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INTRODUCION

In February 2001, the first draft of the human genome sequence was released 1, 2.
This achievement covered around 94% of the approximately 3200 Mbp of human DNA,
making it the largest genome to be extensively sequenced to date. The knowledge gained
from this genome sequence will give valuable insights into the nature of human biology and
will help us understand the history of modern and ancestral populations as well as the
mechanisms underlying various forms of disease. In addition, comparative analysis of the
human genome with the more than a hundred genomes already sequenced from other species,
will potentially lead to the discovery of novel genes and functionally conserved regions, such
as regulatory regions. Cross-species comparisons and functional annotation will have a
substantial impact on our ability to identify the susceptibility loci and gene variants that
predispose us to human diseases. Many human diseases have a genetic component to their
aetiology, some of which are initiated by a defect in a single gene (monogenic or Mendelian
diseases), while others have multiple causative genes (complex or multifactorial diseases).

The work presented in this thesis aims to identify genes that cause a
predisposition to a complex disease: Systemic Lupus Erythematosus (SLE). SLE is a systemic
autoimmune disease, mainly affecting women during their reproductive years. This disease
has been suggested to be representative of autoimmune disease, due to its variation in disease
expression and the production of a wide range of auto-antibodies making it similar to many
other autoimmune conditions. Despite a lot of effort the aetiology of SLE is still unknown,
although the inheritance pattern appears to be complex. It is suggested that this complexity
results from the action of multiple genetic and environmental factors. Genome scans on
families with multiple members affected by SLE have revealed several putative regions linked
to the disease, supporting the claim that many genetic risk factors exist.

In this thesis, both linkage analysis on multi-case and single case families as
well as a candidate gene approach, have been applied in order to identify genes involved in
the susceptibility and/or pathogenesis of SLE.
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THE HUMAN GENOME

One key goal that was identified for the Human Genome Project (HGP) when it
was initiated in 1990 was to explore the human genome and to identify novel genes and
genetic variation. The current estimate of the number of genes in the human genome is 30,000
to 40,000, which is considerably less than the 35,000 to 120,000 previously expected 3, 4.
These genes may be complemented by gene products resulting from alternative splicing and
other post-translational processing as well as the differential expression of genes in various
tissues and during different developmental stages. Nonetheless, the extent of the sequence
encoding for proteins is only a small fraction of the total genome (1.1 to 1.5%), the majority
consisting of repetitive DNA (more than 50%) and non-coding intergenic sequences
(approximately 30%) 5. Sequences in protein coding genes have traditionally received the
most interest, but more and more attention is being focussed on introns and other non-coding
regions since they are believed to harbour many important functional sites, such as regulatory
domains. Regions that are important for regulation and expression of different genes can be
identified by their conservation between evolutionarily distant species.

Knowledge about the physical structure and the complete genetic code of
humans in conjunction with genomic information from other organisms will substantially
increase the possibility of identifying disease genes and other biologically important regions.
However, the current physical map of the human genome consists mainly of draft sequences
that contain many gaps and errors in sequence assembly since they are sometimes built up
from contigs of ambiguous order and direction. A final, more accurate draft of the human
genome will probably be released in 2003.

Linkage disequilibrium

Linkage disequilibrium (LD) refers to the non-random association of alleles at
different loci, which means that the associated alleles will appear as haplotypes in a
population. The human genome seems to contain regions where strong evidence of LD is
present. Within these regions there is usually little evidence for past recombination events,
and they are therefore also referred to as recombination cold spots 6. These cold spots are
interrupted by recombination hot spot regions that conversely have a high frequency of
recombination and a breakdown in LD 7-9. For example, studies of LD at the human MHC
region have shown that hot spot regions fall into clusters separated by 60-90 kb 9. Similar
patterns have been found in mice and in yeast 10, suggesting that the mechanisms underlying
cold spot/hot spot distribution are conserved. It has been suggested that if the amount of
recombination at the MHC region is characteristic of the rest of the human genome, then the
genome will consist of around 40,000 blocks of DNA with a high degree of LD and a low
frequency of recombination 9.

Since the pattern of LD is not definitive, the shape of LD in a chromosomal
region is changing through generations by the actions of mutation, gene conversion and
recombination. LD around an allele can arise due to selection or by hitchhiking of loci linked
to a favoured gene 11. However, the structure and history of the population studied, including
factors such as small population size, genetic drift and population admixture, can also affect
the amount of LD. The extent of LD throughout the human genome has been found to be
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highly variable 12-15. Where some chromosomal regions show detectable linkage up to 500kb,
have other regions no or little LD between markers that are less than a few kb apart 16, 17. The
level of LD does not only vary between chromosomal regions but also between populations 15,

18. For example, African populations normally have lesser extent of LD than European and
Asian populations. This is probably because most African populations are older than
populations in Europe and Asia and therefore exhibit more genetic diversity.

Variations in the human genome

The complete sequences of two human genomes are about 99.9% identical
(except for identical twins) but the small variation that exists still consists of millions of
variations, making every individual genome unique. The rate of polymorphism varies widely
across the genome and is shaped by the history of the nearby genes 19. However, the
difference between two individuals is not only due to genetic variation; the effects of
environment and the expression levels of crucial genes at specific developmental stages, are
also important factors. The diversity between human genomes not only makes it possible to
distinguish one individual from another, but also allows us to follow the evolution of mankind
and to identify the causes of numerous diseases. Today, there are more than 8,000 disease
genes listed in the Online Mendelian Inheritance in Man database (OMIM)

(http://www.ncbi.nlm.nih.gov/omim/), implying that many diseases have genetic factors
involved in their aetiology. Such inherited factors can be traced by using DNA sequence
variation, such as the co-segregation of microsatellite markers with disease alleles 20.

Most of the genetic variation present in the human genome is in the form of
normal variants with no direct connection to disease. However, there have been many
examples of “normal variants”, which are abundant in a population and are neither sufficient
nor necessary for disease, but mediate an increased susceptibility.

Genetic Markers

The most abundant type of variation is single nucleotide polymorphisms (SNPs),
which are single base substitutions and account for 90% of the total amount of variation in the
human genome 21. Transitions from CpG dinucleotides occur at 10 times the rate of other base
substitutions (C↔A, C↔G, and T↔A), leaving approximately 2/3 of all single base
substitutions to be C↔T transitions 5. It has been estimated that there are about 10 million

SNPs (minimum rare allele frequency > 1%) in the human genome 22, of which around 4
million are known today and are available in various databases 2, 23. The fact that SNPs are
common in the genome and are relatively stabile according to new mutational events, makes
them suitable markers in gene mapping, especially in association/LD mapping approaches 17,

24, 25. Another advantage is that several new techniques have been developed, making it
possible to do large-scale genotyping of SNPs in an accurate, efficient and cost-effective way.
Some SNPs are old mutations, arising a long time ago before the divergence of current
populations, and will therefore be shared between populations of different ethnic
backgrounds. Microsatellites are another type of commonly used markers in genetic mapping,
which are widely used in traditional linkage analysis 5. They are not as abundant as SNPs, but
are frequent enough for linkage analysis where less resolution is required than in association
studies. There are more than 104 (10,000) microsatellite markers distributed throughout the
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human genome 26. A resolution of about one microsatellite marker per every 10 cM, would be
dense enough to identify a disease susceptibility gene, anywhere in the genome by a
traditional linkage strategy, so long as the impact of that gene on disease susceptibility is
sufficiently large. Microsatellite markers consist of di-, tri-, or tetra-nucleotide repeats of
various lengths and are often highly informative but, in contrast to SNPs, have a relatively
high mutation rate 27.

The identification of informative genetic markers as well as the development of
high-density human genetic maps and genome-wide physical maps has facilitated new
approaches for mapping susceptibility genes for human diseases. Genetic maps are available
from several places: Généthon (http://www.cephb.fr/ceph-genethon-map.html), Cooperative
Human Linkage Center (CHLC) (http://gai.nci.nih.gov/CHLC/), Marshfield
(http://research.marshfieldclinic.org/genetics/), Genome Database (GDB), (http://www.gdb.org/)
and LDB (http://cedar.genetics.soton.ac.uk/public_html/ldb.html), among others. Many genetic
maps are based on the recombination fraction/distance between polymorphic markers and are
often integrated with genetic, physical, radiation hybrid and comparative data from other
species.
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GENETIC DISEASES

Monogenic disorders

Monogenic or Mendelian diseases are caused by variation in a single gene in
each affected individual. The disease phenotypes are caused by genetic alterations such as
mutations, deletions and insertions, and are transmitted from parents to their offspring. They
are usually inherited according to the Mendelian laws (described by Gregor Mendel 1866)
and are therefore also referred to as simple Mendelian diseases, even if environmental factors,
variable age of onset and allelic heterogeneity (discussed later) could complicate the picture.
In monogenic disorders, the correlation between genotype and phenotype is often strong,
meaning that the penetrance (the probability that an individual carrying a certain genotype is
expressing the disease) is usually high. Mendelian disorders can either be inherited in a
dominant fashion (inheriting one disease allele is sufficient) or in a recessive manner
(inheritance of the disease allele from both parents is necessary).

