort:

Twin samples were collected from the Twins unit resource, Guy’s hospital,
collected by Professor Tim Spector (Spector & MacGregor 2002). Each twin was
selected for genotype specificity, and 50mls of whole blood was collected and cells
extracted by Ficoll, as described below (section 2.4.1). B cells were then separated
as described in 2.4.2. All Twins’ gave written consent for these experiments.

2.2 Genotyping

During this thesis, a number of genotyping platforms were used. In this section I
briefly describe these platforms and selection of SNPs for each study.
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2.2.1 SNP selection for genotyping UK SLE trios, UK| CC and African American
cohorts

IL18 SNPs were selected for the trio and UK|CC genotyping through literature
searches and publically available data. The following SNPs were selected rs360717,
(Kruse et al. 2003), rs187238 (Gracie et al, 2005; Ide et al. 2004), rs360719 (Sanchez et
al. 2009), rs5744256 (Frayling et al. 2007), rs1946519 (Lin et al. 2007), rs2250417
(Rafiq et al. 2008). SNP rs360719 was reported to show the strongest association
with SLE. All other SNP selected were tagger SNPs which tagged haplotypes
available for HapMap. After selection, SNPs were entered onto the Illumina
platform and pooled. SNPs which were 100 bp from each other were removed as
the Illumina BeadXpress platform does not accept SNPs within close range from
each other. The key SNP removed from genotyping due to this, was SNP rs360719,
this SNP was then genotyped as described in section 2.2.3.

2.2.2 Genotyping by Illumina BeadXpress platform

The UK SLE trios, UK|CC cohort and the African American cohort were all
genotyped on the Illumina BeadXpress platform at the OMRF (Oklahoma medical
research foundation). In brief, SNPs were selected as previously described (2.2.1)
and the Illumina Golden gate assay was performed. Here PCR products are
produced specific for the SNPs of interest and hybridized onto glass rods
(VeraCode beads) for fluorescent detection. The golden gate assay uses Cy3 and
Cy5 labelled rods to be detected under red and green lasers. For each sample, three
pairs of oligos are used, two of which are SNP specific and one universal primer
(which contains the fluorescent labels). Once the PCR products are produced, they
hybridize in solution and combined with Illumina VeraCode bar-coded beads for
data read out. Genotype data was then generated at OMRF.
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2.2.3 Taqman genotyping assay for rs360719

SNP rs360719 (IL18) was genotyped using a Taqman assay from Applied
Biosystems. This SNP was removed from the BeadXpress platform genotyping as it
conflicted with other SNPs in the same LD. In brief a master mix was prepared as
follows; 1.25 µl of DNase-free water, 2.50 µl of Taqman universal PCR master mix
(2X) No AmpErase UNG and 0.25 µl of 20X SNP genotyping assay were mixed and
added to DNA samples. Samples were then cycled as follows; 95°C for 10 minutes
for 1 cycle, followed by 92°C for 15 seconds and 60 °C for 1 minute for 40 cycles.
The genotypes were then analysed using SDS 2.3 software (Applied Biosystems). A
representative plot of genotypes is shown in Figure 2.1.

GG

GA

AA

Figure 2.1- IL18 allelic discrimination plot using a TaqMan assay: A representative
Taqman plot from the genotyping of SNP rs360719. Genotypes are circled and
labelled with the corresponding alleles.
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2.2.4 Genotyping by Illumina HumanOmni1-Quad Beadchip

The samples genotyped as part of the Euro-Canadian SLE GWAS, were genotyped
using the HumanOmni1-Quad BeadChip assay by Illumina. This platform contains
approximately 1.2 million SNPs across the genome and therefore samples were
genotypes on these set SNPs. In total the samples were divided into 82 plates in 13
batches. Each plate contained duplicated trio HapMap 3 samples for Mendelian
inheritance validation. One sample was repeated on all plates for verification of
genotyping consistency. All plates contained a mixture of SLE cases and controls
from different collaborators to ensure randomised genotyping. Genotyping was
performed by Tepnel.

2.3 Immunological assays

To determine the serum level of IL-18 in cases and controls, I performed an ELISA
(Enzyme linked immunosorbent Assay). The ELISA used was a sandwich ELISA
and the methods described in brief below.

2.3.1 Serum collection

Serum had previously been collected by the Vyse laboratory members from 1,300
parents and affected offspring. Blood from these samples were collected as
previously described (2.1.1) and the serum was collected and store at -80 °C. These
serum samples were thawed and used as required for the IL18 ELISA.
Fresh serum samples were also collected from both SLE patients and renal SLE
patients. 6 mls of patient blood were obtained from two clinics from 16 patients and
immediately used to prepare fresh serum. The blood samples were centrifuged at
2000 rpm for 5 minutes; the serum was removed and stored at -80 ⁰C.
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2.3.2 IL-18 ELISA

Human IL-18 antibody pairs were purchased from Bender scientific, which detects
free IL-18. An ELISA protocol was supplied with the kit and was followed, in brief;
Nunc MaxiSorb plates were coated with monoclonal human IL-18 coating antibody
(100 µl per well) over night at 4⁰C. The plates were then blocked for two hours
with 250 µl per well of blocking solution and washed with PBS. 100 µl of sample
diluent was added to all wells containing the IL-18 standard and a standard curve
was made by diluting IL-18 standard from 5000 pg/ml to 78.1 pg/ml.
50 µl of sample diluent was then added to the remaining wells along with 50 µl of
sample and 50 µl of Biotin-conjugate. The ELISA plate was incubated for two hours
at room temperature on a plate shaker. The ELISA was washed using PBS-Tween
and 100 µl of Streptavidin-HRP was added to all wells and incubated for one hour
at room temperature on a plate shaker. The ELISA was washed and 100 µl of TMB
substrate solution was added to all wells. The ELISA was then stopped using stop
solution (sulphuric acid) once sufficient colour development was observed.
The absorbance of each well was then analysed by reading the absorbance using a
spectro-photometer at wave lengths 450 nm and 540 nm. The readings were further
analysed in prism.

2.3.3 IL-18 freeze thawing experiment

I performed a freeze-thawing experiment to ascertain if this freezing-thawing
would release the bound IL-18. I undertook a freeze-thawing experiment using a
fresh serum sample from a renal SLE patient. I obtained a fresh serum sample from
an SLE renal patient, as described below and took aliquots of samples after freezethawing a number of times (up to 5 times). The IL-18 ELISA was then performed on
these samples as previously described.
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2.4 Cell separation

Cells were separated using a Ficoll extraction followed by cell type specific
extractions as described below.

2.4.1 PBMC extraction with Ficoll

PBMC isolation was performed as follows; 50mls of diluted blood (1:2 blood : PBS)
was layered onto 15mls of Histopaque-1077. This sample was centrifuged for 20
minutes at 1600 rpm at room temperature with no brake. The serum was then
aspirated and the PBMC ring removed into a fresh 50 ml falcon. The PBMCs were
then washed with 40 mls PBS/BSA and centrifuged at 250 g for 10 minutes at room
temperature with maximum brake. The supernatant was then aspirated and the
washing step repeated. The supernatant was then removed and the cells were
finally washed with 40 mls PBS and centrifuged at 1400 rpm for 10 minutes at room
temperature. The supernatant was aspirated, and the PBMCs were re-suspended in
5 mls of cold PBS and counted.

2.4.2 B cell isolation using Dynabeads untouched human beads

B cells were isolated according to Invitrogen protocol, in brief; PBMCs were resuspended in 500 µl of PBMC isolation buffer and 100 µl of antibody mix was
added, mixed and incubated for 20 minutes at 4°C. The cells were then washed
with 10 mls of isolation buffer and centrifuged at 350 g at 4°C for 8 minutes. The
supernatant was discarded and the beads washed with isolation buffer. The cells
were re-suspended in 500 µl isolation buffer and 500 µl of pre-washed beads were
added, this was then incubated for 15 minutes at room temperature. The cells were
then re-suspended by vigorous pipetting and washed with 5 mls of isolation buffer.
The tube was then placed in the magnet and the supernatant containing the cells
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were transferred to a new tube. A further 5 mls of isolation buffer was added to the
beads and the process was repeated. The B cells were then counted.

2.4.3 T cell separation using Mitenyi Biotec positive selection beads

Once PBMC separation was completed, T cells were separated according to the
Mitenyi Biotec protocol. In brief PBMCs were centrifuged and the supernatant
removed, cells were re-suspended in 26.6 µl of MACs buffer per 1x107 cells, 7 µl of
CD20 microbeads. The samples were mixed and incubated at 4°C for 15 minutes.
The cells were then washed with 2 mls MACs buffer and centrifuged at 300g for 10
minutes at 4°C. The supernatant was aspirated and the cells re-suspended in 500 µl
of MACs buffer. The MACs columns were then washed with 3 mls MACs buffer
(on the magnet) and the cell suspension added to the column. 3 mls of MACS buffer
was then added to the column and repeated a further two times. The column was
then placed on a new collection tube and 5 mls of MACs buffer added. The T cells
were then counted.

2.5 IKZF3 expression

Twin samples were selected according to genotype; samples heterozygous for SNP
rs2941509 were used for this assay. PBMC’s and B cells were separated as
previously described (2.4.1 and 2.4.2) and RNA and cDNA produced to analyse
transcript and allele expression.

2.5.1 IKZF3 RNA production

RNA was produced from Twin sample B cells using the Trizol method. In brief
samples were re-suspended in 1ml of Trizol per 1x107 and incubated at room
temperature for 5 minutes. 1 µl of glycogen and 200 µl of chloroform was added to
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each sample and vigorously shaken for 15 seconds. The samples were then
incubated at room temperature for 3 minutes and centrifuged at 12,000 g for 15
minutes at 4°C. The aqueous layer was then transferred to an eppendorff tube and
500 µl of Isopropanol added. The samples were then incubated at room
temperature for 10 minutes and centrifuged for 10 minutes at 12,000 g at 4 °C. The
supernatant was removed and 1ml of 75% Ethanol added and samples were
vortexed and centrifuges at 7,500 g for 5 minutes. The ethanol was then removed
and the pellets were left to dry for 5 minutes and re-suspended in 20 µl
RNAse/DNase free water. RNA quantification was analysed using a Nano-drop.
RNA was then treated with DNase I solution in preparation for cDNA.

2.5.2 IKZF3 cDNA production

cDNA was produced using the Fermentas RevertAid first strand cDNA synthesis
kit. In brief a master mix was made with 1 µl random hexamer primer, 4 µl 5x
buffer, 1 µl Ribolock inhibitor, 2 µl dNTPs and 1 µl RevertAid RT. The master mix
was added to each sample and cycled for 5 minutes at 25°C, followed by 42°C for
60 minutes and 70°C for 5 minutes.

2.5.3 IKZF3 Peak picker assay

SNP rs2941509 was selected for peak-picker analysis because this SNP tagged the
haplotype of interest and was the only transcribed SNP. Primers for this SNP were
designed using Primer 3 software and were produced by sigma. The primers used
were as follows;
5'- GAAAATCTATGCCAGAAGAACTCA- 3'
3'- CTGCCTGATCAAGGAGAACC- 5'
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All cDNA underwent a PCR a master mix made-up of Qiagen 10X PCR buffer,1 µl
2.5 mM dNTPs (final concentration 0.25 mM), 0.5 µl 10mM of each primer (final
concentration per primer of 0.5 mM) and 5 units of Hot Star Taq. The samples were
cycled as follows, 95°C for 15 minutes, 94°C for 30 seconds, 60°C for 30 seconds and
70°C for 1 minute for 35 cycles, followed by 72°C for 10 minutes. All PCR products
were analysed using electrophoresis technique on a 1.5% Agarose gel and
visualised with Ethidium Bromide.
Samples were treated with ExoSAP-IT and sent for sequencing at Imperial College
London. Sequences were initially analysed using BioEdit software tool and then
further analysed in Peak Picker (http://genomequebec.mcgill.ca/ESTHapMap). All
samples were normalised with genomic DNA as a control and peak ratios analysed
in GraphPad PRISM.

2.5.4 IKZF3 transcript identification

Analysing publically available transcript data in UCSC- AceViews, I was able to
ascertain the 17 predicted transcripts for IKZF3. Using these predicted sequences I
designed primers (sequences shown Table 2.2) using Primer 3 software to ascertain
the true transcripts of IKZF3 present in my samples.
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Transcript

Forward Primer (5' to 3')

Reverse Primer (3' to 5')

G

ATGGAAGATATACAAACAAA

GGACCACTCATTCCACTGCT

(General)

TGCG

O

ATCGGGGGTTAGATCTCCAT

GGACCACTCATTCCACTGCT

P

GCACTCAGGAGCAGTCTGTC

GCACTCAGGAGCAGTCTGTC

Table 2.2- IKZF3 primer sequences for transcripts: Primer sequences used for IKZF3
transcript analysis, all primers are shown in correspond to the IKZF3 transcripts
demonstrated in results section 5.6. The G transcript correspond to the general
primer pair which were common for transcripts B,I,G,E,D,C,A,Q,N,M,L,K,J,H and F
(according to UCSC AceViews), O and P transcripts as named by UCSC.

As previously described all samples underwent a a PCR a master mix made-up of
Qiagen 10X PCR buffer,1 µl 2.5 mM dNTPs (final concentration 0.25 mM), 0.5 µl
10mM of each primer (final concentration per primer of 0.5 mM) and 5 units of Hot
Star Taq.

The samples were cycled as follows, 95°C for 15 minutes, 94°C for 30

seconds, 60°C for 30 seconds and 70°C for 1 minute for 35 cycles, followed by 72°C
for 10 minutes. All PCR products were analysed using electrophoresis technique on
a 1.5% Agarose gel and visualised with Ethidium Bromide.

2.5.4.1 Gene Expression Omnibus (GEO) Database analysis

Publically available expression data from the GEO database (Edgar, Domrachev, &
Lash 2002) was downloaded (GSE12526). The GEO database is a repository of
expression data collected on lymphoblastic cell lines (immortalised B cells), the data
which I analysed was CEPH data in the GSE12526 dataset. This dataset GSE12526
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contained expression data on 295 mixed population cell lines, of which I analysed
148 CEPH samples (European). Probes for IKZF3 and GRB7 were identified; probe
221092_at and probe 210761_s_at respectively were analysed. Genotype data was
then downloaded from HapMap for each sample and expression data was
correlated with genotype. Using Prism I then correlated genotype with expression
data and analysed the data using either an un-paired t test for datasets containing
two genotype groups, or a 1-way ANOVA test, for cohorts with three groups of
genotypes.

2.6 Statistical analysis

In this section I outline the data storage system and statistical methods I used
throughout this thesis. I also highlight the statistical analysis which was performed
by my colleagues; Dr David Morris and Dr James Bentham.

2.6.1 Data storage- BC| SNPmax

All genotype and phenotype data used in this thesis were stored and analysed
using BC|SNPmax v3.5-161 (Biocomputing platforms Ltd, Finland). This system
allows the storage of genotype and phenotype data from a range of platforms,
including Affymetrix and Illumina. All data was analysed using different software
tools available in BC|SNPmax.

2.6.2 Quality control analysis

The quality control (QC) analyses in this thesis were performed by me for the IL18
UK SLE trios, UK|CC cohorts and African American cohort. All other quality
control analyses for the Euro-Canadian SLE GWAS were performed by Dr James
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Bentham and Dr David Morris as part of the SLE GWAS project ongoing in the
laboratory.

2.6.2.1 UK SLE trio cohort QC

For the UK SLE trios cohort I performed Mendelian error rate checks using the
Mendelian family test in BC|SNPmax. From these analyses eight families were
removed for Mendelian error rates greater than 5%. I then analysed the data for
deviation from HWE and percentage genotyping, both test are part of the
BC|SNPmax system. From these analyses, SNP 24 (rs4988359) was removed for
poor HWE (p=<0.001) and SNP 20 (rs360717) was removed for genotyping rate less
than 90%. All other SNPs and samples passed the QC analyses.

2.6.2.2 UK| CC cohort QC

HWE and percentage genotyping QC analysis was performed on the UK|CC
cohort. No sample or SNP deviated from HWE and all samples had a percentage of
genotyping greater the 90%. No samples were therefore removed from the
preceding analysis.

2.6.2.3 African American cohort QC

The African American data was subjected to correction for admixture using
principal component analysis, performed at Wake Forest, PI Carl Langfeld. This
analysis produced principal component scores which allowed ancestry analysis to
be done. The principal component (PC) results were sent and I was able to analyse
the PCs. Samples deemed to be of European ancestry were removed from the casecontrol analysis. No admixture data were available for 248 samples (214 controls
and 34 cases) and therefore these were removed from the principal component
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analysis PCA). I performed the PCA by analysing principal component 1 (PC1)
verses principal component 2 (PC2). This gave the highest stringency and an
arbitrary cut off of 0.85 was set, samples above this were removed from further
analysis as they were deemed to be more of European ancestry compared to
African American ancestry. From this analysis 12 samples were removed and
deemed to be of European ancestry.

2.6.2.4 Euro-Canadian SLE GWAS cohort QC

As previously mentioned, all QC for the Euro-Canadian SLE GWAS cohort was
performed by my colleagues Dr James Bentham and Dr David Morris as part of a
larger study ongoing in the Vyse laboratory. In brief, all samples were initially
checked in accordance with Illumina’s Technical Note on Infinium genotyping
data. Samples were then divided into 11 groups based on their ancestry. QC checks
were then performed on the following; individual missingness, SNP missingness,
autosomal heterozygosity, X chromosome heterozygosity, Y chromosome calling
and heterozygosity, Identity-by-decent (using PLINK), population structure (using
EIGENSTRAT) and HWE. Samples which failed these checks were removed for
analysis and a total of 5,656 samples and 1,015,355 SNPs passed QC. Further SNP
missingness, population structure and relatedness were carried out on the
combined data. SNPs with a minor allele frequency of <0.2% were removed.

2.6.2.5 Euro-Canadian SLE GWAS cohort population structure analysis

Principal components were calculated by Dr James Bentham using an
EIGENSTRAT algorithm to check for population structure. HapMap known
population samples were used to spike the data and verify the populations.
Outliers were removed from the proceeding analyses.
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2.6.3 PLINK case-control analysis

All PLINK analysis performed in this thesis was done using the PLINK command
in BC|SNPmax. PLINK is the free available analysis tool with allows the analysis of
genotype data, in both case control cohort and family data. The functions which I
used were the case-control test analysing standard allelic associations using a
Mantel-Haenszel test. Family based association tests (TDT) were applied where to
the UK SLE trio cohort. Each analysis allowed the generation of p values, OR and
confidence intervals for all SNPs.

2.6.4 Haploview analysis

Population haplotype structures were constructed using Haploview v4.2. For each
haplotype construction, pedigree and map files were produced and loaded into
Haploview. Haplotype were then constructed. LD structures were also constructed
using Haploview. Pair-wise measures of LD and r2 were calculated to create a
pictorial representation of SNPs which are transmitted together. Haploview
algorithms and construction was previously described (Barrett et al. 2005).

2.6.5 Data imputation using IMPUTE V2

All data imputed in this thesis was done so by using IMPUTE v2 within
BC|SNPmax. Imputation allows genotyped samples to be compared with a
reference panel and predict any missing genotype data. All data was stranded to
ensure imputation occurred in the same strand as the genotype data. The genotype
data was then uploaded into IMPUTE v2 and a marker map with the position range
needing to be imputed, specified. A phased and un-phased reference set could then
be selected. For a phased reference the population of interest was selected using
either the 1000 genomes or HapMap data. For all analyses in this thesis, the 1000
genomes data was used, of CEU population. For the IL18 African American data,
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1000 genomes data was again used however using African as the population of
interest. An un-phased reference could also be applied. In the IL18 study the IL18
UK trios cohort were used as a secondary references to improve imputation
certainty for the UK|CC cohort. Once imputation was completed an imputation
score was given to verify the quality of imputation. The dataset now contained
imputed data (with probabilistic genotypes) and the original genotyped data. These
were then up-loaded and analysed in BC|SNPmax SNPTEST.
2.6.6 SNPTEST case-control analysis

SNPTEST is an analysis tool and was used to analyse all probabilistic genotypes
generated by IMPUTE v2. I performed a case-control analysis on the imputed data
using a frequentist approach.
2.6.7 Conditional analysis

I performed a conditional analysis on the top associated IKZF3 SNPs. Using
SNPTEST I removed the selected SNP and re-ran a case-control analysis as
previously described (2.6.6 SNPTEST case-control analysis). This analysis produced
p values of the remaining SNPs. The data was then correlated with the original
SPTEST results to identify if the associations were the same. If the other SNP
associations were reduced in the conditional analysis, it suggest the casual SNP is
the SNP which was removed.

2.6.8 Meta-analysis

Two meta-analyses were performed during this thesis using METAL, as previously
(Willer, Li, & Abecasis 2010). In brief this analysis tool combines p values from
multiple cohorts to ascertain an overall p value and association between the
analysed SNPs and SLE. Confidence intervals and standard errors are also obtained
in this analysis.
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2.6.9 Genetic power calculation

I performed a genetic power calculation to ascertain if my cohort was sufficient
enough to ascertain an association if present. For this analysis I used the publically
available genetic power calculator:
http://pngu.mgh.harvard.edu/~purcell/gpc/#cc_ins (Purcell, Cherny, & Sham 2003).
In brief, I was able to calculate the power of my study by analysis my data using
the case control discrete traits function. Allele frequencies for the SNP, genotype
risk, D' and case : control ratios were determined and entered. The power of the
study was then calculated.

2.6.10 Subphenotype analysis

All subphenotype analysis performed throughout this thesis was done using
PLINK. In each case, the clinical data for each phenotype was analysed and each
SLE case which was positive for a specific phenotype was set as a case with all
other SLE cases set as controls. A PLINK case-control test was then performed and
results demonstrated p values and confidence intervals for each SNP. This method
was repeated for the different subphenotypes analysed.
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Chapter three
IL18 Results and Discussion
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3.1 IL18 introduction and SNP selection

An initial report by (Sanchez et al. 2009)suggested a strong genetic association
between IL18 SNP rs360719 and SLE, p= 3.8x10-7. This association in IL18 was very
interesting for our research group as IL-18 has been shown to induce OX40L on
stimulated T and dendritic cells (Maxwell et al. 2006). Currently work is underway
on OX40L (a reported SLE associated locus) in our group. IL-18 also plays a role in
the linking of the innate and adaptive immunity through the OX40 pathway
(Maxwell et al. 2008), hence another reason as to why I perused this initial IL18
association further.
As discussed in the introduction (section 1.5), IL18 is a pleiotropic, proinflammatory cytokine which affects innate and adaptive immunity. IL-18 induces
IFN-γ and TNF-α production causing an increase in cytotoxicity of NK and T cells
(Gracie et al. 2005) and plays a role in the development of T-helper 1 response.
These clinical features are common in SLE patients, and show a potential role for
IL18 in SLE pathology.
A thorough literature review revealed multiple SNP associations between IL18 and
hypersensitivity diseases such as; hay fever (Imboden et al. 2006) rhinitis (Kruse et
al. 2003) and asthma (Shin et al. 2005). Others reported association with IL18 in
other autoimmune diseases such as rheumatoid arthritis (Gracie et al. 2005) and
type 1 diabetes (Ide et al. 2004; Kretowski et al. 2002). IL18 has also been reported to
play a role in cardiovascular disease (Koch et al. 2011), where increasing
inflammation increases plaque formation and restricts blood flow. All these data
show IL18 to be a good candidate gene in SLE, as it has both biological and genetic
links to this complex disease.
To fully understand the role IL18 plays in SLE development I applied a strategy of
fine mapping this region and gene to locate the previously associated variant. This
would allow me to replicate the previous association and locate other variants
causing the association. Using Hapmap data on this region, SNPs were firstly
chosen which tagged a haplotype; this ensured good coverage of the locus and
117

avoided redundant genotyping. Following on from this, SNP rs360719 was also
selected for genotyping. The literature search indicated SNP rs360719 to be the
strongest associated SNP in IL18 and showed to increase the risk of SLE. All other
SNPs chosen were reported in the literature search showing association with SLE or
other immune-related diseases, such as RA. SNPs were also chosen to ensure good
coverage across the region was achieved. Overall 36 SNPs were analysed across
IL18 (Figure 3.1) and genotyped in three cohorts, UK SLE trios, UK case control and
an African American cohort. All data were subjected to quality control (QC) and
analysed.

3.1.1 UK SLE trios

Three hundred and eighty UK trios were genotyped using a customised Illumina
BeadXpress chip (Material and methods section 2.2.2) and the genotype data were
subjected to quality control checks (QC) as described (material and methods section
2.6.2.1). From these trios, eight families were removed due to Mendelian errors
greater than 5%.
SNP 24 (rs4988359) was removed for displaying deviation from Hardy-Weinberg
equilibrium (HWE) (p=<0.001) and SNP 20 (rs360717) failed to genotype on the
Illumina platform. All other SNPs showed a percentage genotype rate of >90% and
were within HWE (p>0.001), hence were included in the analysis. SNP 17 (rs360719)
was initially removed automatically from the genotyping group as the Immunia
HumanOmni1-Quad’s algorithm did not accept SNPs within 100 bp proximity of
each other. Therefore, SNP17 (rs360719) was genotyped using a Taqman assay (see
material and methods section 2.2.3).
I performed a transmission disequilibrium test (TDT) on 372 trios and 35 SNPs,
using PLINK-TDT (see material and methods section 2.6.3).
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Figure 3.1- IL18 and LD analysis: A) Region
across

chromosome

genotyped.

SNP

1

11

showing

(rs7120010),

SNPs
SNP

2

(rs2564866), SNP 3 (rs2853127), SNP 4 (rs891360),
SNP 5 (rs2518360), SNP 6 (rs2564871), SNP 7
(rs2518345),

SNP

8

(rs1367038),

SNP

9

(rs7938116), SNP 10 (rs11214139), SNP 11
(rs2250417),

SNP

12

(rs2518356),

SNP

13

(rs11214127), SNP 14 (rs10891337), SNP 15
(rs12797880), SNP 16 (rs11214108), SNP 17
(rs360719),

SNP

18

(rs1946519),

SNP

19

(rs187238),

SNP

20

(rs360717),

SNP

21

22

(rs360722),

SNP

23

(rs4988359),

SNP

25

(rs4937113),
(rs360721),

SNP
SNP

24

(rs5744256),

SNP

26

(rs549908),

SNP

27

(rs5744280),

SNP

28

(rs543810),

SNP

29

30

(rs578784),

SNP

31

SNP

33

SNP

35

(rs243908),

SNP

(rs4937075), SNP
(rs11214093),

SNP

32 (rs10891323)
34

(rs360726),

(rs10789859), SNP 36 (rs9919624).B) LD of IL18
locus region on chromosome 11 from CEU
Hapmap data.

119

3.1.2 UK SLE trios individual SNP association
The results of this analysis demonstrated that no association was found in an
individual SNP (p=<0.05) with SLE as shown in Table 3.1.

SNP number

SNP

HWE

T:U

Associated
Allele

Allelic association P value

1

rs7120010

0.02

59:46

G

0.205

2

rs2564866

0.69

148:135

T

0.440

3

rs2853127

0.77

151:149

-

0.908

4

rs891360

0.91

150:138

T

0.480

5

rs2518360

0.89

151:143

G

0.641

6

rs2564871

0.68

144:137

G

0.676

7

rs2518345

0.76

158:145

T

0.455

8

rs1367038

0.64

158:146

C

0.491

9

rs7938116

1

8:5

T

0.405

10

rs11214139

0.42

74:74

A

1.000

11

rs2250417

0.44

173:172

A

0.957

12

rs2518356

0.47

159:156

A

0.866

13

rs11214127

0.58

142:134

G

0.630

14

rs10891337

0.7

145:136

C

0.591

15

rs12797880

0.57

129:127

T

0.901

16

rs11214108

0.33

80:74

G

0.629

17

rs360719

0.65

90:71

A

0.134

18

rs1946519

0.5

173:160

C

0.476

19

rs187238

0.09

145:136

C

0.591

20

rs360717

1

-

-

-

21

rs4937113

0.18

167:166

T

0.956

22

rs360722

0.8

66:62

C

0.724

23
24

rs360721
rs4988359

3x10-23

-

-

-

25

rs5744256

0.39

128:123

C

0.752

26

rs549908

0.19

151:149

T

0.908

27

rs5744280

0.19

160:152

C

0.651

28

rs543810

0.28

81:65

A

0.185

29

rs243908

0.15

153:147

T

0.729

30

rs578784

0.08

143:139

T

0.812

31

rs4937075

0.06

147:141

C

0.724

32

rs10891323

0.69

82:76

C

0.633

33

rs11214093

0.31

169:166

T

0.870

34
35

rs360726
rs10789859

0.59
0.13

135:121
171:169

C
C

0.382
0.914

36

rs9919624

1

12:09

G

0.513

120

Table 3.1- IL18 SNP associations in the UK SLE trios cohort : This Table shows the
36 SNPs chosen for analysis across IL18 and the results of single marker
associations after a PLINK TDT analysis. HWE, T:U (transmitted: un-transmitted)
and the associated allele is also stated for each marker. Markers without p values
were excluded from analysis, as stated in the text. The p values demonstrated here
are uncorrected for multiple testing. The dashes (-) represent missing data due to
poor HWE P value or genotyping errors.

From this individual SNP analysis using PLINK TDT in the UK trio cohort, no
association was found between any variants and SLE. I was unable to replicate the
previous association reported in IL18 with SLE and other autoimmune diseases
(Gracie et al. 2005; Ide et al. 2004;Kretowski et al, 2002). These results suggest that
these variants are not associated with SLE in this UK SLE trio cohort.

