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ABSTRACT
Promoter Polymorphisms in Interferon Regulatory Factor 5

Daniel N. Clark
Department of Microbiology and Molecular Biology, BYU
Doctor of Philosophy

The promoter region of interferon regulatory factor 5 (/RF5) contains the rs2004640 T or G
single nucleotide polymorphism (SNP) and a CGGGG indel. Both of these polymorphisms have
been implicated as genetic risk factors for several autoimmune diseases, including systemic
lupus erythematosus, whose pathology involves altered apoptosis and cytokine signaling. The
polymorphisms’ overall effect is to increase IRF5 levels. IRF5 is a transcription factor of several
cytokines, including interferon, and is pro-apoptotic. Thus an alteration of cytokine levels and
apoptosis signaling due to high IRF5 levels is the proposed source of autoimmune risk.

Each of IRF5’s four first exons (1A, 1B, 1C, 1D) has its own promoter and responds to
specific stimuli. 1s2004640 is a T or G polymorphism; T is the risk allele. The SNP creates a
sequence-specific recognition site for the spliceosome, making exon 1B spliceable. Analysis of
the 1B promoter showed putative p53 binding site. IRF5 and p53 are pro-apoptotic transcription
factors, and the p53 site may provide a positive feedback loop. Apoptosis levels were altered in
cells with the rs2004640 risk T/T allele when treated with DNA damaging agents (extrinsic
apoptosis), but not when activating death receptors (intrinsic apoptosis). The 1B promoter was
the only one to activate expression after inducing DNA damage in a luciferase reporter assay,
and this activation was abolished after mutating the p53 site. The exon 1A promoter contains
either three or four copies (4X) of CGGGG; the 4X variant is the risk allele. The 1A promoter is
constitutively active and is responsive to the Toll-like receptor 7 agonist imiquimod.

RNA folding analysis revealed a hairpin encompassing exon 1B. Mutational analysis
showed that the hairpin shape decreased translation five-fold in a luciferase reporter assay. Cells
with the CGGGG or rs2004640 risk allele exhibited higher levels of IRF5S mRNA and protein,
but demonstrated no change in mRNA stability. Quantitative PCR in cell lines with either risk
polymorphism demonstrated decreased usage of exons 1C or 1D, although no other correlated
splicing events were observed. Also, several mRNA splice variants of IRF5 were sequenced.

The risk polymorphisms altered cytokine signaling as well. Expression of interferon, Toll-
like receptor, and B cell receptor pathways were affected by a risk haplotype which includes the
152004640 SNP. The CGGGG polymorphism decreased the levels of CC-chemokine receptor 7.

Specific transcription factor binding sites define promoter activity and thus first exon usage
and transcription levels. Translation levels are affected by mRNA folding. Overall, the
152004640 SNP and the CGGGG indel cause high levels of IRFS5. High IRF5 expression causes
altered cytokine and apoptosis signaling, and may bias the immune system toward autoimmunity.

Keywords: autoimmunity, cytokines, apoptosis
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1. Introduction and literature review

1.1. Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is the prototypic disease for the study of systemic
autoimmunity. It involves the production of anti-nuclear antibodies (ANA). Since the immune
system recognizes components of the nucleus as foreign, the symptoms can be extremely varied.
Some of these include skin rash and sun sensitivity, anemia, fatigue, joint pain, kidney and liver
damage, and neurological symptoms such as headache and depression. Lupus is about ten times
more common among women. The treatment is directed against the symptoms—as opposed to
the causes—of the disease. These treatments are usually immunosuppressants. With current

medical interventions, the disease is rarely fatal in developed countries.

SLE is generally diagnosed long after the disease begins. This means that the cause of the
disease is hard to find, buried in the past. In the search for the elusive causal agents for SLE, one
candidate is the immune signaling molecule, interferon (IFN). Interferon is a secreted signaling
protein, or cytokine, which is expressed at higher levels in SLE patients and has been associated

with incidence and severity of the disease.