An example of a monogenic disease with a recessive inheritance pattern is
Cystic Fibrosis (CF, OMIM *219700). CF is caused by mutations in the CFR-gene located on
chromosome 7q31. This locus harbours a single allele that accounts for approximately 70% of
all cases and furthermore, over 550 rare mutations with various phenotypic effects have been
reported 28. CF is therefore described as a disease with high degree of allelic heterogeneity,
meaning that many different mutations in the same gene give rise to the same phenotype.

A monogenic disorder that is inherited in a dominant fashion is Huntington’s
Disease (HD), which is caused by an abnormal expansion of a CAG triplet repeat in the
coding region of a gene called “Huntingtin”, located on chromosome 4p16 (see OMIM
*143100 for further information). HD is a rare disease with a severe phenotype but with a late
onset. Consequently, an individual who carries the mutation can transmit the mutant allele to
their offspring before expressing the phenotype. Therefore, a mutant allele that would
otherwise disappear due to negative selection can remain in the population. Monogenic
disorders can also show non-allelic genetic heterogeneity (i.e. locus heterogeneity), where
mutations in different single genes can give the same phenotype. For example, mutations in
over 30 individual genes have been found to cause non-syndromic hearing loss (see
http://www.uia.ac.be/dnalab/hhh/).

Complex disorders

Complex disorders do not usually segregate in accordance with Mendelian
inheritance, although they do seem to aggregate within families. Complex diseases do often
have a complex multifactorial aetiology, meaning that they are caused by the interaction of
several components and are expressed under the influence of both genetic and non-genetic
factors. Many complex diseases are common in the majority of populations and affect
millions of people worldwide, for example Rheumatoid Arthritis, diabetes and many forms of
cancer. The opposite situation is often seen in many monogenic conditions, where only a few
individuals are affected, but where the phenotype is often more severe. With complex
disorders, the disease predisposing alleles are often normal gene variants, present also in
healthy individuals and are not always associated with disease development. The phenomenon
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underlying this is called reduced or incomplete penetrance; an individual can actually carry
the disease allele without expressing the disease. Factors such as sex, age, environment and
genetic background can affect the penetrance.

A defining characteristic of complex diseases is that they are polygenic,
meaning that there are several disease predisposing or susceptibility alleles involved. In order
to actually express the disease, an individual needs a certain number of these alleles, which
can function in an additive, interactive or epistatic manner. In general, healthy individuals can
carry “susceptibility mutations”, which are compatible with normal function and tend neither
to be necessary nor sufficient to cause the disease unless other susceptibility variants are
present. The susceptibility genes may vary depending on the population studied. Also,
heterogeneity within a population can occur, further complicating the identification of those
genes. Disease expression caused by non-genetic factors (phenocopies), such as environment,
also needs to be considered when investigating complex disorders. Characteristic of complex
diseases is also the presence of genetic heterogeneity. This includes allelic heterogeneity,
where different alleles of the same gene cause the phenotype, and locus heterogeneity, where
different genes at different chromosomal loci trigger the same phenotype.

As mentioned above, complex diseases tend to aggregate within families. The
degree of this aggregation can be measured by λs, which is the risk to a sibling of an affected
individual to get the disease, divided by the risk for the general population. A value of λs

close to one means that the disease does not cluster within families. In general, the stronger
the genotype-phenotype correlation, the higher the λs value. For example, the λs value for

Cystic Fibrosis, a monogenic disease with a high correlation between genotype and
phenotype, is estimated to be over 500, whereas Rheumatoid Arthritis, a complex disease with
a lower correlation, has an λs value between 4 and 10.
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METHODS FOR GENETIC MAPPING

Linkage analysis

The human genome consists of genetic material split into 46 chromosomes; 22
pairs of autosomes and one pair of sex chromosomes. Each individual has two copies of each
chromosome, one inherited from the father (paternal chromosome) and one from the mother
(maternal chromosome). The transmission of one of the two possible parental chromosomes
to the offspring is determined randomly thereby maintaining of diversity in the population is
ensured. The variation among existing chromosomes is further increased by recombination
events, providing the opportunity for genetic mapping. Genetic mapping is based on how
often two loci are separated by meiotic recombination (crossing-over). The probability of a
cross-over to occur between two loci is called the recombination fraction. Crossovers occur
during meiosis when the homologous chromosomes line up next to each other, and by means
is an exchange of genetic material between the parental chromosomes, new allele
combinations are then transmitted to the next generation. If two loci are far apart, it is more
likely that a recombination will occur between them than if they are in close proximity. The
meiosis is considered informative (the phase is known) if an offspring can be scored as
recombinant (a recombination event has occurred between the two markers) or non-
recombinant (no recombination) in a family. It is then possible to determine which alleles are
inherited together as a block (i.e. as one haplotype).

When the segregation of loci is random, the recombination fraction (θ) is 0.5

and the loci are designated unlinked. Loci at different chromosomes or loci far apart on the
same chromosome are said to be unlinked. In contrast, when the segregation is not random,
the recombination fraction is 0< θ <0.5 and the loci are said to be linked (i.e. the loci are

physically close). Accordingly, the recombination fraction is a quantity of the genetic distance
between two loci, measured in units of centi Morgans (cM). The recombination fraction is not
equally distributed along the chromosomes; there are generally more recombination events in
female than in male meioses, and there are more recombinations in the telomeric parts of the
chromosomes than in the centromeric parts. Overall, recombination rates seem to vary along
the chromosome and, as a consequence, genetic distance is not the same as physical distance,
even though 1 cM is said to generally correspond to 1 Mbp.

Linkage analysis examines the co-segregation of a marker locus with a disease
gene locus (i.e. a disease phenotype), with no a priori knowledge about the physical position
of the disease gene. If the correlation between genotype and phenotype is strong then, when
the segregation is evaluated statistically, the probability of finding the true disease gene
location is high. However, in cases where some genes have only a minor to moderate effect
on the phenotype, as in diseases with multiple disease-causing genes, the probability of
finding truly linked loci decreases. Linkage analysis can be divided into two main strategies.
I) model-based or parametric linkage analysis, which uses multi-case families and extended
pedigrees. This method requires some assumptions, such as the mode of inheritance of the
disease allele (recessive or dominant), the disease allele frequency in the population and the
penetrance value. II) model-free or non-parametric linkage analysis using nuclear families and
affected sib pairs, where theoretically no assumptions need to be made.
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Model-based methods
The most common model-based method is the LOD score analysis, which is based on two
hypotheses: the null hypothesis (H0), which assumes that the marker and the disease gene are
unlinked (θ =0.5), and the alternative hypothesis (H1), which states that the marker locus and
the disease locus are linked (0< θ <0.5). The likelihood of a marker locus being linked with a
disease locus within a family can be determined by calculating the observed number of
recombinant (a recombination event has occurred between the disease locus and the marker
locus) and non-recombinant individuals. The likelihood of being recombinant in H1 is θ and
the likelihood of being non-recombinant is 1-θ.

Figure 1. A pedigree with a segregating dominant disease, genotyped for a six allele marker A1-A6. Non-
recombinants are denoted N and recombinants are denoted R (1-θ and θ, respectively, when the loci are linked,
0.5 when the loci are unlinked). A) When all meoises are phase-known. B) The same pedigree but with the phase
unknown since the mother could have inherited either A2 or A6 with the disease. The calculations must then
allow for both phases. Modified from Strachan and Read 5.

The likelihood ratio is calculated by dividing the likelihood of the marker and
disease gene being linked with the likelihood of no linkage. The LOD score is the logarithm
to the base of 10 of the likelihood ratio (exemplified in figure 1).