3.1.3 UK SLE trios haplotype association

A haplotype-TDT analysis was performed across the genotyped markers in 372 UK
SLE trios. From this analysis, 5 clear haplotype blocks were defined using solid
spine analysis in Haploview. The results showed no risk or protective haplotype
was found to be associated with SLE (p<0.05). A risk haplotype is described as
multiple SNPs in the same haplotype which are over-transmitted in the cases,
compared to the controls. The LD pattern of this region was also analysed in
Haploview, as shown in Figure 3.2. The LD structure appeared to be strong across
this region, with a break down in LD between block 4 and 5.
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Figure 3.2- IL18 UK SLE trios haplotype and LD: Figure depicts the haplotypic and LD structures found in the 372 UK SLE trios cohort across
36 SNPs. SNP numbers above haplotypes correspond to Figure 3.1 and tagger SNPs are represented with a *. Haplotype frequencies are
shown in bold and D' shown in LD plot. Both the haplotype and the LD plots were constructed using Haploview 4.2.
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3.1.4 UK Case Control (UK| CC) cohort

As the UK SLE trios cohort showed no association and was a small cohort with
limited power, I further analysed an independent UK case-control cohort (UK|CC).
This case-control cohort consisted of 508 UK non-trio cases, genotyped on the
Illumina BeadXpress platform, and 2910 Wellcome Trust Case Control Consortium
2 (WTCCC2) controls (previously genotyped). Of the 36 SNPs selected for
genotyping, only 11 could be analysed in this UK|CC cohort, as only SNPs which
were genotyped in both the cases and controls can be analysed. All SNPs and
samples passed quality control checks. Therefore I performed a PLINK case-control
analysis in these 11 SNPs in 508 cases and 2910 controls (UK|CC). From this
analysis, no association was found in an individual SNP or haplotype between
these selected SNPs and SLE, as seen in Figure 3.3.

Figure 3.3- UK|CC haplotype structure: Figure depicts the haplotypic structure
across 11 SNPs genotyped in the UK|CC cohort. Haplotype structure was
constructed using Haploview 4.2. All tagger SNPs are represented by a *. All SNP
numbers are above the haplotypes and are as shown in Figure 3.1. All haplotype
frequencies are also shown.

Since no association was found in this UK|CC, as in the UK SLE trios cohort, I then
imputed the UK|CC genotype data using Impute V2. Imputation is a
computational algorithm which generates probabilistic genotypes from reference
panels, for example HapMap or 1000 genomes data. It uses genotyped SNPs and
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the reference panel to infer probable genotypes for the SNPs with no genotype data.
The imputation certainly is dependent upon the coverage of genotyped SNPs and
reference panel data in a given region. Imputation allowed me to generate
probabilistic genotypes for all 36 SNPs of interest and increase the power of this
study. Impute V2 uses the genotyped SNPs and a chosen reference panel (1000
genomes) to predict the genotypes of the missing SNPs.

3.1.5 UK| CC cohort imputation

This imputation was performed in two phases; firstly the controls were imputed to
the same level of SNPs present in the genotyped cases (materials and methods
section 2.6.5). This ensured the same SNPs in both cases and controls were being
analysed. Secondly, the UK|CC cohort was imputed between positions 111,464,762
and 111,653,000 bp (dbSNP 126) on chromosome 11 using 1000 genomes CEU data
as a phased reference and unaffected SLE UK trio parents (n=744), as the un-phased
reference panel. I used the 1000 genomes CEU data as the phased reference panel in
place of HapMap data because the previously associated SNP, SNP 17 (rs360719) is
not a HapMap genotyped SNP and therefore would have been excluded from the
imputation, and thus the analysis. All imputation certainties were checked and an
arbitrary cut off of 0.95 for imputation certainty was applied. In total, 258 SNPs
were imputed in this region and analysed.
The final UK|CC cohort consisted of genotyped and imputed data. This complete
cohort was subjected to QC checks for HWE, genotyping frequency and imputation
certainty. Two samples were removed for poor imputation certainty (<90%) and
SNP 9 (rs7938116), SNP23 (rs360721) and SNP 24 (rs4988359) were excluded from
the analysis for poor HWE (p <0.001). All other SNPs showed good HWE,
imputation certainty (>90%) and genotyping certainty greater than 90%. Five
hundred and eight cases and 2908 controls were then subjected to a case-control
analysis in SNPTEST, using an additive Frequentist model. SNPTEST was used for
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analysis of this imputed UK|CC cohort because it allows analysis of probabilistic
genotypes.

3.1.6 UK| CC cohort imputation- individual SNP associations

Firstly, the imputed UK|CC cohort was analysed for the same 36 SNPs as
genotyped in the UK SLE trio cohort. As seen in Table 3.2, SNP 15 (rs12797880),
SNP 25 (rs5744256), SNP 28 (rs543810) and SNP 36 (rs9919624) showed weak
associations (p<0.05), p=0.016, p=0.0027, p= 0.015 and p=0.036, respectively, however
after corrections for multiple testing, using a 1000 permutations, these associations
were no longer present.
SNP
number

SNP

HWE

Associated
allele

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

rs7120010
rs2564866
rs2853127
rs891360
rs2518360
rs2564871
rs2518345
rs1367038
rs7938116
rs11214139
rs2250417
rs2518356
rs11214127
rs10891337
rs12797880
rs11214108
rs360719
rs1946519
rs187238
rs360717
rs4937113
rs360722
rs360721
rs4988359

0.198
0.444
0.412
0.431
0.527
0.634
0.853
0.850
0.039
0.128
0.717
0.633
0.513
0.573
0.344
0.930
0.199
0.951
0.951
0.859
0.047
-

A
T
T
T
G
G
T
C
G
A
G
A
T
T
A
G
A
G
A
A
T
-

Frequency
case,
control
0.089,0.080
0.268,0.259
0.303,0.289
0.283,0.259
0.287,0.266
0.266,0.259
0.281,0.271
0.294,0.279
0.112,0.106
0.479,0.453
0.341,0.311
0.255,0.243
0.259,0.246
0.771,0.734
0.110,0.101
0.280,0.272
0.409,0.386
0.282,0.273
0.281,0.273
0.425,0.406
0.105,0.096
-

Chi
square
0.918
0.361
0.869
2.747
1.86
0.197
0.410
0.984
0.378
2.24
3.46
0.717
0.789
5.81
0.846
0.262
1.99
4.07
0.306
1.34
0.896
-

Allelic
association
up value
0.338
0.548
0.351
0.097
0.173
0.657
0.522
0.321
0.539
0.134
0.063
0.397
0.374
0.016
0.358
0.608
0.158
0.523
0.580
0.247
0.344
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25
26
27
28
29
30
31
32
33
34
35
36

rs5744256
rs549908
rs5744280
rs543810
rs243908
rs578784
rs4937075
rs10891323
rs11214093
rs360726
rs10789859
rs9919624

0.483
0.899
0.799
0.049
0.780
0.713
0.500
1.0
0.763
0.598
0.087
0.487

T
G
T
G
C
T
G
T
T
T
T
G

0.780,0.736
0.321,0.312
0.346,0.329
0.121,0.096
0.320,0.312
0.287,0.284
0.296,0.286
0.887,0.883
0.424,0.418
0.225,0.198
0.670,0.652
0.015,0.008

8.98
0.344
1.05
5.97
0.258
0.048
0.419
0.131
0.132
3.85
1.24
4.39

0.003
0.557
0.305
0.015
0.612
0.827
0.518
0.717
0.716
0.050
0.265
0.036

Table 3.2- UK|CC SNPTEST analysis: This table show the SNPTEST results after
imputation of the UK|CC cohort (508 cases and 2,910 controls). All SNP numbers
correspond to Figure 3.1, and table shows HWE, associated allele, allelic
frequencies, Chi square and un-permuted p values (up) for each SNP. All dashes (-)
shown in the table represent SNPs that were removed due to failing QC checks and
associated SNPs are presented in bold.

To extend this analysis further, the remaining 222 imputed SNPs were analysed in
the UK|CC cohort using SNPTEST. From this analysis, no individual SNP was
found to be associated with SLE. The previous reported associations with IL18
(Sanchez et al. 2009) were again not replicated in this cohort.

3.1.7 UK| CC cohort imputation- Haplotype association

The haplotypic architecture across the locus in the imputed UK|CC cohort was
constructed using Haploview, with a solid spine algorithm and a D' cut off >0.8.
None of the haplotypes showed association (p<0.05) in the UK|CC cohort with SLE.
No risk haplotype (haplotype more prevalent in cases) or protective haplotype
(haplotype more prevalent in controls) was observed (as seen in Figure 3.4 A).
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The LD across this region was also found to be similar to that of the UK SLE trios,
with the same pattern of LD and break down in the same blocks (between block 4
and 5) (Figure 3.4 B). However, this imputed UK|CC cohort showed stronger LD
across all SNPs, this could be due to increased numbers of cases and controls, thus
producing a stronger LD between the SNPs.
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Figure 3.4 UK|CC haplotype and LD: Haplotypic and LD structure of the UK|CC cohort after imputation. A) Haplotype structure for the
UK|CC cohort, all tagger SNPs are represented by *. SNPs numbers correspond to Figure 3.1 and the previously associated SNP rs360719
(SNP17) is boxed in red. Haplotype frequencies are shown in bold. B) LD structure of the IL18 region representing D' pairwise construction. A
solid spine of LD was applied. Haplotype and LD structures were constructed using Haploview 4.2.
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3.1.8 UK| CC cohort imputation certainty

To ascertain whether the 1000 genomes CEU data was a good source to use as a
phased reference panel, I performed an imputation using Impute V2 on the
UK|CC, using only the unaffected parents (n=744) from the SLE trio cohort, as an
un-phased reference. As the previously associated SNP was not in HapMap, only
the 1000 genomes could be used as a phased reference panel to ensure all SNPs
needing to be analysed were included. Therefore, an imputation between the same
positions as stated above (111,464,762 and 111,653,000 bp (dbSNP 126) was
performed on the UK|CC using only an un-phased reference.
Once again, after the imputation was completed, the genotype data were subjected
to QC and SNPTEST case-control analysis using an additive Frequentist model.
Weak associations were found in five SNPs, SNP 15 (rs12797880), SNP 21
(rs4937113), SNP 25 (rs5744256), SNP 28 (rs543810) and SNP 36 (rs9919624).
However after adjusting for multiple testing using permutations, no association
was found in any SNP.
A comparison of both imputations with and without using the 1000 genomes CEU
as a phased reference, showed not to alter the individual SNP associations. Both
imputations showed marginal associations in the same SNPs, however this does not
hold true after adjusting for multiple testing. As the associations were similar
between both imputations, this indicated that using the 1000 genomes CEU data
was a good reference panel to use. By using this phased reference, more SNPs
could be analysed with a greater imputation certainty compared to only using a unphase reference panel.

3.2 Previous reported association with rs360719

The previously reported association in SNP 17 (rs360719) pcombined=3.8x10-7 (Sanchez
et al. 2009) was found in three southern European populations. Consequently the
aim of this study was to investigate this potential association further, together with
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the any results of the other IL18 locus SNPs. From the results here demonstrated it
can be seen that this association was not replicated in either of the cohorts. The risk
allele presented by Sanchez et al. 2009 was the G allele, which was shown to be
over-expressed in SLE cases compared to controls. The same allele was found to be
over-expressed in the UK|CC cohort and however this over-expression was not
found to be associated with SLE.

As the UK cohorts did not replicate the previously reported association with
rs360719, I used a genotyped SLE GWAS to add to the current study. This SLE
GWAS was of European American ancestry (Genentech) and allowed me to analyse
if the previous association was due to southern European ancestry, as per the
ancestry in the cohort used by Sanchez et al. 2009.

3.2.1 SLE GWAS imputation

This European American GWAS (Genentech) (Hom et al. 2008) was comprised of
1310 cases and 7860 controls, with 60 genotyped SNPs across IL18. I imputed this
cohort as previously described, from 11,464,762 to 111,653,000 bp on chromosome
11 and used the 1000 genomes CEU as a phased reference panel and the nonaffected trio parents as the un-phased reference. A total of 158 extra SNPs were
imputed in this region and the data were analysed with imputed and genotyped
SNPs.
Following the imputation, this cohort was subjected to QC for HWE and
imputation certainty, as previously described. A case-control analysis was then
performed using SNPTEST. This analysis again demonstrated no association with
any SNP (p<0.05) in the IL18 locus region, again indicating no evidence for an
assocaiton with SNP 17 (rs360719). The marginal SNP associations found in the
imputed UK|CC were also not replicated in this cohort. Thus, these data suggest
that the previous association found may not be due to a population structure

130

difference between Northern and Southern European populations. To verify this
further, I explored whether there were differences in the minor allele frequency
(MAF) for rs360719 between southern and northern European populations. For this
I compared the previously reported control data (Sanchez et al. 2009) with the
UK|CC control data and publicly available dbSNP CEU data. The MAF in the
Sanchez et al. 2009 southern European cohort was 25%, compared to 27% in the
UK|CC (northern European) cohort and 26% in dbSNP (CEU) cohort.

This

suggests that the MAF for this variant (rs360719) does not differ between the
northern and southern European populations and therefore cannot account for the
association previously reported in the southern European population (Sanchez et
al. 2009).

I also performed a haplotype analysis on this imputed (Genentech) cohort, and
again found no associated protective or risk haplotype between these variants and
SLE.

3.3 Power calculation

To ensure that I had power to ascertain association if present, I performed a genetic
power calculation (see material and methods section 2.6.9) using an additive model
with one degree of freedom in the European American GWAS (Genentech) and the
UK|CC cohorts combined. The results showed 99, 98 and 75% power to detect
effect sizes of 1.81, 1.53 and 1.26 OR respectively, which is the same range declared
in the previously associated report (Sanchez et al. 2009). Thus the combination of
these cohorts gave sufficient power to detect the previously reported associated
SNP 17 rs360719, if present. As no individual SNP or haplotype association was
identified or replicated, it suggests that the previous association (Sanchez et al.
2009) may have been a false positive result or may be present in a subphenotype or
population which has to be further explored.
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3.3.1 Previous association due to long range LD- analysis

A further possible explanation for not being able to replicate the previous
association in IL18 could be due to long-range LD. The previously associated
variant (rs360719) (Sanchez et al. 2009) showed a strong association with SLE,
however as I was unable to replicate this association a further possible explanation
could be due to long-range LD. For this reason, I analysed 500 kb up and down
stream of the chosen variants to ascertain whether any other variant in strong LD
with rs360719 could be causing the association. I chose to use 500 kb up and down
stream of the chosen variants as HapMap CEU LD data suggested a break down in
LD at these positions, hence any SNP beyond this position would be un-likely to
influence an association in my chosen 36 SNPs. After this analysis I was again
unable to find any variant associated with SLE in any of the cohorts within this
extended region, therefore, it does not seem likely that the association found was
due to being in LD with another variant up or down stream.

3.4 Meta-analysis

I then performed a meta-analysis between the UK SLE trios and the imputed
UK|CC cohort. It was important to perform this meta-analysis between these
cohorts, as the genotypes were obtained differently between these cohorts. For
example the UK SLE trios were genotyped on the Illumina BeadXpress platform
compared to the Affymetrix V6-o or Illumuna 660k platforms for the WTCCC2.
This meta-analysis combines the p-values from both cohorts to ascertain association
between SLE and the SNPs. The original chosen 36 SNPs were analysed in both
cohorts using the algorithm METAL (material and methods section 2.6.8). From this
analysis, four SNPs were found to show marginal evidence of association with SLE
rs12797880 (SNP 15) p=0.021, rs5744256 (SNP 25) p=0.004, rs360726 (SNP 34) p=0.02
and rs9919624 (SNP 36) p=0.045. However, once these p-values were adjusted for
multiple testing using 10,000 permutations, no association was found between
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these SNPs and SLE (as seen in Table 3.3). Therefore it seems that these variants in
IL18 are unlikely to contribute to SLE disease pathogenesis in these cohorts and
previous association could have been due to a subphenotype effect.

SNP
number

SNP

Allelic association
upmeta

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

rs7120010
rs2564866
rs2853127
rs891360
rs2518360
rs2564871
rs2518345
rs1367038
rs7938116
rs11214139
rs2250417
rs2518356
rs11214127
rs10891337
rs12797880
rs11214108
rs360719
rs1946519
rs187238
rs360717
rs4937113
rs360722
rs360721
rs4988359
rs5744256
rs549908
rs5744280
rs543810
rs243908
rs578784
rs4937075
rs10891323
rs11214093
rs360726
rs10789859
rs9919624

0.263
0.330
0.336
0.060
0.092
0.413
0.329
0.184
0.405
0.457
0.177
0.113
0.235
0.245
0.021
0.269
0.276
0.058
0.336
0.465
0.166
0.257
0.004
0.540
0.370
0.009
0.529
0.824
0.532
0.526
0.878
0.020
0.307
0.045
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Table 3.3- IL18 meta-analysis: A meta-analysis of IL18 SNPs in 632 cases and 3,158
controls (UK trios and UK|CC cohorts). All associated SNPs are shown in bold and
SNP numbers correspond to Figure 3.1. All p values shown have not been corrected
for multiple testing (upmeta). All allelic associations represented by dashes (-) show
SNPs which failed QC and were therefore removed from the meta-analysis.

3.5 Subphenotype analysis

As I was still unable to replicate the previously reported association between the
variant, rs360719 with SLE (Sanchez et al. 2009) in the UK trios and the UK|CC
cohort, I further explored if this variant could be associated with a subphenotype of
SLE.

As mentioned previously in the introduction, SLE is a heterogeneous

autoimmune disease with multiple phenotypes. Each SLE patient must fulfil at least
four of the 15 ACR classification criteria which determine their type of SLE.
Therefore it is plausible that the previous finding could be associated with a specific
subphenotype of disease, in which their cohort is enriched for. I therefore
conducted a subphenotype analysis (using the cases from the UK|CC cohort,
n=507) on the following phenotypes: anti-Ro, anti-La, age of onset (juvenile lupus
versus adult lupus and mean age inter-quartile range (IQR)) and renal disease,
using PLINK. These subphenotypes were selected on the basis that they are good
markers for disease. Anti-Ro/anti-La are antinuclear autoantibodies and are a good
bio-marker for disease. As discussed in the introduction juvenile lupus is more
aggressive than adult lupus, although adult lupus is more prevalent than juvenile
lupus. By analysing age of onset and IQR I can determine possible difference in
gene mutations between adult and juvenile lupus to further understand disease
pathogenesis. I also analysed renal disease as a subphenotype as it is an aggressive
phenotype which leads to mortality in many cases and is a good indicator for active
SLE. Other possible phenotypes which could have been analysed were missing a
large number of data which precluded accurate analyses.
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From this subphenotype analysis, no individual SNP showed to be associated with
SLE, and therefore I was unable to replicate the previously reported association or
identify any new variants associated with a subphenotype of SLE. As shown in
Table 3.4, SNP 17 rs360719 did not show association with any subphenotype
analysed.

Subphenotype
Anti-Ro (n=332)
Anti-La (n=332)
Age of onset (juvenile vs. adult)
(n=507)
Age of onset (mean age IQR) (n=173)
Renal disease (n=507)

Allelic
association
P value
0.742
0.268
0.750

OR

L95

U95

0.934
0.688
0.924

0.639
0.352
0.567

1.376
1.340
1.506

0.175
0.923

0.727
0.986

0.459
0.746

1.153
1.304

Table 3.4- IL18 subphenotype analysis: Table represents a subphenotype analysis
performed on 507 UK SLE cases from the UK|CC cohort, using PLINK, for SNO17
rs360719. Of the 507 SLE cases, complete subphenotype clinical data was present
for 332 SLE cases for anti-Ro, 332 SLE cases for anti-La, 507 SLE cases for age of
onset (juvenile vs. adult lupus), 173 SLE cases for Age of onset (mean age
interquartile range (IQR)) and 507 SLE cases for renal disease. All allelic p values,
OR and confidence intervals (Lower confidence interval of the mean (L95) and
upper confidence interval of the mean (U95) are shown.

3.5.1 Bayes factors

Instead of formulating my results on the null hypothesis of no association (which
cannot be rejected for rs360719), I asked the question whether the data supports no
association (null; OR=1) or an association, as previously reported (Sanchez et al.
2009). Therefore, in collaboration with Dr David Morris and using the estimated OR
and standard error declared by Sanchez et al. 2009, I was able to formulate a prior
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distribution and calculate Bayes factor (BF) for the null model versus the associated
model. I performed this analysis using SNPTEST.
BFs were determined for the UK|CC cohort and the European American GWAS
cohort (Genentech). Of these, the UK|CC showed to have a favouring null
hypothesis BF of 5.9, and the European American GWAS a BF of 50.5. I then
combined this data which resulted in a BF of 298 in favour for the null hypothesis
and hence no association with SNP 17 rs360719.

3.6 African American cohort

As no association was found in any of the UK and European cohorts, I further
analysed a smaller African American cohort (627 cases and 869 controls, UAB) to
verify if any association was present in this cohort and IL18.
The genotyping was again performed on the Illumina BeadXpress platform (627
cases and 869 controls). The same 36 SNPs previously described were genotyped in
this cohort and analysed as follows.

3.6.1 African American admixture correction

The genotyping of this African American cohort was done as part of a larger study
at UAB, OMRF. Following the genotyping of this African American cohort, the
samples underwent correction for admixture; this was done at Wake Forest, PI Carl
Langfeld. The principal component (PC) results were sent and I was able to analyse
the PCs. This correction allowed samples to be removed which were deemed to be
of European ancestry. No admixture data were available for 248 samples (214
controls and 34 cases) and therefore these were removed from the principal
component analysis PCA). I performed the PCA by analysing principal component
1 (PC1) verses principal component 2 (PC2). This gave the highest stringency and
all samples above 0.85 were removed from further analysis (Figure 3.5).
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Figure 3.5- IL18 principal component analysis of the African American cohort:
Principal component 1 (PC1) vs. principal component 2 (PC2) is shown for
admixture correction. A standard cut off of 0.85 was used and is represented by the
red dashed line. All samples beyond this cut off were deemed to have European
ancestry and were removed from the preceding analysis.

From this PC analysis 12 samples were removed from the cohort (5 controls and 7
cases) as they were deemed to be of European ancestry. Following the removal of
these samples, QC checks were preformed (HWE and percentage genotyping) on
the remaining samples. In total, three SNPs failed to genotype; SNP 17 rs360719,
SNP 20 rs360717 and SNP 23 rs360721. SNP 24 rs4988359 failed HWE. All other
SNPs genotyped were within HWE and were within 90% genotyping.
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3.6.2 African American case control analysis

Once all QC was completed, I performed a PLINK case-control analysis on 32 SNPs
in 1,236 cases and controls (586 cases and 650 controls). As shown in Table 3.5, SNP
19 rs187238 showed marginal significance, p= 0.022. However, after performing
1000 permutations for multiple testing corrections, this SNP association was no
longer significant.

SNP
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

SNP
rs7120010
rs2564866
rs2853127
rs891360
rs2518360
rs2564871
rs2518345
rs1367038
rs7938116
rs11214139
rs2250417
rs2518356
rs11214127
rs10891337
rs12797880
rs11214108
rs360719
rs1946519
rs187238
rs360717
rs4937113
rs360722
rs360721
rs4988359
rs5744256
rs549908
rs5744280
rs543810
rs243908
rs578784
rs4937075
rs10891323

Allelic association
P value
0.586
0.627
0.138
0.368
0.197
0.379
0.335
0.145
0.555
0.211
0.105
0.280
0.316
0.195
0.853
0.488
0.112
0.022
0.193
0.729
0.779
0.196
0.700
0.748
0.054
0.139
0.317
0.428

OR

L95

U95

1.052
1.043
0.857
1.076
0.901
1.075
1.087
1.125
1.070
0.723
0.861
1.091
1.086
0.875
0.960
1.116
0.875
0.796
1.111
1.031
0.941
0.877
1.033
0.971
0.828
0.868
0.911
1.246

0.877
0.880
0.698
0.917
0.770
0.915
0.918
0.960
0.855
0.433
0.719
0.931
0.924
0.714
0.624
0.818
0.742
0.655
0.948
0.867
0.612
0.719
0.876
0.808
0.683
0.719
0.758
0.722

1.261
1.237
1.051
1.263
1.055
1.262
1.287
1.318
1.340
1.205
1.032
1.278
1.276
1.071
1.478
1.521
1.032
0.967
1.301
1.226
1.445
1.070
1.218
1.165
1.003
1.047
1.094
2.149
138

33
34
35
36

rs11214093
rs360726
rs10789859
rs9919624

0.893
0.392
0.993
0.934

1.015
0.927
1.001
1.007

0.817
0.780
0.808
0.853

1.261
1.103
1.240
1.189

Table 3.5- IL18 African American case control analysis: Table shows results from
IL18 PLINK case-control SNP associations in an African American cohort (586 cases
and 650 controls). All SNP numbers correspond to Figure 3.1. Allelic up value
(uncorrected p value), odds ratios (OR) and confidence intervals (Lower confidence
interval of the mean (L95) and upper confidence interval of the mean (U95) are
shown. SNPs which failed to genotype or failed QC are represented with a dash (-)
and SNP 19 which showed marginal association before correction for multiple
testing, is shown in bold.

3.6.3 African American LD analysis

Although no SNP association was found in the African American cohort, I analysed
the LD structure in this region for comparison with my previous data in the UK
cohort. As seen in Figure 3.6, the LD structure of this region is similar between
African Americans and the UK cohort. Therefore showing the LD structure of this
region does not change in great detail between these two populations.

3.6.4 African American Imputation

To ensure the previously associated SNP rs360719 was not associated in African
Americans I further imputed my cohort up to the 1000 genomes density. Before this
imputation I ensured that I had sufficient coverage of SNPs to allow optimal
imputation. I was able to compare the HapMap Yoruba (YRI) LD data with the
African American Cohort LD data. As seen in Figure 3.7 the HapMap LD is sparse
compared to the African American Cohort (Figure 3.6) I used, hence I believe I had
sufficient coverage for imputation. The imputation was performed using IMPUTE
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V2 between positions 111,950,000 bp to 112,100,000 (dbSNP 131) using a mixed
African population as a reference (materials and methods section 2.6.5). This mixed
population consists of populations from Nigeria, Kenya, Gambia, Sierra Leone,
African Americans and African Caribbean (www.1000genomes.org/). The
imputation showed all SNPs imputed with a high imputation certainty and were
then analysed suing SNPTEST. No associated SNPs or haplotypes were observed. I
again was unable to replicate the previous association reported with SNP rs360719.
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Figure 3.6- IL18 African American Haplotype and LD: Analysis of the haplotype and LD structures from the genotyped IL18 African American
cohort (585 cases and 650 controls) across 32 SNPs. Haplotype and LD structure were constructed using Haploview 4.2. All SNP numbers
shown correspond to Figure 3.1. All haplotype frequencies are shown and LD plot displays pairwise D'.
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Figure 3.7- HapMap YRI LD plot: LD plot taken from HapMap for the Yoruban (YRI) population using the February 2009 data, NCBI B36
dbSNP b126. LD plot shows sparse LD coverage in this IL18 region, with low correlation between variants.
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3.7 Current Euro-Canadian SLE GWAS

A Euro-Canadian SLE GWAS initially consisting of ~5000 cases and ~9000 controls
was performed on the Illumina Omni-1 quad chip on a total of 1.2 million SNPs
(Manuscript in preparation, study led by the Vyse Laboratory). All data were
subjected to rigorous quality control (QC) checks by our laboratory statisticians, Dr
James Bentham and Dr David Morris. Following QC a total of 4078 cases and 8624
controls were analysed on 696,085 SNPs.

3.7.1 Current SLE GWAS case control

Using this larger data set, and with the increased number of cases and controls, I
was able to further analyse IL18 to again try and replicate the previous reported
findings or to identify any novel associations at this locus. After QC, a total of 4078
cases and 8624 controls were analysed on 696,085 SNPs. The IL18 genotype data
were then available to analyse. I performed an association test using PLINK on a
region of IL18 (positions 11,464,762 bp to 11,653,000 bp), containing 65 SNPs. From
this SNPTEST analysis, eight SNPs showed marginal significance (Table 3.6);
however no SNP was found to reach genome-wide significance (p= 1x10-8).
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SNP
number

SNP

Genome
position

*
*
8
*
18
*
25
*

rs2518348
rs1154763
rs1367038
rs11214110
rs1946519
rs1946518
rs5744256
rs544354

111,601,837
111,600,239
111,596,509
111,550,110
111,540,717
111,540,668
111,528,058
111,517,840

Allelic
association
P value
0.031
0.045
0.054
0.023
0.032
0.031
0.007
0.044

OR

L95

U95

1.092
1.083
1.044
0.724
1.191
0.901
0.846
1.073

1.032
1.011
1.022
0.627
0.855
0.854
0.794
1.097

1.156
1.138
1.148
0.835
0.952
0.951
0.900
1.294

Table 3.6 IL18 Euro-Canadian SLE GWAS case control analysis: Table shows
SNPTEST results from the Euro-Canadian SLE GWAS (4078 cases and 8624
controls). The top eight associated SNPs in the IL18 region with p values, odds
ratios (OR), lower confidence interval of the mean (L95) and upper confidence
interval of the mean (U95) are shown. All SNP numbers correspond to Figure 3.1.
SNPs not present in the original study, Figure 3.1, are indicated by *. No SNP
association reaches genome-wide significance. All p values on this Table are
uncorrected for multiple testing.

As no association was again found, I further performed a PLINK analysis on the
northern and southern European cohort’s independently. This allowed me to
determine if I was able to find any association in this split cohort, hence showing if
an association could be found in either a northern or southern European
population. However, no single SNP association was found in either the northern
or southern European populations (data not shown).

3.7.2 Current SLE GWAS imputation

To ensure that the previous association (SNP17 rs360719 was not present in the
Euro-Canadian SLE GWAS, I further imputed the Euro-Canadian SLE GWAS
cohort to the 1000 genomes density. This allowed me to analyse the previous
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association (SNP17 rs360719) and ascertain if any other associated SNP was present.
After the imputation, I performed a SNPTEST to test associations in cases and
controls using both genotyped and probabilistic data.
After imputation, no IL18 SNP associations were found in the SLE GWAS cohort
and I was unable to replicate the previous reported findings.

3.7.3 Euro-Canadian SLE GWAS Meta-analysis

As part of the larger study on-going in the Vyse laboratory, our Euro-Canadian SLE
GWAS was further analysed using a meta-analysis approach. The Euro-Canadian
SLE GWAS, the SLEGEN GWAS and the European American SLE GWAS
(Genentech) were meta-analysed. However, I did not repeat this analysis for IL18 as
I have previously reported, after meta-analysis of my UK|CC cohort with the
European SLE GWAS (Genentech) I was not able to replicate the previous finds, or
identify any novel associations.