1.2. Genetic risk factors for SLE

A combination of environmental triggers and genetic susceptibility combine to initiate SLE.
Support for a genetic component to the disease includes a high sibling risk ratio (AS between 5.8
and 29), high heritability (greater than 66%), and higher concordance rates between monozygotic
twins (20 to 40%) compared to other full siblings and dizygotic twins (2 to 5%) [1-3]. A large

number of genetic risk factors are associated with increased susceptibility to the SLE. This
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genetically determined increased risk status has been referred to as a threshold liability [4],
which is a polygenic state that varies between individuals. Environmental factors also affect
lupus susceptibility and interact with this threshold liability, but just as is the case for genetic
factors, there is no single environmental cause. An individual may have only a few of the genetic
risk variations (low threshold liability) and never get SLE despite exposure to environmental
triggers. In contrast, another person may have many of these variations (high threshold liability)

and then develop SLE on first exposure to an environmental trigger.

Although there are many etiological components, they usually converge on a heightened state of
activation for the immune system, with resultant increases in interferon and other cytokine
production and signaling. That is to say that immune dysregulation could be thought of as either

a causative agent, a result of the disease, or both.

This dissertation will discuss a transcription factor called interferon regulatory factor 5 (IRFS).
IRFS5 is a direct target for interferon and other cytokine signaling and is proapoptotic. We will
begin with an introduction to the basics of interferon function, and how dysregulation of
apoptosis can lead to interferon production due to immune complexes. We will then discuss how
the functioning of the immune system changes in someone with SLE, other genes which are
associated with risk for SLE, and clinical aspects of interferon in SLE, including anticytokine
therapies. Finally, we will discuss two genetic risk polymorphisms for lupus: the T allele of the
152004640 single nucleotide polymorphism (SNP) and the four-copy variant of the CGGGG

indel. These polymorphisms are within the /RF'5 gene, and their effect is the focus of this study.



1.3. Environmental risk factors for SLE

Several environmental triggers have been noted for lupus. They include drug treatments such as
procainamide, isoniazid, and interferon treatments. Although upon discontinuation of treatment,
the symptoms are generally reversed. Others include UV light exposure and infectious agents

such as viruses.

Epstein-Barr virus (EBV) infection is associated with lupus, likely a causal relationship. Lupus
patients have increased EBV seroprevalence and elevated serum titers of anti-EBV antibodies
[5]. Among those with SLE, there is also an elevation of anti-EBV antibodies which precedes
lupus flares [5]. EBV infection is also not controlled in lupus patients as well as it is in controls,

including up to forty-fold increased viral load and an altered T-cell response [6-7].

EBYV antigens such as EBV nuclear antigen 1 (EBNA1) are targets of antibodies for the immune
system. Once the body makes these antibodies, a similarity in protein structure can create a cross
reactivity with self proteins, such as Sm and RNP, which are important lupus autoantigens [ 8-
13]. Since lupus is diagnosed long after the causal events such as antibody cross-reactivity have
occurred, and since EBV infection is nearly ubiquitous in adults, an association of lupus to EBV
positivity is not necessarily a strong case for association. However, lupus has been associated
with prior EBV infection in not just adult lupus patients, but also in pediatric cases [14-20].
Since EBV positivity is much lower in pediatric cases, the higher rates of lupus among EBV-
positive pediatric cases is more striking. These changes in viral infection or the response to viral
infection such as interferon or other cytokine levels may be due to the genetic risk factors

mentioned above (Section 1.2), or simply a symptom of the disease.
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1.4. Function of interferon in the context of SLE

Interferon is a signaling protein which is secreted to activate neighboring cells in response to
viruses, other infections, or as part of various immune signaling pathways. It is a cytokine, or
secreted immune signaling protein which allows communication between cells. When a cell is
infected with a virus, interferon is produced and secreted as a warning to other cells to prepare
for an infection. Interferons alpha (IFNa) and beta (IFNP) are the type I interferons, and
interferon gamma (IFNy) is the type II interferon (Figure 1). Most of the cells in the human body
have receptors for type I IFN, whereas only certain immune cells express the receptor for type 11
IFN [21]. The proteins are made by many different cells, but generally speaking, IFNa is of
leukocyte origin, IFNP is of fibroblast origin, and IFNy is made by lymphocytes [22]. Other less
studied interferons also exist, and interferons are conserved among many species. Both alpha and

beta types signal through the IFNa receptor (IFNAR), and then through Jak/STAT signaling