Likelihood ratio: L*(θ) = L (θ) / (θ =0.5) (1)

LOD score: Z (θ)= log10 L*(θ) = log10 (L (θ) / L (θ =0.5) (2)

A1A6 A2A3

A2A6 A4A5

A2A5 A2A4 A6A5 A6A4

A4A5

A2A5 A6A4

A2A6

A2A4 A6A5 A6A5

B)

A2A6

A)

PHASE:      N          N            N           N

Z=log10 [ (1- θ)4x θ / (0.5)5] Z=log10[1/2 x (1- θ)4x θ / (0.5)5+ 1/2 x (1- θ) x θ 4 / (0.5)5]

Recombination fractions  (θ):  0    0.1     0.2     0.3     0.4

Lod scores A (phase known): −∞   0.32   0.42   0.36    0.22
Lod scores B  (phase unknown): −∞  0.02   0.12   0.09    0.03

  PHASE I:     N           N   R          N         N
  PHASE II:     R            R               N          R         R

R
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If the phase is unknown, all possible phases have to be considered in the
calculations. This leads to a decrease in LOD scores since all possible phases must be allowed
for with equal probability (see figure 1B). If the genetic model is unknown, the LOD score
tests are performed for different models (mode of inheritance, disease gene frequencies,
penetrance) using all values of θ, in the interval 0 to 0.5, to find the maximum LOD score

(MLS). When using the same model and the same assumptions, LOD scores from different
families can be added. If a LOD score is below –2, linkage can be excluded, while LOD
scores above 3 are said to be significant. However, Lander and Kruglyak 29 proposed that the
threshold for a significant LOD score should be 3.3, at least when many markers are analysed,
such as in a genome wide search. This is equivalent to a p-value of 4.9x10-5, which
corresponds to a significance level of 5%. Therby the frequency of type I errors (detection of
false positive results) should be kept below 5%. Lander and Kruglyak 29 also propose that the
threshold for suggestive linkage should be set to: LOD=1.9, p =1.7x10-3.

In multipoint linkage analysis, several markers in close proximity are
simultaneously analysed against the disease locus. This analysis increases the information of
the combined marker group and sometimes provides a better estimation of the location of the
disease gene in relation to the markers 30, 31.

Model-free methods
Two chromosomal regions is said to be identical-by-descent (IBD) if they

descend from the same ancestral chromosome. Regions can also be identical-by-state (IBS) if
they share the same alleles, but the origin of the region is unknown and therefore the sharing
could simply be due to chance. If there is a susceptibility gene located somewhere in the
genome and shared by affected individuals IBD, markers physically close to this region will
be transmitted along with the disease allele. Furthermore, if a region is shared among affected
individuals more frequently than is expected by random segregation, it may harbour the
disease gene. Methods applying this approach are the affected sib-pair method (ASP), using
sib-pairs or nuclear families 32, 33 and the affected pedigree member method (APM), using
extended families 34. Non-parametric linkage methods may be disadvantageous in the search
for polygenic loci because they are relatively insensitive if the loci to be identified have only a
minor effect 24.

Parametric linkage analysis extracts more data from the families than non-
parametric methods and is therefore believed to be more powerful. However, many complex
diseases have an unknown inheritance pattern, making it difficult to specify the correct
genetic model necessary for parametric linkage analysis. It could also be problematic to
assign families with several generations available, especially if the disease has a late onset. In
such cases non-parametric methods could be a useful alternative.
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Linkage disequilibrium mapping

Association studies
Linkage disequilibrium (LD) mapping has been established as an important tool

for delineating complex disease genes 35, 36 . This approach is based on the fact that alleles at
neighbouring loci tend to segregate together. Association studies can be direct or indirect 37.
Direct association means that the actual disease susceptibility variant is the one investigated.
In the case of indirect association, a neutral polymorphism closely located to the disease
susceptibility variant is studied and the association arises due to LD between the two markers.
If two loci are inherited together more often than would be expected by independent
segregation, the two loci are said to be in disequilibrium. Most proposed LD test statistics
search for association between a single marker and a disease susceptibility locus. The degree
of association can be determined using a simple statistical χ2 test with contingency tables.

Another model-free design for detecting association is the odds ratio (OR). This is simply the
odds that an affected individual has been exposed to a risk factor (ab) compared to the odds of
exposure for a control (cd), which gives the ratio ad/bc. In rare diseases the OR is close to the
relative risk (RR), which is the fraction of exposed and unexposed who have developed the
disease.

It has been suggested that association studies are more powerful than linkage
analysis when searching for susceptibility genes for complex disorders 24, 36, 38. However, this
is controversial and depends strongly on what genetic model is used. An example of a
susceptibility allele identified by allelic association and not detected by linkage analysis is the
APOE4 allele, which is associated with Alzheimer’s disease 39.

Linkage disequilibrium (LD) mapping can be a useful tool when performing fine
mapping of regions identified by traditional linkage analysis or in the identification of genes
of minor effect in complex disorders. The main advantage of LD mapping is the ability to
incorporate the effects of many past generations of recombination, compared to the very few
generations used in pedigrees for linkage analysis. A disadvantage is that LD mapping is
strongly influenced by the extent of LD in the genomic region of interest 40.

One of the simplest formulae for disequilibrium is Lewontin´s D 41, where the
difference between an observed frequency of a two-locus haplotype and the frequency it
would occur in if the two alleles were inherited independently of each other, is the measure of
disequilibrium between the two loci.

D=PAB-PAxPB (3)

D is strongly influenced by allele frequencies and therefore, alternative
measurements have been established 42. The two most common methods to determine the
extent of LD are Lewontin`s coefficient (D`) and the correlation coefficient (r2). D` is D
divided by the maximum value it can assume, given the allele frequencies at the two loci.
D´=D/Dmax. Dmax is the lesser of pApB or papB if D is positive or pApB or papa if D is negative.
D´= 1 indicates complete LD, which implies no past recombination events have occurred
between the two loci, and a D value close to 0 signifies that the two loci are in equilibrium.
The sample size can have a large effect on the statistical power of D´, so values of D´ could
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be difficult to compare between individual studies. The measure r2 is equal to D2 divided by
the product of the four-allele frequencies at the two loci, [r2=D2/(pApapBpb)]. r2=1 is referred

to as perfect LD and is the case when no recombination has occurred between the two
markers, then only two out of four possible haplotypes from the two-marker loci are observed
in the sample.

More attention has been focussed on the possibility to scan the entire genome
for marker-disease associations using genome-wide SNP maps. However, there are doubts
about the viability of using linkage disequilibrium approaches for genome-wide mapping of
complex traits 43. Since the pattern of LD throughout the genome is complex, there is no strict
correlation between the extent of LD and physical distance. The number of markers needed
for a genome scan is debated and suggestions range from 30,000 to 500,000 markers 17, 37, 44.
Since there are no explicit guidelines for correction for multiple testing in such studies, testing
thousands of markers might confer a high rate of type I errors. So far, linkage disequilibrium
mapping approaches have been most successful when mapping genes for rare recessive
disorders in isolated populations such as the Finnish 45, 46.

Family-based association tests
Transmission disequilibrium test (TDT) and haplotype relative risk (HRR)

analyse for preferential transmission of specific alleles, that is, association between a genetic
marker and a disease locus. If such an association exists, transmission of the marker locus
from parents to an affected offspring would deviate from the expected 0.5 value predicted by
Mendelian inheritance. In TDT, only heterozygous parents are considered 47 while in the HRR
test, both homozygous and heterozygous parents are included 48, 49. Other transmission test
statistics include pedigree disequilibrium test (PDT) 50, which incorporates information from
all members of a pedigree with genotypic and phenotypic data, and affected family-based
controls (AFBAC), where both simplex and multiplex families can be ascertained 51, 52. The
AFBAC test uses family data to estimate control marker frequencies assuming random mating
in the population. It uses the parental marker alleles not transmitted to an affected child, or
never transmitted to an affected sib-pair, as the control population. As a result, association
due to ethnic mismatching between patients and controls is avoided, which might cause
biased results in traditional case-control studies with unrelated individuals. Family-based
association studies provide a test of linkage in the presence of association, since positive
findings will only be detected when marker alleles are associated (i.e. are in gametic
disequilibrium) and are linked to the disease gene (θ < 0.5). Thereby associations of unlinked
marker loci due to population stratification effects are eliminated as well. Appropriate χ2

statistics can be used to compare the parental transmitted versus non-transmitted alleles in a
contingency table.
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Haplotype-based approaches
Disease-associated mutations and the ancestral haplotypes from which they

