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erythematosus risk.

Systemic lupus erythematosus (SLE) is an
autoimmune disease notable for its complex and
varied presentation and its predilection for
affecting women in their childbearing years. It is
believed that a number of genetic risk factors
combine to create susceptibility, and then envi-
ronmental triggers, such as the Epstein—Barr
virus [1], impact the genetically primed host to
start the autoimmune cascade. There is the pow-
erful and consistent observation that lupus
occurs in families, such that up to 10% of SLE
patients have a relative with lupus [2]. Increased
concordance in monozygotic twins was observed
over 30 years ago [3], and more current twin sta-
tistics continue to support this observation, with
over 40% concordance in monozygotic twin
pairs versus 4% concordance in dizygotic
twins 4. Except in the rare cases of complement
deficiency [5], the inheritance pattern of SLE
does not follow simple Mendelian rules, which
suggests that genetic risk in most lupus patients
arises from the combination of a number of rela-
tively common variations in several different
genes. The general consensus of those in the field
is that the number of ‘lupus genes’ is likely to be
in the order of 20-50. The search for the genes
that cause SLE has been a subject of active inves-
tigation for nearly 20 years by dozens of groups
all over the world, generating thousands of
papers, many of which have conflicting results.
In this review, | will attempt to summarize this
body of work.

Studies to elucidate the complex
genetic causes of SLE

Two major approaches have been used to define
the genetic factors in SLE: linkage studies and
association studies (Table1). To use a linkage
approach, one must first gather families in which
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Systemic lupus erythematosus remains a disease with an elusive etiology, and the search for
genetic factors that trigger the autoimmune cascade has only been accelerated by recent
advances in technology. Starting with the early observations that HLA type and complement
deficiency had an impact on disease risk, genetic studies in lupus have now expanded to
include genome-wide linkage and association scans, as well as hypothesis-driven
candidate gene studies on nearly 200 different genetic loci. This review will classify the
existing literature and report on the genes that most consistently contribute to systemic lupus

more than one person has SLE. Since only
approximately 10% of SLE patients have a first-
degree relative with lupus, this takes considerable
time and effort. However, once gathered, these
multiplex families can be used in genome-scan
experiments, which examine the entire genome
without bias. Historically, genome scans have
been performed using microsatellite markers,
which are heterozygous in over 85% of people.
Since testing is laborious, approximately 300-400
markers spaced at 10-30 mb intervals were typi-
cally used in a genome-wide scan. Any peaks of
linkage were then further typed using a technique
called fine mapping, in which additional micro-
satellite markers spaced at 1-2 mb intervals
within the linkage peak were assessed in the same
multiplex cohort. Usually this approach would
narrow the region of interest to 5-10 mb,
depending on the size of the cohort used. Five
groups have put together the resources to pursue
genome-wide linkage scans [6-12], and the results
are summarized in Table 2.

The second major approach to lupus genetics
is to test for association. These studies are
hypothesis driven and are usually focused on a
single gene. Most commonly, a single polymor-
phism, often in a coding region, is tested in a
case—control cohort. Some groups use a trio
design, in which the patient and both parents are
genotyped. Trio designs are stronger, statistically,
per patient recruited, and they eliminate any bias
that might be introduced when the cases and the
controls are not well matched in genetic ancestry
(i.e., stratification error). More recently, techno-
logical advances have made it more practical to
test an array of SNPs across a gene of interest,
such that a combination of alleles, known as a
risk haplotype, emerges. Linkage studies are gen-
erally followed up with association studies in the
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Table 1. Types of studies used in evaluating genetic risk factors for systemic lupus erythematosus.

Cohort type

Marker type

No. markers tested
Findings

No. regions

Size of region

No. using the approach

Traditional linkage study
Multiplex families

Microsatellite SNP
300-400 One or more
Linkage Association
10-15, usually One or more
20-40 mb 5-10 kb
Five major groups >50 groups

Traditional association study
Case-control or trio

Association scan study
Any

SNP

100,000+

Association

100+

5-10 kb

A few in progress
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linkage region, although there are far more candi-
date genes chosen on the basis of their function
than on their location within a linkage region.