Interferon a Interferon 3 Interferon y
— _

—_—

Type | Interferons Type Il Interferon

Figure 1. Interferon protein structures. Interferons alpha and beta, the type I interferons, have a
common structure composed mainly of five alpha helices. Shown are [FNa2a and IFN1 monomers
based on protein data bank (PDB) files litf and laul, respectively. Although the monomers of each are
very similar in structure, the functional form of both is a dimer, and the two dimerize differently; IFNa2a
along homologous surfaces and IFNB1 on opposing sides of the protein [23]. IFNy is show in its
dimerized form, with the two colors representing two intertwined monomers, based on PDB file 1hig. Not
shown to scale; figures drawn with Jmol [24].
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pathways to alter gene expression. IFNa requires the Jak family member tyrosine kinase 2
(Tyk2), and it thus sends a similar though different signal than IFN [25]. This review portion
(Section 1) will discuss type I interferons, IFNa and IFNf, which herein may be referred to

simply as interferon. When interferon gamma (IFNy) is discussed, it will be noted explicitly.

The main purpose of interferon is to shut down a cell before a virus can take it over, although it
has many other jobs [26]. Interferon signaling leads to increased apoptosis, which is a normal
response to control viral spread or to decrease the size of a tumor [27]. If one cell can undergo

apoptosis before a virus can replicate and infect other cells, the infection is halted [28].

Interferon can be produced in response to infection, other cytokines, mitogens, and several
signaling pathways. Once produced it is secreted where it can be recognized by other cells,
which is called paracrine signaling, or by the cell which produced it, called autocrine signaling.
One type of cell, the plasmacytoid dendritic cell (pDC), is a natural interferon producer, and its

ability to make very large amounts of IFNa is incriminated in the pathogenesis of lupus [29].

Several effects occur when interferon ligates an interferon receptor (Figure 2). Jak/STAT
signaling pathways are activated which alters gene expression [30]. Interferon causes an increase
in the expression of both of the major histocompatibility complexes (MHCI and MHCII) for
presentation of viral peptides to T cells, which can then lead to activation of other cells in order
to kill infected cells and remove them [31]. Interferon also increases intracellular levels of
protein kinase R (PKR) which recognizes viral nucleic acids and activates RNase L to degrade

viral RNAs. PKR also slows protein synthesis by inactivating translational initiation factors, so

5



that viral protein synthesis is slowed [32]. p53 is also activated, which is pro-apoptotic [27].

Interferons activate immune cells, especially natural killer cells and macrophages [33].

Paracrine signaling

N\

4 MHCI & MHCII expression
6 PKR levels (']‘RNase L activity, \[,protein synthesis)
MNK, Mo activation

Mp53 expression

[ : Interferon cytokines ]

Autocrine signaling
Figure 2. Cell-to-cell interferon signaling and its effects. One cell produces interferon and either
another cell (paracrine signaling) or the same cell (autocrine signaling) receives the signal. Cellular
processes that are activated or otherwise altered are indicated in the target cell. 1: an increase, |: a
decrease, MHC: major histocompatibility complex, PKR: protein kinase R, NK: natural killer cell, M®:
macrophage

This activation cascade is normally turned off after an infection is cleared to prevent damage to
uninfected cells. However this activation state is not reduced to the normal levels in individuals
with SLE, where a higher level of interferon is present [34-35]. This higher amount of interferon
is also measurable by an increase in the expression of interferon-stimulated genes seen in lupus

patients, called the interferon response signature [36-38] (See Table 1). When IFN is turned on it

actively affects how other cells are functioning.

As a general feature of autoimmune diseases such as SLE, the immune system is in an “always
on” state, which can lead to a breach in the body’s natural tolerance to self. Once this self

tolerance is lost, autoimmune disease can result. In addressing why the immune system generates



an attack against one’s own body, the over-activation of the immune system—including the

overproduction of interferon in SLE patients—is a part of this picture.

Table 1. Description of the interferon response signature. The effect of interferon can be measured by
the changes it produces in downstream gene expression. Lupus patients have an altered interferon
response signature.