arose can be statistically powerful methods to apply in association studies of human diseases.
Haplotypes created from multiple marker sites can be valuable due to their higher information
value relative to single SNPs. The use of haplotype-based approaches has contributed to the
identification of genes for both Mendelian disorders 45 and for diseases with a more complex
inheritance 53-55. Individual haplotypes that contain a mutation will be inherited along with the
chromosomal region immediately surrounding that mutation. The size of the ancestral
segment shared by the haplotypes is affected by the age of the mutation. Alleles carrying a
younger mutation tend to share larger segments than older ones. Studies of haplotype block
structure show that only a few haplotypes (approximately 3-5) will constitute the majority
(around 90%) of all chromosomes present in a population 56. Most of these frequently found
haplotypes could be distinguished by only a few “key” SNPs, also called the haplotype tag
SNPs (htSNP) 7, 57, 58. This suggests that haplotype analysis will reinforce LD mapping by
significantly reducing the required number of genotypes, making this a more cost-effective
approach 58. In a study by Gabriel and colleagues, the haplotype structures in European, Asian
and African populations were evaluated 56. They found that half of the haplotypes (51%) were
commonly found in all three populations, 72% were found in two out of three populations and
28% were population specific. Since most haplotypes, as well as the highest genetic diversity,
were found in the African sample, they suggest a bottleneck in the ancestry of the European
and Asian populations leading to the survival of only a few common alleles since bottlenecks
have the strongest effect on low frequency alleles. The low frequency of rare haplotypes in
European and Asian populations compared to African ones, suggests that there has been an
“out-of-Africa” constriction of allelic diversity, which is reflected by a higher degree of LD in
the non-African populations 15, 16.
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SYSTEMIC LUPUS ERYTHEMATOSUS (SLE)

Aetiology

SLE was first described as a dermatological condition in 1833 and was for a
long time considered to be a “connective tissue disease”. Today SLE is referred to as a
heterogeneous disease with great variation in symptoms and clinical expression, reflecting its
complex aetiology (OMIM 152700). The disease is often chronic and the state of the disease
often varies between remission and periods of relapse, although all kinds of disease patterns
have been reported. SLE has a complex inheritance pattern that does not follow simple
Mendelian laws, probably because multiple genes are involved. The incomplete penetrance
and variable disease expression supports the suggestion that several genes influence the
phenotype, although genetics cannot describe the complete phenotype. SLE is most probably
a multi-factorial disease, where other factors are acting in unison with genetics to cause the
expression of the disease. This means that even if a person is genetically predisposed to the
disease, some kind of trigger, for example an environmental exposure, is usually necessary for
that person to develop the clinical symptoms. Examples of environmental risk factors include
exposure to UV-light and the intake of certain foods 59. However, the mechanisms underlying
these environmental triggers are poorly understood. Several other factors have been
discussed, such as a hormonal influence. This is indicated by the fact that the incidence of
SLE in females is nine times higher than in males, and that the onset of the disease in females
has a peak around childbearing age. Studies have also shown reduced levels of androgen and
increased levels of oestrogen and prolactin in SLE patients 60, 61. Furthermore, oestrogen
treatment tends to intensify SLE in murine models by changing the B-cell repertoire without
the presence of inflammation 62. Certain drugs can also trigger autoimmunity as well as
infectious agents, where microbial antigens can enhance polyclonal activation and auto-
reactivity through molecular mimicry 63.

Clinical features

SLE is a multisystemic autoimmune disease; almost any organ system in the
body can be affected by inflammation. The most common clinical symptoms are skin rashes,
arthritis, and glomerulonephritis, but also haemolytic anaemia, thrombocytopenia and
disturbances in the central nervous system are relatively frequent manifestations. One main
characteristic of SLE is the production of reactive auto-antibodies, which include a wide
range of antibodies, directed against self-antigen, such as dsDNA, ribonucleoproteins,
histones, and nucleolar antigens 64. Deposition of immune complexes formed by auto-
antibodies and antigen throughout the body cause many of the manifestations present in
patients suffering from SLE. Immune complexes trapped in small arteries are responsible for
glomerulonephritis, arthritis and vasculitis, whereas haemolytic anaemia and
thrombocytopenia are possibly due to auto-antibodies against erythrocytes and platelets,
respectively 65. The presence of a high concentration of ANA (antinuclear antibody) is a
typical hallmark of SLE, found in 98% of all SLE patients, although healthy individuals can
also have low but measurable levels of ANA 66. Because of the wide spectrum of symptoms
and disease expression among patients, it has been difficult to correctly diagnose the SLE
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phenotype. In order to facilitate this, the American Rheumatism Association (ARA, today
ACR) has determined classification criteria for SLE diagnosis based on both clinical and
laboratory symptoms. These diagnostic guidelines were first published in 1971 and a revised
form was published in 1982 67. There are 11 criteria and an individual needs to fulfill 4 or
more of these in order to satisfy the SLE phenotype (see Table 1). SLE is defined as
phenotypically heterogeneous which means that two individuals with the same diagnosis can
have completely different symptoms.

Epidemiology

Even though several factors are involved, the importance of the genetic
contribution is demonstrated by epidemiological data. There is evidence of familial clustering
of cases; the ratio of the risk for a sibling of a patient to the risk of the population in general
(λS), varies between 20 and 80 depending on the population studied. Furthermore, the

incidence of SLE in first- and second-degree relatives of patients is 10 to 12% 68, 69 and the
rate of concordance is approximately ten times higher in monozygotic twins ranging from
25% to 57% 70, 71 than in dizygotic twins, where the incidence is around 2 to 9% 70, 72. Among
women, the prevalence is approximately 12 to 64 in 100 000, but the disease prevalence
varies between populations (the incidence is at least 2 to 4 fold higher in non-Caucasian
populations). SLE seems not only more frequent but also more severe in African admixed
populations of the US and UK as compared to populations of Caucasian origin 73-76.

Table 1. The 1982 revised criteria for the classification of SLE

Criterion: Definition

1. Malar rash

2. Discoid rash

3. Photosensitivity
4. Oral ulcers

5. Non-erosive arthritis

6. Serositis: pleuritis or pericarditis

7. Renal disorder: persistent proteinurea (>0.5 g/day) or cellular casts

8. Neurological disorder: seizures or psychosis

9. Haematological disorder: haemolytic anemia, leukopenia
  lymphopenia or thrombocytopenia

10. Immunological disorder: LE cells, anti-dsDNA, anti-Sm or
    false positive serology for syphilis

11. Antinuclear antibodies
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Pathogenesis

The progression of SLE entails several steps: (1) initiation of auto-reactivity, (2)
disease progression and (3) tissue injury and organ damage. Impaired humoral and cell-
mediated responses leading to different effector mechanisms drive the pathologic process in
SLE patients. Such processes include T-lymphocyte dysfunction, polyclonal B cell activation,
unbalanced control mechanism for immune tolerance, production of auto-reactive auto-
antibodies and defects in immune complex clearance (for an overview see figure 2).

Figure 2. An overwiew of suggested mechanisms in the pathogenesis of SLE

Auto-reactivity is a physiological phenomenon and low levels of auto-antibodies
are the rule rather than the exception in most people, for example the presence of natural IgM
auto-antibodies 65. The reason why a normal condition turns into a pathologic process is
poorly understood. In general, autoimmune diseases are characterised by auto-antibodies and
self-reactive lymphocytes directed against self-antigens. Breakdown of peripheral tolerance is
a central event and is believed to be an important factor in the pathogenesis of SLE, where T-
and B-lymphocytes fail to maintain tolerance to lupus antigens. In a normal scenario, self-
reactive lymphocytes are either deleted by apoptosis, edited (B-lymphocytes), functionally
anergised, or suppressed by regulatory cells. If complement dependent localisation of lupus
antigens to the lymphoid organs is impaired, the efficiency by which antigens are being
encountered by self-reactive B cells will be reduced. Under such circumstances, lymphocytes
specific for lupus-antigens can escape normal negative selection, causing an increased
frequency of self-reactive lymphocytes in the circulation 65. Extended survival and
hyperactivity of the B cells contributes to the disease phenotype by the production of a wide
range of auto-antibodies. The presence and amount of reactive auto-antibodies has been
correlated with disease expression and/or clinical activity of the disease as well as the course
of SLE. The aberrant activation of B cells in lupus might be caused by auto-antigens or by
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intrinsic B cell defects (reviewed by Alarcón-Segovia and Alarcón-Riquelme, Drake and
Kotzin, Mohan and Datta 77-79). The presence of auto-antigens is essential in the activation
process, which is driven by helper T cells, in a similar fashion as normal responses to foreign
antigens (reviewed by Drake et.al. 78).