Based on the genetic data here provided, I can conclude that there is no apparent
association between variants in IL18 and SLE in both European and AfricanAmerican populations.
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3.8 IL-18 Serum analyses introduction

I further analysed the literature and found that there have been a number of studies
which have reported IL-18 serum levels to be elevated in SLE. As previously
mentioned one study reported elevated IL-18 serum levels in active and inactive
SLE patients (mean ± SD IL-18 levels; active SLE= 721.23±360.15 pg/ml, inactive
SLE= 343.68±317.78 pg/ml and 113.9±13.22 pg/ml in controls) (Park, Park, & Lee
2004), compared to mean IL-18 serum levels of 320 pg/ml in SLE patients compared
to 130.1 pg/ml reported by (Wong, Li, Ho, & Lam 2000) and mean ± SD IL-18
serum levels of 398±55 in SLE patients and 64±17 pg/ml in controls, reported by
(Novick et al. 2010). The previous reported studies showed a range of serum IL-18
levels in both SLE cases and healthy controls, suggesting measurement of IL-18 to
be variable in SLE. Furthermore other studies suggested a correlation between
genotype in IL18 polymorphisms and IL-18 serum levels. (Xu, Tin, Sivalingam,
Thumboo, Koh, & Fong 2007) reported the CC genotype at SNP rs1946518 to be
correlated with increase IL-18 production. SNP rs1946518 is located within the
CREB/CRE binding region, SLE patients which have a CC genotype may have
increased binding affinity of CREB/CRE, inducing increased IL18 transcription and
hence increased IL-18 serum levels. The same study also reported the change from
a G base to a C base due to SNP rs187238 in IL18. This change alters H4TF-1 nuclear
binding site in the GM-CSF promoter, again inducing elevated IL18 transcription
and hence increased IL-18 serum levels. These reports suggested IL-18 serum levels
to be increased in SLE and hence I explored this hypothesis further through the
analysis of IL-18 serum levels in both SLE cases and healthy controls using a
sandwich ELISA approach.

Whilst the genetic studies were ongoing, I analysed the levels of IL-18 in the serum
of SLE patients and controls. Analysis of IL-18 serum levels would allow me to
indentify a potential role for IL-18 in SLE. I would then be able to compare the
serum levels with healthy controls and would also look for the influence of IL18
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polymorphisms on serum IL-18 levels. The serum samples used to perform the
ELISA for IL-18 were also archived at -80°C alongside the DNA samples from the
SLE patients, collected in the Vyse laboratory, (materials and methods section
2.3.1).
Using a sandwich ELISA supplied by Bender scientific, I measured the levels of
mature IL-18 in the serum of 15 UK trio families. The ELISA was standardised
according to the manufactures protocol. However, from the initial results it
appeared that many of the samples produced levels of IL-18 which were below the
lowest standard (standard range from 5000 pg/ml to 78.1 pg/ml) and therefore a
lower standard sample of 39.06 pg/ml was introduced to enable accurate
measurement. These results also showed that our patients were producing IL-18
levels lower than those previously reported.

3.8.1 IL-18 serum levels in the UK SLE trio cohort

Using this lowered standard, I performed the IL-18 ELISA on 15 trios, as seen in
Figure 3.8 whereby the cases (n=15) are the affected offspring, and the controls are
the parents of these cases (n=30).
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p=0.942

Figure 3.8- IL-18 serum levels case control comparison: ELISA results
demonstrating IL-18 serum levels in SLE cases versus their unaffected family
members (controls). IL-18 levels were measured in pg/ml. The SLE cases were taken
from the UK SLE trio cohort and the controls are the parents of these affected cases.
Samples indicated at 0 were samples which produced less than 39.06 pg/ml of IL-18
and therefore no accurate results were produced by the ELISA. All data was
analysed using a t-test in GraphPad Prism and the error bars shown were
calculated using standard error of the mean (SEM).

The results shown in Figure 3.8 demonstrate no difference in IL-18 serum levels
between SLE cases and the unaffected family members, p=0.94, suggesting that IL18 levels are not elevated in SLE patients, as previously reported. A number of
cases and unaffected family members demonstrated an IL-18 serum level below
39.06 pg/ml and therefore represented by 0pg/ml as an accurate reading was not
determined. I began to analyse the differences between the samples at 0 pg/ml and
the other samples and found that the latter samples showing 0 pg/ml of IL-18 were
older samples which had been collected and stored for more than ten years. I then
continued the analysis using sorted samples which had been collected more
recently. These newer samples routinely showed IL-18 serum levels higher than
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39.06 pg/ml. These data suggest instability of IL-18 in the serum and serum IL-18
decreases over time, hence for an accurate analysis, fresh samples were required.
I further analysed two SLE trio families in more detail. The serum of these trios
were collected at the same time, hence length of storage could not be a factor for
difference between these trios. As seen in Figure 3.9, the cases and unaffected
controls demonstrate similar IL-18 serum levels, hence suggesting that IL-18 serum
levels are not elevated in SLE as previously reported.

Figure 3.9- IL-18 serum level family comparison: This Figure demonstrates IL-18
serum levels from two representative families from the UK SLE trio cohort. IL-18
serum levels were measure using a sandwich ELISA and IL-18 levels were
measured in pg/ml. Both the affected cases are shown in red, with parents
(controls) of family 1 in blue and parents (controls) of family 2 in green, standard
error bars are also displayed.
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From these initial experiments these data suggest that IL-18 serum levels are not
elevated in this small sample of SLE patients. However as the levels of IL-18 in a
number of samples fell too low to be measured, it suggested possible instability of
IL-18 due to length of storage time. Fresh serum samples were then collected to test
this hypothesis of instability.

3.8.2 Analysis of IL-18 in fresh SLE and renal patient serum

I collected fresh serum samples from eight SLE patients with, and eight SLE
patients without active renal disease and performed an IL-18 ELISA on these
samples (n=16). The serum of these samples were processed within the hour of
blood collection and stored at -80°C overnight. This allowed me to ascertain if fresh
samples gave more reproducible results compared to the samples stored over a
longer period of time. As shown in Figure 3.10, only two samples showed to have
IL-18 serum levels lower than 39.06 pg/ml, the remaining fresh SLE serum samples
showed IL-18 serum levels above 39.06 pg/ml, compared to the stored samples
which showed five samples to produce IL-18 serum levels below 39.06 pg/ml. A ttest was performed on these groups to assess if there was a statistical difference
between IL-18 serum levels in the stored and fresh SLE serum samples. As shown
in Figure 3.10, there was no statistical difference seen between IL-18 serum levels in
the stored and fresh SLE samples (p=0.820). Thus suggesting the storage of serum
samples may not affect IL-18 serum levels as previously hypothesised.
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p=0.852

Figure 3.10- IL-18 serum level, fresh vs. stored sample comparison: Comparison of
IL-18 serum levels between fresh SLE cases (n=8) and stored SLE cases (n=15). IL-18
serum levels were measured by ELISA and are shown in pg/ml. All samples shown
at 0 pg/ml are samples which demonstrated IL-18 serum levels of below 39.06
pg/ml. A t-test was performed to assess if both groups are statically different from
each other. The t-test result as indicated on the Figure by p showed no association.
The error bars shown were calculated using standard error of the mean (SEM).

Following on from this I was then able to compare the differences in IL-18 serum
levels between patients with and without active renal disease (Figure 3.11). A t-test
indicated no statistical difference between active (renal) and non-active SLE
(p=0.229), as shown in Figure 3.11. SLE cases without renal disease demonstrated
the highest IL-18 levels to be 71.69 pg/ml, compared to 409.60 pg/ml in renal SLE
cases, however only two renal SLE cases showed a large increase of IL-18 serum
levels, all other active renal SLE cases showed similar IL-18 serum levels to nonrenal SLE cases. Two of the eight active renal SLE cases show 0 pg/ml of IL-18 as
they produced IL-18 serum levels below 39.06 pg/ml and therefore could not be
detected by the ELISA. These low results were not due to extended storage as the
samples were fresh and processed within an hour of bleeding. However this again
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indicates the complexity of interpreting cytokine serum levels in studies such as the
one here presented. As previously described, SLE is a heterogeneous disease with
active and non-active states. The two active renal SLE cases which showed levels of
IL-18 below 39.06 pg/ml, may have been in an non-active state at the time of the
sample collection. This would have reduced their IL-18 serum level as the disease
was non-active. Another possible explanation is these two renal patients may have
severe, active renal disease with anti-IL18 antibodies. This may account for the
samples having less than 39.06 pg/ml of IL-18 in their serum. A repeat of the ELISA
in this sample would confirm the accuracy of these results. As IL-18 is produced in
the kidney of Lupus nephritis patients, IL-18 serum levels could also be measure in
the urine of these patients. This would allow a direct correlation between IL-18
levels and disease severity, as the IL-18 measured from the urine would reflect the
amount of IL-18 being produced in the nephritic kidney. The results shown in
Figure 3.11 also demonstrate IL-18 levels to be consistent between SLE cases,
however more variable in renal SLE cases, perhaps due to different levels of SLE
severity, or more likely indicating the difficulties of measuring cytokines such as IL18 in the serum of SLE patients.

152

p=0.229

Figure 3.11- IL-18 serum level comparison between renal and non-renal SLE cases:
A comparison of IL-18 serum levels in fresh samples from SLE cases (n=8) and SLE
cases with active renal disease (n=8). IL-18 serum was measured by ELISA in
duplicates and IL-18 levels are shown in pg/ml. All samples shown at 0 are samples
which demonstrated IL-18 serum levels below 39.06 pg/ml. A t-test indicated no
statistical difference between both groups, as indicated in the figure by p and the
error bars shown were calculated using standard error of the mean (SEM).

As all but two freshly collected samples in Figure 3.11 gave measureable IL-18
serum readings, compared to five failed stored SLE cases (Figure 3.10), it suggests
that storage of older samples and the possibility of repeated freeze thawing may
account for these low levels of IL-18. The collected UK SLE trio serum were from a
repository held at Professor Tim Vyse’s laboratory and have been collected for a
number of years. During this period it is likely that the samples were not always
stored at -80°C, and therefore possible degradation of IL-18 in the serum may have
occurred. Also many of these samples were sent to the laboratory via the postage
system, and therefore may have been at room temperature for a number of days. As
a result this hypothesis had to be investigated further.
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3.8.3 IL-18 freeze-thawing experiment

To fully investigate the hypothesis that freeze-thawing of serum degrades IL-18; I
undertook a freeze-thawing experiment using a fresh serum sample from a renal
SLE patient. During this assay I took aliquots of this sample after freeze-thawing,
up to five times, and performed the IL-18 ELISA on these samples (Figure 3.12).

Figure 3.12- IL-18 serum freeze-thaw analysis: This Figure demonstrates the level of
IL-18 in the serum of a renal SLE patient after multiple freezing and thawing of the
sample. The IL-18 serum levels were measured using a sandwich ELISA and the
levels are quantified in pg/ml.

As demonstrated in Figure 3.12 the level of IL-18 in the serum of a SLE renal patient
increases two-fold after the first thaw, from 409.6 pg/ml to 816.5 pg/ml. However,
after the second freeze-thaw cycle, the level of IL-18 decreases with the number of
thaws. This suggests an increase in free mature IL-18 in the serum after freezethawing as IL-18 bound to IL-18BP may dissociate and hence free to be detected.
Older serum samples used in my initial IL-18 serum level analysis may have given
a range of IL-18 serum levels as IL-18 may have been degraded due to poor storage
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and repetitive freeze thawing cycles or due to variable lengths of time from
extraction to storage.

3.9 IL-18 Discussion

After the analysis of multiple cohorts (UK SLE trios, UK|CC, published SLE
GWAS, Euro-Canadian SLE GWAS and African American cohort) I was unable to
replicate the previous reported association in IL18 (SNP 17 rs360719) (Sanchez et al.
2009). From these datasets I was also unable to observe any novel SNP associations
or haplotype associations in IL18 with SLE after correction for multiple testing.
These data suggest IL18 SNPs do not exert a significant effect in the pathogenesis of
SLE.
My initial study into the previously reported association in IL18 allowed me to finemap this locus using both tagger SNPs and SNPs associated with SLE and other
immune-related diseases. From my results I was unable to replicate the previous
findings; however a meta-analysis showed marginal associations (p<0.05) in SNPs
SNP 15 rs1279780, SNP 25 rs5744256, SNP 28 rs543810, and SNP 36 rs9919624,
before correction for multiple testing. However, after correction for multiple
testing, using permutations, these SNPs were no longer associated. Interestingly
SNP 25 rs5744256 has previously been reported to be associated with decreased
mobility in non-SLE individuals (Frayling, Rafiq, Murray, Hurst, Weedon, Henley,
Bandinelli, Corsi, Ferrucci, Guralnik, Wallace, & Melzer 2007;Thomas et al. 2009).
SLE has been shown to affect the joints of some patients, and this association with a
SNP in IL18 may indicate a role for IL-18 in joint damage.
However, in analysing the larger study cohort (Euro-Canadian) other SNPs within
the IL18 gene showed marginal association before permutations. SNP rs1946518
showed marginal association with SLE and has previously been reported to be
associated with SLE in a Chinese population (Xu et al. 2007). This variant has also
been reported to be associated with increased incidence of RA (Gracie et al. 2005),
hayfever and diabetes (Kretowski et al. 2004). SNP 18 rs1946519 showed marginal
155

association with SLE in the Euro-Canadian SLE GWAS, and has previously been
reported to be associated with SLE (Lin et al. 2007). SNP 19 rs187238 showed
marginal association in the African American population before permutations. This
SNP has shown to be associated with other immune-related diseases such as RA
(Gracie et al. 2005), hayfever and diabetes (through CTLA-4 interactions) (Ide et al.
2004).
These marginal associations in IL18 before permutations may have suggested a
potential genetic effect of IL18 in SLE. However, as demonstrated by the data here
presented no SNP in IL18 showed to contribute to SLE pathogenesis. Therefore
these data suggests previous associations to be either false positive, due to a
subphenotype/sub-population effect or due to long range LD.
Once it was clear that both the UK SLE trios and UK|CC cohorts did not replicate
the published association or demonstrate any novel associations, I consider
whether the reported association may be due to long range LD. Long range LD in
loci with high LD between variants, would allow an effect to be exerted from a
distant gene in a distal range. In Figure 3.4, IL18 is shown to have strong LD
between itself and its proximal neighbouring loci. I therefore performed a case
control association analysing using SNPTEST in a 1Mb region around IL18. This
association test allowed me to analyse SNPs in this region and to ascertain if any
other SNPs were causing the association previously found. From this analysis no
individual SNP appeared to be associated with SLE. These data suggest no SNPs in
this region were causing the association previously found.
I further explored the hypothesis of the previous IL18 association being due to
population structure. As reported by Sanchez et al. 2009, SNP 17, rs360719 was
found to be associated with SLE p= 3.8x10-7, OR= 1.37, pc = 1.16x10-6. However, in
analysing this association further, the cohort for this study consisted of SLE cases
from Spanish, Italian and Argentinean ancestries. The associated p value was from
this pooled data set, however the dominant association was in the Spanish cohort,
p=7.8x10-7, OR 1.53, compared to p= 0.1, OR 1.20 in the Italian cohort, and p= 0.2,
OR= 1.18 in the Argentinean cohort (Sanchez et al. 2009). As my initial cohorts
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consisting of UK SLE trios and UK|CC were of northern European ancestry, I
explored the hypothesis of this association in SNP rs360719, being a southern
European association. For this analysis I identified the minor allele frequency
(MAF) of the controls from the previous association (Sanchez et al. 2009), my
UK|CC cohort controls and the CEU control data in dbSNP. From this analysis it
was shown that the Sanchez et al. 2009 control data had a MAF of 25%, compared
to 27% in the UK|CC controls and 26% in the CEU dbSNP data. As all these MAF
were within 1% of each other, it suggested there is no difference between northern
and southern populations at this variant. Hence advocating the association is not
due to a southern European ancestry link. This was further determined in the EuroCanadian SLE GWAS, which consisted of a mixed northern and southern European
population. In this Euro-Canadian cohort I still failed to replicate the previous
association in rs360719, suggesting this association to either be incorrect or be due
to a subphenotype of SLE.
As previously discussed, SLE is a heterogeneous disease with multiple disparate
phenotypes, which further increases the need for understanding the pathogenesis
of the disease. As I was unable to replicate the previous reported finding in SLE, I
explored the hypothesis that this association was due to a subphenotype of SLE. It
has been reported that many key loci in the pathogenesis of SLE have been linked
with subphenotypes of the disease. For example SNPs in STAT4 have been
correlated with severe lupus nephritis, however less correlated in patients with oral
ulcers and mild SLE (Taylor et al. 2008). Other loci such as HLA-DRB1*1501 have
been associated in SLE patients with increased anti-nuclear antigens (ANA) such as
anti-Ro and anti-La (Podrebarac, Boisert, & Goldstein 1998). These data suggest
some loci are associated with certain disease phenotypes or disease intensity, hence
showing some loci to play a role in more severe SLE.
Previous reports have also indicated IL18 to be associated in SLE subphenotypes.
For example IL18 has been correlated with SLE severity (Park et al. 2003),
suggesting in cohorts with patients with severe SLE would show an increase in IL18
association compared to mild SLE. It has also been reported that IL18 is correlated
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with lupus nephritis (Calvani et al 2004) and subcutaneous lupus (Maczynska et al.
2005) compared to mild SLE. All these data indicate that cohorts with an increased
number of patients with these severe phenotypes could potentially show a stronger
IL18 association. I therefore explored a number of subphenotypes in my UK|CC
cohort to try and replicate the previous finding in SNP rs360719. For this
subphenotype analysis I chose the following phenotypes: renal SLE, this was
chosen as previous reports had demonstrated IL18 to be more significant in this
cohort compared to mild SLE (Calvani et al. 2004), anti-Ro and anti-La ANA, these
were chosen as IL18 has been reported to associated in ANA-positive patients
compared to ANA-negative patients (Maczynska et al. 2005). Lastly, age of onset,
this allowed me to analyse the hypothesis of IL18 levels differing between juvenile
and adult SLE. As shown in Table 3.4, I was unable to replicate the previous
association reported in SNP 17 rs360719 in any of the subphenotype groups. I also
did not find any novel association in any of the subphenotype (data not shown).
These results suggest the previous association found in SNP 17 rs360719 to either be
a false positive result, or be associated with a subphenotype, sub-population which
I have yet to explore. From our Euro-Canadian SLE cohort I would have the
opportunity to analyse IL18 in other populations and subphenotypes than here
presented. However, due to time constraints and the time it takes to collect and
compile phenotype data for international collaborators, these analyses were not
possible for this thesis.
Although a marginal association was found in the African American data with SNP
19 rs187238, subphenotype analysis was not performed on this cohort. As
previously described, non-European populations are more prone to SLE and a more
severe disease. Subphenotype analysis in populations such as African American
could potentially show important associations, however this was not possible for
this cohort here analysed as phenotype data was not available to be explored.
The genetic data here presented suggest that variants I analysed in IL18 locus do
not make a significant contribution to SLE pathogenesis. This result highlights the
need for larger genetic studies and replication of smaller single loci studies. IL18,
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like many other loci, was deemed to be associated with SLE in a small cohort
(Sanchez et al. 2009); however as shown by the data presented in this thesis, I was
unable to replicate this finding in a larger cohort. As shown by my data, small
candidate gene studies should be followed up with an independent replication
group to ascertain if the association found contributes to disease pathogenesis or
being a false positive result.
During this thesis I explored all possible avenues to replicate previous associations
with SNPs in IL18 and SLE, however from the data here presented I can conclude
that SNPs in IL18 do not show to have an apparent association with SLE and thus
do not show to play a role in disease pathogenesis.

During this thesis I was able to analyse IL-18 serum levels in a number of SLE
patients and controls, using a sandwich ELISA approach. From the results obtained
in this thesis I am unable to conclude if IL-18 serum levels are elevated in SLE. My
data demonstrates difficulties in the measurement of IL-18 and suggests handling
and storage of serum samples is crucial for obtaining reliable results and should be
considered when analysing published data.
After standardisation of the ELISA and the lowering of the standard to 36.09 pg/ml,
still seven of the 15 samples demonstrated IL-18 levels below 39.06 pg/ml (Figure
3.8). These initial results suggested either IL-18 serum levels to be below 36.09
pg/ml in a number of SLE cases and healthy controls, or IL-18 to be degraded below
this standard and hence could not be quantified using the ELISA. Hence from these
data it showed there was not statistical difference in IL-18 serum levels between
SLE cases and healthy controls. One explanation for these results could be due to
the samples. The serum samples used for this study are part of a long term
repository held at the Vyse laboratory (King’s college London). These samples have
been collected over ten years and have been stored at -80°C, however I am not able
to ascertain if these samples have always been kept under these storage conditions.
For example storage of samples could have been jeopardised during any moving
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processes or samples being removed for use and then replaced, hence being thawed
and then re-frozen. Another possible explanation could be the length of time
between blood collection, serum collections and storage at -80°C. A large number
of the serum samples were collected through SLE patients and healthy controls
sending a blood sample via the post to then be processed in the laboratory. The
differences in length of time from blood collection, serum collection and storage
could account for a number of samples having degraded IL-18 and hence IL-18
serum levels lower than 39.06 pg/ml.
To verify my findings I collected 16 fresh SLE samples (eight SLE samples with and
eight without renal involvement). The serum was collected within an hour of blood
collection and stored in aliquots at -80°C. This would allow me to ascertain if there
was a difference between using fresh and stored serum, and to also ascertain a
difference between active and mild SLE. As shown in Figure 3.10, there was no
statistical difference between IL-18 serum levels in stored and fresh serum samples.
The fresh serum samples did however show less variability between the samples
compared to the stored samples. Only two of the fresh SLE serum samples showed
to fail to produce IL-18 serum levels above 39.06 pg/ml. The smaller variability in
the fresh serum samples suggests that the handling of the samples affects the
measurement of IL-18 in the serum. As the blood and serum of these fresh samples
were processed within an hour of collection, it suggests that the serum being stored
over a long period of time or not at a constant temperature causes variability in IL18 serum levels, hence not allowing a true measurement to be obtained.
In comparing the fresh and stored serum samples it can be seen that the stored
samples not only show to have more variable IL-18 serum levels, but also more
samples failed to produce IL-18 serum levels above 39.06 pg/ml. As previously
mentioned, this variability may be due to storage of the samples not always being
at -80°C or due to the samples not being processed immediately after blood
collection, as a large number of the samples were sent to the laboratory through the
postal service. As the serum could have been at different temperatures IL-18 may
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have begun to degrade and hence produce lower serum levels compared to stored
samples.
Figure 3.10 also shows two outliers in the fresh SLE cases serum (Figure 3.10), these
higher IL-18 serum levels suggest a sub-phenotype difference between IL-18 serum
levels. I therefore then analysed the fresh SLE cases and separated the renal and
non-renal cases (Figure 3.11). From these data there was no significant difference
between the non-renal SLE cases and the renal SLE cases. The non-renal cases
showed less variability in IL-18 serum levels compared to the renal SLE cases.
However as shown in Figure 3.11 there are two outliers in the renal cases which
show to have double the amount of IL-18 compared to the other renal cases. These
two samples may have higher IL-18 serum levels compared to the other samples as
these renal cases may be more severe compared to the other renal cases, hence
producing more IL-18. Previous reports suggested IL-18 levels have been correlated
with disease severity and intensity (Favilli et al. 2009;(Novick, Elbirt, Miller,
Dinarello, Rubinstein, & Sthoeger 2010). Hence these two outliers in the renal cases
may be from patients which were undergoing a disease flare at the time of the
sample collection or they may have been patients with more sever renal
involvement compared to the other samples, hence having increased inflammatory
response and IL-18 serum levels.
The renal SLE cases (Figure 3.11) also showed two samples with IL-18 serum levels
lower than 39.06 pg/ml. These two samples may have been miss-diagnosed, as SLE
is a heterogeneous disease; multiple phenotypes occur and hence further making
diagnosis difficult. Alternatively, these samples may have been the most active and
severe renal cases and may have had anti-IL18 antibodies. If this were the case
lower IL-18 serum levels would be detected. To investigate this further, the sample
would have to be repeated and anti-IL18 antibody levels could be measured using
an electrochemiluminescence immunoassay approach (Soos et al. 2003). IL-18 has
previously been reported to be an important contributing cytokine in disease
pathogenesis, IL-18 increases Fas-mediated apoptosis in epithelial cells, which also
increases tissue damage, and hence disease severity (Wong, Li, Ho, & Lam 2000).
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However from the data here presented in this thesis there does not seem to be a
difference in IL-18 serum levels and disease severity.
A possible alternative way to measure IL-18 levels could be done in the urine of
these renal SLE patients, which could give a more accurate indication of IL-18 levels
compared to measurement within the serum. Previous reports have shown
increased expression of IL-18 in the kidneys of renal SLE patients (Hu et al. 2010).
This measurement in the urine may give a more reliable estimate of IL-18 levels of
these renal patients as IL18 is being expressed in the kidneys of these patients, this
can then further be correlated with renal disease severity. (Migliorini et al. 2010),
reported measuring IL-18 and IL-18BP levels in both the serum and urine of SLE
patients. This studied showed increased free IL-18 levels in both the serum and
urine of SLE patients compared to controls. However, no correlation between urine
IL-18 levels and disease severity were found. Further studies using both serum and
urine of SLE patients would show potential benefits of using both samples to give a
more accurate IL-18 measurement.
To investigate the hypothesis of storage of serum samples impacting the
measurement of IL-18, I performed a freeze thaw experiment (Figure 3.12). As
shown in Figure 3.12 the level of IL-18 doubled after the first thaw, from 400 pg/ml
to 800 pg/ml, after which, the level of IL-18 began to decrease slightly, but with no
statistical significance. These data suggest that after a second thaw the level of IL-18
was at its highest and then began to reduce. There are a number of possible
hypotheses for these results. IL-18 is present in two forms; pro-IL18 (24 kDa), a
precursor with no signal peptide (Gu et al. 1997), and mature active IL-18 (18 kDA)
(Kato et al. 2003) which was the form of IL-18 which was measured by the ELISA
for this thesis. In humans, PBMCs secrete pro-IL18 (Puren et al. 1998) which is in
the blood periphery until it is cleaved intracellular (in a number of cells, mainly by
antigen presenting cells) by the enzyme Caspase-1, this then releases mature IL-18
(introduction section 1.5.2 Figure 1.3) which is biologically active. In relation to SLE,
IFN-γ promotes Caspase-1 activity and may explain why mature IL-18 may be
increased in the serum of SLE patients. Increased IFN- γ production is a feature of
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SLE and may account for the increased IL-18 serum levels in patients (Kahlenberg
et al. 2011).
However, another component to take into consideration is the IL-18BP. IL-18BP is a
natural IL-18 inhibitor which is produced in response to an over-production of IL18 (Shimizu et al. 2012) (Figure 1.3) and which is also stimulated by IFN-γ
production. IL-18BP competitively binds IL-18 and hence inhibits IL-18 proinflammatory affect by blocking IL-18 binding with its complex, and forms a high
affinity complex, 1:1 Kd 400pM (Novick et al. 2010). IL-18BP has previously been
reported to be increased in renal SLE (Shimizu et al. 2011), suggesting a positive
correlation between IL-18 levels and IL-18BP, however an imbalance in this
mechanism would block this inhibition and hence higher IL-18 serum levels. In
analysing the freeze-thaw experiment data (Figure 3.12), the first freeze-thaw cycle
may have released IL-18 from the binding protein by causing the IL-18/IL-18BP
complex to be denatured. Hence showing an increase in IL-18 serum levels after
the first freeze-thaw cycle (from 400 pg/ml to 800 pg/ml), after which all the IL-18 is
in the serum and measure at subsequent freeze-thaw cycles. After the second
freeze-thaw experiment, serum levels of IL-18 slight decrease. In the same way this
may account for the variability of the stored samples. If the samples were not kept
at -80°C or were at room temperature (due to patients posting blood samples) for
variable lengths of times, this may have caused dissociation from the IL18-BP
causing variable IL-18 serum levels compared to samples which were processed
within an hour of collection. To fully investigate this hypothesis an IL-18BP ELISA
could be performed and the ratio of IL-18 and IL-18BP can be measured to ascertain
if SLE patients have increased total IL-18 or increased free IL-18.
Previous reports on other cytokines such as IL-1 and IL-10 have also showed that a
delay in freezing of the sample gave higher titres compared to those frozen within
an hour of collection (De Jager W. et al. 2009). Other reports have also shown
variation in measureable levels of cytokines in serum depending on sample storage
temperatures. Although some cytokines such as IL-6 have shown no difference in
expression, others such as IL-10 have shown to decrease in expression at room
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temperature, compared to IL-8 which increases expression at room temperature
(Duvigneau et al. 2003).

From the data I obtained in IL-18 serum levels and

previously reported data, it is likely that the samples which were analysed by
ELISA within the hour of collection produce more reliable results as the length of
time at room temperature and at -80°C were the same, compared to the stored
samples which were at variable temperatures for variable amounts of time.
As shown in the results, sample which were from older families showed to produce
IL-18 serum levels below 39.06 pg/ml and hence showed 0 pg/ml on the ELISA,
compared to families stored more recently. The serum repository has been collected
in the Vyse laboratory for over 10 years, and therefore some serum used for this
ELISA could have been stored for over 10 years. Degradation of cytokines in the
serum, even stored at -80°C has been reported if stored for a great length of time
(De Jager et al. 2009). The stability of IL-18 could have decreased over the years and
hence producing lower IL-18 serum levels when analysed by the ELISA. Hence
suggesting that analysing cytokines using stored samples may not give reliable and
reproducible results. The level of IL-18 measured may not be a true reflection of the
amount of IL-18 in the serum of the patient, as degradation of IL-18 may have
occurred. It has been reported that cytokines such as IL-18 are stable for up to four
years when frozen at -80°C, there is a slight degradation in these four years, after
which IL-18 becomes unstable and degrades rapidly (De Jager et al. 2009). This
could account for the reason as to why older family samples gave lower or zero IL18 serum levels compared to those stored more recently (in the last five years) or
the fresh serum samples.
Other factors to be considered are aspect such as environmental factors. Smoking
has shown to reduce IL-18 serum levels (McKay et al. 2004) compared to nonsmokers. Factors such as if patients also smoke have not been taken into
consideration and may account for some samples which have shown to produce IL18 serum levels below 39.06 pg/ml. Alternatively, smoking has shown to increase
Caspase-1 activity (Eltom et al. 2011), in which case this would increase mature IL18 serum levels further. To correlate these factors, smoking would have to be taken
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into consideration and correlated with Caspase-1 activity, mature IL-18 activity and
IL-18 serum levels.
The ELISA used for this analysis only measured mature IL-18 and has not measure
pro-IL18. To be able to determine the amount of each IL-18 in the serum of patients,
a western blot can be used. This would determine the two different IL-18 forms and
semi-quantify the amount of each in the sample. Another possible assay would be
using electrochemiluminescence which would determine and quantify free IL-18
and IL-18 bound to the IL-18BP, this would be done using mass law (Novik et al.
1999). Finally, Caspase-1 activity would also have to be considered in these
patients. The level and activity of Caspase-1 has a direct correlation with mature IL18 serum levels. Caspase-1 activity has been reported to be elevated in
subphenotypes of autoimmune diseases (Kahlenberg et al. 2011;(Mackiewicz et al.
2003). To fully understand if elevated IL-18 serum levels are due to disease
pathogenesis or due to Caspase-1 activity, Caspase-1 levels would have to be
measured and correlated to IL-18 serum levels in both cases and controls. All these
factors should be taken into consideration if further testing on IL-18 serum levels in
these or any samples are to be done.
As the ELISA, although a standard and tested method for measuring cytokines,
showed some limitations, an alternative method such as flow cytometry (FACs)
could have been used. Fresh patient cells could be collected and analysed using
FACs. Using this method I would be able to analyse both intracellular IL-18 and
mature IL-18. This method may also give more reliable and reproducible results as
the samples being used would be fresh cells, in which both intracellular and
extracellular IL-18 could be measured.