Interferon Response Signature

e Defined as the list of genes that are upregulated in peripheral blood of many SLE patients
e Identified using microarray analysis [37]

e Genes whose expression levels change in response to interferon [39]

¢ Confirmed using multiple array systems and RT-PCR [37-40]

e SLE patient clusters can be generated according to IFN response signature [38, 41]

1.5. Apoptosis due to interferon; the connection between SLE and apoptosis

One effect of interferon production is the release of autoantigens due to increased cell death. This
release is normally controlled by a process called efferocytosis [42], or apoptotic cell removal,
where cell debris are processed by immune cells or neighboring cells which remove them by
phagocytosis (Figure 3). Defects in apoptotic pathways have been noted in individuals with SLE
[43]. Instances of why this occurs have been studied. For example, in SLE patients there is an
overexpression of both soluble and membrane-bound Fas. Fas is a receptor which signals a cell
to undergo apoptosis when complexed with its receptor, Fas ligand (Fas L). The levels of Fas
also correlate with the amount of apoptotic lymphocytes and disease activity of SLE [44-45].
Mouse models of lupus commonly have genetic variations in apoptotic pathways such the

Fas/Fas L pathway and interferon pathways.




Mouse lupus models as well as human SLE patients make antibodies to self antigens. This is
likely because of over-exposure of potential autoantigens to the immune system. This could be
due to an increased amount of apoptosis or a decrease in the rate of clearance of apoptotic debris.
Apoptosis can be induced by interferon, Fas, and other signaling events. However, apoptosis is
also part of the natural cycle of cellular growth and death for every cell type. Cells undergoing

apoptosis are recognized as dead by other cells, so that they are cleared [46].

Apoptotic
Apoptotic cell is bodies are
recognized and engulfed degraded
Normal — = _— No immune
clearance — response

/ P e

D %%‘ﬁ}%ﬂ*%

Formation of Altered i :
apoptotic clearance/ e
bodies increased ——>> [
apoptosis in e
SLE ' L
If not removed, Release of Immune complex Immune complexes
apoptotic bodies potential formation stimulate cells to
degrade auto-antigens produce cytokines

Figure 3. Production of interferon due to defects in apoptosis signaling. Apoptotic cells form
naturally or due to damage. If the apoptotic debris is cleared normally, the debris is efferocytosed by
neighboring or immune cells such as macrophages, and there is no immune response. In SLE, apoptotic
debris remains present for the immune system to recognize. This can be due to either an increase in
apoptosis or a decrease in clearance of apoptotic debris. If contents are released, they can form immune
complexes with autoantibodies. These immune complexes can cause cells to produce interferon.

1.6. Mouse models for the study of IFN and apoptosis pathways

Mouse models have been very useful in understanding the etiology and pathogenesis of lupus.
Two approaches to experimental mice have been used to generate information about the role of
interferon in lupus. In the first approach, autoimmune-related genes are knocked out and the

resulting effects on lupus are studied. For the second, established lupus mouse models are
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studied on a molecular level for differences in autoimmune pathways such as interferon-related
effects. These two approaches often overlap, as in cases where interferon-related genes are
knocked out in lupus-prone mice. Several established lupus mouse models include the Murphy
Roths Large/lymphoproliferative (MRL/Ipr) mice, New Zealand black/New Zealand white
(NZB/NZW), and others. These are mice that spontaneously develop lupus, and several of them
have been investigated to understand the role of interferon in their pathogenesis. The following

are a few illustrative examples which represent the power of these model systems.

One mouse model that is especially relevant for the study of interferon in lupus is the Black 6
cross to satin beige/Murphy group of the Jackson laboratory (BXSB/MplJ) or Y-linked
autoimmune accelerator (Yaa) mouse. These mice spontaneously develop a lupus-like disease in
a sex-linked fashion because of a duplication of the Toll-like receptor 7 (TLR7) gene on the

Y chromosome [47]. TLR7 is responsible for inducing interferon in response to viral infection or

autoantibody production.

Another interesting mouse for the study of interferon is the NZB/NZW mouse. These mice
spontaneously develop a lupus-like autoimmune disease. They have been used to investigate the
role of several interferon-related molecules and cells. For example, treating these mice with
interferon accelerates disease in a T-cell dependent manner [48-49], while knocking out or
inhibiting interferon-related genes slows or eliminates the development of lupus-like symptoms
[50-51]. These mice have been used to clarify the interactions between sex hormones and
interferon in lupus etiology [52-54], and they serve as an excellent all-around model for

spontaneous development of lupus.