There have been numerous theories about the origin of SLE; here is a short
description of some of them. The “activated-cell-induced death” (apoptosis) pathway is
crucial in the maintenance of peripheral tolerance of T- and B-lymphocytes. Defects in the
mechanisms of apoptosis may be one source for self-antigens, since so called surface blebs,
containing nuclear proteins and nuclear acids, are being released from apoptotic cells thereby
causing an increased concentration of self-antigens in the circulation 80. Both nuclear proteins
and nucleic acids, such as chromatin and dsDNA, are major lupus antigens 81. Many nuclear
self-antigens are highly conserved from microbes, suggesting that reactivity against self- and
foreign-antigens is closely regulated. When a lymphocyte is challenged by an antigen, self or
foreign, the balance of activating and inhibitory signals determines the response to be
immunogenic or tolerogenic to that particular antigen.

Autoimmunity can also be due to a defect in clearance of self-antigens released
from apoptotic cells and/or immune complexes. Immune complexes only cause disease if they
are in excessive amounts, are not efficiently cleared and are deposited in tissues 82. Defects in
immune complex clearance may be complement-mediated or due to aberrant function of the
Fcγ receptors 83.

Even though impaired function of the adaptive immune system has been the
subject of most discussions, defects in the innate immune system can also cause
autoimmunity. It has been suggested that a functional innate immune system can protect
against autoimmune diseases. Therefore, deficiencies in molecules, such as the early
components of the complement system, DNaseI and NK-cells 84, can obstruct this protection
by an impaired clearance of apoptotic cells and nuclear debris, allowing autoimmunity to
progress.

An aberrant cytokine pattern is often seen in SLE patients. For example
Interleukin-10 (IL-10), produced by monocytes and B-lymphocytes 85, 86, is usually up-
regulated. An increased amount of IL-10 enhances antibody production by promoting B cell
activation 86. Transforming growth factor β (TGF-β) that acts to down-regulate IgG
production is often decreased in SLE patients. Decreased levels of TGF-β can cause up-

regulation of B cell activity and an increase of polyclonal IgG auto-antibody production 87.
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Mouse models of SLE

Several inbred mouse strains spontaneously develop lupus-like conditions,
further implicating the importance of a genetic contribution to disease pathogenesis. Many of
these mouse strains show production of anti-DNA antibodies as well as glomerulonephritis,
similar to the human form of SLE. One example is the New Zealand mouse (NZB x NZW)
F1, where the MHC genes from the NZW parent and non-MHC genes from both parental
strains are involved in the development of the disease. Others are the BXSB mice, which
carry the disease accelerating Yaa gene, and the MRL mice. The MRL mice, homozygous for
the lpr (from lymphoproliferation) mutation or the gld (from generalized lymphoproliferative
disease) mutation, develop a condition similar to the human form of SLE (reviewed by Kono
and Theofilopoulus, Vyse and Kotzin 88, 89).

Linkage studies of SLE

Linkage studies in humans
To date, several genome wide scans on SLE have been performed, revealing

many distinct chromosomal regions with suggestive linkage (see figure 3.)90-95. The
approaches and study designs have varied as well as the ethnicity of the families involved in
the studies. Of all the loci identified, only a few meet the criteria for significant linkage (LOD
score > 3.3). I will briefly go through the regions where significant linkage has been found.
Chromosome 1 harbours three regions showing significant linkage and some additional
regions with suggestive linkage. This is no surprise since chromosome 1 harbours several
genes encoding proteins important in the immune system. Linkage to the 1q23 region has
been identified in several diverse populations, but seems to be strongest in families of
African-American origin 94. This is a very interesting candidate region since it corresponds to
susceptibility regions found in mouse models for SLE (sle1a and sle1b). Notably, the genes
for the low affinity Fcγ receptors are mapped to this region, previously suggested as candidate

genes for SLE (further discussed in Paper III and IV). Actually, the highest initial linkage to
1q23 was found using a microsatellite marker in the promoter region of the FcγRIIA gene 94.
There are also other possible candidate genes than the FcγR genes within this region, among

them are the genes encoding for serum amyloid P component (SAP), complement receptor 2
(CR2) and the C-reactive protein (CRP).

Significant linkage to 1q31-32 has been found in families with different
ethnicities 96. Examples of candidate genes within this region are the genes encoding for
CD45 and the factor H family of genes, which are important in T and B cell antigen receptor-
mediated signalling and inhibitors of early components of the complement system,
respectively. The third region on chromosome 1 which displayed significant linkage, was
found in 1q41-43 94, 97, 98, and is possibly homologous to the mouse susceptibility region sle1d.
The linkage was initially found using a polymorphism in the 5´ region of a gene poly-ADP-
ribosyl transferase (PARP). PARP is involved in DNA repair and association to the PARP
gene has been identified by a family-based association test 97, but the association has so far
not been replicated in an independent cohort 99, 100.
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Figure 3. Susceptibility loci with LOD scores > 1.5, identified in genome scans on SLE performed
by Gaffney et.al., 1998; Moser et.al., 1998; Shai et.al., 1999 and Lindqvist et.al., 2000 90, 93-95.

The 2q37 region, denoted SLEB2, was identified in our genome scan on
Icelandic and Swedish multi-case families 93 and was later verified in an extended set of
Nordic multi-case families (further discussed in Paper I). Linkage to 4p15-16 was found in
Icelandic and European American families 93, 94 and was later shown to be two different loci,
both homologous to the mouse lupus locus lmb2. No obvious candidate genes mapped within
these regions have been proposed so far. Linkage for markers in, or adjacent to, the HLA
region (6p21-11), was found in multiple populations 90. Even though many of these
populations showed varying degrees of linkage to HLA 93, the effect from this locus seems to
be stronger in other autoimmune conditions compared to SLE. Finally, a locus at 16q13
showed significant LOD scores 90. This is a region that overlaps susceptibility loci found in
other autoimmune diseases, such as Crohn´s disease (CD) and insulin-dependent diabetes
mellitus (IDDM) 101, 102. In fact, one apparent finding from genetic studies on different
autoimmune disorders is that many of the identified loci are common for several autoimmune
conditions 103. This raises the question of whether there exist genes, or clusters of genes, that
confer a predisposition to autoimmune disorders in general. Maybe there are common
susceptibility genes for ”autoimmunity”, shared by different autoimmune diseases. This is an
attractive thought since many autoimmune diseases have overlapping or similar phenotypes
and might therefore have similar aetiologies.

To date, genome scans on several diseases have revealed many putative
susceptibility loci, but so far not many candidate genes have been proposed. It has also been
difficult to replicate reported susceptibility loci and there have been discouraging results from
studies of other autoimmune disorders, such as Multiple Sclerosis and Diabetes Mellitus 104.
However, there are some promising facts concerning the search for susceptibility genes for
SLE. First, in the initial genome scans several loci showed significant linkage, indicating that
there are at least some genes with such an impact on the disease susceptibility that it will be
possible to detect them using a linkage analysis approach. This would not be the case if the
majority of the genes were of minor effect. Secondly, several susceptibility loci in humans are
homologous to regions found in mouse models for SLE, although the genes conferring the
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risk in humans might not be the same in the mice 90, 93-95, 105. Thirdly, in SLE, MHC seems to
have similar effect to that of other susceptibility loci, unlike many other autoimmune diseases,
where it is such a strong contributor that it overwhelms the signals from other loci in a linkage
analysis.

Linkage studies in mice
Mice that spontaneously develop lupus as well as induced models have been

used to dissect the disease pathogenesis and identify individual susceptibility genes mediating
certain components (i.e. phenotypes, of the disease). Regions conferring susceptibility or
resistance have been identified at more than 30 chromosomal regions in genome-wide linkage
analyses in different mouse-crosses (reviewed by Theofilopoulus 106). In each strain several
loci have been identified, suggesting that lupus is genetically heterogeneous not only in
humans, but also in the mouse. Most of the regions identified seem to be strain-specific but
some of them are shared between multiple strains. Genetic dissection of complex phenotypes,
a split of the overall disease phenotype into smaller pieces, can be performed by the creation
of congenic animals. A congenic animal carries a single susceptibility region in an otherwise
resistant genetic background. Thereby, specific susceptibility genes can be connected to
specific sub-phenotypes of the disease and analysed separately 107.