Overall, it is clear that IL18 polymorphisms do not seem to be significantly
associated with SLE at the genetic level. While some previous small cohorts showed
variants in IL18 with possible association, this is not found in large cohorts of mixed
phenotypes and mixed populations. Previous studies also suggested IL-18 serum
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levels to be elevated in SLE with a positive correlation with disease progression and
severity. From the data analysed in this thesis I can conclude that IL18
polymorphisms to not seem to contribute to disease pathogenesis and IL-18 serum
levels are to variable to conclude. Storage and handling of serum samples would
have to be considered when interoperating serum results.

This study in IL18 has shown the importance of verifying previous genetic
associations found in small cohorts. By being able to replicate such associations or
to verify new findings allowed greater knowledge into the role of IL18 in SLE
pathogenesis. This study also demonstrated that storage and handling of serum
should be taken into consideration when analysing previously reported serum
levels.
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Chapter four
IL10 Results and Discussion
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4.1 IL10 introduction and SNP selection

IL10 plays a dual role in SLE as it has both anti-inflammatory and proinflammatory properties. As previously described in the introduction section, IL-10
is produced mainly by monocytes and macrophages; however it is also produced
by T cell subsets such as Tr1 cells and CD4+ CD25+ T regulatory cells. IL-10 signals
through its receptor complex and regulates immune cell function through this
mechanism. It has shown to inhibit antigen presentation to reduce or inhibit tissue
damage; however it also increases antigen up-take and thus works through a
scavenger model.
One major role of IL-10 is to increase B cell proliferation and enhance antibody
production through stimulation of immunoglobulin class-switching. IL10 is further
stimulated by immune complexes through FcγRII carriers and anti-dsDNA
antibodies (Ronnelid et al. 2003). This stimulation increases IL10 production further,
increasing B cell proliferation, inflammation and antibody production, all of which
are characteristics of SLE. A positive correlation between increased serum IL-10
levels and disease severity has also been reported in SLE (Houssiau et al. 1995). By
having increased IL-10 serum levels, patients have increase inflammation and
antibody production, hence increasing disease severity as this works as a feedback
loop. As the disease intensifies, IL-10 levels increase causing further IL-10
stimulation propagating tissue damage and further stimuli release.
Whether IL-10 exerts a more pro-inflammatory or anti-inflammatory effect depends
on the presence of other pro-inflammatory cytokines such as IL-18. It has been
reported that IL-10 enhances IL-18 stimulation of NK cell IFN-γ production (Cai,
Kastelein, & Hunter 1999). The presence of both IL-18 and IL-10 increases NK cell
proliferation and hence their cytoxicity, contributing to tissue damage in SLE.
An association in IL10 at SNP (rs3024505) with SLE pcombined=4.0x10-8 OR=1.19 (1,310
cases and 7,859 controls in the SLE GWAS replication, 834 SLE cases and 1,338
controls in the Swedish cohort and 1,129 SLE cases and 2,991 controls in the U.S
cohort) was reported (Gateva et al. 2009), however fine mapping of this region was
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yet to be completed. From the experience I gained in my IL18 work, I found that I
was unable to replicate the association reported, however the IL18 reported
association was found in a small cohort, and hence may have been a false positive.
Using this knowledge, I believed the association found at IL10 to be more reliable as
it was part of a larger study, and therefore I pursued fine-mapping the IL10 region
to replicate this previous finding and ascertain further signals at this locus. A
literature review also showed previous associations with IL10 in other autoimmune
diseases (Figure 4.1). IL10 therefore had both genetic and biological plausibility to
be an associated locus in SLE.

Using our Euro-Canadian SLE GWAS and other SLE GWAS data I was able to fine
map the IL10 region. This allowed me to test the previous reported association, and
to ascertain if this association was an independent signal or part of an associated
region.
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Figure 4.1- IL10 locus and LD: Figure shows a 3' to 5' schematic representation of IL10. Chosen SNPs for genotyping are indicated, with SNPs
not present on the Omni-1 Quad chip represented by a blue line. All exons on IL10 are represented by E and their respective numbers. LD plot
taken from HapMap (NCBI B36 dbSNP b126) from the CEU population.
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4.2 IL10 UK case control study

As part of our Euro-Canadian SLE GWAS, 1,300 UK SLE cases were genotyped.
These UK data were genotyped in a first batch and therefore I analysed these UK
samples as part of my preliminary analysis. I performed a case control analysis
using SNPTEST on 1,300 UK SLE cases and 5,000 controls. This initial analysis was
done in the UK cases only to try and replicate the previously associated SNP
rs3024505 and to verify other associated signals in this region. As shown in Table
4.1, I was unable to replicate the previously associated SNP rs3024505 and the
strongest association was found in SNP rs3024498, p= 0.083. As I analysed only the
UK SLE cases from the Euro-Canadian GWAS in IL10 I was able to use the arbitrary
cut off of association at p=0.05.

MARKER Genome position Allelic association P value
205,006,527
rs3024505
0.489
205,006,933
rs3024502
0.420
205,008,152
rs3024498
0.083
205,008,487
rs3024496
0.362
205,011,575
rs3021094
0.290
205,013,520
rs1800896
0.293
205,013,790
rs1800893
0.314

OR
1.048
1.042
1.105
1.047
1.100
1.055
1.052

L95
0.916
0.942
0.988
0.947
0.922
0.954
0.951

U95
1.199
1.152
1.237
1.158
1.311
1.166
1.164

Table 4.1- IL10 UK case control analysis: This Table shows IL10 SNPTEST results for
the UK cases (1300) and controls (5,000). All p values, Odds ratios (OR), lower
confidence interval of the mean (L95) and upper confidence interval of the mean
(U95) are shown.

Analysing the UK cases only, I was unable to replicate the previous reported
association with SNP rs3024505. As these data fail to replicate the previous IL10
association in this UK case control cohort, I believed this could have been due to the
small cohort I analysed, or the previous association could be held in a Southern
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European population. For these reasons I waited for the full Euro-Canadian SLE
GWAS data to be available and re-analysed this IL10 locus.

4.3 IL10 Euro-Canadian SLE GWAS association

After QC analysis of the Euro-Canadian SLE GWAS (material and methods 2.6.2.4),
as previously described, a total of 4,078 SLE cases and 8,624 controls were analysed
on 696,085 SNPs. From these data I analysed a region across IL10 (positions
205,006,000 to 205,013,462) (Figure 4.1). On this region I performed a case control
analysis using SNPTEST. From this analysis, as seen in Table 4.2, the previously
associated SNP rs3024505 was found to be weakly associated in the Euro-Canadian
SLE GWAS, p=0.014. However, with this large study I anticipated to replicate the
previous association to genome-wide significance (p=5.0x10-8). This again raised the
hypothesis that the previous association could be present in a Southern European
population or a subphenotype yet explored. The association seen in SNP rs3024505
reached locus-wide threshold (p=0.05) in my data.

MARKER
rs3024505
rs3024502
rs3024498
rs3024496
rs3021094
rs1800896
rs1800893

P value
0.014
0.819
0.033
0.832
0.061
0.681
0.715

OR
1.061
1.132
1.274
1.130
0.927
1.136
1.135

L95
0.988
1.074
1.198
1.072
0.844
1.078
1.077

U95
1.139
1.193
1.356
1.191
1.019
1.198
1.196

Table 4.2- IL10 Euro-Canadian SLE GWAS case control analysis: This Table shows
SNPTEST results for the Euro-Canadian SLE GWAS case control IL10 analysis
(4,078 SLE cases and 8,624 controls). All p values, Odds ratios (OR), lower
confidence interval of the mean (L95) and upper confidence interval of the mean
(U95) are shown.
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Furthermore I performed a haplotype analysis on this IL10 region in the EuroCanadian SLE GWAS cohort. This allowed me to identify the number of haplotype
blocks present in the IL10 locus. The haplotype analysis and haplotype were
constructed using Haploview V4.2, as demonstrated in Figure 4.2, IL10 haplotypes
were shown to be a single haplotype with strong LD in this region.

3'

5'

1 234567

Figure 4.2- IL10 haplotype structure: Haplotype constructed by Haploview 4.2 on
the case control cohort from the Euro-Canadian SLE GWAS study. All haplotype
frequencies are shown. SNP numbers correspond to SNPs as follow; 1- rs3024505, 2rs3024502, 3- rs3024498, 4- rs3024496, 5- rs3021094, 6- rs1800896, 7- rs1800893.

4.4 EU ancestry and IL10 association in Euro-Canadian SLE GWAS

As previous reports have shown a strong association with SNP rs3024505 compared
to my data, I further explored the hypothesis that this association was population
specific. PC analysis of the Euro-Canadian SLE GWAS was performed using an
EIGENSTRAT algorithm (material and methods section 2.6.2.5) by Dr James
Bentham to ascertain ancestry. I then selected cases and controls based on their
Northern or Southern European ancestry and performed a case control analysis in
SNPTEST on each group separately. As shown in Table 4.3 comparing the Northern
and Southern case control analysis the lowest p value is present in the Southern
European population (0.009). These results suggest that this association may have
been due to a southern European ancestry. However our Euro-Canadian SLE
GWAS does not have the power to detect association in a southern European
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population as there are 2,940 southern European cases and controls compared with
10,193 Northern European cases and controls.
Furthermore, I analysed this dataset for homogeneity to ensure that the results
obtained were not due to a difference in MAF between the Northern and Southern
European populations. From this analysis I determined the MAF for both Northern
and Southern Europeans to be 16% and therefore no difference in MAF. The MAF
could not account for the association being found in the Southern European
population.

rs3024505
Full Euro-Canadian GWAS
Northern European
Southern European

p value
0.014
0.103
0.009

OR
1.061
1.061
1.204

L95
0.988
0.988
1.040

U95
1.139
1.139
1.395

Table 4.3- IL10 northern and southern European analysis in the Euro-Canadian SLE
GWAS cohort: Table shows IL10 SNPTEST results for SNP rs3024505 after
separation of northern and southern European populations by PC analysis, in our
Euro-Canadian SLE GWAS cohort. The Full Euro-Canadian cohort consisted of
12,702 cases and controls, of which 10,193 were of Northern European ancestry and
2,940 were of Southern European ancestry. All p values, odds ratios (OR), lower
confidence interval of the mean (L95) and upper confidence interval of the mean
(U95) are shown.

4.5 Ancestry differences in Genentech and SLEGEN SLE GWAS’s with IL10

As our Euro-Canadian SLE GWAS suggested the association of SNP rs3024505 to be
present in the southern European populations, I further explored this hypothesis in
two previously published GWA studies; Genentech GWAS (Hom et al. 2008) and
SLEGEN GWAS (Harley et al. 2008). Firstly the PC for these studies were analysed
by Dr James Bentham, and a further 45 samples were removed from the Genentech
study as these samples were not deemed to be of European ancestry. I then
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performed a case control analysis using SNPTEST on the Genentech GWAS,
northern and southern populations separately, and repeated this for the SLEGEN
GWAS study. As shown in Table 4.4, the association for SNP rs3024505 appears to
be significant in the Genentech overall study, p=3.17x10-7 and in the northern
European populations of this study, p=9.58x10-8. However, in analysing the
SLEGEN GWAS data overall SNP rs3024505 was not shown to be significant, p=
0.126, however a weak locus –wide association was found in the southern European
population, p=0.043.

In analysing both Tables 4.3 and 4.4, it has been shown that SNP rs3024505 is
associated in two southern European populations (Euro-Canadian SLE GWAS and
SLEGEN GWAS) and strongly associated in one northern European population
(Genentech GWAS). These findings suggest SNP rs3024505 to be associated with
SLE.

rs3024505
Genentech GWAS
Northern European
Southern European

p value
3.17x10-7
9.58x10-8
0.475

OR
1.385
1.452
0.812

L95
1.212
1.265
0.459

U95
1.582
1.666
1.437

SLEGEN GWAS
Northern European
Southern European

0.126
0.406
0.043

1.119
1.042
1.655

0.941
0.864
1.015

1.332
1.255
2.699

Table 4.4- IL10 analysis of northern and southern European populations from other
GWA studies : Table shows IL10 SNPTEST results for SNP rs3024505 after
separation of northern and southern European populations by PC analysis, in both
the Genentech GWAS (1,165cases) and SLEGEN GWAS (533 cases) cohorts. All p
values, odds ratios (OR), lower confidence interval of the mean (L95) and upper
confidence interval of the mean (U95) are shown.
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4.6 IL10 Meta-analysis

As I was unable to replicate the previous association in SNP rs3024505 in all three
cohorts, I analysed a meta-analysis done as part of the Euro-Canadian SLE GWAS
and further performed a meta-analysis on the Northern and Southern European
populations independently. Here a meta-analysis was performed between the
Euro-Canadian SLE GWAS, Genentech GWAS and the SLEGEN GWAS. In total
5,776 cases and 13,274 controls were analysed. As shown in Table 4.5, after a metaanalysis of the combined European populations, SNP rs3024505 is shown to be
locus-wide associated with SLE, p=1.23x10-6, however, this association does not
reach genome-wide significance (p=1.0x10-8), but suggests IL10 is associated in SLE.
Table 4.5 also shows a meta-analysis between Northern and Southern European
populations independently. The allelic association suggests the strongest
association to be from the Northern European population, p=1.87x10-5, with SNP
rs3024505 showing an association of p=0.005 in the Southern European population.
These data suggest IL10 to be associated with SLE, with the association being
carried in the Northern European population. A larger Southern European cohort
would be needed to verify the association and there is a true difference in
association between Northern and Southern European populations.

Meta-analysis of rs3024505
Full Meta-analysis
Northern European
Southern European

Allelic
association
p value
1.23x10-6
1.87x10-5
0.005

OR
1.167
1.129
1.217

L95
1.096
1.063
1.061

U95
1.242
1.200
1.395

Table 4.5- IL10 meta-analysis: Meta-analysis results on 5,776 cases and 13,274
controls for IL10 SNP rs3024505. A meta-analysis on the complete cohort is shown,
with a breakdown of the Northern and Southern European populations. Allelic
association p value, odds ratios (OR) lower confidence interval (L95) and upper
confidence interval (U95) are shown.
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4.7 IL10 subphenotype analysis

To further explore the hypothesis that SNP rs3024505 could be associated with a
subphenotype of SLE, I performed a case control analysis using PLINK on the
following subphenotypes (materials and methods section 2.6.10); gender and renal
disease. As these data from the Euro-Canadian SLE GWAS are part of a large multicollaborator project it was difficult to obtain full phenotype data in time for these
analyses. I therefore gender data which was available for the complete GWAS
cohort and renal data which was available for the UK cohort. As demonstrated in
Table 4.6, I performed an allelic association analysis in females and males. This
would allow me to explore the possibility of SNP rs3024505 producing gender
specific effect. As shown in Table 4.6, SNP rs3024505 is associated with females and
not associated with males. As SLE is mostly predominant in women, approximately
9:1, I do not a have significant cohort of males to be able to perform an accurate case
control analysis. More male SLE patients would have to be analysed to further
explore the potential association differences between males and females.
Furthermore, IL10 has been associated with increased serum levels and disease
severity. I therefore explored the possibility that IL10 association could be
correlated with renal SLE disease. I performed an allelic association test using
PLINK on the renal data that was available (n=1,005 and were of UK ancestry). As
shown in Table 4.6, SNP rs3024505 does not show to be associated with renal SLE.
However further analysis using complete phenotype data for the Euro-Canadian
SLE GWAS would allow further understanding into the role of SNP rs3024505 in
the pathogenesis of SLE.
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rs3024505
Female SLE cases n= (3,759)
Male SLE cases (n=365)
Renal UK cases ( n=1,005)

Allelic association p
value
0.030
0.276
0.837

OR
1.099
1.126
1.028

L95
1.009
0.910
0.789

U95
1.099
1.126
1.340

Table 4.6- IL10 subphenotypes analysis: PLINK analysis of subphenotypes in the
Euro-Canadian SLE GWAS. Total Euro-Canadian GWAS gender and UK renal
status were analysed and all p values, odds ratios (OR), lower confidence interval
(L95) and upper confidence interval (U95) are shown.
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4.8 IL10 Discussion

As demonstrated from the results presented in this section, IL10 is shown to be a
potential candidate gene in SLE. Previous reports by (Gateva et al. 2009), showed a
strong association with SNP rs3024505, pcombined=4.0x10-8. Due to this strong
association in this large cohort, I had the confidence to further fine map IL10 in our
Euro-Canadian SLE GWAS. This would allow replication of the previous findings
and identification of novel variants. Unlike IL18 (results section 3.0), IL10 was
associated in a large replicated SLE GWAS, which gave me the confidence to
further investigate this locus.
Firstly I analysed IL10 variants in a small UK cohort (1300 cases part of the EuroCanadian SLE GWAS). As the previous reported association was found to be
strong, if the association was to be replicated, this small cohort would show an
indication. However, as seen in Table 4.1, SNP rs3024505 was not associated with
SLE, p=0.489. As this cohort was small and of only Northern European ancestry, I
further analysed our Euro-Canadian SLE GWAS for associations in IL10. As
demonstrated in Table 4.2, SNP rs2034505 showed a weak association (p=0.014) in
the Euro-Canadian SLE GWAS cohort. This indicated that IL10 previous association
could be replicated; however the association was not as strong as previously
reported, suggesting this association to be weak, random or due to population
structure or a subphenotype of SLE.
As I was unable to replicate the previous finding in the UK cohort and yet found a
weak association in the Euro- Canadian SLE GWAS, it suggested the association
could have been due to population structure differences. I further analysed
Northern and Southern European populations independently from the total EuroCanadian SLE GWAS. Using a principal components (PC) analysis approach, Dr
James Bentham identified the PC, and I separated the Northern and Southern
European populations into two cohorts (materials and methods section 2.6.2.5). As
shown in Table 4.3, SNP rs3024505 showed an association in the Southern European
population, p=0.009, compared to p=0.130 in the Northern European population.
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These results indicated that the association found in SNP rs3024505 was present
only in the Southern European populations. As I distinguished this difference
between the Northern and Southern European populations, I further investigated
homogeneity between these populations and the MAF between CEU populations
and TSI population in dbSNP (build 126). The homogeneity test determined the
MAF for the Euro-Canadian SLE GWAS to be 16% for both the Northern and
Southern European populations. These data suggested the association is not due to
differences in the MAF between these populations. The CEU population data in
dbSNP showed a MAF of 18% compared to 19% for the TSI, this showed only a 1%
difference and could not account for the difference in association found. However,
these data in dbSNP are derived using HapMap cell lines, and therefore a small
cohort. I therefore further analysed the previously reported finding with rs3024505
and verified the association in the different populations using the replicated SLE
GWAS from Genentech and the SLEGEN GWAS cohort.
Using the GWAS data from the previously associated cohort (Genentech), Dr James
Bentham verified population structure by PC analysis, and I was able to further
separate this cohort into Southern and Northern European populations by PC
analysis. As seen in Table 4.4, in analysing the populations according to Northern
and Southern Europe in the Genentech cohort, the association with SNP rs3024505
is indicated in the Northern European population (p=9.58x10-8). These data, as
previously mention, were not replicated in our Euro-Canadian SLE GWAS. As the
Genentech SLE GWAS showed association in the Northern European population,
and the Euro-Canadian SLE GWAS showed association in the Southern
populations, I further analysed another previously reported SLE GWAS, SLEGEN.
The SLEGEN SLE GWAS (Harley et al. 2009) cohort consisted of 533 female SLE
cases and 2,543 controls of European ancestry. This cohort allowed me to further
analyse IL10 in Northern and Southern European populations. As shown in Table
4.4, this SLEGEN cohort also did not replicate the previous finding in rs3024505,
and no novel variants were found. Analysing the Northern and Southern European
populations in this cohort also determined the association to be in the Southern
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European population, p=0.043, hence replicating the findings of the Euro-Canadian
SLE GWAS. Although the strongest reported association was still the association
reported in the Genentech cohort. I therefore analysed all these cohorts together in
a meta-analysis consisting of 5,776 cases and 13,224 controls as part of the EuroCanadian SLE GWAS. I further meta-analysed the Northern and Southern
European populations separately to ascertain if the association found is due to
population structure. From these analysis SNP rs3024505 showed an association of
p=1.23x10-6 (Table 4.5). This association suggests polymorphisms in IL10 potentially
play a role in increased SLE risk. Furthermore, from the meta-analysis (Table 4.5)
also suggested the association to be of a Northern European population (p=1.87x105

). However, this meta-analysis association is likely to be due to the strong

association found in the Genentech cohort. All of the cohorts here analysed all had
a Northern European bias. To further explore the association found in SNP
rs3024505, a replication study should be performed with a more equal Northern
and Southern European population divide. All the studies used for the metaanalysis had small Southern European cohorts, and therefore to be able to increase
the power of a Southern European population analysis, a larger cohort is needed.
These data here presented show a potential association in IL10 with SLE. IL-10 has
been reported to be elevated in the serum of SLE patients (Chun et al. 2007), and
has also been reported with disease severity (Houssiau et al. 1995; Park et al. 1998;
(Uhm et al. 2003). Healthy family members of SLE patients have shown increased
IL-10 production from monocytes and B cells compared to controls (Llorente et al.
1997). IL10 plays a role in immune-stimulation of NK cells in the presence of other
cytokines such as IL-18 (Cai, Kastelein, & Hunter 1999) and acts as a proinflammatory cytokine by down-regulating macrophage activation and antigen
presentation. These published functional data and the genetic data here presented
again shows IL10 to be an important candidate gene for SLE. To further explore the
potential role of IL10 in SLE pathogenesis, I performed a subphenotypes analysis.
I therefore then performed case control allelic association tests using PLINK in two
phenotypes; gender and renal disease (Table 4.6) for SNP rs3024505. From these
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analysis, as seen in Table 4.6, IL10 SNP rs3024505 is associated in females p=0.03
and there is no correlation in renal disease. This suggests increased IL-10 serum
may not be due to SNP rs3024505; however increased IL-10 serum levels could be
due to disease progression rather than causal. Another possible explanation could
be that the previous reported association was only in Northern European
population of a certain subphenotype. To fully test this hypothesis, full phenotype
data would be needed for all cohorts and analysed, separating Northern and
Southern European populations. This would allow the determination of SNP
rs3024505 association and whether it is due to population structure only or in
combination with a subphenotype.

Overall this IL10 data shows the importance of replicating previously associated
findings and the need for larger cohorts with a well balanced population structure
and subphenotypes. GWA studies have allowed better understanding of the
pathogenesis of SLE, however understanding the affect these variants have in the
important pathways still needs further investigation. This is clearly demonstrated
in this IL10 data. As previously discussed IL-10 is an important cytokine in the
pathogenesis of SLE, and the genetic data here presented shows that it an important
candidate gene which warrants further investigation.
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Chapter five
IKZF3 Results and Discussion
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5.1 IKZF3 introduction and selection

From previous experience with small studies in IL18 and verification of IL10 using
larger studies, it became apparent that using larger cohorts would allow me to
ascertain more reliable susceptibility loci in SLE. Following the QC of the EuroCanadian SLE GWAS by my colleagues, Dr James Bentham and Dr David Morris a
peak of association was found on chromosome 17. This peak was found to be SNPs
in the IKZF3 region.
IKZF3 (Aiolos), is a transcription factor of the Ikaros zinc-finger protein family, of
which there are five members (IKZF1, IKZF2, IKZF3, IKZF4 and IKZF5). IKZF3 has
been reported to play an important role in B cell differentiation and proliferation.
Although IKZF3 is expressed in pre-T and pre-B cells, its expression is highest in
mature peripheral B cells. Located at 17q21, IKZF3 can form heterodimers with its
family member IKZF1 (Ikaros), located at 7p12. These heterodimers are important
in chromatin remodelling and deacetylase activities (Georgopoulous et al. 1997;
Morgan et al. 1997). Both IKZF3 and IKZF1 have previously been associated with
autoimmune diseases. IKZF3 has been reported to be associated with primary
biliary cirrhosis (Tanaka et al. 2011), asthma (Fang et al. 2011), rheumatoid arthritis
(Kurreeman et al. 2012) and SLE (Sun et al. 2003). IKZF1 has been reported to be
associated with rheumatoid arthritis (Kurreeman et al. 2012), type 1 diabetes
(Swafford et al. 2011) and SLE (Hu et al. 2011). Hence highlighting a potential role
for IKZF3 in SLE.
Previous reports in Ikzf3-/- mice have shown increased levels of pre-B and immature
B cells with an increased expression of activation markers and reduced IgM,
leading to spontaneous autoantibody production (Cortes & Georgopoulos
2004;Sun,

Matthias,

Mihatsch,

Georgopoulos,

&

Matthias

2003).

These

autoantibodies form immune complexes with complement, infiltrating and
depositing

in

the

basement

membrane

of

the

glomeruli,

leading

to

glomerulonephritis and tissue damage. These mice also present an increased rate of
apoptosis suggesting a wider role of IKZF3 in cell survival. This increased rate of

184

apoptosis occurs in IKZF3 deficient cells after stimulation by UV and γ- irradiation
or by BCR cross linking. The Ikzf3-/- mice have also been reported to have defective
IgG gene conversions and impaired isotopes differentiation reducing the
production of different isotopes and high-affinity antibodies (Wang et al. 1998). The
presence of high affinity anti-dsDNA is a common characteristic seen in SLE.
From these previous associations in SLE, other autoimmune diseases and the Ikzf3 -/mouse, it can be suggested that IKZF3 is a good gene candidate in SLE. I therefore
used our Euro-Canadian SLE GWAS and explored associations at this locus.
I therefore began to analyse these associations further to ascertain a causal SNP. As
shown below in Figure 5.1 multiple single SNP association were located at IKZF3
and in the neighbouring genes. These multiple SNP signals suggested the
association was either due to strong LD in the region or multiple signals in different
regions of the IKZF3 locus.

Euro-Canadian SLE GWAS
9

GRB7

IKZF3

8

ZPBP2

-LOG p Value

7
6
5
4
3
2
1
0
34800000

35000000

35200000

35400000

35600000

Distance on chromosome 17

Figure 5.1- Chromosome 17 association analysis: A scatter plot showing a region of
chromosome 17. The peak association can be seen and annotated at GRB7-IKZF3,
locus. P values were obtained after an allelic association test using SNPTEST.
185

Distance on chromosome 17 is indicated on the x-axis, with the –Log p value
indicated on the Y-axis.

Using our Euro-Canadian SLE GWAS data I was able to analyse this locus further
and ascertain the approximate position of the causal SNP.

5.2 IKZF3 SLE GWAS case-control analysis

Using our Euro-Canadian SLE GWAS data, comprised of 4078 cases and 8624
controls, this region on chromosome 17 was analysed on 696,085 SNPs from
northern and southern European cohorts. The genotype data were imputed up to
the Illumina Omni-quad chip density by Dr James Bentham and Dr David Morris,
to ensure all cases and controls had genotype information for the same markers.
Using these data I was able to perform a SNPTEST to analyse single SNP
associations using genotyped and probabilistic data.

The SNPTEST results indicated 75 SNPs in this region on chromosome 17, of which
56 associated SNPs were in IKZF3, with the smallest associated p value in IKZF3
was 1.46x10-8 , OR= 1.44 at rs2941509 (located in the 3'UTR). The top ten associated
SNPs in the IKZF3 locus region of this analysis are shown in Table 5.1. These results
again strongly suggest a correlated associated LD block around GRB7-IKZF3 and to
analyse this hypothesis I performed a Haploview case control analysis (materials
and methods section 2.6.4). As shown in Figure 5.2 a strongly correlated LD block
was demonstrated around a 260kb region of GRB7-IKZF3 and continued beyond
this. In this region, five other genes were found to be in strong LD with IKZF3,
these were; ERBB2, GRB7, ZPBP2 and GSDML. As there does not seem to be a break
down in LD in this region, I further analysed a region of 750kb around IKZF3,
however these data again showed a strong LD correlation. As this LD correlation is
present, it is difficult to ascertain the causal SNP(s) for the association. A low
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frequency haplotype was found to be increased in SLE cases (risk haplotype boxed
in red as shown in Figure 5.2) with a frequency of 0.041 vs. 0.030 (cases vs. controls)

SNP
rs11332137
35165794
35157737
rs4252665
rs9910678
rs2941509
rs2313429
rs13313561
rs36097841
rs9894680

Location
Intergenic (GRB7-IKZF3)
Intergenic (GRB7-IKZF3)
Intergenic (GRB7-IKZF3)
Intergenic (ERBB2-GRB7)
Intergenic (GRB7-IKZF3)
IKZF3 3'UTR
IKZF3 intron 7
IKZF3 intron 3
IKZF3 intron 3
IKZF3 intron 3

OR
1.444
1.387
1.389
1.384
1.426
1.441
1.426
1.426
1.426
1.416

L95
1.272
1.217
1.212
1.214
1.256
1.255
1.242
1.242
1.242
1.234

U95
1.638
1.581
1.584
1.600
1.618
1.654
1.637
1.637
1.637
1.628

Allelic
association P
value
4.73x10-9
4.90x10-9
5.37x10-9
5.63x10-9
1.45x10-8
1.46x10-8
2.44x10-8
2.84x10-8
2.96x10-8
2.78x10-8

Table 5.1- IKZF3/GRB7 region case control analysis: Table showing the results of the
top ten associated SNPs in the IKZF3 locus region after an allelic association test
using SNPTEST analysis. SNPs are ordered from lowest p value indicating closest
loci where possible. SNPs lacking an “rs” number are SNPs which have not yet
been assigned one. OR (odds ratios) and confidence intervals (Lower confidence
interval of the mean (L95) and upper confidence interval of the mean (U95) are
shown.
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Figure 5.2- Haplotype and LD analysis of a 260kb region around IKZF3 on chromosome 17. The haplotypes and LD were constructed using the
Euro-Canadian SLE GWAS genotype data using Haploview V 4.2. All tagger SNPs are marked by * and the associated risk haplotype boxed in
red. All loci flanking IKZF3 are also indicated; EBBR2- v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2, GRB7- Growth factor
receptor bound protein 7, IKZF3- IKAROS family zinc finger 3, ZPBP2- Zona pellucid binding protein 2, GSDML- Gasdermin B.
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5.2.1 IKZF3 1000 genomes imputation

To ensure all SNP associations were located and identified and to look for coding
SNPs to be analysed, the data were further imputed up to the 1000 genomes density
using IMPUTE v2 (materials and methods section 2.6.5). This imputation increased
SNP converge in the IKZF3region and allowed further SNP analysis.
After imputation I then analysed a 750kb region around IKZF3 to ascertain further
associations using SNPTEST. From these data, SNP rs2941509 (located in the 3′
UTR) was still present as the top associated SNP in the region, with multiple other
SNP associations in close proximity. No coding SNP in IKZF3 was observed and
rs2941509 remained the only transcribed SNP in this region even after imputation.