The role of several interferon-related molecules has been examined using a combination of
mouse models. As an example, consider the gene interferon regulatory factor five (IRFS5). This
gene is an interferon-regulating gene which will be described in Section 1.10 below. It was
discovered that knocking out /rf5 prevents or inhibits the development of lupus in MRL/lpr mice,

Fcy”™ Yaa mice, and pristane-injected mice [55-57].

Mouse models for lupus represent a powerful and flexible mechanism for investigating the role
of multiple aspects of lupus. However, it must be remembered that the mutations or disease
manifestations in these mice are not necessarily related to those seen in human lupus, and

therefore the results observed must be interpreted with caution.

1.7. A cycle of autoantibody production
When it comes to SLE we may think of interferon production as a cycle which begins when an
environmental trigger such as a viral infection, UV light damage, or medical treatment activates

the immune system to produce interferon.

Normally B cells, which produce antibodies to self-antigens, undergo negative selection where
they receive signals to die off or become inactivated if they make antibody against a self antigen.
This self tolerance is breached in SLE [58], and the self antigens released from damaged or
apoptotic cells during or after initial triggering events become the targets of autoantibodies.
When autoantibodies are produced, they are either made by B cells or plasma cells. Plasma cells
are a mature differentiated form of B cells, which secrete antibodies instead of maintaining them

bound to the cell surface.
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Autoantibodies stimulate the production of interferon when they form immune complexes, which
are immunostimulatory [59]. Immune complexes are composed of aggregates of antibody and
antigen molecules. Since immune complexes must processed by the body, they are a main source
of SLE pathology, as they obstruct small passages in areas of the body such as kidney glomeruli
and joints [60]. Immune complexes are a main cause of end organ damage and therefore

mortality in lupus. However, lupus is less fatal than it once was due to effective treatment of

symptoms.
Lowered self
tolerance/
increased
apoptosis
Initial Immune IFN Autoantibody
trigger ; system 9 production production
activation
Normal immune response \ Immune
complex
=== S|E response formation

Figure 4. The cycle of altered immune response in SLE. As part of the normal immune response, the
presence of an antigen results immune activation; this may include interferon production. In blue is a
cycle which exists in SLE, amplifying the amount of IFN produced. This can happen due to alterations in
the immune response. If autoantibodies form due to lowered self tolerance or increased apoptosis,
immune complexes may form which are themselves immunostimulatory. Once this cycle becomes
sustained, it can leave the immune system in an “always on” state.

Immune complexes may include the common SLE autoantigens such as RNA-containing protein
complexes like Sm, RNPs, Ro, and La. These are of nuclear origin and have a combination of
both nucleic acids and protein [61]. Once complexed with antibody, this combination of

molecule types means many pathways can be turned on. For example, antibody can stimulate an
11



immune cell through an Fc receptor, nucleic acids can stimulate cells through Toll-like receptors,

and proteins can be recognized by other antibodies.

Immune cells are activated by immune complexes and the cycle continues (Figure 4). Interferon
production is instigated by stimulated immune cells which recognize part of the complex, be it

the antibody, the antigen, or other associated molecules.

1.8. Clinical component interferon and SLE
The body of evidence in this section will describe the clinical data which associate interferon to
systemic lupus erythematosus. Many researchers have sought to determine if higher levels of

IFN, which is common in lupus patients, is a cause of lupus or an effect of lupus.

Intensity of lupus is scored by several different methods: the SLE disease activity index
(SLEDAI), a common modification of SLEDAI called Safety of Estrogens in Lupus
Erythematosus National Assessment (SELENA), and the British Isles Lupus Assessment Group
(BILAG) index. These measure many clinical indicators on a weighted scale. Clinical signs and
symptoms evaluated include seizure, psychosis, organic brain syndrome, visual disturbance,
cranial nerve disorder, lupus headache, cerebrovascular accidents, vasculitis, arthritis, myositis,
urinary casts, hematuria, proteinuria, pyuria, new rashes, alopecia, mucosal ulcers, pleurisy,
pericarditis, low complement levels, increased DNA binding, fever, thrombocytopenia, and