A genome wide search in the lupus prone mouse, NZM2410, identified three
putative loci; sle1 (chromosome 1), sle2 (chromosome 4) and sle3 (chromosome 7) 108. When
transferring each of these susceptibility loci to a B.6 background, it was revealed that each of
these loci mediated unique components of the disease pathogenesis 109-112. sle1 was correlated
with the loss of tolerance against chromatin, sle2 decreased the activation threshold for B
cells and sle3 mediated a dysregulation of T cells. Interestingly, further studies showed that
all susceptibility loci needed to be expressed simultaneously in an animal in order to develop
severe systemic autoimmunity and fatal glomerulonephritis 113. This indicates that not only
individual genes, but also other factors such as interaction, synergism and epistasis between
different susceptibility genes, are essential in disease pathogenesis. Indeed, some animals
loose the phenotype of interest when moving the susceptibility region into another genetic
background, supporting the claim that many factors affect a complex phenotype. Further
analysis of the sle1 region showed that there was not only one single susceptibility gene in the
region, but a cluster of four individual genes mediating the phenotype 114. This further
emphasises the amount of complexity in the genetics behind SLE in the mouse and the same
scenario would be expected in humans.

Association studies of candidate genes

Several candidate genes for SLE have been proposed during the last decade. The
results from different association studies suggest extensive genetic heterogeneity and a
possible epistatic interaction between the multiple genes involved in disease susceptibility.
Although some genes have been reported as playing a role in SLE susceptibility in multiple
studies and in more than one population, this is not always the case. In fact, even within
ethnic groups the results have been discordant. The disparity in results from past studies can
be in part attributed to confounding factors such as population admixture, lack of appropriate
controls, too small sample sizes and the presence of genes offering only minor genetic
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contributions. In the following section, some examples of candidate genes that have been
reported in several studies will be briefly discussed and the candidate genes that are of interest
for this thesis (the PDCD1 and the Fc R genes) will be described in more detail.

The major histocompatibility complex (MHC) is necessary for a functioning
immune system. The genes encoded for MHC is in human called the human leukocyte antigen
(HLA). The HLA genes, many of them highly polymorphic, are located in a cluster on
chromosome 6p21-11. These genes have been the subjects of numerous studies of SLE and of
other autoimmune disorders. Several HLA haplotypes have been associated with SLE, many
of which have been inconsistently found in populations of different ethnic backgrounds, for
example HLA B8, DR2, DR3 and DQ2 (reviewed by Arnett and Moulds115). Interestingly,
many of the alleles, especially the HLA class II genes (DR and DQ), have shown stronger
association to auto-antibody production than to the disease itself (reviewed by Arnett and
Reveille 116). The HLA class II haplotypes containing DRB1 and DQB1 were also recently
defined as strong risk factors for SLE 117. However, it has been difficult to evaluate the
importance of different genes in this region due to the presence of strong linkage
disequilibrium.

The complement genes are also located within the MHC domain. These genes
encode for the components of the complement system, which are important in the clearance of
immune complexes. Deficiencies in the components of the serum complement system (C1q,
C2 and C4), are considered to be risk factors for SLE 118, 119. One of the most common is
partial deficiency of the C4A protein (reviewed by Atkinsson and Schneider 120). The two
isoforms of C4 (C4A and C4B) are encoded by two highly homologous genes located within
the HLA class III region on chromosome 6p21. SLE patients from various populations often
tend to show an increased frequency of C4A deficiencies, when compared to healthy
individuals. Complete deficiency of C4A is rarely seen but in such individuals, SLE is almost
always developed.

Abnormal production of various cytokines has been described in SLE patients
(reviewed by Linker-Israeli 121). Many SLE patients, as well as those suffering from
Rheumatoid Arthritis and Sjögren´s syndrome, show an increased production of IL-10 85, 122,

123, an anti-inflammatory cytokine with the capacity to stimulate the proliferation and
differentiation of B cells 124. Association between a microsatellite marker allele in the
promoter region of the IL-10 gene and SLE has been found in some studies 125-127, but was not
confirmed in a study based on patients from another population 128.
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The Fc  Receptor genes
The Fcγ receptors perform the critical role of linking the humoral and the cell-

mediated immune systems. They share some properties (such as activation motifs) with other
important molecules such as the B and T cell receptors (BCR and TCR). The Fc R genes are a

heterogeneous gene family, closely located within a cluster on chromosome 1q21-24. This
family consists of three subgroups, the high affinity receptor FcγRI and the low affinity
receptors FcγRII and FγRIII, each encoded by distinct genes with alternative splicing forms.
FcγRI is a high affinity receptor with the capacity to bind monomeric immunoglobulins, while

the low affinity receptors bind only aggregated immunoglobulins or antibody-antigen
complexes. Both high and low affinity receptors have an equal capacity to trigger cellular
responses.

The Fcγ receptors are distributed on different cell types and they differ in their

strength and capacity to bind IgG, and the kind of intracellular signals they mediate (see Table
2). When binding to the constant part of the IgG molecule, these receptors are aggregated on
the cell surface and transduce signals into the cell. Cell activation is mediated through one or
several of the intra-cytoplasmic immune receptor tyrosine-based activation motifs (ITAMs),
which link receptor clustering with the activation of protein tyrosine kinases. Activation
through an ITAM can be down-regulated by the co-ligation of an inhibitory receptor, whose
intra-cytoplasmic domain possesses an immune receptor tyrosine-based inhibitory motif
(ITIM) 129. FcγRIIA harbours an ITAM in its cytoplasmic tail, in contrast to FcγRIIIA, which
has the ITAM sequence as an associated subunit (ζ-chain). FcγRIIIB contains no ITAM and is
only capable of triggering cell activation by associating with other FcγRs. FcγRIIB, the only
FcγR with an inhibitory function, is highly homologous to FcγRIIA with the exception of the

cytoplasmic part where the inhibitory motif is located.
The regulation of immune responses is a balancing act between activating and

inhibitory signals and is crucial in the maintenance of peripheral tolerance, setting the

Table 2. The distribution, function and allelic variants of human Fcγ Receptor

Expression Function Allelic variants

 Fcγ RIIA Most leucocytes and
platelets

Endocytosis, antigen presentation,
respiratory burst, phagocytosis,
ADCC, mediator release

131H/R
R-allele decreased affinity
for IgG2 antibodies

 Fcγ RIIB B cells, macrophages,
neutrophils and mast
cells

Negative regulation of B cells and
mast-cell activation, endocytosis

232I/T
Function ?

 Fcγ RIIIA NK cells and
macrophages, γδ T
cells, subpopulations
of monocytes

Endocytosis, antigen presentation,
ADCC, apoptosis, phagocytosis,
mediator release

176V/F (158V/F) F-allele
decreased affinity
for IgG1 and IgG3

 Fcγ  RIIIB Neutrophils Respiratory burst Neutrophil antigens 1 and 2
(NA1/2). NA2-allele
decreased capacity of
phagocytosis
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threshold for cell activation, and in terminating the function of the IgG mediated effector
functions. Given that IgG molecules will bind to both activating and inhibitory receptors
expressed on the same cell-surface, the cellular response to the stimuli will be controlled by
the ratio of the signals from the two systems. The expression intensity of Fcγ receptors is

regulated by changes in the levels of certain cytokines 130.
Several studies have suggested polymorphisms of the Fc R genes to be genetic

risk factors 131, influencing susceptibility for SLE and other autoimmune and infectious
diseases by altering the ligand specificity and receptor mediated effectors’ functions
(reviewed by van der Pol and van der Winkel 132). In fact, the different allelic variants of these
genes interact differently with the various subclasses of IgG. They therefore have a different
effect on the handling of immune complexes comprised of IgG molecules and its antigen,
which in turn, might be involved in the pathogenesis of diseases like SLE. Homozygosity for
the FcγRIIA-131R variant shows a decreased affinity for IgG2 and a lower capacity to bind
immune complexes consisting of IgG2 auto-antibodies than the co-dominant FcγRIIA-131H
variant 133. The Fc RIIA-131R allele has been associated with an increased susceptibility for

immune complex-mediated conditions such as SLE and/or other sub-phenotypes such as
lupus nephritis 134-139. Similarly, the Fc RIIIA-176F allele has been proposed as a disease