The LD of this region has already been shown to be very strong and this LD
structure contributes to the multiple signals found. To be able to understand and
locate the causal SNP, I next performed conditional analysis to try and identify the
region or SNP for the association found in SLE cases.

5.2.2 IKZF3 conditional analysis

To locate the SNP(s) causing this association in SLE, I performed a conditional
analysis (material and methods section 2.6.7). Conditional analysis was used as I
was able to remove the top associated SNP from my analysis and analyse the effect
this removal had on the other associated SNPs. This would indicate if the
associations shown were independent associations or associations due to SNPs in
LD. In this analysis I was able to condition on the top associated SNP in the
intergenic GRB7-IKZF3 region, rs11332137. This analysis would remove SNP
rs11332137 from the association test and analyse the other SNPs.
As shown in Figure 5.3, each blue circle represents the original SNPTEST
association result per SNP, and the red triangles represent the results after
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conditional analysis on SNP rs11332317. As demonstrated by Figure 5.3, after
conditional analysis on SNP rs11332317 the associations previously shown in the
surrounding SNPs are no longer present, and fall below genome-wide significance.
These data suggest SNP rs11332317 to be the potential causal associated SNP.
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Figure 5.3- Conditional analysis on SNP rs1332137: Figure shows a scatter plot, with
–LOG10 p values against distance (NCBI B36) across the GRB7-IKZF3 region
(chromosome 17). The blue circles represent SNPTEST results compared to the red
triangles which represent SNPTEST results after conditional analysis on SNP
rs11223217. Arrows indicate SNP rs11223217 before and after conditional analysis.

As there is a region of approximately 750kb with strongly correlated LD, it is
difficult to determine if SNP rs11332317 is the causal SNP or just tagging the
associated haplotype block of SNPs. I therefore performed a further conditional
analysis on the top associated SNP in IKZF3, SNP 2941509 (Figure 5.4). As shown in
Figure 5.4, after conditional analysis on SNP rs2941509, all other associated SNP are
no longer associated and fall below genome-wide significance. Comparing Figures
5.3 and 5.4, it can be seen that after conditional analysis on both SNPs all other
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SNPs fall below genome-wide significance, however after conditional analysis on
SNP rs2941509 the associations are seen to be lower than after conditional analysis
on SNP rs11223217. Also the association in SNP rs11223217 is shown to be even
lower after conditioning on SNP rs2941509 compared to the conditional analysis on
rs11223217. These data suggest a stronger association in SNP rs2941509 in tagging
the associated haplotype block compared to the intergenic rs11223217 SNP.
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Figure 5.4- Conditional analysis on SNP rs2941509: Figure shows a scatter plot, with
–LOG10 p values against distance (NCBI B36) across the IKZF3 region (chromosome
17). The blue circles represent the original SNPTEST results compared to the red
triangles which represent SNPTEST results after conditional analysis on SNP
rs2941509.

5.3 GRB7-IKZF3 intergenic expression

To look for evidence of the functional affect of the intergenic SNPs between GRB7
and IKZF3, I analysed publically available expression data in the Gene expression
Omnibus (GEO) database (Edgar, Domrachev, & Lash 2002) (Materials and
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methods section 2.5.4.1). The GEO database is a repository of expression data
collected on lymphoblastic cell lines (immortalised B cells), I analysed the GSE12526
dataset. This dataset had expression data on 295 mixed population cell lines of
which I analysed 148 CEPH samples. I was able to correlate these expression data
with genotype data available from Hapmap cell lines (CEPH). As previously
mentioned IKZF3 is highly expressed in mature B cells and GRB7 is expressed in all
lymphocytes, therefore GEO database is a good source to use for expression
analyses.
Using these databases I was only able to analyse the intergenic SNPs where data
was available in both databases, I therefore analysed SNPs rs9910678, rs9891131
and rs12946510. Although not all of these SNPs were listed in Table 5.1, due to the
strong LD with rs11332137, all SNPs were expected to give an indicative result.
As shown in Figure 5.5 the expression of GRB7 shows a slight decrease with
heterozygous genotype (carrying one risk allele) compared to homozygous TT
(common protective allele) p=0.061 for SNP rs9910678. Data were not available to
compare the homozygous CC genotype (risk genotype) owing to low frequency.
These data suggests CT genotype for SNP rs9910678 shows lower GRB7 expression
compared to TT genotype.
I further analysed the same intergenic SNP rs9910678 affect on IKZF3 using the
same data. As shown in Figure 5.5, this SNP shows a potential slight increase IKZF3
expression in the homozygous TT genotype, compared to heterozygous CT
genotype p=0.054. Once again no data was available for the CC genotype (risk
genotype). As previously shown in the haplotype data in Figure 5.2, the C allele
was shown to be the risk allele, over-expressed in the SLE cases compared to
controls, on a low frequency haplotype. Data on homozygous CC genotype would
be useful to understand the affect of this genotype on expression of IKZF3. It also
has to be noted that there is a much smaller number of heterozygous genotypes
compared to the homozygous genotypes (for example n=156 for the TT genotype
compared to n=13 for CT in Figure 5.5 IKZF3 SNP rs9910678 analysis). By having
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less heterozygous compared to homozygous it does not show an accurate
expression profile as there are not equal amount of samples to compare.
I further analysed two other intergenic SNPs, rs9891131 and rs12946510. As shown
in Figure 5.5 only SNP rs12946510 showed a statistically significant decrease in
IKZF3 expression with increased numbers of the C allele, p=0.007. Only this SNP
suggested potential decrease in IKZF3 expression with the risk allele (C), however
this is also the only SNP analysed where data on all three genotypes were present.
Therefore from these expression data it is not possible to categorically delineate a
casual effect of these intergenic SNPs on either IKZF3 or GRB7.
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GRB7

p=0.061

p=0.061

p=0.054

IKZF3

p=0.054

p=0.054

p=0.007

Figure 5.5- Expression data on intergenic SNPs: GEO database data demonstrating
the effect of the intergenic SNPs rs9910678, rs9891131 and rs12946510 on IKZF3
(probe 221092_at) and GRB7 (210761_s_at) expression levels according to genotype.
p values are demonstrated and n values for each genotype are shown. P values for
SNPs rs9910678 and rs9891131 were delineated using an unpaired t test, and the p
values for SNP rs12946510 were delineated using a 1-way ANOVA test.
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5.4 IKZF3 tagger SNP expression

Using the publically available GEO database as mentioned above, I further
analysed nine haplotype tagger SNPs as previously shown in Figure 5.2. These
SNPs tag the low-frequency risk haplotype and could potentially alter IKZF3
expression levels. As demonstrated in Figure 5.6, of the nine SNPs only SNP
rs2941509 showed a difference in expression levels between GG and GA, p=0.050.
However, once again I was unable to analyse the risk allele due to low frequency,
furthermore there were lower numbers of heterozygote genotypes compared to the
homozygous genotypes. These differences have to be considered when interpreting
these data. These data suggests the association found in this IKZF3 region is
potentially deduced by SNP rs2941509, and this SNP may contribute to lower
IKZF3 levels in SLE patients, hence increasing their potential risk to the disease.
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p=0.222

p=0.222

p=0.050

p=0.139
p=0.195

p=0.279

p=0.223

p=0.223
p=0.279

Figure 5.6- Expression data on IKZF3 tagger SNPs: This Figure shows the
expression levels of IKZF3 correlated with polymorphisms at nine SNPs which tag
the risk haplotype in IKZF3 from the GEO database. Each SNP is indicated along
with the expression level genotype and p value after a t-test analysis. SNPs are
ordered according to the genome (3' to 5' orientation).
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As I only analysed the CEU population in the GEO database, I further investigated
the minor allele frequency (MAF) of SNP rs2941509 in a number of populations
using Hapmap data. As shown in Table 5.2 the northern and western European
populations have a more common risk A allele (CEU) compared to those of
southern European ancestry (TSI). The frequency of the risk allele A in the northern
and western European populations is double that of the southern European
populations (3% vs. 1.7%). However the African populations (YRI and ASW) show
the highest MAF frequency. These data suggest the risk A allele to be more
common in people with African ancestry, suggesting further investigation into this
population may show a greater reduction in IKZF3 expression. As previously
mentioned, the prevalence and severity of SLE is greater in non-Caucasian
populations. By performing trans-ethnic studies it increases the power to detect
minor alleles in other populations and allows further understanding into SNPs
which are population specific. These data shown in Table 5.3 show a potential role
for IKZF3 in SLE in the African population and should be investigated further.

rs2941509
CEU
JPT
YRI
ASW
GIH
TSI

MAF (%)
3.0
0.6
30.0
18.0
1.7
1.7

Table 5.2- SNP rs2941509 allele frequencies across populations: Table shows the
minor allele frequency (MAF) percentage of SNP rs2941509 in a number of
populations. Table demonstrates the following populations; CEU (Utah residents
with northern and western European ancestry), JPT (Japanese in Tokyo), YRI
(Yoruba in Ibadan, Nigeria), ASW (African ancestry in southwest USA), GIH
(Gujarati Indians in Houston Texas) and TSI (Tuscans in Italy).
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5.4.1 Affect of IKZF3 tagger SNPs on GRB7 expression

As there were no expression data available to analyse SNPs in GRB7 and their effect
on expression levels on both IKZF3 and GRB7, I further analysed the effects of the
IKZF3 tagger SNPs (Figure 5.6) on GRB7 expression (Figure 5.7).

p=0.228

p=0.053

p=0.228

p=0.008

p=0.500

p=0.228

p=0.053

p=0.054

p=0.053

Figure 5.7- IKZF3 tagger SNPs’ effect on GRB7 expression: This Figure shows the
expression levels of nine SNPs which tag the risk haplotype in IKZF3 and their
affect on GRB7 expression levels, from the GEO database. Each SNP is indicated
along with the expression level genotype and p value. SNPs are ordered according
to the genome (3' to 5' orientation).
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As demonstrated in Figure 5.7, only one of these IKZF3 tagger SNPs (rs9894370) are
showed to decrease GRB7 expression with the increasing number of risk alleles (one
if heterozygous and two if homozygous). Although these SNPs do not seem to
lower IKZF3 expression levels as they do GRB7 levels, it suggests these SNPs play
an important role in the regulation of GRB7. IKZF3 SNPs may play a key role in the
regulation of GRB7; however, as little is known about GRB7 and its biological
function in the immune system, it suggests IKZF3 to be a more of a potential
susceptibility gene in SLE compared to GRB7. In addition, SNP rs2941509 is the
only coding SNP associated in IKZF3 and this is the only SNP which alters IKZF3
expression, supporting the role of IKZF3 in SLE pathogenesis compared to GRB7.
I therefore further explored the top associated SNP in IKZF3, SNP rs2941509 to
identify the role this SNP is playing in IKZF3 expression levels.

5.5 IKZF3 PeakPicker analysis

To analyse the hypothesis of the 3'UTR SNP rs2941509 affecting the expression of
IKZF3, I examined IKZF3 expression in ex vivo B cells using a PeakPicker approach
(materials and methods section 2.5.3). This assay allows each peak from the SNP of
choice to be normalized against a genomic sample and the ratios between each
allele compared. For this assay, nine heterozygous healthy twins for SNP rs2941509
were recruited from the Twins repository (Professor Tim Spector of King’s College
London). This SNP was selected as it was the only coding SNP available and was
the top associated SNP in this region. For each twin, PBMCs were isolated followed
by B cell isolation. B cells were isolated as IKZF3 is highly expressed in mature B
cells and in separating these cells from PBMC’s I was able to recover a B cell sample
of 98% purity (material and methods section 2.4.2). RNA and cDNA were made
and a standard PCR (as described in the materials and methods sections 2.5.1 and
2.5.2) was performed to amplify a 400bp region of SNP rs2941509. After each PCR
the samples were validated by electrophoresis, and the samples were sequenced.
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Sequences were then analysed using BioEdit to ensure heterozygous genotype
(Figure 5.8), and analysed using the PeakPicker software.

Figure 5.8- Electropherograms of a heterozygote for SNP rs2941509: Representative
gDNA (top panel) and cDNA (lower panel) sequence electropherograms from a
heterozygous twin, as indicated by the red arrow. The G and A alleles are shown to
be at a 1:1 ratio in the gDNA compared to the cDNA which shows the G allele to be
over-expressed compared to the A allele.

Using the PeakPicker software, I compared the heterozygous cDNA samples to a
heterozygous genomic DNA sample. An allelic imbalance, if present, could be
determined as peaks were normalized against the genomic DNA sample as
genomic DNA is assumed to have 50:50 ratios between each allele. Once all ratios
were determined the ratios were then analysed in Prism.

As shown in Figure 5.9, the G allele (the more frequent protective allele) of SNP
rs2941509 is expressed 1.8x greater than the A allele. As previously observed in
Figure 5.2, the minor allele A was shown to be increased in SLE cases compared to
controls, as shown on the low risk haplotype of 3%. Hence, these twin data suggest,
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in controls the G (protective) allele is expressed almost double that of the risk A
allele, with a p value of 0.001. SLE patients are therefore approximately 50% more
likely to express the A (risk) allele which reduces IKZF3 expression. Further
analysis into this hypothesis would be needed by performing this assay on SLE
patients.

p=0.001

Figure 5.9- SNP rs2941509 allelic imbalance analysis: This graph demonstrates the
difference in expression ratios between the risk A allele of SNP rs2941509 and the
protective G allele, in nine healthy individuals. These alleles were analysed from
purified B cells. All allele ratios were calculated using the PeakPicker software and
a t-test showed a significant p value of 0.001.

5.6 IKZF3 transcript verification

By analysing the publically available databases, I found that there were 17 potential
IKZF3 transcripts (AceViews in UCSC). Using the cDNA sequences available in
UCSC I was able to align these sequences (Figure 5.10). Using BioEdit, an aligning
programme, I was able to align all 17 cDNA sequences. I used the positions from
UCSC and Ensembl for the Exon and Intron boundaries, I identified transcripts
with missing or extra sequence.
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Figure 5.10- Predicted IKZF3 transcripts: Alignment of the 17 possible transcripts
for IKZF3 as predicted by UCSC AceViews. Each transcript varies in exon numbers,
and all alternative exons are indicated by an ‘a’. Each alternative transcript is coded
by letters as per UCSC genome browser. All transcripts are depicted in a 3' to 5'
orientation and approximate intron sizes are indicated. SNP rs2941509 position is
indicated with a red dotted line and red arrow.
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The number of exons varied between the 17 transcripts. To analyse these transcripts
further, and to identify true transcripts, I separated PBMCs from four control
samples and performed RT-PCR to identify the transcripts (primers indicated in
Figure 5.12). Initially I was unable to obtain any transcripts from the samples. I then
extracted B cells and performed an RT-PCR on these cDNA samples. From these
samples I was able to obtain and analyse a number of IKZF3 transcripts. As IKZF3
is predominantly expressed in B cells, using PBMCs may have diluted the
transcripts and therefore by taking only B cells I was able to enrich for IKZF3 and
therefore identify the transcripts Figure 5.11.
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Figure 5.11- Electrophoresis gel of IKZF3 transcripts: Electrophoresis gel of IKZF3
transcripts from purified B cells from three samples. Each sample is loaded in three
wells, wells labelled G, O, P, correspond to the primers used for a general,
transcript O and transcript P, respectively. The lane labelled G (general) indicates a
pair of primers which were common to transcripts B,I,G,E,D,C,A,Q,NM,L,K,J,H
and F as demonstrated on Figure 5.10, according to UCSC AceViews. All blanks
are indicated and Hyperladder I is shown on the left-hand side of the gel and
Hyperladder VI on the right-hand side.
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As shown in Figure 5.12, I identified three of the predicted 17 transcripts (N,O and
P). Transcript N was shown to be the full length transcript will all exons, however
as per predicted AceView sequence, this transcript lacked part of the 3΄UTR.
Trancript O consisted of only exon 7 and 8 and again lacked part of the 3΄UTR.
Transcript P lacked exon one, two and seven; however had full length exons three,
four, five and six. This transcript only had a partial sequence of exon 8 (Figure 5.12).

Figure 5.12- Identified IKZF3 transcripts: A schematic representation of the three
IKZF3 transcripts identified in B cells. All transcripts are shown in a 3' to
5'orientation and are labelled as per Figure 5.10. Approximate intron sizes are
indicated where possible and only transcript N shows the full length transcript. RTPCR primers are indicated with arrows.

These data indicate differences in IKZF3 transcripts which are important for the
genetic analysis. For example, the associated SNP rs2941509 is located in the 3'UTR,
hence suggesting only transcripts with the full length 3'UTR (B, I, G, E, D, C and A)
would carry this SNP. To further analyse these findings, transcripts would have to
be analysed to verify identification of transcripts, and possible analysis in other
cells such as T cells should be performed. This would allow identification of
multiple alternative transcripts and show possible correlation between transcripts
present and genotype.
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5.7 Discussion

These results here presented demonstrate IKZF3 to be a strong candidate gene in
the pathogenesis of SLE. As previously mentioned, IKZF3 and the region around
this locus on chromosome 17 has been identified to be associated with a number of
other autoimmune diseases; Crohn’s disease (Franke et al. 2010), primary biliary
cirrhosis (Hirschfield et al. 2009;Hirschfield et al. 2010;Liu et al. 2010), RA (Stahl et
a;. 2010) and ulcerative colitis (Anderson et al. 2011). Until recently IKZF3 had been
suggested as a possible candidate gene for the pathogenesis of SLE as the Ikzf3-/mouse showed lupus like symptoms with increased inflammation and
autoantibody production (Sun et al. 2003). During the writing of this thesis an
association between IKZF3-ZPBP2 and SLE has been reported in a multiracial
replication study (Lessard et al. 2012). This association was not published at the
beginning of my study into IKZF3, and I therefore used our Euro-Canadian SLE
GWAS cohort to fine map the region around IKZF3. This allowed me to identify
possible associated variants in this region and to ascertain the region of the gene
where the associations were present.
My initial results indicated a region in chromosome 17 to be strongly associated
with SLE (Figure 5.1), and this region was identified as the GRB7-IKZF3 locus. By
performing a case control analysis on these data using SNPTEST, I was further able
to identify a region with 56 associated SNPs in IKZF3. These data suggested the
association peak at chromosome 17 to be associated with IKZF3. However in
analysing the LD structure of this region using Haploview (Figure 5.2), a strong LD
correlation in a 260 kb region around IKZF3 was found. There were five loci present
in this region and this strong LD structure made it difficult to locate the causal
variant or variants. In regions with strong LD such as the one here presented, all
SNPs have a pairwise D' of 99%, hence it is difficult to delineate the causal variant.
To try and ascertain a causal variant in this region of strong LD, I performed a
conditional analysis on this Euro-Canadian SLE GWAS genotype data.
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As shown in Figure 5.3, once I performed a conditional analysis on the top
associated SNP in this region (rs1132317 GRB7-IKZF3 intergenic), all other SNP
associations fell below significance. However, as previously shown in Figure 5.2,
this region is of strong LD, and therefore I was still unable to determine if this SNP,
rs1132317, was the casual SNP of the region or due to strong LD. I therefore then
performed the same conditional analysis on the top SNP associated in IKZF3,
rs2941509 (Figure 5.4). This again showed all other associations to drop below
significance. This also suggested rs2941509, to be a potential casual SNP in this
region, however due to the strongly correlated LD it was difficult to ascertain if this
was the associated SNP or if this SNP tags the association present. However, SNP
rs2941509 seems to carry a marginally stronger association as the conditional
analysis shows all other SNPs to drop association further than the previous
intergenic SNP. To further analyse if this is the causal SNP, re-sequencing of this
region in SLE patients would be needed, and re-sequencing between different
populations would allow the location and identification of recombination and LD
structure. This would allow analysis into the LD structure and verify if there is any
break down of LD in this region.
To verify the role of the intergenic SNPs I analysed expression data from the GEO
database, (Figure 5.5) on both GRB7 and IKZF3. I was only able to analyse the SNPs
available in this database and therefore using the conditional analysis I choose
SNPs in LD with the top associated SNPs which were present in the GEO database.
I therefore analysed SNPs rs9910678, rs9891131 and rs12946510. Although these
were not the top associated SNPs in this region, as all the SNPs are highly
correlated it was expected that these SNPs would give an indicative expression for
the other intergenic SNPs. These data allowed me to ascertain the affect these SNPs
would have on both GRB7 and IKZF3 levels according to genotype. As
demonstrated in Figure 5.5, the heterozygous CT genotype in SNP rs9910678 shows
to lower both GRB7 and IKZF3 expression levels, hypothesising further expression
reduction with homozygous risk CC genotype. As the risk C allele was of such low
frequency, this dataset did not have any homozygous CC individuals for this SNP.
Hence it would be difficult to ascertain the affect of the CC homozygous genotype
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on the expression of these loci. One hypothesis could be a negative correlation
between the C allele and both GRB7 and IKZF3 expression. As seen in Figure 5.5,
the expression levels of both loci decrease in individuals of CT genotype compared
to the TT genotype; from this I can hypothesis a further decrease in expression in
individuals with the CC genotype. GRB7 is a growth factor which is involved in cell
migration, and over-expression has been associated with negative oestrogen
receptor status and increased tumour size in breast cancer (Ramsey et al. 2011).
However, GRB7 has not been reported to play a role in SLE in immune cell
function. The other two intergenic SNPs, rs9891131 and rs12946510, also followed
this expression pattern, with both GRB7 and IKZF3 decreasing with the increasing
number of risk alleles. However it also has to be noted that the number of
heterozygous samples are fewer compared to the homozygote’s available. As there
are not equal number of samples it is difficult to ascertain if the slightly lower
expression seen in the homozygous samples are a true indication of lowered gene
expression or due to smaller number of samples. To verify these finding larger
numbers of heterozygote’s would have to be analysed and furthermore
homozygote’s for the minor alleles would also have to be analysed.
As previously mentioned IKZF3 has been associated with SLE, and from these
expression data it could be hypothesised that the risk CC genotype could reduce
IKZF3 levels. This expression reduction could play a role in the pathogenesis of
SLE. The disruption of IKZF3 has shown to induce apoptosis in DT40 (chicken cell
lines) (Narvi et al. 2007). This disruption also causes defective Immunoglobulin
gene conversion, reducing the somatic diversity of the BCR repertoire (Narvi et al.
2007). This in turn causes a hyper-responsive BCR (Wang et al. 1998) and signal
response (Cariappa et al. 2001). By a CT and CC genotype of SNP rs9910678
reducing IKZF3 expression levels, this may lead to reduced somatic diversity of the
BCR, causing the BCR to lower its binding affinity and become hyper-sensitive.
The genotype of patients for SNP rs9910678 may also correlate with disease
severity, as a positive correlation between the number of risk C alleles are present,
it may also correlate with increase disease severity. In activated T cells it also has
been reported that IKZF3 in an IL-2 environment, dissociates from Ras allowing
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IKZF3 to translocate to the nucleus and bind Bcl-2 promoter via IKZF3 binding sites
within the promoter of Bcl-2, inducing Bcl-2 expression and hence inhibits
apoptosis. With this reduction in IKZF3 expression the inhibition is hindered,
causing an impaired apoptotic mechanism, a characteristic of SLE. Therefore,
variants such as rs9910678 which are shown to be associated with SLE and cause a
decrease in IKZF3 expression levels play a key role in the pathogenesis of SLE
through mechanisms described above.
I then analysed nine IKZF3 tagger SNPs which tagged the associated low frequency
haplotype (Figure 5.2) using the GEO dataset. As seen in Figure 5.6 although all
SNPs tagged this associated haplotype and are all strongly correlated with the top
associated SNP rs2941509, no other SNP showed a significant correlation with
increasing or decreasing IKZF3 expression levels. These results again suggest SNP
rs2941509 as being the possible causal SNP in this risk haplotype block, and the
association found may solely be due to this variant. Interestingly, in analysing the
MAF of variant rs2941509 across multiple populations (Table 5.2), it was shown
that people of African Ancestry are have a MAF six to ten times more that those of
European ancestry. As previously mentioned, people of non-European ancestry are
more prone to SLE. By having an increased MAF this increases the potential of this
variant causing lowered IKZF3 expression.
I then analysed the same set of IKZF3 tagger SNPs on GRB7 expression Figure 5.7.
As the previous results showed, the expression of GRB7 also decreased with the
number of risk alleles increasing. Interestingly only SNP rs99894370 showed to be
statistically significant. Although all these expression data do not allow me to
conclude or discriminate between GRB7 and IKZF3, I focused my following
analysis on IKZF3 as I believe it to be more biologically relevant to SLE
pathogenesis.
I then further analysed IKZF3 SNP rs2941509 using an allelic imbalance hypothesis.
(Ge et al. 2005) reported the analysis of allelic imbalance using the PeakPicker
software. This method calculates the ratio between alleles of a given SNP. In a
normal heterozygous genotype it is assumed that both alleles are expressed at the
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same ration, 1:1. However, with SNPs such as rs2941509 showing a correlation
between genotype and expression levels, it can be hypothesised that the risk allele
is being expressed at a greater ratio compared to the protective allele. For this
imbalance assay, heterozygous individuals are used to be able to compare each
allele. By using this approach I analysed SNP rs2941509. I used this SNP for a
number of reasons, firstly it was shown to be the causal SNP after genetic analysis,
it also showed a difference in IKZF3 expression from the GEO data and finally it
was the only transcribed SNP available for analysis. I selected twins, as described
previously (materials and methods section 2.1.8) that were heterozygous for SNP
rs2941509 and performed an allelic imbalance assay using PeakPicker, on cDNA
from their B cells. As IKZF3 is predominantly expressed in B cells, I used only B
cells for my analysis as this allowed me to enrich for the IKZF3 transcripts. As
shown in Figure 5.9, the protective G allele is expressed approximately 1.8x greater
than the risk A allele. As the cohort of twins I used was healthy controls, these
results suggest an imbalance between the alleles in SNP rs2941509. From these data
I can hypothesise that SLE cases to have either an increased expression of the risk A
allele or an under-expression of the G protective allele. As already demonstrated
previously, people of heterozygous genotype AG produce lower IKZF3 levels
compared to those of GG genotype. This under-expression of IKZF3 could be due to
allelic imbalance seen in the top associated variant rs2941509.
By using healthy individuals for the analysis of this SNP I was able to ascertain the
ratio of each allele in a healthy environment. One advantage of using this strategy
is that disease state is not present and therefore shows IKZF3 expression at a
healthy state. However, by not using SLE patients I have to hypothesis that the
allele expression is inverse to that seen in the healthy controls. This may not always
be the case because as previously described SLE is a heterogeneous disease with
multiple implicated pathways leading to disease. Other factors within the disease
such an increase in other inflammatory mediators, such as IFN-γ, may play a role in
mediating IKZF3 expression, which has not been taken into account when
analysing the healthy individuals.
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I finally explored the potential 17 IKZF3 transcripts described in the UCSC genome
browser. Using primers specific for these transcripts, I performed an RT-PCR on B
cells collected from controls. As shown in Figure 5.12, I identified three of the
predicted 17 transcripts. The differences in these alternative transcripts highlight
the importance of identifying the transcripts present in each sample and comparing
transcripts in cases and controls. It is also important to verify predicted alternative
transcripts, as I was only able to identify three of the 17 transcripts. By being able to
identify the transcripts, a correlation between associated variants, transcripts and
transcript levels can be ascertained. For example, the top associated variant,
rs2941509 is located in the 3'UTR. As only transcripts B, I, G, E, D, C and A (Figure
5.10) express full length 3'UTR, this variant can only be present in people who
express these transcripts. Furthermore, the identification of variants and their
position in the transcripts is imperative for the analysis of alternative splicing. Full
analysis into the quantification of each transcript would allow better understanding
of transcripts which are predominately transcribed. As shown in Figure 5.11, gel
electrophoresis could indicate partial quantification; however, full quantification of
transcripts using qPCR would be needed.
A correlation between transcripts present and levels of transcripts would allow
better understanding into the role of IKZF3 in SLE. It would also be important to
sequence the region of the variant, rs2941509, as this will verify SNP position. For
example if all transcripts are shorter, like those of Q, N, M, L, K, J, H, F and O
(Figure 5.10) then the variant may be an intergenic SNP and not in the 3'UTR.
Hence a fuller analysis into the intergenic region between IKZF3 and GRB7 would
be needed to understand the possible pathogenic role this variant exerts, and on
which gene. Also if SLE cases are transcribing an IKZF3 transcript more frequently
than controls then this transcript could then be correlated with disease and
genotype for further analysis.
Furthermore, correlation between IKZF3 transcripts and other IKAROS family
members should be analysed. IKZF3 and IKZF1 form homo- and heteromeric
complexes which play a role in lymphocyte development (Morgan et al. 1997).
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IKZF3 is the potent transcript of the two, and IKZF1/IKZF3 heterodimers are more
active than IKZF1 homodimers in lymphocyte development. With a reduced IKZF3
expression level there would be less IKZF1/IKZF3 interaction, hindering
lymphocyte development potential causing desregulated T and B cell, both of
which are characteristics of SLE. This lowered IKZF1/IKZF3 interaction could again
be propagated by SNP rs2941509, as people of GA and AA genotype have reduced
IZKF3 expression levels compared to those of GG genotype.