leucopenia [62].
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An interesting occurrence can happen when someone undergoes treatment with IFNa. The
presence of increased levels of IFN leads to lupus or a lupus-like syndrome [63-65]. Because the
lupus symptoms usually disappear after [FN treatment ends, this connection suggests that [FN
may be more of a cause than an effect. In a small number of cases, some patients also develop
SLE as a result of these IFN treatments, and in these cases the IFN is also the disease trigger.
Furthermore, within a family, the levels of interferon among all members correlate, suggesting
that this is a heritable trait [66]. That is, even the siblings of a lupus patient with high IFN levels
are more likely to have higher IFN levels. This also supports a causal role for IFN. The causal

role does not preclude the role of interferon as an effect of the disease as well.

Clinically, disease activity can be measured and correlated to other observations to determine the
cause of the different levels of activity. One item linked to SLE activity is IFN, where higher

levels of IFN in the serum correlated with more severe disease in most cases [38, 67-71].

Common lupus autoantibodies also correlate with IFN levels. A very strong correlation is
consistently observed between IFNa levels and the presence of antibodies directed against

common SLE autoantigens like Ro, La, Sm, RNP, and dsDNA [72].

Another set of findings has to do with properties of the main producer of IFN , plasmacytoid
dendritic cells (pDCs). High numbers of IFN-producing pDCs have been observed in lupus skin
lesions [73-74]. Since the cells are present at the scene of the crime, the increased interferon

could have to do with the pathology in these cases.
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1.8.1. Clinical trials of anti-cytokine inhibitors

At the time of writing, two anti-interferon clinical drug trials for SLE are being conducted. They
are for Sifalimumab and Rontalizumab, which are both anti-interferon monoclonal antibodies in
phase II trials [75-76]. Another phase II trial is underway, whose drug MEDI-546 targets the
interferon-a receptor 1 (IFNAR1) [77]. All of these monoclonal antibodies are designed to block
interferon alpha signaling by preventing its recognition by neighboring cells. If these drugs are
found to be effective by reducing SLEDAI or BILAG scores, it will further show that IFN plays

a critical role in the pathogenesis of lupus.

Of note, the United States Food and Drug Administration recently approved an antibody to
B lymphocyte stimulator (BLyS, also known as B cell activating factor (BAFF) ) to treat SLE
[78]. This drug, called Belimumab, is the first new lupus drug in around fifty years and should

help control B cell activation, selective apoptosis, and autoantibody production to some degree.

Other anti-cytokine therapies have been or likely will be tried. Several of these target the
interleukins, a group of important immune cytokines. An example is interleukin-6 (IL-6). IL-6
levels are higher among lupus patients [79]. Furthermore, the IL-6 which B cells make
contributes to the production of autoantibodies [80]. Treatment with an antibody directed against
the IL-6 receptor, called Tocilizumab, led to decreased SELENA-SLEDAI scores in one study
[81]. This and other cytokine inhibitor drugs have undergone testing in mouse models of lupus or
human lupus patients (Figure 5). The group of anti-cytokine—including anti-interferon—
antibodies currently being studied will likely become the next generation of lupus drugs. Unlike

most current treatments, they target the cause of the disease instead of just symptoms.
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Figure 5. Potential lupus drugs and the pathways they affect. Several pathways involved in lupus
pathogenesis (gray boxes) are mediated by cytokines (white boxes, each represented by a symbol) which
are produced by many of the body’s cells as part of normal signaling or during the course of an infection.
These pathways are blocked by the clinical administration of monoclonal antibodies, or other antibody
fusion proteins, whose names are listed according to their cytokine target. BAFF: B cell activating factor,
BP: binding protein, IFN: interferon, IL: interleukin, RA: receptor antagonist, T: Blocks or inhibits

1.9. Interferon signaling pathway genes identified in SLE genetic risk screens

We have looked at the disease state of SLE and how the immune system functions improperly to
instigate disease, and we will now look at genetic risk factors. Pathogenesis begins when an
environmental trigger works on the genetic background of varying degrees of susceptibility or
threshold liability. Genetic susceptibility is thought to account for at least 20% of the risk for

SLE [2]. To find the actual genes involved, studies are performed to determine the linkage or

association of a variation in the genome to a particular disease.
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One important method is called a genome wide association study (GWAS). These GWA studies
genotype thousands of individuals, grouped into SLE patients and healthy controls, comparing
them at thousands of single nucleotide polymorphisms (SNPs). Other variations, such as
insertion-deletion sequences (indels) and repeat sequences, can also be screened for association.
These studies reveal the genomic regions which contain disease-associated genes, because the
variations are more common in people with the disease. Individual genes or gene pathways are
pinpointed and can ultimately lead to treatment strategies. Many genes have been identified that
contain SNPs and other small variations which confer risk to SLE; they will be referred to as risk

genes in the following sections.