susceptibility factor not only for SLE and/or lupus nephritis 139-144, but also for other clinical
conditions such as arthritis and serositis 134. FcγRIIIA is important in the clearance of immune

complexes containing IgG1 and IgG3 auto-antibodies. Homozygosity for the 176F variant has
been shown to impair the capacity to remove those complexes 144, 145. The FcγRIIIB-NA

variant shows no difference in its affinity for IgG but has an altered capacity for phagocytosis
146. Homozygosity for the NA2 allele has been reported to be associated to SLE in Japanese
and Spanish patients 147, 148. A polymorphism in the Fc RIIB gene in exon 5 (I232T) was

recently discovered to be associated with susceptibility to SLE in a Japanese population 149.
This SNP causes an amino acid substitution in the trans-membrane region of the receptor and
is the first susceptibility variant reported for the Fc RIIB gene. Whether this SNP has any

functional effect is not yet documented.
There are several potential mechanisms by which FcγR variants can mediate risk

for SLE. Firstly, since SLE is an immune complex-mediated disorder, the presence of low-
binding FcγRs alleles might impair the handling of immune complexes. If the clearance is

hindered, IgG-containing immune-complexes can deposit in tissues such as the glomeruli,
causing inflammation and ultimately, organ damage 83. Secondly, the binding of FcγRs to
either CRP (FcγRIIA-131H allele) or SAP enhances the opsonisation of nuclear antigens
(apoptotic debris) 150, 151. When FcγRs are expressed on phagocytic cells, they can increase the
cell’s capacity to engulf SAP- or CRP-coated particles. Allelic variants of the FcγR genes
might influence the binding between FcγRs and CRP/SAP 152, and thereby affect the handling
of self-antigens. Thirdly, the balance between activating and inhibitory FcγRs is involved in

regulation of B cell activation and survival. A disturbance in the expression or function of
different FcγRs might therefore lead to an imbalance in the immune response.
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The PDCD1 gene
PDCD1 (PD-1) is a type I trans-membrane protein, which was initially

identified in a T cell line undergoing activation-induced cell death 153. PDCD1 belongs to the
immunoglobulin supergene family and, like FcγRIIB, contains an inhibitory motif (ITIM) in

its cytoplasmic tail. When cross-linking with TCR or BCR, PDCD1 can transduce signals into
the cell. PDCD1 acts as a negative regulator for tyrosine kinase-based signalling pathways by
recruiting tyrosine phosphatases such as SHP-1, via the ITIM 154, 155. Thereby, down-
regulation of immune responses has taken place and breakdown of peripheral self-tolerance is
prevented 156. PDCD1 is expressed on activated peripheral T- and B-lymphocytes and on
premature thymocytes. The structure is conserved between mouse and human 157, 158 and mice
deficient for pd-1 develop a lupus-like condition (on C57BL/6 background) 154, whereas mice
with a pd-1 deficiency on another background (BALB/c), develop dilated cardiomyopathy,
which leads to heart failure 159.

The origin of many autoimmune conditions might, at least in part, be explained
by a breakdown of self-tolerance in the body. Hence, the development of autoimmune
diseases might be caused by the absence or malfunctioning of PDCD1. In vitro studies show
that the expression of PDCD1 on activated auto-reactive CD4+ and CD8+ T cells could
suppress further differentiation and expansion 160. Two ligands to PDCD1 have been
identified, PD1-L1 and PD1-L2, both which belong to the B7 ligand family 161-163. PD1-L1
and PD1-L2 are up-regulated following the activation of antigen-presenting cells (APC). The
interaction between PDCD1 and its ligands leads to down-regulation of T cell activity, which
might be important in the regulation of peripheral tolerance 162, 163. Since PDCD1 acts in both
lymphoid and non-lymphoid tissues, another function of this gene might be to inhibit re-
activated B cells outside the lymphoid organs 164.
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PRESENT INVESTIGATIONS

AIMS

To fine map the region 2q37 (named SLEB2), previously linked to SLE in multi-case families
of Nordic origin through linkage and linkage disequilibrium approaches.

To investigate the PDCD1 gene, located within the SLEB2 region, as a candidate gene for
SLE in multi- and single case families as well as in sporadic patients.

To fine map the 1q23 region and determine the importance of the low affinity FcγR variants

in susceptibility for SLE using family-based association.

To study the candidate genes, PDCD-1 and the low affinity Fc R genes, and their genetic

effect on susceptibility for SLE and lupus nephritis.
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THE PAPERS

Fine mapping of the SLEB2 locus involved in susceptibility to systemic lupus
erythematosus (Paper I)

The purpose of this study was to fine map a region on chromosome 2q37,
denoted SLEB2. This region was previously identified in a genome scan performed on multi-
case families from Sweden and Iceland by members of our group 93. The 2q37 region showed
linkage in both populations with a combined LOD score above the significance level. In this
study, we supplemented the material used in the genome scan with additional families from
Sweden and Iceland as well as with multi-case families from Norway. Also, we tested the
same markers in two other cohorts, one consisting of 13 Mexican multi-case families and one
of 89 single case families of Swedish descent.

Material and methods
The multi-case families consisted of two or more affected individuals, fulfilling

4 or more of the ACR criteria. Diagnosis was confirmed by a rheumatology specialist.
Unaffected family members were, if available, included and typed in order to increase the
number of informative meioses. Individuals fulfilling less than 4 criteria, those with high
titres of ANA, and individuals under the age of 30 were classified as phenotype unknown.

We included ten families of Icelandic descent, consisting of parent-child-pairs,
sib-pairs, cousin-pairs and more distant related pairs. The Swedish cohort, collected from
southern Sweden (Skåne) and from the area around Stockholm, comprised of 14 nuclear
families with affected sib-pairs or -trios, and sometimes affected parents, and 89 single case
families. To decrease the frequency of heterogeneity and to ensure the descent of the patients
in the single case families, only patients with grandparents born in Sweden were included. Six
multi-case families from various part of Norway were also used, consisting of affected sib-
pairs (and one sib-trio). All affected family members had grandparents born in Norway. In
total, 30 multi-case families of Nordic origin were analysed, involving 76 SLE patients. The
Swedish single case families were analysed separately, as were thirteen Mexican multi-case
families, drawn from the Mexico City area. All affected Mexican individuals had
grandparents born in Mexico and came mostly from the Mestizo population (mainly Native
American and Spanish admixture).

We evaluated the presence of linkage in the 2q37 region using two-point and
multipoint linkage analysis in order to further define the location of the critical region. The
two-point linkage analysis was performed using the FASTLINK software package 4.0 165, 166,
and the ANALYZE package 167. Multipoint analysis was performed using LINKMAP
(FASTLINK 4.0). Both affected and non-affected family members were genotyped for 15
microsatellite loci covering roughly 30 cM of the telomeric end of chromosome 2 (2q36-37).
Since the original linkage was found assuming a dominant inheritance fashion, we continued
to use a dominant model with three different disease gene frequencies: i) PD=0.002 assuming
a rare disease allele; ii) PD=0.02, assuming a disease allele with moderate frequency and; iii)
PD=0.1 assuming a common disease allele. It is evident that reduced penetrance is present in
SLE, meaning that there will be individuals carrying the ”disease alleles” without expressing
the disease. Therefore, we applied an affected-only analysis by reducing the penetrance to
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0.005, where unaffected individuals would be classified as having an unknown phenotype.
The genotypes from unaffected individuals were then only used to determine the phase and
maximise the information of the markers. Applying the “affected-only” method can
sometimes decrease the LOD scores due to inclusion of fewer informative meioses but is
believed to be more conservative when reduced penetrance is suspected.

Result and discussion
The highest two-point LOD score was achieved when analysing the markers

D2S2585 and D2S2985 simultaneously, with θ = 0 between them (Z=4.51), assuming a rare

disease allele, and by applying a “model-free” pseudomarker analysis. In a pseudomarker
analysis, an artificial genotype for the disease gene is used under the hypothesis that it is close
to the marker locus and that all individuals are informative for linkage 168. When considering
a very low disease allele frequency, there is the assumption that affected people share the
disease allele identical-by-descent (IBD), meaning that the disease-mutation has entered the
family/population only once and is derived from the same ancestral chromosome. Using the
affected-only conditions combined with a rare disease allele hypothesis corresponds in many
aspects to a model-free analysis 169-171. The multipoint analysis had a peak LOD score of 6.03,
indicating that the position of the locus is probably somewhere between D2S125 and
D2S2585/D2S2985 (see figure 4). Both D2S2585 and D2S2985 were combined in the
multipoint analysis since their correct order is impossible to determine in the public genetic
maps or by using our family material. The other markers were ordered according to the
summary map of the genetic location database (LDB) or based on a physical map provided by
Dr. Graeme Bell 172.