Overall these data suggest IKZF3 to be a good candidate gene in SLE pathogenesis
and further analysis into this locus is needed to fully understand its role. As
described the Euro-Canadian cohort demonstrated multiple associated variants
within the IKZF3 region, in which there were SNPs in intergenic regions between
GRB7/IKZF3 and IKZF3/ZPBP2. However, after conditional analysis it was shown
that SNP rs2941509 was likely to be the causal SNP. The IKZF3 region shows strong
LD across 260kb hence it is difficult to delineate the actual causal SNP. I
hypothesise SNP rs2941509 to be the causal variant as shown in the conditional
analysis. Furthermore both the expression data in the GEO database and the allelic
imbalance analysis showed the risk allele A of this SNP to decrease IKZF3
expression. This decrease in IKZF3 expression would produce a lowered B cell
threshold tolerance and increases pre-B cells by 50% (Wang et al. 1998). A reduction
in IKZF3 causes a break in B cell self tolerance, hence propagating autoantibody
production, as seen in SLE. It is also important to identify the transcripts present
and their quantities; this would further validate the effect the associated variants
have on IKZF3 expression. SNP rs2941509 produces a potential poly-A tail site,
which can cause the transcript to stop transcribing, if this is to be the case in SLE,
this SNP could potentially cause SLE patients to preferentially express a shorter
IKZF3 transcript which may not be as stable as the full length transcript. If this is a
functional SNP causing this alternative transcript it could account of the lower
IKZF3 levels causing SLE-like symptoms, and hence could be a potential
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therapeutic marker. Further analysis into the functional consequences of this SNP is
needed.
For these reasons and from the data here presented, IKZF3 is shown to be a good
SLE candidate and further confirms the previous association with SLE. During the
writing of this thesis a further association was published in the IKZF3 locus region
(Lessard et al. 2012). This study demonstrated an association between SNP
rs8079075 in both European and African American populations. These findings
further suggest ethic mapping of this locus would further elucidate the
pathogenesis of SLE. Further work into IKZF3 transcript analysis is needed and
correlation with genotype would demonstrate subphenotype differences in the
pathogenesis of SLE. From this it can then be deduced the potential role of IKZF3 in
SLE pathogenesis and whether this role is solely based on IKZF3 or the interactions
with other IKAROS family members.
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Chapter six
Overall discussion and future work
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6.0 Overall discussion and future work

Collating all the data here presented in this thesis, I was able to fine map the three
potential SLE candidate genes; IL18, IL10 and IKZF3 and showed the importance of
replicating previous studies and the need for larger study cohorts. I also showed
the importance of serum sample storage for cytokine quantification. All of which
are important factors to consider when analysing both potential associated genes
and gene products in the context of understanding SLE pathogenesis.
Many genetic studies in SLE and other complex genetic diseases have been based
on relatively small cohorts with limited number of patients and usually from one
population. As shown by my work on IL18, such small studies are prone to false
positive results or correlation with a specific population. Therefore, before further
functional investigation into these loci, replication and fine mapping is needed in
larger cohorts. The IL18 genetic data showed that I was unable to replicate the
previous reported association in SLE, in my cohorts. I therefore analysed this
association in a published GWAS cohort and a larger SLE Euro-Canadian GWAS,
all of which showed that I was unable to replicate the previous findings (Sanchez et
al. 2009).

I also looked at different populations and subphenotypes of SLE,

however as previously described I was not able to replicate the previous findings or
shown any novel associations. These data in IL18 contribute to the current
knowledge on this locus in SLE. There are a number of reasons as stated in the
introduction as to why IL18 is a good SLE candidate gene. Furthermore, the genetic
data, before the start of this thesis, also added to this reasoning. However, my data
show that this reported association cannot be replicated and I have explored many
possible reasons for this, all of which suggests the previous association could either
be due to a subphenotype in a sub-population or perhaps more likely, a false
positive result. With the ever increasing number of GWAS’s and candidate gene
studies, it is imperative that all associations are replicated to ensure that the results
obtained are not merely a sporadic or false positive result.

214

However, one limitation of my genetic work in IL18 was in order to fully
understand if the previous association (Sanchez et al. 2009) was a false positive I
would have to further analyse the published cohort. This would allow me to
replicate the previous findings in a more similar cohort, of similar population
structure and subphenotypes. I would have to ensure that both the published study
and my study had the same number of SLE patients within each subphenotype.
This would ensure that the replication was done between two similar cohorts and
therefore if a replication could still not be found I could hypothesis that the
published work was due to a false positive, rather than a miss-match in
subphenotype or sub-population numbers. This analysis would further confirm or
disprove my current genetic work in IL18 and further add to the current knowledge
of SLE pathogenesis.
Furthermore, I was also able to demonstrate the difficulties of measuring IL-18 in
patient serum which was stored for a number of years. As previously described, my
data on IL-18 serum levels show variability not only between SLE cases and healthy
controls, but also between serum of SLE cases which were stored versus fresh
serum which showed lower IL-18 serum levels but a lower variability rate. The
freeze-thaw experiment where I was able to freeze and thaw a fresh serum sample
showed an initially increase in IL-18 serum levels followed by a steady but not
statistically significant decrease in IL-18 serum levels. These data suggest that
cytokines such as IL-18 which are present in two forms, free and bound to its
respective binding protein, when encountering a temperature difference causes
more cytokine to be released and hence show an increase in cytokine levels in the
serum.
One limitation of my study in the measurement of IL-18 serum levels was that the
samples initially used were stored for a number of years and were at room
temperature for an un-known period of time, due to blood samples being sent to
the laboratory. As I am unable to quantify the length of time the samples were at
room temperature or if the samples once extracted to serum were kept at -80°C
until used, it does not allow me to show a clear IL-18 serum measurement in my

215

cohort. Using these samples was a limitation to my work and in order to fully
understand the levels of IL-18 in the serum of SLE patients I would have to ensure
that all serum samples used for the ELISA were fresh serum samples. These
samples would be processed as soon as blood collection took place and kept at 80°C until used. All samples would also have to be aliquoted into single use vials to
ensure samples being used in the ELISA were only thawed once. This would allow
me to have a much more accurate study as I would be using serum samples which
were all handled and stored in the same manner, hence IL-18 levels should not
show variability due to differences in storage.
Furthermore, in my study of measuring IL-18 serum levels I used a commercially
available ELISA kit which only measured free IL-18. As previously mentioned IL-18
is in two forms, free mature IL-18 which is biologically active and IL-18 bound to its
respective binding protein (IL-18BP). As I only measured free IL-18, this again is
another possible limitation to my study as I did not measure total IL-18. By not
taking into account the amount of IL-18 bound to IL-18BP, I am unable to
determine the total amount of IL-18 in the serum of these SLE patients. I also did
not determine the amount of IL-18BP which would give further insight into the role
of IL-18 in SLE. Recent published reports have begun looking at both IL-18 and IL18BP in the serum of lupus nephritis patients (Shimizu et al. 2012). These reports
suggest IL-18 to be elevated in SLE patients both with and without glomerular
infiltration, compared to IL-18BP which was only increased in patients with
glomerular infiltration. Studies such as these give a better insight into the role of IL18 in SLE and show the amount of each form and how it affects SLE pathogenesis.
A study similar to this would allow me to ascertain more accurate understanding of
IL-18 serum levels and its possible role in the pathogenesis of disease.
However, my data contribute to the current knowledge of cytokine storage and
serum levels and demonstrate a difference between storage times and IL-18 serum
levels. My data demonstrate the need to take into account the length of time serum
is exposed to different temperatures when interpretation published results. Current
published data have shown different results, with Park et al. 2004 reporting mean
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IL-18 serum levels in active SLE patients of 721.23 pg/ml, compared to 343.6 pg/ml
in inactive SLE patients and 13.3 pg/ml in healthy controls. In this study the serum
samples were immediately processed and stored at -20°C. However other studies
such as (Wong, Li, Ho, & Lam 2000), reported a median IL-18 serum level of 320
pg/ml in SLE patients compared to 130.1 pg/ml in healthy controls. This study does
not report the length of time until storage; however it states that the serum was
stored at -70°C. Finally Novick et al. 2010, reported a mean IL-18 serum levels of
398 pg/ml in SLE compared to 64 pg/ml in healthy controls. This study again does
not state the length of time the samples were at room temperature before
processing and these samples were also stored at -20°C. After performing my
studies on IL-18 serum levels it demonstrates that interpretation of these published
reports have to take into consideration the handling and storage of the serum
samples. This would ensure that cytokine data reflects disease state rather than
variable results due to handling and storage of samples.
My data also demonstrate that factors such as differences between ELISA kits
should be considered when interpreting published data. Before my initial study
into IL-18 serum levels, according to the literature, there were many published
reports using a range of ELISA kits which detected high levels of IL-18 in the serum
of SLE patients. As demonstrated by my work here, I was unable to find high IL-18
serum levels in my cohort. This may have been due to the handling of the samples,
as previously discussed or due to differences in ELISA kits. The ELISA kit used for
this thesis was matched antibody-pairs where as others had used pre-coated ELISA
plates (Park et al. 2004). These pre-coated plates may have been more sensitive and
hence allowed a more accurate measurement of IL-18.

Future experiments into the interplay between IL-18 and IL-18BP could be
performed. This would add to my current work and give a more accurate
measurement of the total IL-18 in the serum of SLE patients. Fresh serum samples
from SLE patients would be obtained and processed immediately. ELISA’s for both
IL-18 and IL-18BP would allow for quantification of both and ascertain total free
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biologically active IL-18. Furthermore these results could be verified firstly through
protein quantification using a Western blot approach followed by a flow cytometry
approach. Further investigation into IL-18 serum levels and disease severity would
also add to my current work. Both serum and urine samples could be taken from
non-active SLE and renal SLE patients and the amount of IL-18 and IL-18BP
measured using an ELISA approach. This would ascertain differences between
disease severities and indicate differences, in any, of both IL-18 and IL18BP levels
and differences in IL-18 levels in the serum and urine of patients.
This would allow a greater understating into the role of IL-18 in SLE and indicate
possible pathways in which it plays a role. These analyses could then be analysed
between autoimmune diseases which share common pathways. Overall the work
here presented on IL18 genetics and IL-18 serum levels adds to the current
knowledge of this cytokine’s role in SLE and indicates possible methodological
limitations which should be considered when interpreting published data.

The analysis into the genetics of IL18 suggested that replication of previously
associated SNPs is imperative for the understanding of the pathogenesis of SLE. For
this reason, I began to look at another locus, IL10, which had a reported association
in a large GWAS and replication study. As described in the introduction, IL-10
plays a role in immune-stimulation of CD8+ T cells in the presence of other
cytokines such as IL-18 (Cai et al. 1999). Hence suggesting if an association was
found in IL10 it could be increasing the stimulation of CD8+ T cells and therefore as
levels of IL-10 increase in the serum, so too would the levels of IL-18. This is a
possible explanation as to why levels of these cytokines are elevated in SLE and
may account for published reports on elevated IL-18 but no genetic association in
IL18. However, as demonstrated by my work in IL10 not only is replication of
previous studies needed, but also determining the causal factor for the association.

As SLE is a heterogeneous disease which affects non-European more so than
Europeans, sub-population and subphenotype analyses are needed. As shown in
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the IL10 section of this thesis, I was to replicate the previous association with
rs3024505 in the Euro-Canadian GWAS and Genentech cohorts but not in the
SLEGEN cohort. However, in analysing population structure in these cohorts and
performing a meta-analysis I was able to determine strong association with SNP
rs3024505 in SLE. This analysis also showed that the association present was mainly
from the northern European cohorts; however the cohorts I used for this thesis had
a northern European bias.
This work in IL10 shows that in many cases with SLE, due to the complexity of the
disease, population structure analysis is needed to fully understand the results
obtained. One may believe, after an initial analysis the replication of a previously
reported association was not achieved or present in the full cohort. However as for
IL10, when analysing a sub-population, the association was present strongly in the
northern European population. This work on IL10 is important and contributes to
the current knowledge into IL10 polymorphisms and SLE. This work shows the
importance of sub-population analysis and again emphasises the heterogeneous
complexity of this disease.

The genetic data here presented on IL10 also

demonstrates that IL10 is a SLE susceptibility gene which warrants further
investigation to fully understand the role in SLE pathogenesis. As previously
mentioned, IL-10 is an important cytokine in immune-regulation by downregulating pro-inflammatory cytokines such as IFN-γ, TNF-α and GM-CSF through
macrophage inhibition. It also plays an important role in B cell maturation and
hence antibody production. Polymorphisms in IL10 can lead to an increased
inflammatory response and antigen presentation leading to hyperactive B cells and
possible production of autoantibodies, all of which are characteristics of SLE. It is
therefore important to understand the genetics of IL10 which may cause an
imbalance in IL-10 leading to disease.
If I was not bound by the time constraints of this thesis, I would further collate full
subphenotype data from the Euro-Canadian SLE GWAS cohort and perform a
subphenotypes analysis. For each of these analyses I would also perform a subpopulation analysis between Northern and Southern European populations. This
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would allow me to ascertain if a subphenotype/sub-population together had an
effect on IL10 polymorphism in SLE. I would also analyse IL-10 serum levels in
these samples and correlate these with genotypes. This would allow the
understanding if the top associated IL10 SNP, rs3024505, had a functional effect on
IL10 expression and hence serum levels. This assay could be performed using an
ELISA approach, as for IL-18, or through intracellular FACs analysis.
Furthermore, in this thesis I was also able to analyse a new large Euro-Canadian
SLE GWAS which was on-going, lead by Professor Tim Vyse. From this large
dataset a novel locus, IKZF3, was shown to be associated with SLE. As previously
mentioned lowered IKZF3 levels causes increased apoptosis and spontaneous
production of autoantibodies. From the data here collated in this thesis I showed a
novel variant, rs2941509 to be the possible casual SNP which contributes to SLE
pathogenesis. My genetic data were further supported by expression data on both
IKZF3 and the adjacent GRB7 which showed rs2941509 to effect the level of IKZF3
where by people of the GA genotype to express lower levels of IKZF3 compared to
GG genotype. From these data I hypothesis SLE patients of the AA genotype would
have further IKZF3 reduction. Furthermore, when analysing the expression levels
of each allelic variant, the IKZF3, through a PeakPicker approach, the G allele was
expressed approximately 1.8x greater than the A allele in controls, again suggesting
that SLE patients could potentially express higher levels of the A allele or lower G
allele, increasing their risk of SLE.
However, there are a number of limitations to my study on IKZF3. Firstly the
expression analysis using the GEO database was from B cell lymphoblastic cell line
population. IKZF3 is expressed in B cells, CD4+ and CD8+ T cells, monocytes, NK
cells and dendritic cells. As I only looked at lymphoblastic B cell lines expression
profiles, I did not analyse fully the expression correlation of IKZF3 and genotype in
individual cells. Therefore to be able to fully understand a correlation between
IKZF3 and genotype in SLE, expression analysis into individual cells, such as using
purified T cells, would add to my study and allow me to have a more accurate
expression correlation with genotype.
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Furthermore, the PeakPicker analysis performed in this thesis was done using a
healthy twin cohort. This cohort was used as I was a good and accessible cohort
where I was able to select for genotype. Although this gave me a good insight into
differences in allele expression in a healthy cohort, I did not analyse this difference
in SLE patients and thus have to hypothesize a potential mechanism. My cohort
also only consisted of 9 healthy controls. To verify these findings this analysis
would have to be performed on a larger cohort and compared to SLE patients. This
analysis was also only done in purified B cells. To further add to my study it would
be advantageous to also look at different cells types such as T cells and ascertain if
this allelic difference is also present in these cells. However, one advantage of using
this healthy twin cohort was that I was able to analyse SNP rs2941509 genotype in a
healthy setting to understand its potential role. My PeakPicker analysis showed a
clear difference between the G and A alleles and hence contributes to the current
understanding of IKZF3 SNPs and their possible role in SLE.
However, one limitation to my transcript analysis work is that these transcripts
were only verified in B cells. Transcript identification in other cell types, for
example in T cells, and in both SLE cases and healthy controls would add to this
current data and allow a better understanding into potential role of alternative
splicing of IKZF3 and SLE.
There are a number of potential experiments and analysis into IKZF3 which would
add to my current data and further explore the potential role of IKZF3. Future work
which I would undertake would be as follows; Once the position of rs2941509 is
verified and shown to be within the 3'UTR further analysis into the effect of this
SNP on IKZF3 expression would highlight a potential role for this gene in SLE.
SNPs in the 3'UTR could affect the regulatory sequences of polyadenylation signals.
If a SNP such as rs2941509 alters this sequence, it would change the
polyadenylation site giving rise to alternative transcripts of the gene. These
alternative transcripts of IKZF3 may be less stable than the full length transcript.
These transcripts could lower IKZF3 expression, which would lead to an increased
rate of apoptosis, pre and immature B cells and spontaneous autoantibody
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production, all of which are hallmarks of SLE. The stability of mRNA may also be
affected if SNPs in the 3'UTR are within cis-acting or trans-acting sequences. This
would alter mRNA half-life hence altering transcript and protein expression.
Finally, SNPs in the 3'UTR may alter miRNA binding sites, this again would change
the binding affinity of miRNA hence transcript expression. If SNP rs2941509 causes
a mutation in a miRNA binding site increasing binding this would lead to genesilencing hence down regulation of IKZF3. A down-regulation of IKZF3 would
again lead to increased apoptosis and altered B cell proliferation, all of which
would contribute to autoimmunity. All these possible SNP affects are possible
avenues which could be explored to further understand the effect of this rs2941509
SNP on IKZF3 expression, and hence its potential role in SLE pathogenesis.

To fully verify the association found in IKZF3 there are a number of further
experiments which I could undertake. Firstly a replication on the Euro-Canadian
SLE GWAS in another cohort would verify the previous associations indicated in
rs2941509. Following on from this I would then look at difference between the
northern and southern European populations and also replicate the study in an
African American cohort. As previously mentioned, the MAF of SNP rs2941509 is
30% in YRI population compared to only 3% in CEU. By replicating this study in an
African American cohort, it would allow me to have a strongly powered study into
this variant to ascertain if it can be replicated and would allow me to find novel
variants which may differ between populations.

This study would also help

ascertain the actual position of the association, if it is SNP rs2941509 and if it is a
true association across populations. This would also allow me to replicate the
published data (Lessard et al. 2012) to further confirm the associations. I would also
perform subphenotype analysis between the populations to correlate if an
association is held in a specific SLE phenotype. For example, as IKZF3 has shown to
play a role in B cell proliferation and a reduction in IKZF3 causes autoantibody
production, I would be interested to verify the differences between mild SLE
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patients and renal SLE patients for IKZF3 genotype. I hypothesise that the more
severe SLE cases would have lower levels of IKZF3, compared to mild SLE.
Future work on IKZF3 would also focus on SNP rs2941509 and the functional
consequence this SNP has on IKZF3 expression. Firstly I would undertake
bioinformatic work to ascertain possible miRNA binding sites at SNP rs2941509
position. This would be done on publically available databases such as
microRNA.org. If a miRNA binding site is found at SNP rs2941509 position I would
then verify these findings by constructing a reporter gene assay. To do this I would
use two samples initially, one homozygous for the G allele and one homozygous
for the A allele for SNP rs2941509. As previously mentioned the frequency of the
risk allele A is only 3% in the CEU population, therefore if I was unable to ascertain
a homozygous sample for this genotype in the CEU cohort I would use samples
from an African-Caribbean cohort as the MAF is approximately 30%. I would PCR
the 3'UTR region for each sample and then clone each fragment into a luciferase
reporter gene. By using samples which are homozygous for each allele I can
determine the affect the allele is having on the miRNA binding site. The reporter
gene construct containing the IKZF3-3'UTR would then be transfected with the
miRNA of interest and an antagomir in an EBV cell line. Hence I will have two
constructs one for each allele of SNP rs2941509 transfected with the miRNA and
antagomir. I would use the miRNA of interest to see if the SNP is affecting its
binding, hence gene expression and also use the antagomir block miRNA for
comparison of gene expression. From these IKZF3 -3'UTR luciferase reporter gene
constructs, the luciferase activity would then be measured and correlated to IKZF3
expression. I would also perform qPCR to verify IKZF3 expression and Western
blot analysis to verify and quantify Aiolos protein levels in each construct. These
results would then allow me to compare both IKZF3 gene levels and Aiolos protein
levels in each homozygous sample and ascertain the functional consequence of SNP
rs2941509.
I would then also look to assay B cells from homozygous samples and treat the B
cells with the miRNA and antagomir. From these treated B cells I would then
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extract RNA, cDNA and protein to perform qPCR and Western blot analysis. This
experiment would allow me to ascertain the affect of the miRNA of interest on
IKZF3 expression and protein production, in B cells. Furthermore I would then also
repeat the luciferase reporter gene assay mentioned above, and transfect this
construct together with the miRNA and antagomir into homozygous B cells. I
would then measure luciferase activity and extract RNA, cDNA and protein for
qPCR and Western blot analysis. This experiment would allow me to ascertain the
affect of SNP rs2941509 on IKZF3 expression in B cells. Added to my PeakPicker
analysis this would indicate the effect of SNP rs2941509 on IKZF3 expression.
I would also verify mRNA half-life or stability in SLE patients and healthy controls
for each genotype of SNP rs2941509. I would do this to ascertain if a certain
genotype is producing more of one IKZF3 transcript compared to other genotypes
and if this transcript is more or less stable, hence affecting gene expression. For this
I would again look at B cells of patients with each genotype GG, GA, and AA and
treat the B cells with the transcript inhibitor actinomycin D. The cells would then be
lysed at different time points using Trizol and IKZF3 expression would then be
quantified using qPCR. From this analysis I would be able to determine a
correlation between genotype and IKZF3 transcript production. This could then
also be repeated in other cells such as T cells and a comparison would ascertain if
there is a difference between cell types.
I would also be interested to look at DNA methylation of IKZF3 between SLE cases
and healthy controls. To do this I would PCR the IKZF3 gene region and perform
bisulphite sequencing. This method adds Bisulphite to DNA where by converting
all cytosines to uracils. This can then be sequenced and the methylation pattern
analysed. I could then repeat this experiment on SLE patient samples with different
genotypes for SNP rs2941509. This would further add to my current work and
understanding of IKZF3 and SNP rs2941509, as this analysis would indicate
differential methylation patterns affecting IKZF3 expression from an epigenetic
point rather than changes in the DNA sequence.
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Finally, as recent reports have suggested Aiolos silences IL2 promoting Th17
differentiation (Quintana et al. 2012). I would like to look into the role of IKZF3 in
Th17 differentiation. I would therefore isolate naive CD4+ T cells from SLE patients
which are homozygous for SNP rs2941509 (GG or AA). I would isolate these cells
using a Miltenyi MACs positive selection approach. The purity of these cells would
then be checked using Facs. Once isolate I would treat cells with IL-6 and TGFβ1 to
allow cells to differentiate into Th17 cells. Once differentiated, IL-2 levels would be
measured either using a Facs approach or a standard ELISA. Levels of IL-2 could
then be corrected with genotype to establish if SNP rs2941509 is contributing to IL2
silencing and hence promoting Th17 differentiation or if this SNP is causing a
possible reduction in IKZF3, hence Aiolos, allowing an increased IL2 expression
and inhibiting Th17 differentiation.

These data in IKZF3 contribute to the current knowledge of the associated loci in
SLE. My data here presented in this thesis show a novel SNP in IKZF3 which shows
promising results, suggesting it is a genetic risk factor for SLE. During the writing
of this thesis a reported association between IKZF3 and ZPBP2 was published
(Lessard et al. 2012). With this published study and the data here presented, a
greater understanding of the role of IKZF3 in SLE pathogenesis can be deduced.

Overall I believe that this thesis helps in the understanding of SLE pathogenesis by
showing the need for larger studies, such as GWASs, to help elucidate the genetic
contribution for SLE.

I have showed the importance of replicating published

associations, especially those which have been performed in small cohorts or in
cohorts of one population. SLE is a complex disease and the different disease
manifestations make delineating the genetics very complicated. Each genetic study
must account for population differences and phenotypic differences, to fully
correlate the genetic contribution of the disease. My thesis contributes to the current
genetic understating in SLE as I was able to analyse a number of potential SLE
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candidate loci, not all of which showed to replicate previous findings. However this
still contributes to the current knowledge on the pathogenesis of SLE as I show the
need for replication of small studies. I also showed the potential pitfalls of cytokine
serum measurement due to handling and storage of samples. This contributes to
the current knowledge of SLE as it highlights the importance of how we
interoperate published data and use it as basis for further experiments.
Furthermore I showed a novel risk locus, IKZF3, and showed preliminary data on
possible functional affects. All these data can further be developed by taking
genetics a step further and performing next generation sequencing on a number of
patients. This would help understand not only the common variants but also the
rare variants which may play a key role in disease pathogenesis.

I therefore conclude that the analysis here presented in this thesis will help
contribute to the current knowledge of the genetics of SLE and shows a number of
aspects such as storage of samples, population structure and subphenotypes are all
important in both genetic and functional assays. All these genetic data can then be
followed through with functional studies to help elucidate the potential cause and
pathways associated with SLE.
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INTRODUCTION
Systemic lupus erythematosus (SLE) is a multisystem autoimmune disease with complex symptoms affecting the skin,
blood cells, kidneys and joints (1). SLE is caused by multiple
environmental and genetic factors, with an incidence of 9:1
females to males, and a peak incidence age of 20 –30 years
in females (2). A number of SLE genome-wide association
studies (GWASs) have been performed, confirming at least
20 risk susceptibility loci (3 – 6). However, there are still a
number of published candidate gene studies which need
further investigation. One published candidate gene is IL18
(7), which reported to have a strong association between a
single nucleotide polymorphism (SNP) (rs360719) at the
IL18 locus, P ¼ 3.8 × 1027, and SLE in three European populations (Spanish, Italian and Argentinean).

IL18 encodes a pro-inflammatory cytokine [interleukin-18
(IL-18)] located within a linkage region of SLE on chromosome 11 at 11q22.2 – q22 (8 – 10), affecting both the innate
and acquired immunity (11). This cytokine is pleiotropic
which is influential to the development of T-helper 1 responses
(12). IL18 is expressed by a spectrum of immune cells such as
natural killer (NK) cells, dendritic cells and macrophages (13),
which induces interferon-g, tumour necrosis factor-a and granulocyte – macrophage colony-stimulating factor production.
Consequently, causing an increase in the cytotoxicity of NK
and T cells (14), a characteristic found in SLE patients.
Elevated IL-18 serum levels in SLE patients were previously reported (11), showing an increase as disease severity
intensifies [361 – 1081 pg/ml in SLE patients compared with
100– 126 pg/ml in controls (15)]. IL18 has functional relevance to OX40L (16), a known SLE risk locus, where it
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Systemic lupus erythematosus (SLE) is an autoimmune disease which behaves as a complex genetic trait. At
least 20 SLE risk susceptibility loci have been mapped using both candidate gene and genome-wide association strategies. The gene encoding the pro-inflammatory cytokine, IL18, has been reported as a candidate
gene showing an association with SLE. This pleiotropic cytokine is expressed in a range of immune cells
and has been shown to induce interferon-g and tumour necrosis factor-a. Serum interleukin-18 has been
reported to be elevated in patients with SLE. Here we aimed to densely map single nucleotide polymorphisms
(SNPs) across IL18 to investigate the association across this locus. We genotyped 36 across IL18 by Illumina
bead express in 372 UK SLE trios. We also genotyped these SNPs in a further 508 non-trio UK cases and were
able to accurately impute a dense marker set across IL18 in WTCCC2 controls with a total of 258 SNPs. To
improve the study’s power, we also imputed a total of 158 SNPs across the IL18 locus using data from an
SLE genome-wide association study and performed association testing. In total, we analysed 1818 cases
and 10 770 controls in this study. Our large well-powered study (98% to detect odds ratio 5 1.5, with respect
to rs360719) showed that no individual SNP or haplotype was associated with SLE in any of the cohorts
studied. We conclude that we were unable to replicate the SLE association with rs360719 located upstream
of IL18. No evidence for association with any other common variant at IL18 with SLE was found.
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has been shown to induce OX40L on stimulated T cells and
dendritic cells (16). OX40L –OX40 interactions were reported
in maintaining T cell memory and survival of activated T cells
(17). Polymorphisms in this gene could result in the imbalance
of the immune response, which is a characteristic found in
SLE. Therefore, IL18 has many characteristics which
suggest it to be an SLE risk locus and so it is a good candidate
gene to investigate further.
Thus, genetic analysis of the IL18 locus in SLE is warranted
on the basis of it being a good functional candidate and prior
genetic data. Here we used a dense marker set across IL18
(Fig. 1) in a European SLE population, and we imputed and
analysed genetic data obtained from a GWAS in SLE.

RESULTS
Three hundred and eighty UK trios were genotyped using a
customized Illumina BeadXpress chip, and the genotype data
were subjected to quality control (QC) checks, as described
in the Materials and Methods. From this, eight families were
removed due to Mendelian errors (families with .5%),
together with SNP 24 (rs4988359) which displayed deviation
from Hardy – Weinberg equilibrium (HWE) (P , 0.001).
Only SNPs with genotyping .90% were analysed. SNP 20
(rs360717) failed to genotype (genotyping ,90%) on the Illumina platform and, therefore, was not included in further
analysis. All other SNPs were within HWE (P . 0.001) and
showed genotyping frequency of .90%.
The transmission disequilibrium test (TDT) analysis on the
372 trios was performed using PLINK-TDT. The results
(Table 1) of this analysis demonstrated that no individual
SNP association was found (P , 0.05). In addition, a
haplotype-TDT analysis using Haploview across the locus
showed no haplotypic associations.
Individual SNP association analysis in UK case – control
cohort (UK|CC)
Owing to the lack of association found in the UK SLE trios
cohort, an independent UK case – control cohort was analysed
to increase the power of the study. This case – control cohort
consisted of 508 UK non-trio cases, which were genotyped
on an Illumina bead express custom chip, and 2910 Wellcome
Trust Case Control Consortium controls (WTCCC2) [previously genotyped (18)]. However, since three SNPs genotyped in the UK cases were not present in the WTCCC2
controls, these SNPs were imputed in the WTCCC2 controls.
In a second phase of imputation, 508 cases and 2910 controls
were subjected to an imputation analysis to impute SNPs
between positions 111 464 762 and 111 653 000 bp (dbSNP
126) on chromosome 11. In total, 258 SNPs were imputed
in this region. Samples were imputed using the 1000
genomes CEU data as the phased reference (HapMap data
were not used as rs360719 is not a HapMap SNP) and trio
parents were used as the un-phased reference panel. Therefore,
the final UK case– control association analysis cohort
(UK|CC) included both genotyped and imputed data from
258 SNPs. All imputed data were subjected to QC checks.
Two samples were removed for poor certainty (,90%).