A new approach called association scanning is
being used by a few studies now in progress. This
type of study would not be possible without the
recent advances in technology. Nevertheless,
both Affymetrix and Illumina have created prod-
ucts that test over 100,000 SNPs distributed
across the entire genome. Although the SNP
markers still have the limitation that they are
never more than 50% heterozygous, and are
therefore not as informative as microsatellite
markers, in combination they form informative
haplotypes that can be used to trace ancestry.
Genome scans can be performed on case—con-
trol, trio or pedigree collections. Like the linkage
studies that precede them, an association scan is
hypothesis generating, but the associated regions
found will already be fine mapped, in a sense,
because the markers used are so densely arrayed.

All three of these study designs share a com-
mon problem: they are prone to the production
of false-positive results. Therefore, it is impor-
tant that each finding be replicated in an inde-
pendent cohort, and the scientific community as
a whole recognizes the importance of such repli-
cation work. Unfortunately, every cohort is
slightly different — they vary in size, ethnicity,
selection and matching criteria, and likely a
whole host of other variables that may not even
be collected or recognized as contributing to this
complex disease. Some cohorts are underpow-
ered for the effect they attempt to define, and
this can also lead to false negatives. In addition,
each investigator has the choice of a large num-
ber of potential variants to test within each gene,
and often different studies of the same gene have
few or no SNPs in common. In part because of
this variation, the resulting literature in the field
is full of conflicting reports. For example, while
there are 16 reports supporting an association
with mannose-binding lectin, there are eight that
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find no association and 14 that find association
only with a specific phenotype, such as lupus
nephritis. When enough reports have been accu-
mulated, meta-analysis can assist us in determin-
ing the true nature of the association, and a
meta-analysis of mannose-binding lectin shows
that there is a consistent, albeit weak, association
with SLE p181. Unfortunately, 32 of the 48 genes
with conflicting reports have less than ten total
reports in the literature as of October 2007, such
that meta-analysis is impractical. In addition,
there are unconfirmed associations, negative
reports and associations with phenotype only
that remain to be verified. Even among the ‘con-
firmed’ associations summarized below, eight of
the 20 genes have only been tested in two
cohorts. A summary of the nature of the candi-
date genes in SLE by the types of literature they
have generated is given in Table 3.

Established genes

Complement

Work on complement began before the geno-
typing era, and reports of association with
complement deficiency may or may not
include genetic information. Nevertheless, it
has been established that, in rare cases, com-
plete deficiency of the elements of the classical
pathway — C2, C4 and C1q — leads to SLE or
lupus-like syndromes [5]. Immune complexes
activate complement through these compo-
nents, which are also important for keeping
immune complexes in soluble form and clear-
ing apoptotic bodies [19]. The genetic aspects of
C4 deficiency are complicated by both the
complex structure of the gene and its location
within the HLA region. It has recently been
discovered that individuals may carry anywhere
between zero and six copies of the C4 cassette,
although most carry four, and that decreased
copy number is associated with SLE risk 20]. A
partial deficiency, also known as C4A*QO or
C4 null, is also in linkage disequilibrium with
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Table 2. Confirmed linkage regions.

Region Group(s) Cohort type Associated gene(s) Ethnicity

123 OMRF Extended pedigrees FCGR2A, FCGR2B, EA, AA
FCGR3A, FCGR3B

1g31-32 uu Extended pedigrees EU

1g41-43 UCLA, USC Extended pedigrees PARP* EA, HIS

2937 uu Extended pedigrees PDCD-1 EU

4p16 OMRF Extended pedigrees EA

6p11-21 UMN Sib-pairs HLA-DR EA, AA, HIS

10923 OMRF, UCLA Extended pedigrees, sib-pairs AA

12924 OMRF Extended pedigrees EA, HIS

16q12-13 UMN, OMRF Extended pedigrees, sib-pairs EA, AA, HIS

*PARP was initially associated in this linkage region [13], but subsequent studies have failed to confirm the

association [14-17].

AA: African-American; EA: European-American; EU: European; HIS: Hispanic; OMRF: Oklahoma Medical Research
Foundation; UCLA: University of California, Los Angeles, CA, USA; UMN: University of Minnesota, MN, USA;
USC: University of Southern California, CA, USA; UU: University of Upsala, Sweden.

HLA-DR3 [211, and HLA-DR3 is strongly asso-
ciated both with autoantibody profile and SLE
on its own [22].