GWA studies are especially useful for diseases with unknown or complex genetic components.
The genome is examined for sets of single nucleotide polymorphisms (SNPs). When sets of
SNPs are usually inherited together in a group—and thus statistically associated—it is called a
haplotype. When a polymorphism or haplotype is more common in the disease group than in the

unaffected group, it can be assumed that it is associated with the disease.

Although specific genes are sometimes found which may predict a disease, it is more likely that
the information will reveal molecular pathways associated with the disease. Association of genes
or pathways to diseases such as heart disease, asthma, diabetes, and others have been found using
this method [82]. The amount of effect is measured as an odds ratio (OR), which is a measure of
the strength of association of the disease with a haplotype. A median OR value is around 1.3,

with more causal genes having much higher association ORs. For example, one of the lupus-
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associated haplotypes TREX1, has a published OR of 25 [83]. In such cases, the genetic risk is

almost certainly associated with the disease.

Table 2. Description of genome wide association studies. In order to determine the genetic source of a
polygenic trait or disease, GWAS may be performed. Variations in the genome can be associated to the
disease or trait being studied.

Genome-wide association studies (GWAS)

After completing the Human Genome Project, a logical next step is to find what parts of the genome are associated
with human diseases. Genome-wide association studies aim to discover the genetic risk component of a disease by
finding differences in a disease group compared to an unaffected control group. This is especially useful for diseases
with unknown and complex genetic components.

The genome is examined for sets of single nucleotide polymorphisms (SNPs) or other polymorphisms. When a
polymorphisms or haplotype is more common in the disease group than in the unaffected group, then it is associated
with the disease.

SNP: single nucleotide polymorphism. These single nucleotide changes are what make one person different from
another person and may be clues to finding the genetic risk components of disease.

Odds ratio: A measure of effect size which describes the strength of association between a disease and a genetic
variation. Mean OR values are 1.3. Two polymorphisms described in Section 1.10.1 are the rs2004640 SNP
(OR=1.4-1.9, p=5.7*10" [84]) and the CGGGG indel (OR=1.4-2.0, p=4.6*10 [85]) in the gene IRF5.

Haplotype: A group of co-inherited genetic variations, such as SNPs, which are grouped together for the purpose of
studying larger areas of the genome at one time. Statistical association is calculated for verification. Identifying

co-inherited SNPs allows for testing of a single marker SNP instead of each individual polymorphism.

An important caveat to these tests is that they answer the question, “What?” but not the question,
“How?” That is, they identify genetic loci which confer risk to SLE, but then further studies are

needed to show what functional changes affect people with a risk polymorphism. For most
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genes, we do not know what functional role they play. However it is promising to note that the
most genes thus far identified in lupus GWAS are within pathways which have been previously

associated with lupus.

Several review articles have reviewed the findings of many lupus GWAS with varying degrees
of certainty [3, 86-89]. In some cases the indicated susceptibility genes are common in many
ethnicities and populations, while others are specific to certain groups. The statistical
significance of many of these genes is well established, while others are novel and need to be
replicated. For example, an /RF'5 SNP rs2070197 has been associated with lupus in Caucasian
[90], Hispanic [91], and African American populations [92], but no association was found in a
Korean population [93]. Another study used five different ethnic populations to have a more
robust result of significance of association to lupus of a CGGGG indel in the IRF'5 gene [94]. An
important finding is that most of the genes that have been identified in GWA studies can be
grouped into functional pathways. The current focus will be on lupus-risk associated genes in
two pathways: genes in IFN pathways and genes in apoptosis pathways—those involving

clearing of apoptotic cells and clearing of immune complexes.

1.9.1. Interferon production pathways
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