SNP 9 (rs7938116) and SNP 24 (rs4988359) were excluded
for poor HWE (P , 0.001). All other SNPs showed good
HWE and genotyping greater than 90%. Five hundred and
eight cases and 2908 controls were then subjected to a
case – control analysis using SNPTEST.
First, we analysed the imputed UK|CC cohort for the 36 SNPs
initially genotyped in the UK SLE trio cohort. As seen in Table 1,
rs12797880, rs5744256, rs543810 and rs9919624 showed weak
associations (P ¼ 0.016, P ¼ 0.0027, P ¼ 0.015 and P ¼ 0.036,
respectively; however, after permutations to adjust for multiple
testing (10000 permutations) no individual SNP associations
were found (P , 0.05). To extend this analysis, we analysed the
remaining 222 imputed SNPs for individual SNP associations.
No other strong individual SNP associations were found (data
not presented) (P , 0.05) in the remaining 222 SNPs.
Imputation certainty
To ascertain whether the 1000 genomes CEU data were a good
source to use as the phased reference panel, we imputed the
UK|CC cohort using only the trio parents (n ¼ 744) as the
unphased reference and no phased reference was used. We
therefore imputed all 36 SNPs in both the cases and controls
(508 and 2908, respectively).
After imputation, the probabilistic genotypes were analysed
using SNPTEST; here an additive Frequentist model was
applied. The analysis showed weak individual SNP associations in SNPs rs12797880, rs4937113, rs5744256, rs543810
and rs9919624; however, after adjusting for multiple testing
no single significant SNP association was found. Therefore,
when comparing this with the imputation performed in the
UK|CC cohort, using the 1000 genomes and unphased reference (Table 1), it can be seen that using only the unphased
reference does not alter individual SNP associations. Weak
associations are seen in the same SNPs when comparing
both imputations. Therefore, we can conclude that the 1000
genomes reference data were a good reference set to use for
this imputation, as using only the unphased reference panel
for the imputation gave results similar to when using the
1000 genomes and unphased reference simultaneously.
Haplotypic association analysis
The haplotypic architecture across the locus was constructed
using Haploview, with the solid spine algorithm and a D′
cut-off .0.8. None of the haplotypes showed association (P
, 0.05) in either the UK trios or UK|CC cohort. No risk haplotype (haplotype more prevalent in the cases) or protective
haplotype (haplotype more prevalent in the controls) was
observed (Fig. 2).
Previous association with rs360719 analysis
As previously reported by Sanchez et al. (7), an association
was found for rs360719 (Pcombined ¼ 3.8 × 1027) (our SNP
17) in three southern European populations. Consequently,
we aimed to investigate this potential association further.
SNP rs360719 was not genotyped by Illumina (as described
in the Materials and Methods) because this SNP was
,100 bp away from other genotyped SNPs and therefore
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was genotyped in the UK SLE trios using a Taqman assay and
then imputed in the UK|CC cohort. The Taqman genotyping
for rs360719 in UK trios showed good clustering of genotypes,
indicating an accurate allele call rate. From these results, we
were unable to replicate the association previously found in
this SNP. The UK trio data showed that the A allele was overtransmitted in this cohort and therefore not replicating the previous finding (7) where the G allele was found to be the risk
over-transmitted allele. However, in the UK|CC cohort, the
results show that the G allele was over-represented in the
cases; however, the P-value of 0.6 showed no significant
association.

Power calculation for rs360719
To ensure the two-study cohort had power to ascertain association, a genetic power calculation was performed using the
sample size in the SLE GWAS European American case–
control cohort and UK|CC data. The result showed that we
have 99, 98 and 75% power to detect effect sizes of 1.81,
1.53 and 1.26, respectively, which is the range of odds ratios
(ORs) declared by Sanchez et al. (7), using an additive
model with one degree of freedom. This demonstrates that
the combined data set has sufficient power to detect an association in an SNP (rs360719) if present.
Bayes factors

GWAS imputation and association analysis
As the results in the UK samples show that we were unable to
replicate the previous association (SNP 17 rs360719) (7), we
then used an SLE GWAS (19) data set and we imputed
missing SNPs at IL18 using the 1000 genomes project as reference data and the trios parents as the unphased reference (as
previously described). The European American GWAS genotype data comprised 60 SNPs across this region, where we
again imputed between positions 111 464 762 and 111 653
000 bp on chromosome 11. A total of 158 SNPs were
imputed (including rs360719). The imputation was performed
using IMPUTE V2 in 9170 individuals [1310 cases and 7860
controls (European American), using the 1000 genomes
(CEU) data as a phased reference panel].
Following imputation, the SLE GWAS was analysed using
SNPTEST where no individual SNP association was found.
SNP 17 (rs360719) demonstrated no evidence of an association (P ¼ 0.784); however, the risk allele G, previously
shown to be associated, was found to be equal in both the
cases and controls and therefore we were unable to replicate
the finding by Sanchez et al. (7) in SLE. The marginal evidence of association shown in the UKICC analysis, for
SNPs rs12797880, rs5744256, rs543810 and rs9919624, was
not replicated here. We also did not find any haplotypic association in this cohort.

Rather than formulate our results based on the null hypothesis
of no association (which we fail to reject for rs360719), we
can formally ask the question as to whether the data support
no association (null; OR ¼ 1) or an association as declared
by Sanchez et al. (7). This can be achieved by using the estimated OR and standard error declared by Sanchez et al. (7) to
formulate a prior distribution, and then calculating the Bayes
factor (BF) for the null model against the associated model.
We performed this analysis using SNPTEST.
For the UK case – control data, the BF in favour of the null
was 5.9 which is positive support (20), while for the European
data the BF was 50.5 which is strong. Combining the two BFs
gives a BF of 298 in favour of the null, which is very strong. If
we have equal prior belief in the models then this translates to
a probability for the null of 0.997 [probability of the null given
the data ¼ 0.997; probability that the OR is 1.53 (1.29,
1.81) ¼ 0.003]. The prior belief in models is subjective;
however, the BF is objective and coherent in that it averages
over a plausible range of ORs using the estimate and standard
error declared by Sanchez et al. (7).
Meta-analysis
A meta-analysis was performed on the joint UK SLE cohorts
using METAL (21) in the 36 genotyped SNPs. This analysis
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Figure 1. (A) Gene diagram across chromosome 11 showing SNPs genotyped in this study. (B) IL18 gene showing the six exons along with the SNPs typed in
380 UK SLE trios. SNP 1 (rs7120010), SNP 2 (rs2564866), SNP 3 (rs2853127), SNP 4 (rs891360), SNP 5 (rs2518360), SNP 6 (rs2564871), SNP 7 (rs2518345),
SNP 8 (rs1367038), SNP 9 (rs7938116), SNP 10 (rs11214139), SNP 11 (rs2250417), SNP 12 (rs2518356), SNP 13 (rs11214127), SNP 14 (rs10891337), SNP 15
(rs12797880), SNP 16 (rs11214108), SNP 17 (rs360719), SNP 18 (rs1946519), SNP 19 (rs187238), SNP 20 (rs360717), SNP 21 (rs4937113), SNP 22
(rs360722), SNP 23 (rs360721), SNP 24 (rs4988359), SNP 25 (rs5744256), SNP 26 (rs549908), SNP 27 (rs5744280), SNP 28 (rs543810), SNP 29
(rs243908), SNP 30 (rs578784), SNP 31 (rs4937075), SNP 32 (rs10891323), SNP 33 (rs11214093), SNP 34 (rs360726), SNP 35 (rs10789859), SNP 36
(rs9919624).

Table 1. Allelic association in the UK SLE trio cohort and independent UK|CC cohort
SNP
number

rs7120010
rs2564866
rs2853127
rs891360
rs2518360
rs2564871
rs2518345
rs1367038
rs7938116
rs11214139
rs2250417
rs2518356
rs11214127
rs10891337
rs12797880
rs11214108
rs360719
rs1946519
rs187238
rs360717
rs4937113
rs360722
rs5744256
rs549908
rs5744280
rs543810
rs243908
rs578784
rs4937075
rs10891323
rs11214093
rs360726
rs10789859
rs9919624

Case control, n ¼ 3416 (508 cases, 2908 controls)

Trios 372 families

uPMETA

HWE

Percentage
genotyping

MAF

Alleles
(Maj:MA)

T:U

Chi-square

P-value

HWE

Percentage
genotyping

Associated
allele

Frequency
case, control

Chi-square

P-value

0.025
0.694
0.768
0.909
0.887
0.684
0.755
0.644
1.000
0.422
0.443
0.468
0.576
0.696
0.568
0.334
0.651
0.502
0.088
–
0.181
0.800
0.353
0.443
0.454
0.197
0.442
0.417
0.061
0.219
0.315
0.352
0.451
0.026

99.4
99.3
99.2
98.8
99.2
99.1
99.2
99.1
100
99.1
97.6
98.1
99.2
99.4
99.2
98.8
92.0
98.1
99.2
–
98.5
98.5
99.6
98.0
98.1
96.8
98.5
99.2
98.8
99.5
97.6
99.2
98.0
99.9

0.072
0.272
0.302
0.283
0.283
0.270
0.296
0.305
0.009
0.112
0.473
0.341
0.266
0.267
0.235
0.115
0.298
0.416
0.291
–
0.427
0.096
0.229
0.332
0.347
0.110
0.330
0.297
0.304
0.125
0.430
0.228
0.344
0.013

G:A
T:C
C:T
T:C
G:A
G:A
T:C
C:A
T:C
A:G
G:A
A:G
G:A
C:T
T:C
G:A
A:G
C:A
C:G
–
T:A
C:T
T:C
T:G
C:T
A:G
T:C
C:T
C:G
C:T
T:C
C:T
C:T
G:A

59:44
146:136
150:148
148:139
149:144
142:138
156:146
157:147
7:4
74:72
168:167
152:151
142:130
145:132
129:128
80:69
92:72
171:154
143:132
–
164:162
68:59
126:126
149:145
155:147
83:61
151:143
140:140
143:140
82:78
168:157
136:115
174:162
11:9

2.18
0.355
0.013
0.282
0.085
0.057
0.331
0.329
0.818
0.027
0.003
0.003
0.529
0.610
0.004
0.812
2.43
0.889
0.440
–
0.012
0.638
0.000
0.054
0.212
3.37
0.218
0.000
0.032
0.100
0.372
1.76
0.429
0.200

0.120
0.516
1.000
0.558
0.728
0.767
0.530
0.569
0.405
0.935
0.952
0.823
0.549
0.513
0.951
0.522
0.118
0.386
0.476
–
0.828
0.486
0.900
0.818
0.612
0.103
0.605
0.906
0.814
0.752
0.786
0.351
0.830
0.513

0.198
0.444
0.412
0.431
0.527
0.634
0.853
0.850
–
0.039
0.128
0.717
0.633
0.513
0.573
0.344
0.930
0.199
0.951
0.951
0.859
0.047
0.483
0.899
0.799
0.049
0.780
0.713
0.500
1.0
0.763
0.598
0.087
0.487

99.8
99.8
99.4
99.9
99.7
99.9
99.9
99.8
–
100
97.5
99.9
99.8
99.4
99.4
99.9
100
99.6
99.9
99.9
99.7
99.9
99.9
99.7
99.7
99.8
99.8
99.9
99.8
99.8
99.8
99.8
99.4
100

A
T
T
T
G
G
T
C
–
G
A
G
A
T
T
A
G
A
G
A
A
T
T
G
T
G
C
T
G
T
T
T
T
G

0.089, 0.080
0.268, 0.259
0.303, 0.289
0.283, 0.259
0.287, 0.266
0.266, 0.259
0.281, 0.271
0.294, 0.279
–
0.112, 0.106
0.479, 0.453
0.341, 0.311
0.255, 0.243
0.259, 0.246
0.771, 0.734
0.110, 0.101
0.280, 0.272
0.409, 0.386
0.282, 0.273
0.281, 0.273
0.425, 0.406
0.105, 0.096
0.780, 0.736
0.321, 0.312
0.346, 0.329
0.121, 0.096
0.320, 0.312
0.287, 0.284
0.296, 0.286
0.887, 0.883
0.424, 0.418
0.225, 0.198
0.670, 0.652
0.015, 0.008

0.918
0.361
0.869
2.747
1.86
0.197
0.410
0.984
–
0.378
2.24
3.46
0.717
0.789
5.81
0.846
0.262
1.99
4.07
0.306
1.34
0.896
8.98
0.344
1.05
5.97
0.258
0.048
0.419
0.131
0.132
3.85
1.24
4.39

0.338
0.548
0.351
0.097
0.173
0.657
0.522
0.321
–
0.539
0.134
0.063
0.397
0.374
0.016
0.358
0.608
0.158
0.523
0.580
0.247
0.344
0.0027
0.557
0.305
0.015
0.612
0.827
0.518
0.717
0.716
0.050
0.265
0.036

0.263
0.330
0.336
0.060
0.092
0.413
0.329
0.184
0.405
0.457
0.177
0.113
0.235
0.245
0.021
0.269
0.276
0.058
0.336
0.465
0.166
0.257
0.004
0.540
0.370
0.009
0.529
0.824
0.532
0.526
0.878
0.020
0.307
0.045

Table showing the allelic association comparison between the UK SLE trio cohort and the UK|CC cohort. SNP numbers correspond to those in Figure 1, all HWE and MAF are stated. uPMETA represents the
meta-analysis unpermuted P-value.
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5
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36
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combines the P-values from both cohorts to ascertain association between these SNPs and SLE. From the analysis,
four SNPs were found to have marginal association,
rs12797880 (SNP15) P ¼ 0.021, rs5744256 (SNP25) P ¼
0.004, rs360726 (SNP34) P ¼ 0.02 and rs9919624 (SNP36)
P ¼ 0.045. However, after permutation to adjust for multiple
testing (10 000 permutations), these SNPs showed no evidence
of association.
Subphenotype analysis
We performed a subphenotype analysis on anti-Ro, anti-La,
age of onset (juvenile lupus versus adult lupus and mean age
interquartile range) and renal disease in 508 non-trio cases
using PLINK. No individual SNP association was found in
any of the subphenotype groups.

DISCUSSION
The work presented in this manuscript describes a detailed
fine-mapping of variants across the IL18 locus, in a large
UK SLE data set followed by a meta-analysis and analysis
of a SLE GWAS cohort. The results of the association
studies in the UK SLE trios and UK|CC showed no individual

SNP or haplotypic association observed across IL18. This
suggests that common genetic polymorphisms at IL18 do not
exert a significant genetic effect in the development of SLE.
In this study, we analysed three cohorts to investigate the possible association between IL18 and SLE; however, even in the
largest cohort (GWAS data), no individual SNP association
was found. A power calculation for the imputed case–
control SLE GWAS cohort showed 98% power [effect size
1.53 (7)] to detect a previously reported association. To
confirm our results, we performed a meta-analysis between
the UK SLE trios cohort and the imputed UK|CC. This analysis showed marginal associations in four SNPs; however, after
permutations these SNPs did not demonstrate significant statistical associations.
In this study, we failed to replicate the association found
by Sanchez et al. (7) in rs360719 (upstream of IL18) in our
initial UK cohorts. We therefore imputed European American SLE GWAS data using the 1000 genomes data set as a
phased reference panel, to try and replicate this finding.
After imputation of the SLE GWAS cohort, no association
was found with rs360719, therefore we were unable to replicate the previous finding (7). SNPs in linkage disequilibrium
(LD) with SNP 17 (rs360719) were also analysed to discover whether another SNP in LD with rs360719 was
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Figure 2. (A) UK|CC data showing SNPs which were genotyped and imputed. Haplotype constructed from 508 cases and 2608 controls. Tagger SNPs are indicated by an asterisk. Numbers across the top of the haplotypes correspond to the SNP numbers in Figure 1. The haplotype number is in bold on the left of each
haplotype. Haplotype frequencies are shown after each block in bold. (B) LD plot from Haploview which shows the pattern of LD across the UK|CC population
with the brightest red showing regions of high pairwise D′ .
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MATERIALS AND METHODS
Study cohorts
UK cohort. The UK samples were a collection of UK lupus
patients and parental samples available in the laboratory. In

total, there were 380 trios (parents and their affected offspring). SLE patients were diagnosed through written questionnaires, telephone interviews and clinical notes, and
family members were contacted. Both patients and family
members gave written consent for the use of their DNA for
research within the laboratory. Ethical approval was granted
by the MREC (Multi-Centre Research Ethics Committee). A
total of 2910 Wellcome Trust case control consortium controls
(WTCCC2) were also used for the analysis of data.
SLE European American GWAS cohort. Genotype data on a
total of 1310 cases and 7860 controls (European population)
were obtained from Dr Robert Graham (Genentech) (25).
These controls were of mixed European populations compared
with only a UK population in the WTCCC2 controls. Samples
were subjected to QC tests as reported (19), together with
EIGENSTRAT analysis for population substructure clustering
using 10 principal components. This EIGENSTRAT analysis
excluded 141 samples as described (19).
Sample collection
Preparation of DNA. Whole blood was collected and lymphocytes were separated from whole blood by centrifugation;
genomic DNA was isolated using the phenol-chloroform
method.
SNP selection. Using HapMap B36 assembly dbSNP 126, 21
haplotype-tagging SNPs across IL18 were selected (tagging
parameters set at R 2 cut-off 0.8, MAF cut-off 0.2) together
with 14 functional SNPs from previous association studies
(Fig. 1). SNPs rs360718, rs360719, rs1946518, rs12721559
and rs360721 were removed from selection, as these SNPs
were less than 100 bp apart and therefore could not be
pooled together for the customized Illumina chip.
Genotyping
Samples were genotyped on an Illumina bead express custom
chip at the Oklahoma Medical Research Foundation (OMRF).
SNP rs360719 was genotyped using a Taqman assay from
Applied Biosystems according to the manufacturer’s instructions. The genotype data for the variant were quality controlled using the SDS 2.3 software (Applied Biosystems).
Statistical analysis
All genotype and phenotype data were managed and analysis
files produced within BC|SNPmax (Biocomputing platforms,
Finland).
All data underwent general quality checks which consisted
of Mendelian error analysis (families with .5%) for the
trios along with HWE analysis for both trios and case –
control data (cut-off 0.001).
Haplotype structures were generated for both the UK trios
and the UK|CC cohorts using the solid spine algorithm in
Haploview based on the LD between SNPs (http://www.
broadinstitute.org/mpg/haploview) with confidence intervals
of 0.98 and 0.70 for LD. Markers with minor allele frequencies of ,5% were excluded from the haplotype blocks.
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associated in the European populations; however, no individual SNP associations were found.
A previous association found at SNP rs360719 (Sanchez et al.
(7)) was shown to be strongly associated in a Spanish cohort
(P-value of 7.8 × 1027). As we were unable to replicate this
find in our European cohort, we further explored whether
there are differences in the minor allele frequency (MAF) at
this SNP between southern and northern European populations.
Here we compared the MAF found by Sanchez et al. (7) control
data with our UK|CC control data and dbSNP. The MAF in
Sanchez et al. (7) control data was 25% compared with 27%
in our UK|CC data and 26% in dbSNP CEU control data. This
suggests that the MAF does not differ between the southern
and northern European populations and therefore cannot
account for the association found in the southern European
population. We also hypothesized that the previous association
found was due to long-range LD with rs360719 and other SNPs;
however, after long-range LD analysis of 500 kb up- and downstream of SNP rs360719, we can conclude that no other SNP in
LD with this SNP was found to be associated and therefore
cannot account for the previous association.
Our study covers a wider range across the IL18 locus, genotyping 36 SNPs (Fig. 1A and B) and imputing 158 SNPs in
the SLE GWAS cohort and 258 SNPs in the UK|CC cohort.
We therefore had a dense analysis across IL18 to ascertain
association between these SNPs and SLE. Our cohort sizes
are also large, allowing us to have good power to detect the
previously reported association.
IL18 polymorphisms have previously been reported to be
associated in other autoimmune diseases such as rheumatoid
arthritis (RA) and type 1 diabetes (T1D). SNPs rs1946518 and
rs187238 were found to contribute to RA pathogenesis in
German patients (12) and rs1946518 was found to be present in
younger RA patients (22); this SNP may only be associated
with certain RA disease parameters such as the age of onset. In
our analysis, we are unable to report any associations between
these polymorphisms and SLE. SNPs rs1946518 and rs187238
have also been reported to be associated with T1D susceptibility
and CTLA-4 gene–gene interactions (23), however we did not
find association in either of these SNPs in our cohorts for SLE.
Disruption and differences in transcription binding sites in T1D
caused by IL18 polymorphisms rs1946518 and rs187238 (24)
have been reported, however we again did not find any association
with these SNPs in any of our cohorts with SLE patients. These
findings suggest that IL18 polymorphisms have a greater effect
in other autoimmune diseases compared with SLE.
In conclusion, we found no individual SNP or haplotypic
association across IL18 in the UK samples between the 36
SNPs genotyped or the 258 imputed SNPs and SLE. We
also failed to replicate the association for rs360719 previously
reported (7) after imputation analysis. Therefore, it is unlikely
that common variants in IL18 make a significant contribution
to disease susceptibility in SLE.
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Allelic associations for the UK SLE trios were tested using
the TDT in PLINK, which compares expected and observed
transmission of alleles from parents (heterozygous) to the
affected offspring. Haplotypic architecture of the genotyped
SNPs was constructed using Haploview. A case – control
analysis in Haploview was then performed in UK|CC cohort
and SLE European American GWAS.

Bayes factors

Imputation
The 508 UK cases and 2910 UK controls were subjected to an
imputation analysis to impute SNPs between positions 111 464
762 and 111 653 000 bp (dbSNP 126). A total of 258 SNPs
were imputed in this region using IMPUTE V2. Samples
were imputed using the 1000 genomes CEU data as the
phased reference. Imputed data were uploaded as probabilistic
genotypes and individual SNP associations were analysed
using SNPTEST, while haplotypic associations were analysed
as previously described.
SLE European American GWAS genotype data were
obtained and imputed using IMPUTE V2 (26) within
BC|SNPmax. Genotype data were imputed using 1000
genomes (Caucasian) data as a phased reference panel and
IL18 Caucasian trio data as the unphased reference. Imputation regions were set to 111 464 762 to 111 653 000 bp on
chromosome 11. Imputed data were uploaded as probabilistic
genotypes and analysed for HWE and haplotypic associations
as described previously.

Meta-analysis
A meta-analysis using METAL (21) in the UK SLE trios and
the imputed UK|CC cohort in the 36 genotyped SNPs was
performed. This analysis allowed the combination of
P-values in both cohorts to ascertain association between
these SNPs and SLE.
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REVIEW

The genetics of lupus: a functional perspective
Sandra G Guerra1,2, Timothy J Vyse1,2 and Deborah S Cunninghame Graham*1,2

Abstract
Systemic lupus erythematosus (SLE) is an autoimmune
disease with a strong genetic component and is
characterized by chronic inflammation and the
production of anti-nuclear auto-antibodies. In the
era of genome-wide association studies (GWASs),
elucidating the genetic factors present in SLE has
been a very successful endeavor; 28 confirmed disease
susceptibility loci have been mapped. In this review, we
summarize the current understanding of the genetics
of lupus and focus on the strongest associated risk
loci found to date (P <1.0 × 10−8). Although these loci
account for less than 10% of the genetic heritability
and therefore do not account for the bulk of the
disease heritability, they do implicate important
pathways, which contribute to SLE pathogenesis.
Consequently, the main focus of the review is to outline
the genetic variants in the known associated loci and
then to explore the potential functional consequences
of the associated variants. We also highlight the genetic
overlap of these loci with other autoimmune diseases,
which indicates common pathogenic mechanisms.
The importance of developing functional assays will
be discussed and each of them will be instrumental
in furthering our understanding of these associated
variants and loci. Finally, we indicate that performing
a larger SLE GWAS and applying a more targeted
set of methods, such as the ImmunoChip and nextgeneration sequencing methodology, are important
for identifying additional loci and enhancing our
understanding of the pathogenesis of SLE.

Introduction
Systemic lupus erythematosus (SLE) is a heterogeneous
autoimmune disease characterized by hyperactive T and
B cells, auto-antibody production, and immune complex
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(IC) deposition [1]. SLE has a prevalence of approximately
1 in 2,500 in European populations [2] and is more
frequent in those of non-European ancestry. SLE aﬀects
predominantly women (the female-to-male ratio is 9:1) of
child-bearing age and is characterized by variable clinical
features, including malar rash, glomerulonephritis,
arthritis, and neuropsychiatric disease [3]. Although the
exact etiology of lupus is not fully understood, a strong
genetic link has been identiﬁed through the use of
association and family studies. The heritability of SLE is
approximately 66%; the rates of concordance are 24% to
56% in monozygotic twins and 2% to 4% in dizygotic
twins [4,5].
To date, genome-wide association studies (GWASs)
have identiﬁed more than 30 associated loci. In Table 1,
we show the variants that have reached genome-wide
signiﬁcance (1.0 × 10−8) in one or more GWASs, a metaanalysis, or replication studies. We have also included the
Fcγ locus, because it contains multiple associated
variants, including a conﬁrmed copy number variation
(CNV) in SLE. However, these loci account for less than
10% of the genetic heritability [6].
GWASs in SLE have been useful tools for expanding
the genetic understanding of SLE by identifying new loci
and replicating previously associated loci. In this review,
we categorize these risk loci into a number of pathways
on the basis of the current understanding of the potential
role for the locus in SLE. We note that the clinical
heterogeneity of SLE is mirrored by the diversity of the
pathways reported to contain the associated loci from the
genetic studies, apoptosis, innate immune response,
ubiquitination, and phagocytosis (Table 1). Therefore,
this review aims to highlight the known function(s) of the
associated loci and to indicate where further functional
studies are needed to elucidate the pathogenic mechanisms in lupus.