HLA region

Although work on the HLA region pre-dates
genotyping and linkage in this region is well estab-
lished, there remains much to be done to define
the nature of genetic alteration in the region and
its role in autoimmune pathology. First, there are
a number of genes with immune functions in
tightly linked regions, including not only HLA
class I, 11 and 111 genes, but also genes encoding
complement components C2 and C4, TAP 1 and
2, and TNF-a and -B. Since these genes are so
close together, they are often inherited as a unit, a
phenomenon known as linkage disequilibrium
(LD), and this creates confusion as to which varia-
tion within a risk haplotype is truly responsible for
disease. For example, the TNF-« -308 variant,
which is associated with overexpression, is often
found in a haplotype block that includes HLA-BS,
C4A*Q0 and HLA-DRS. As such, it has been vari-
ably claimed that each of these variants is the ‘real’
cause of increased risk, and unfortunately, there
are few studies that attempt to type them all, lead-
ing to competing claims rather than clarification
work. To add to the confusion, both HLA-DR3
and HLA-DR2 have been found to be associated
with disease, and the dual association cannot be
explained by ethnic background alone [23]. It is
possible that only one of these genes is important
in disease, but it is also possible that some combi-
nation or combinations of genetic variants in this
region is necessary to generate an autoimmune
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predisposition. Additional work on larger cohorts
in which all of these variants are assessed will be
necessary to sort out this established association
and determine why and how the HLA region
genes contribute to lupus pathology.

Meta-analysis

For those genes that have already been tested for
the same variant in multiple cohorts, meta-analy-
sis can be used to combine the results at a specific
site. This site is usually a SNP (such as the -308
variant of TNF-a), but it could be an inser-
tion/deletion (as in ACE), or even a micro-
satellite. Meta-analysis takes into account the size
of the sample cohorts and the size of the effect for
each report. A preliminary comparison is used to
determine if the effects are all in the same direc-
tion. For example, two reports might both be in
favor of association but have opposite risk alleles.
In addition, a negative report may be in the same
direction as other positive reports but be under-
powered to achieve statistical significance on its
own. Of the nine genes in Table 4, all but ACE
were found to have association in meta-analysis.

Newly discovered associations

Unless it is by coincidence, confirmation work
often lags behind an initial report by at least a
year or two. In addition, since so many of these
associations are likely to be either population-
specific or false positives, attempts to confirm
may be unsuccessful, and, if underpowered, neg-
ative reports should not be published at all. One
exception to this pattern has been interferon reg-
ulatory factor5 (IRF5). Following the initial
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Table 3. Classification of lupus candidate genes by types of literature report.

Type of gene No. genes
Causative mutations reported 11
Confirmed associations 20
Conflicting reports 48
Unconfirmed associations 28
Phenotypic associations only 28
Negative reports only 53
Total 188

Examples

Clq, C2, FasL, DNase 1
75+ HLA-DR, IRF5, APRIL
532 IL10, CTLA4, MBL

28 STAT4, CR2, IL-21, ICOS

92 CD38, BDNF, ITGA2

56 NFxB1, RUNX1, CD40
800+

No. reports”
18+

“Excludes literature prior to 1995 on HLA and complement, which is a body of work of over 300 papers.

report in a large Nordic cohort in 2005 [36], Sev-
eral groups confirmed the association in quick
succession [37-44]. Part of the success of this repli-
cation effort arises from the ability of groups
who have assembled test cohorts to quickly assay
newly reported associations in their own sam-
ples. Another factor may be that the large Cauca-
sian cohorts assembled around the globe may be
somewhat genetically heterogeneous to start
with, and therefore more similar to each other.
For example, in the USA, individuals of north-
ern and southern European ancestry are freely
mixed, and therefore there is considerable
heterogeneity in appearance and ancestry among
those who would be identified as ‘white’ and
assembled into a European—American cohort.
Perhaps Asian and Hispanic cohorts are more
genetically specific to their regions of origin, and
therefore we should not be surprised that an
association found in Columbians might not be
replicated in Mexicans, or an association found
in Japanese might not be replicated in Koreans.

Another strong new association is in STATA4.
The initial report provides evidence that a poly-
morphism in this gene is associated with both
rheumatoid arthritis and SLE [45]. Work support-
ing this association in SLE is already in progress by
a number of groups. Other strong initial reports
with confirmation work in progress include CR2
6], ICOS [471 and IL-21 ). As genome-wide
association scans near completion, no doubt a
number of other candidate genes will be confirmed
or refuted, and new candidates will arise.

Future perspective

If you consider the large body of literature in lupus
genetics as a whole, you cannot help but be dis-
mayed that so much has been done and yet so lit-
tle is truly known. Serious attempts to resolve the
conflicts in the literature, to define the scope of
each genetic effect, and to determine the interac-
tions of the genetic factors that lead to disease risk
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must be attempted before true clarity is achieved.
Large-scale collaborations that allow for cross-typ-
ing of different cohorts for the same markers in
the same genes will be critical for determining the
relative impact of each genetic variant on disease
risk and for generating more complex models of
disease that include epistatic interactions and clin-
ical outcome variables. We already know that SLE
is a complex disease with a pleomorphic presenta-
tion; we should expect that the final equation will
also be complex to include multiple genes and
encompass multiple phenotypes.

Another area in which we must improve and
refine our techniques is in the consideration of
racial heritage. The genetic background of the
human species is varied, and even though we
attempt to group patients by ancestry when
matching controls, for example, this is fraught
with inherent errors. Each racial subcategory we
designate must be broad, so as to include as many
samples as possible, but ancestry is not a simple
categorical variable; it is a scalar, and will remain
so no matter how we try to draw the lines in the
sand. For example, African—Americans have
admixture of European genes contributing any-
where from 10 to 30% of their ancestry, and this
proportion can affect disease risk [491. Our under-
standing of the effects of ancestral heritage will
improve as we begin to characterize all participants
in our genetic studies by their proportion of ances-
tral genotypes and use these variables as cofactors
to combine all of our data. Over the next 10 years,
the use of ancestry informative markers to charac-
terize the ancestry of any individual will likely
replace the use of questionnaires and self-desig-
nated racial categories. This revolution will refine
our definitions of race immeasurably and will
enable meaningful world-wide collaborations to
confirm and further define genetics effects,
wherein patient cohorts of different ethnicities will
truly be combined for maximum power and not
merely run side by side for economic convenience.
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Table 4. Genes subjected to meta-analysis.

Gene Location Reports for Reports against Meta analysis Ref.
ACE 17023 4 9 Negative [24]
CTLA4 2033 9 11 Positive [25,26]
FCGR2A 1923 15 21 Positive [27-30]
FCGR3A 1923 11 Positive [30]
IL10 1932 13 Positive [31]
MBL2 1011 16 Positive [18;32]
PTPN22 1p13 8 2 Positive [33]
TNFa 6p21 19 12 Positive [34]
TNFRSF1B 1p36 4 10 Positive [35]

New technology has enabled us to gather
more data than ever before, but we are currently
attempting to lift our heads above the rising tide
in the search for understanding. It is not enough
to have some data on some of the patients some
of the time, we must make efforts to combine
and correlate what we know and to fill in the
gaps. Much work remains to be done to resolve
the apparent conflicts in the literature, as well as
to combine the findings we are reasonably cer-
tain of into a coherent final picture. There is
also much work in progress to define the exact
nature of the causative polymorphisms within
each risk allele, and the transition from an asso-
ciated variant with no obvious functional conse-
quence to a meaningful model of autoimmune

pathogenesis will be an active area of investiga-
tion for many groups over the decade to come.
This important work should raise us to a new
level of understanding of the pathophysiology
of SLE.
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Executive summary

genes easier.

Established genes

Future perspective

Studies to elucidate the complex genetic causes of systemic lupus erythematosus

« Linkage studies type microsatellite markers across the whole genome in pedigrees with at least two systemic lupus erythematosus
(SLE) patients and define a large linkage region.

= Association studies type SNPs in cases and controls, looking for differences in frequency at a specific base.

« Both linkage and association studies must be confirmed with work in a second, independent cohort. These attempts to confirm
reported associations have led to a large body of conflicting literature.

« Complement deficiencies in C1g, C2 and C4 cause SLE, but these are responsible for less than 1% of lupus cases.

* The HLA region is well known to be associated with disease, but there are a number of genes inherited with HLA that could be
responsible for the increased risk. It is possible that a combination of factors is necessary.

= Other genes with both positive and negative reports in the literature have been established through meta-analysis.

« Newly discovered associations with promise include IRF5 and STAT4.

« Collaborations that result in the testing of larger cohorts will make confirmation and characterization of the existing candidate

« Complex models of disease risk will incorporate multiple genetic elements, as well as clinical and demographic variables.
< A set of markers that more clearly define ancestry will be characterized and used routinely to assess all samples, such that
ethnicity can be incorporated as a cofactor, rather than be used as a dividing line.
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