Contribution of apoptosis to SLE pathogenesis
Apoptosis is a well-deﬁned process of programmed cell
death and does not immediately release the intracellular
content into the extracellular environment [7,8]. In
healthy individuals, dead or dying cells are cleared by
macrophages in an inherently anti-inﬂammatory way.
However, in patients with SLE, apoptosis has been
reported to be defective and plays a role in disease
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Table 1. A summary of loci associated with systemic lupus erythematosus in one or more genome-wide association
studies, a meta-analysis, and replication studies (P <1.0 × 10−8)

Locus

Gene
a

Position

Variant

P value
OR (CI)
(significance) (effect size)
−23

Autoimmune
disease
associations

Function

ITGAM

Intergrin alpha M

16p11.2 (intronic)

rs9888739 (T)

1.61 × 10

1.62 (1.47-1.78)

Phagocytosis

FcγR

Fcγ receptors

Multiple
(see text)

Multiple
(see text)

Multiple
(see text)

Multiple
(see text)

PRDM1-ATG5b

PR domain zinc finger
protein 1- autophagyrelated 5 homolog

6q21-q22.1
(intergenic)

rs548234 (G)

5.18 × 10−12

1.25 (1.17-1.33)

TNFAIP3b

Tumor necrosis factoralpha-induced protein

6q23
(exonic)

rs2230926 (C)

1.37 × 10−17

1.72 (1.52-1.94)

RA, CeID, UC,
and PS

TNIP1e

TNFAIP3-interacting
protein 1

5q32-q33.1
(intronic)

rs7708392 (C)

3.8 × 10−13

1.27 (1.10-1.35)

PS

UBE2L3b

Ubiquitin-conjugating
enzyme E2L 3

22q11.2- q13.1
(upstream)

rs463426 (G)

1.48 × 10−16

0.78 (0.74-0.83)

CD, RA, and
CeID

ETS1b

V-ETS avian
erythroblastosis
virus E26 oncogene
homolog 1

11q23.3
(downstream)

rs6590330 (A)

1.77 × 10−25

1.37 (1.29-1.45)

RA

Lymphocyte
development and
activation

IKZF1b

IKAROS family zinc
finger 1

7p12
(upstream)

rs4917014 (C)

2.75 × 10−23

1.23 (1.03-1.42)

CD44d

CD44

11p13
(upstream)

rs507230

3.98 × 10−12

0.71 (0.63-0.79)

BANK1c

B-cell scaffold protein
with ankyrin repeats 1

4q22-q24
(exonic)

rs10516487 (G)

3.7 × 10−10

1.38 (1.25-1.53)

RA

B-cell activation and
signaling

BLKb

B lymphoid tyrosine
kinase

8p23-p22
(upstream)

rs7812879 (A)

2.09 × 10−24

0.69 (0.64-0.74)

RA

LYNa

V-yes-1 Yamaguchi
sarcoma viral-related
oncogene homolog

8q13
(intronic)

rs7829816 (C)

5.40 × 10−9

0.77 (0.70-0.84)

RasGRP3b

RAS guanyl releasing
protein 3 (calcium and
DAG-regulated)

2p25.1-p24.1
(intronic)

rs13385731 (G)

1.25 × 10−15

0.70 (0.64-0.76)

NCF2f

Neutrophil cytosolic
factor 2

1q25
(intronic)

rs10911363 (T)

2.87 × 10−11

1.18 (1.10-1.30)

STAT4b

Signal transducer
and activator of
transcription 4

2q32.2-q 32.3
(intronic)

rs7574865 (A)

5.17 × 10−42

1.51 (1.43-1.61)

RA, IBD, T1D,
and Sjögren’s
syndrome

PTPN22e

Protein tyrosine
phosphatase nonreceptor type 22

1p13
(exonic)

rs2476601 (A)

3.4 × 10−12

1.35 (1.24-1.47)

T1D and Graves’
disease

TNFSF4b

Tumor necrosis factor
(ligand) superfamily
member 4

1q25
(upstream)

rs2205960 (A)

2.5 × 10−32

1.46 (1.37-1.56)

HLA-DRB1e

HLA class II
histocompatibility
antigen

6p21.3
(downstream)

rs3135394 (G)

2.0 × 10−60

1.98 (1.84-2.14)

SLC15A4b

Solute carrier family 15,
member 4

12q24.32
(exonic)

rs10847697 (A)

3.54 × 10−11

1.26 (1.17-1.34)

IRF5e

Interferon regulatory
factor 5

7q32
(3’ untranslated
region)

rs2070197 (C)

5.8 × 10−24

IRF7a

Interferon regulatory
factor 7

11p15.5
(downstream)

rs4963128 (T)

3.0 × 10−10

UC

Phagocytosis
Autophagy and
B-cell differentiation
Ubiquitination

T-cell development
and signaling

T1D, RA, CeID,
IBD, and CD

Antigen
presentation

1.88 (1.78-1.95)

Rheumatic
disease and RA

Interferon regulation
and production

0.78 (0.73-0.85)

T1D
Continued overleaf
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Table 1. Continued

Locus

Gene

Position

Variant

P value
OR (CI)
(significance) (effect size)

IRF8f

Interferon regulatory
factor 8

16q24.1
(downstream)

rs2280381 (A)

1.24 × 10−8

1.17 (1.10-1.24)

IFIH1f

Interferon-induced
helicase C domaincontaining protein 1

2q24
(exonic)

rs1990760 (T)

1.63 × 10−8

1.23 (1.09-1.39)

TYK2f

Tyrosine kinase 2

19p13.2
(intronic)

rs280519 (A)

3.88 × 10−8

1.29 (1.15-1.47)

LRRC18WDFY4b

Leucine-rich repeat
containing 18-WD
repeat and FYVE
domain-containing
protein 4

10q11.22-q11.23
(intergenic)

rs1913517 (A)

7.22 × 10−12

1.24 (1.17-1.32)

PXKa

PX domain containing 3p14.3
serine/threonine kinase (intronic)

rs6445975 (C)

7.10 × 10−9

1.25 (1.16-1.35)

JAZF1e

Juxtaposed with
another zinc finger
gene 1

rs849142 (T)

1.5 × 10−9

1.19 (1.13-1.26)

UHRF1BP1e

UHRF-binding protein 1 6q23
(exonic)

rs11755393 (G)

2.2 × 10−8

1.17 (1.10-1.24)

XKR6a

XK, Kell blood group
complex subunitrelated family,
member 6

rs6985109 (G)

2.51 × 10−11

1.23 (1.16-1.30)

7p15
(intronic)

8p23.1
(intronic)

Autoimmune
disease
associations
UC and MS

Function

MS
Unknown function

RA

Odds ratios (ORs) and confidence intervals (CIs) are noted with the primary function of each locus. The genome-wide association studies from which this table was
generated were conducted by aHarley and colleagues [95] (1,846 systemic lupus erythematosus (SLE) women cases and 1,825 controls), bHan and colleagues [53]
(1,047 Han Chinese cases and 1,205 controls), and cKozyrev and colleagues [59] (279 Swedish SLE cases and 515 controls). The meta-analysis study was conducted by
d
Ramos and colleagues [58] (939 Caucasian cases and 3,398 controls). The replication studies were conducted by Han and colleagues [53] (3,152 Han Chinese cases
and 7,050 controls), eGateva and colleagues [6] (1,963 cases and 4,329 controls), and fCunninghame Graham and colleagues [69] (870 UK SLE cases and 5,551 controls).
All loci that have been reported to be associated with other autoimmune diseases – Crohn’s disease (CD), celiac disease (CeID), irritable bowel syndrome (IBD),
multiple sclerosis (MS), psoriasis (PS), rheumatoid arthritis (RA), type 1 diabetes (T1D), and ulcerative colitis (UC) – are also stated [58].

manifestation [9]. Patients with SLE demonstrate
defective clearance of apoptotic cells, which evokes a
secondary transition into necrotic cell death [10]. During
apoptosis, cells shrink and change morphology by
engulﬁng self-antigens, forming membrane-bound blebs
that are exposed on the cell surface. Once engulfed, these
blebs carry on their surface intracellular proteins, which
can act as a source of auto-antigens, a tendency that is
enhanced if clearance is defective [11,12]. With defective
clearance of apoptotic blebs, cells undergo secondary
necrosis, releasing nuclear auto-antigens [13]. This
process triggers the production of inﬂammatory cytokines and interferon-alpha (IFNα) [10], promoting
lymphocyte loss of self-tolerance, auto-antibody production, and IC deposition. The ICs can bind low-aﬃnity
FcγRIIa, expressed on plasmacytoid dendritic cells (pDCs).
After endocytosis of the ICs, Toll-like receptor 7/9
(TLR7/9) is activated through the DNA/RNA presented
by IC [14] and this in turn stimulates the production of
IFN by pDCs (Figure 1). This production of IFN propagates chronic inﬂammation and loss of tolerance, both of
which are hallmarks of SLE. It has also been reported

that patients with SLE have an increased rate of
lymphocyte apoptosis [15], which is possibly due to
increased activation of these cells. Mutations in a number
of loci associated with SLE have been reported to propagate defective clearance of apoptotic cells and increased
apoptosis.
ITGAM

ITGAM encodes the α-chain of αMβ2-intergin (CD11b)
[16] and plays a role in phagocytosis and leukocyte
adhesion [17]. GWASs have reported that variants at this
locus are associated with SLE, and single-nucleotide
polymorphism (SNP) rs9888739 showed the strongest
association (P = 1.61 × 10−23, odds ratio (OR) = 1.62).
However, a trans-ancestral study in European-Americans
and African-Americans [18] indicated the causal variant
as rs1143679, which has been reported to cause two
functional changes in ITGAM. The ﬁrst of these
functional changes is an amino acid mutation at R77H
(Arg-His) which modiﬁes the tertiary and quaternary
structures of the αMβ2 ligand-binding domain [18].
αMβ2-integrin interacts with a number of ligands such as
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Figure 1. The impaired immune system in patients with systemic lupus erythematosus (SLE). Defective apoptotic clearance allows
deposition of immune complexes which can stimulate B and T cells. Hyperactive B cells then produce auto-antibodies which activate complement,
causing tissue damage. Plasmacytoid dendritic cells (pDCs) activated by immune complexes then release excessive interferon α/β (IFNα/β),
again causing tissue damage. At each pathway, the known associated loci are indicated. All of the loci produce loss of both self-tolerance and
autoimmunity, as seen in SLE. APC, antigen-presenting cell; BANK1, B-cell scaffold protein with ankyrin repeats 1; BLK, B lymphoid tyrosine kinase;
HLA-DRB1, human leukocyte antigen-DRB1; IFIH1, interferon-induced helicase 1; IL10, interleukin-10; IRF, interferon regulatory factor; ITGAM,
integrin, alpha M; LYN, V-yes-1 Yamaguchi sarcoma viral-related oncogene homolog; MHC, major histocompatibility complex; Mφ, microphage;
NCF2, neutrophil cytosolic factor 2; PRDM1-ATG5, PR domain containing 1, with ZNF domain-autophagy-related 5 homolog; PTPN22, protein
tyrosine phosphatase, non-receptor type 22; RasGRP3, RAS guanyl releasing protein 3; STAT4, signal transducer and activator of transcription 4; TCR,
T-cell receptor; TNFAIP3, tumor necrosis factor, alpha-induced protein 3; TNFSF4, tumor necrosis factor superfamily, member 4; TNIP1, TNFAIP3interacting protein 1; UBE2L3, ubiquitin-conjugating enzyme E2L 3.

intracellular adhesion molecule 1 (ICAM-1) and the
complement C3 degradation product, C3bi; these ligands
play a role in leukocyte activation, migration, and phagocytosis [16]. Variants in the αMβ2 ligand-binding domain
may alter binding aﬃnity, hence leukocyte traﬃcking,
phagocytosis [16], and IC clearing [19]. The second
functional change is with rs1143679, which impairs the
phagocytosis of C3bi-coated particles [20] and propagates the deﬁcient clearance of ICs and increased
inﬂammation [20]. However, the exact mechanism of
how both of these variants inﬂuence the pathogenesis of
SLE warrants further investigation.

Fcγ receptors

The FCGR genes encode diverse Fcγ receptors that
recognize the Fc portion of immunoglobulin G (IgG)
molecules. Several missense polymorphisms in FCGR2A,
FCGR2B, and FCGR3A [21-23] are associated with SLE.
Three of the ﬁve FCGR genes (FCGR3A, FCGR2C, and
FCGR3B) have been reported to show CNV [24] and
expression of Fcγ receptors on the cell surface is dependent on the number of copies expressed [25,26]. A CNV
that resulted in a reduced number of FCGR3B molecules
expressed on the cell surface of neutrophils is associated
with SLE. The exact mechanism by which the CNV
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incorporating FCGR3B promotes disease is not fully
established, although reduced binding of ICs by
neutrophils is a possible mechanism.

The role of ubiquitination in SLE
Ubiquitination is still an incompletely understood biochemical process by which proteins are post-translationally modiﬁed through the addition of single ubiquitin
molecules or polyubiquitin chains. During ubiquitination, proteins may be tagged for protelolytic degradation
by the proteosome. Ubiquitination has also been reported
to regulate transcription factors and intracellular kinase
activity [27]. Genes that encode these diﬀerent components of the protein modiﬁcation system have been
reported to be associated with SLE.

MyD88

A20

IRAK
IKKȖ

TRAF6

P

IKKȕ

IKKĮ

PP

Proteasome

IKȕĮ
1Fț%

Nucleus

1Fț%

TNFAIP3 and TNIP1

TNFAIP3 encodes the ubiquitin-editing enzyme A20
[28,29], which alters ubiquitin patterns, which then alter
targeting for proteosome degradation and termination of
nuclear factor-kappa-B (NF-κB)-derived pro-inﬂammatory responses. This occurs through the ubiquitination of
IKKγ and phosphorylation of IκBα [30,31], facilitating
the release of NF-κB (Figure 2). A20 is a key regulator of
NF-κB through ubiquitin modiﬁcations of receptorinteracting protein kinase (RIP) and tumor necrosis
factor receptor-associated kinase 6 (TRAF6) [32].
Multiple associations have been found in TNFAIP3 in a
range of autoimmune diseases [28]; of these associations,
rs2230926 has shown the strongest signiﬁcance
(P = 1.37 × 10−17, OR = 1.72) in SLE. This non-synonymous SNP [33] causes an amino acid change from a PheCys. This amino acid change propagates A20 protein to
be less eﬀective at inhibiting tumor necrosis factor
(TNF)-induced NF-κB activity [34]. Variants at this locus
could potentially lead to reduced inhibitory activity of
NF-κB and reduced expression of A20.
Owing to increased NF-κB signaling, Tnfaip3−/− mice
develop spontaneous inﬂammation and lymphocyte cell
death [35]. This shows the importance of TNFAIP3 in NFκB regulation through the ubiquitination of adaptors such
as RIP [35]. Therefore, it can be seen that TNFAIP3 is an
important locus that contributes to SLE pathogenesis
through its downregulation. The downregulation of TNFAIP3
facilitates hyperactive NF-κB signaling, chronic inﬂammation, and reduced apoptosis, all characteristics of SLE.
TNIP1, an adaptor protein that binds to A20, has also
been reported to be associated with SLE. TNIP1 is
expressed on lymphocytes and its expression is induced
by NF-κB [36]. However, overexpression of TNIP1
inhibits NF-κB activation by TNF [37]. Variants in TNIP1
could potentially play a role in negatively regulating the
NF-κB pathway [38]. SNP rs7708392 has been reported
to play a role in TNIP1 splicing, rendering the inhibition

Figure 2. The role of A20 in the nuclear factor-kappa-B (NF-κB)
pathway. A20 ubiquitinates TRAF6, which is bound to the IKK
complex (IKKγ, IKKα, and IKKβ). The IKK complex then becomes
phosphorylated, propagating proteasomal degradation of IKβα and,
in turn, allowing NF-κB translocation to the nucleus and propagating
target gene transcription. IKK, IκB kinase; IRAK, interleukin-1 receptorassociated kinase; MyD88, myeloid differentiation primary response
gene (88); P, phosphate; TRAF6, tumor necrosis factor receptorassociated kinase 6.

of the NF-κB pathway less eﬀective. This would propagate
pro-inﬂammatory responses and chronic inﬂammation.
This variant has been shown to be associated with
Caucasian and Asian populations [36].
UBE2L3

UBE2L3 is a ubiquitin-carrier enzyme gene and is
expressed widely on all lymphocytes [39]. It plays a key
role in the maturation of transcription factors (for
example, p53 and p105, the latter of which is an NF-κB
precursor) [40,41]. This enzyme regulates IFN through
TLR7/9 [42,43]. The exact mechanism of UBE2L3 is still
not fully understood, but variants in this locus have been
shown to be associated with SLE (rs463426,
P = 1.48 × 10−16, OR = 0.78).

Abnormalities of lymphocyte development in SLE
SLE is associated with multiple dysfunctions in many
lymphocyte subsets. SLE T cells have been reported to
show inappropriate tissue homing, increased secretion of
pro-inﬂammatory cytokines [44], and activation of both
dendritic cells (DCs) and B cells [45]. A number of loci
have been found to be associated with lymphocyte
diﬀerentiation and SLE, as described below.
ETS1 and IKZF1

ETS1 and IKZF1 are transcription factors that regulate
lymphocyte diﬀerentiation and lymphocyte development
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[46,47]. ETS1 has been reported as a negative regulator of
B-cell diﬀerentiation and T helper 17 (Th17) cell proliferation [48]. Patients with SLE demonstrate a reduced
expression of ETS1, which may contribute to abnormal
B-cell diﬀerentiation into immunoglobulin-secreting
plasma cells and an increased number of Th17 cells
[49-51]. While having increased proliferation of Th17 cells
causes increased inﬂammation through the secretion of
interleukin-17 (IL-17), ETS1-deﬁcient Th1 cells secrete
higher amounts of anti-inﬂammatory cytokine IL-10
[52]. Interestingly, these ETS1-deﬁcient Th1 cells have
reduced secretion of IL-2, which is a potent Th17 inhibitor
[52]. The top associated variant at this locus, rs6590330
(P = 1.77 × 10−25, OR = 1.37), could potentially play a role
in decreasing ETS1 expression.
Patients with SLE have also been reported to express
low IKZF1 levels in peripheral blood [48]. The strongest
association found at this locus is rs4917014
(P = 2.75 × 10−23, OR = 1.23) [53], which may play a role in
downregulating IKZF1 expression. This reduced level of
expression contributes to SLE pathogenesis through
interactions with other genes; for example, IKZF1 has
been reported to play a role in trans-activating STAT4, a
conﬁrmed risk locus in SLE [54]. IKZF1 is important for
lymphocyte diﬀerentiation [55] and regulation of selftolerance through B-cell receptor (BCR) signaling [56].
Downregulation of this locus would therefore promote
loss of self-tolerance, a hallmark of SLE.

Inappropriate B-cell physiology in SLE
Hyperactive B cells play an important role in the pathogenesis of SLE. With the production of auto-antibodies
and prolonged cell life, B-cell regulation is important in
the maintenance of immune balance. B cells of patients
with SLE have been shown to present auto-antigens,
induce CD4+ T helper cells (Th1/Th2), inhibit T regulatory
cells, and secrete pro-inﬂammatory cytokines [57]. A
number of key loci have been reported to be associated
with SLE and are described below.
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enhancer [59]. The expression increase propagates
stronger binding aﬃnity between BANK1 and IP(3)R,
resulting in hyper-responsiveness [61]. Cells expressing
the risk allele of this variant also have higher protein
levels, which can sustain BCR signaling and hyperactive
B cells, as shown in SLE [59].
Associated allelic variants in BLK (rs7812879,
P = 2.09 × 10−24, OR = 0.69) and LYN (rs7829819,
P = 5.40 × 10−9, OR = 0.77), in comparison with BANK1,
have been shown to decrease their respective expressions
[61,62]. LYN kinase mediates inhibitory signals from
CD22, which modulates the B-cell activation threshold
[63]. Downregulation of LYN causes hyper-responsiveness of BCR stimulation, triggering autoimmunity [64] as
shown in Lyn−/− mice [65]. Compared with BLK, which
aﬀects pre-BCR signaling, active BLK enhances BCR
responsiveness [66]. Blk−/− mice have shown no
phenotype [67]; thus, an interaction with BANK1 could
potentially explain the association with SLE [61]. As LYN
and BLK share similarities of genomic structure [64], it is
believed that, in BCR signaling, BLK plays a role similar
to that of LYN.
RasGRP3

RasGRP3 regulates Ras-ERK signaling, which is crucial in
lymphocyte development and activity [68], and is
involved in B-cell proliferation and immunoglobulin
production [53]. rs13385731 (P = 1.25 × 10−15, OR = 0.70)
at the RasGRP3 locus has been reported to be associated
with SLE and may cause an underexpression of RasGRP3,
which blocks its inhibitory role in B-cell proliferation.
NCF2

NCF2 is a cytosolic subunit of NADPH oxidase, which is
expressed on B cells [69]. It is thought to play a role in the
increased production and release of free radicals, propagating B-cell activation. rs10911363 (P = 2.87 × 10−11,
OR = 1.18) has been shown to have reached genomewide signiﬁcance in SLE [69] and could play a role in
increased NCF2 expression in patients with SLE.

BANK1, BLK, and LYN

The gene products of BANK1, BLK, and LYN operate in
the BCR signaling pathway and have been reported to be
associated with SLE [58], which together attest to the
importance of this pathway in disease pathogenesis.
rs10516487, located in the BANK1-binding region [59],
has shown the strongest association with SLE
(P = 3.1 × 10−10, OR = 1.38). After B-cell activation,
BANK1 becomes tyrosine-phosphorylated, resulting in
phosphorylation of type 1 inositol-1,2,4-triphosphate
(IP(3)R). This phosphorylation event serves to augment
calcium mobilization and hence B-cell activation [60].
The associated variant at BANK1 increases its expression
by inﬂuencing splicing eﬃciency, creating a splicing

Dysregulation of T cells in SLE
Patients with SLE demonstrate an increased number of
CD3+CD4−CD8− T cells and Th17 cells and a variable
eﬀect on T regulatory cells [44]. These T-cell subsets
together lead to increased inﬂammation, B-cell interaction, and tissue damage [45]. SLE T cells engage the
CD3-TCR faster and earlier, leading to increased signaling and intracellular calcium levels. These increased
calcium levels may lead to increased expression of
CD40L, increasing transcription of cAMP-responsive
element modulator (CREM), which would produce
hyperactive T cells [70]. However, data on T regulatory
cell expression in SLE have been variable. Some reports
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suggest that T regulatory cells, such as CD4+CD25+ T
cells, are deﬁcient in SLE [71]. However, others report
enrichment for this cell type [72,73], perhaps relating to
heterogeneity in the deﬁnitions of regulatory cells using
cell-surface markers. It has also been reported that SLE T
cells, compared with control T cells, undergo an
increased rate of apoptosis, which again will contribute
to SLE pathogenesis. As described below, there are a
number of associated loci whose gene products play a key
role in T-cell development and TCR signaling and have
been reported to be associated with SLE.
STAT4

STAT4 is a Th1 transcription factor that has been
reported to mediate Th1 T-cell response, Th1 cytokines,
IL-12 and IL-23 [74,75], and IFNγ signaling [76,77].
rs7574865 has been reported to have the strongest
association with SLE (P = 5.17 × 10−42, OR = 1.51) and has
also been described for other autoimmune diseases such
as rheumatoid arthritis (RA) [74], Sjögren’s syndrome
[78], inﬂammatory bowel disease, and type 1 diabetes
(T1D) [79]. rs7574865 has been described as being
associated with many SLE clinical features, such as lupus
nephritis [80]. STAT4 propagates a Th1 T-cell response,
increasing IFNγ release [81]. As seen in Figure 1, this
inﬂux of IFNγ would target organs such as the kidneys,
propagating further IFNγ release and chronic inﬂammation. rs7574865 may act to increase STAT4 expression
and hence IFNγ production. Further reports have shown
that other associated variants, such as rs7582694
(intronic), show overexpression of the risk allele (C) in
mesenchymal cells but not in B cells [82]. This STAT4 risk
allele was also reported to be overexpressed in cells
carrying the risk haplotype in comparison with cells not
carrying this haplotype [82].
PTPN22

PTPN22 encodes the lymphoid tyrosine phosphate
protein, LYP, which is involved in the downregulation of
T-cell activation through the interaction with
cytoplasmic tyrosine kinase (CSK) and suppression of T
regulatory cells [83]. rs2476601 (P = 3.4 × 10−12, OR =
1.35) has been reported to be associated with SLE and
also with T1D and RA [84]. Furthermore, a transancestral study has shown that rs2476601 is associated
with SLE in Europeans, Hispanics, and AfricanAmericans [85]. The associated variant causes the amino
acid change of Arg-Try, preventing PTPN22 interaction
with CSK [86,87]. However, the experimental evidence
suggests that rs2476601 reduces TCR signaling [88].
Furthermore, PTPN22 expressing the associated risk
allele (A) has been reported to bind CSK less eﬀectively
than those expressing the G allele, producing hyperresponsive T cells [85]. Therefore, the current
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experimental evidence does not give us the full
understanding of PTPN22 function and warrants further
investigation.
TNFSF4 (OX40L)

TNFSF4 is expressed on the surface of antigen-presenting
cells (APCs), B cells, and macrophages, and its unique
ligand CD123 (OX40) is expressed on activated CD4+ and
CD8+ T cells [89]. The strongest association in TNFSF4 is
with the upstream variant rs2205960 (P = 2.5 × 10−32,
OR = 1.46), and protective and risk haplotypes that carry
alternate alleles of rs2205960 have been observed [90].
The risk haplotype has been reported to be associated
with increased TNFSF4 transcript levels [91,92]. This
increased expression of OX40L promotes OX40/OX40L
interactions and increases the co-stimulatory signal
between APCs and T cells, and this in turn increases Tcell survival and thereby propagates autoimmunity.
OX40L has been shown in vitro to inhibit the generation
of IL-10-producing T regulatory cells needed for
tolerance, and it is known that mutations in this pathway
cause loss of tolerance and autoimmunity [93].

Defective antigen presentation in SLE
HLA-DRB1/MHC

The major histocompatibility complex (MHC) region has
been shown to exert the strongest genetic association and
eﬀect in SLE to date; the top association was found at
HLA-DRB1 (P = 2.0 × 10−60, OR = 1.98). Studies examining the association with HLA class II have implicated
both HLA-DRB1*03:01 and HLA-DRB1*15:01 [94] in
SLE. The MHC is composed of 250 genes subdivided into
three classes (I, II, and III) with a strong linkage
disequilibrium (LD) spanning the region. There appear to
be multiple independent signals at the MHC in SLE,
accounting for the overall strength of the association seen
with the region. One paper reported a 180-kb region of
class II, spanning HLA-DRB1, HLA-DQA1, and HLADQB [95], whereas the second signal was found in a
marker of the class III gene SKIV2L. Other immunologically relevant genes such as complement C4A and
C4B are also in this region of MHC. The strong LD
covering the extended MHC region makes it diﬃcult to
identify whether the association arises from the associated variants currently identiﬁed or from variants
within this LD region. For this reason, further ﬁne
mapping of the region is needed and the region may also
beneﬁt from trans-ancestral mapping [96].

The interferon signature and its regulation in SLE
More than half of patients with SLE show a dysregulation
in the expression of genes in the IFN pathway [97]. The
type I IFNs are potent cytokines (IFNα and IFNβ) and
also mediate the Th1 response, sustain activated T cells,
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sustain B-cell survival, and lower the B-cell activation
threshold [98]. These responses propagate pro-inﬂammatory cytokines, contributing to chronic inﬂammation and
tissue damage [14]. IFN also acts as a bridging
mechanism between the innate and adaptive immune
systems. However, it is unclear whether elevated IFN is
the causal eﬀect of SLE or whether it further propagates
disease intensity. Given the genetic role of IRF5 and a
number of other genes in the IFN pathway, it is likely that
IFN exerts a pathway eﬀect in the pathogenesis of
disease.
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pro-inﬂammatory, and their diﬀerentiation is dependent
on IL-6 and transforming growth factor-beta (TGFβ),
both of which are cytokines that are regulated by TYK2
[107]. The top associated SNP in SLE, rs280519
(P = 3.88 × 10−8), has been shown to play a role in
increasing gene expression and IFN production. Variants
propagating increased TYK2 function have also been
reported to lead to a pro-inﬂammatory phenotype with
increased levels of Th1/Th17 cells [107]. Multiple variants
in TYK2 have been reported to be associated with other
autoimmune and inﬂammatory diseases [108].

IRF5, IRF7, and IRF8

IRF5, IRF7, and IRF8 are transcription factors that play a
role in type 1 IFN signaling and immune cell development
[99]. SNPs in IRF5, IRF7, and IRF8 (P = 5.8 × 10−24, OR =
1.88; P = 3.0 × 10−10, OR = 0.78; and P = 1.24 × 10−8, OR =
1.17, respectively) (as shown in Table 1) have been shown
to be associated with increased risk of SLE [98]. These
variants have been shown to increase the levels of IRF5,
IRF7, and IRF8 transcript and protein expressions [100].
Of these three loci, IRF5 exhibits the largest eﬀect. An
IRF5 risk haplotype has been observed and carries
multiple mutations, including rs2004640, which has been
reported to create a novel splicing variant. Another
variant found at the 3’ untranslated region, rs10954213,
has been reported to create a more functional polyadenlyation site, which creates a more stable transcript
[101]. Variants in the IRF5 locus inﬂuence alternatively
spliced transcripts, which alter or prolong IRF5 expression. Hence, increased expression of IRF5 propagates
increased IFNα production. Little is reported for IRF7
and IRF8; therefore, these loci warrant further
investigation to determine the functional consequences
of the associated variants.
IFIH1

IFIH1 is a DEAD box helicase that senses intracellular
RNA and induces IFN (type 1) activation [102]. Variants
at this locus have been associated with other autoimmune
diseases such as T1D [103], autoimmune thyroid disease
[104], and psoriasis [105]. The top associated SNP in SLE
is rs1990760 (P = 1.63 × 10−8, OR = 1.23), which has been
shown to increase expression of IFIH1. This increased
expression could contribute to an IFN cascade initiated
by nucleic acids.
TYK2

TYK2 plays an important role in the pro-inﬂammatory
immune response, being involved in cytokine signaling
and the phosphorylation of IFN receptors, triggering a
type 1 IFN response [69]. Variants in TYK2 have been
reported to increase type 1 IFN gene expression [106]
and deregulate the Th1/Th17 response. Th17 cells are

Known intergenic interactions in SLE
From the published GWASs, we are able to identify
associated variants for SLE in intergenic regions in
addition to those in coding regions of genes. When
intergenic loci are identiﬁed, it is important to ascertain
the functional consequence of the variant on the neighboring genes. Indeed, until a molecular mechanism is
fully elucidated, one cannot conclude that any associated
allele will primarily exert its pathological eﬀect by
inﬂuencing the function of the gene that is closest by
genomic distance.
PRDM1-ATG5

The PRDM1-ATG5 gene region has shown a signiﬁcant
association with increased risk of SLE at the intergenic
variant rs548234 (P = 5.1 × 10−12, OR = 1.25) [109]. This
variant has been shown to increase the expression of
ATG5 in individuals who are homozygous for the C allele
[109]. Since ATG5 is important for the formation of
autophagosomes [110], increased expression of this gene
increases autophagy, which in turn stimulates the IFNα
and NF-κB pathways [109] and exacerbates the immune
response. However, PRDM1 (BLIMP1) has been reported
to play a role in B-cell diﬀerentiation [111], and so
variants that aﬀect PRDM1 could allow plasma cell
diﬀerentiation, which further propagates hyperactive
B cells and auto-antibody production. PRDM1 has also
been reported to maintain immune tolerance and has
been shown to alter DC function in female mice that lack
PRDM1 expression on DCs. These mice also develop
lupus-like auto-antibodies [112]. Therefore, both ATG5
and PRDM1 could potentially have causal eﬀects for
lupus. Consequently, further experiments will be
required to establish whether one (or perhaps both) of
these genes plays a role in genetic susceptibility to SLE.
CD44-PDHX

One trans-ancestral study (Europeans, African-Americans,
and Asians) reported two intergenic SNPs between
PDHX-CD44 [113]. PDHX plays a role in the pyruvate
dehydrogenase complex, and CD44 is an integral cell
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membrane glycoprotein, which plays a role in cell-cell
interactions and regulation of IFNγ and LCK [58].
Variants in CD44 alone have been shown to be associated
with SLE [58]. CD4+ and CD8+ T cells of patients with
SLE have been shown to overexpress CD44, causing an
inﬂux of IFNγ, inﬂammation, and tissue damage [113].
This fact suggests that the intergenic associations are
pointing toward CD44 as a more likely candidate gene for
SLE than PDHX.

Conclusions
In this review, we describe the key loci that have been
associated with SLE to date. We have shown the
importance of these genes in their most relevant related
pathways (Figure 1). However, to fully understand these
associations, ﬁne-mapping studies using targeted genotyping chips, such as the ImmunoChip, will be required.
These types of studies will lead to the identiﬁcation of
additional variants that can then be used for functional
studies to elucidate the molecular mechanisms operating
in lupus. The additional advantage of the ImmunoChip
platform is that it allows us to look for a commonality of
associations across immune-related diseases.
To date, in lupus, there have been a number of relatively
small GWASs, which nonetheless have been quite
successful in identifying the strongest causal genetic
eﬀects in terms of both signiﬁcance, in which a P value
quantiﬁes whether the diﬀerence in allele frequency
between SLE cases and healthy controls is likely to occur
solely by chance, and the eﬀect size, which quantiﬁes the
amount of the observed diﬀerence between aﬀected and
unaﬀected individuals. However, as previously mentioned,
these studies have been able to identify only approximately 10% of the genetic heritability. GWASs in SLE
which are much larger than those previously undertaken
will be necessary in order to expand the number of SLEassociated loci signiﬁcantly. To fully explore the genetics
of SLE, it is important to study high-risk groups, such as
those with African or Amerindian ancestry. This will
allow greater understanding of SLE across diﬀerent
ethnicities and will allow ﬁne mapping of the associated
loci. Such studies are currently under way.
Finally, fbuilding upon these GWASs and replication
studies, functional and targeted assays (for example,
next-generation sequencing) are needed. These studies
enable us to identify rare variants, using methods such as
next-generation sequencing, and to provide greater
understanding of the biology of SLE and hence the
pathogenesis of this disease. In summary, the genetics of
SLE is still not fully understood, but by undertaking
additional genetic studies and consequential functional
assays we will obtain a much greater understanding of
the etiology of the disease.
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