Figure 4. The multipoint curve of the 2q37 region, assuming a rare disease allele frequency (PD=0.002) and a
dominant disease gene model. The highest LOD score of 6.03 indicates that the region is between D2S125 and
D2S2585/D2S2985. The horizontal line indicates the LOD-3 support interval.
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When analysing the Mexican multi-case families, the highest LOD score
obtained was 0.71 and we were therefore not able to replicate linkage to this region in this
cohort, possibly due to an insufficient number of families. This suggests that either the 2q37
region does not have strong effect on the susceptibility for SLE in this population or that the
extent of genetic heterogeneity present in the Mexican population is large compared to that of
the Nordic families. In linkage analysis approaches, it may be advantageous to use
populations that are as homogenous as possible, since in homogenous populations affected
individuals are more likely to carry the same disease loci due to founder effect 173. For
example, Iceland is considered to be a relatively homogenous population since it is
genetically isolated (resulting from geographic isolation). By reducing the number of loci
involved in disease pathogenesis, the complexity of the disease will be reduced, subsequently
increasing the possibility of finding the actual susceptibility loci.

We also evaluated the degree of linkage disequilibrium in this region by
applying a likelihood-based haplotype-relative risk (HRR) test 49, 167, 174 using the same
markers as in the linkage analysis. In an HRR test the likelihood is computed as a function of
λ, which is the proportion of association in the sample. Since few microsatellite markers

within this region are available, we searched the region for SNPs. We applied an in silico
search approach, analysing genes and transcripts in the human GeneMap 1998 (from the
International RH Mapping consortium at NCBI) and covering approximately 19 cM around
D2S125 (between D2S354 and stsSG29476). We identified a total of 36 potential SNPs
within the 2q37 cytogenetic region. Each of these SNPs was tested by a dynamic allele-
specific hybridisation (DASH) assay 175, 176 in 10 unrelated Nordic individuals. 14 SNPs were
found to be both polymorphic and could be unambiguously ascertained, and were therefore
employed in the study.

Data from the multi-case families and from the 89 additional single case
families were tested for the presence of association. The markers D2S2585 and D2S2986,
located telomeric of D2S125, show suggestive linkage disequilibrium with SLE in the multi-
case families (p=0.003 and p=0.03, respectively). Also, a marker centromeric of D2S125,
GAAT3C11, indicates linkage disequilibrium in both single case and multi-case families
(p=0.0003). Several of the SNPs display moderate linkage disequilibrium at the telomeric end
of this region, although no strong evidence of LD is found. This may be due to the fact that
these SNPs are spread over a large region, and might therefore be too far away from the actual
disease mutation to detect a strong signal of association. The success of using SNPs in fine
mapping studies is, to a large extent, dependent on the amount of linkage disequilibrium
between the SNP and the disease mutation, and on the impact of the disease mutation on the
pathogenesis of the disease. The 2q37 region is located at the telomeric end of the
chromosome, where a relatively high rate of recombination would be expected. A high
frequency of recombination is believed to decrease the extent of LD. Indeed, in the 2q37
region, 1 cM was found to correspond to approximately 240 kb which is much less than the
median value of 1 Mb. This means that to be able to find any strong signals in a region like
this, the markers need to be relatively close to the disease mutation. Since the distance
between the SNPs is large, the LD mapping further supports this as a candidate region, even
though only moderate evidence of linkage disequilibrium was found.
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In conclusion, based on convincing linkage data with both two-point and multi-
point LOD scores well above the significance level, we have verified the 2q37 as a
susceptibility region for SLE in the Nordic population.

A regulatory polymorphism in PDCD1 is associated with susceptibility to systemic lupus
erythematosus in humans (Paper II)

In Paper I we reported linkage to a region at the telomeric end of chromosome 2,
named SLEB2. The main candidate gene in this region is the PDCD1 gene, partly because of
its function as a down-regulator of T and B cell activation, thereby inhibiting immune
responses in vivo through an immune tyrosine-based inhibitory motif (ITIM), and partly
because pd-1 deficient mice develop a lupus-like disease, with production of auto-antibodies
as well as nephritis and arthritis 154.

Material and methods
The sample cohort in this paper included 2,510 individuals, divided into 5

independent sets of families and sporadic cases. The families consisted of 288 multi-case
families including 30 Nordic families (described in Paper I), 25 Mexican families (including
the 13 described in paper I), 151 families of European American descent, and 82 African
American families. The study also included 66 Swedish and 89 Mexican single case families
(with both parents available) as well as 200 Swedish and 320 Mexican sporadic female
patients. The control group consisted of un-transmitted parental chromosomes (AFBAC)51 in
the multi- and single case families and two sets of female population controls from Sweden
and Mexico (n=235 and 148, respectively). The SNPs were genotyped using RFLP, DASH
adapted for FRET signal generation 175-177 and/or sequencing. The association was tested with
χ2 analysis using 2x2 contingency tables. The transmission of alleles in families was also
tested using a pedigree disequlibrium test (PDT) 50.

Figure 5. A) The SLEB2 region. Markers and genes mapped to the telomeric end of chromosome 2 (2q37.3).
B) The genomic structure of PDCD1, with exons denoted by rectangles and introns by solid lines. The physical
sizes of the exons and introns shown are not proportional to the actual sizes. C) SNPs identified in the PDCD1
gene.
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Result and discussion
We verified that PDCD1 is uniquely present within the SLEB2 region, using

fluorescent in situ hybridisation (FISH) on metaphase and interphase chromosomes 178. In
order to identify genetic variants of the PDCD1 gene, the complete gene was sequenced in 5
unrelated patients and 5 controls, revealing a total of 7 SNPs (see figure 5). PD-1.1, PD-1.2
and PD-1.9 as well as PD-1.4 and PD-1.5 were found to be in complete linkage
disequilibrium with each other, therefore five distinct haplotypes could be extracted using
those SNPs. Linkage analysis was performed on the 30 Nordic multi-case families (described
in Paper I) using this five haplotype locus as a marker. A maximum LOD score (MLS) of
3.17 was obtained assuming a dominant disease gene model. This is in agreement with
linkage found previously in the SLEB2 region. The MLS was predominantly due to a
haplotype carrying allele A of PD-1.3, which is present in 10 out of 30 families. The same
haplotype (PD-1.3A) is predominantly transmitted from parents to affected individuals. We
evaluated the PDCD1 gene for the presence of association using the PD-1.3, PD-1.5 and PD-
1.6 variants in five separate sets: three sets of European origin (Nordic multi-case families,
Swedish trios and sporadic patients, and European American multi-case families) and two sets
of non-European origin (Mexican multi-case, single case and sporadic patients, and African
American multi-case families). The PD-1.3A allele is strongly associated with SLE in
Europeans (p=0.00001) and Mexicans (p=0.0008) but not in African-Americans, where it was
infrequently found (see Table 3). The PD-1.5 and PD-1.6 show some association to SLE but
did not increase the relative risk and therefore these associations are most likely due to LD
with the PD-1.3 SNP.

Table 3. Transmission of PDCD1 polymorphisms in familial and sporadic cases of SLE

Marker SLE patients
n/Na (%)

AFBAC group p value RR (95% CI) PDT
T:Ub

Europeanse

Set I, II, III
PD-1.3A
PD-1.5C
PD-1.6A

104/880 (12)
523/880 (59)
84/880 (10)

16/356 (5)
185/356 (52)

0.00001
0.03

2.6 (1.6-4.4)
1.1 (1.0-1.3)

65:26c

269:264

Mexicansf PD-1.3A
PD-1.5C
PD-1.6A

58/804 (7)
439/804 (54)
338/712 (48)

5/240 (2)
141/240 (59)
107/234 (46)

0.0009
n.s
n.s

3.5 (1.4-8.5)
-
-

15:4d

126:135
116:101

African-Americansg PD-1.3A
PD-1.5C
PD-1.6A

5/160 (3)
71/160 (42)
54/160 (39)

0/35 (0)
20/36 (56)
12/35 (34)

n.s
n.s
n.s

-
-
-

4:1
47:41
23:29

a) number of transmitted alleles, N=Total  number of chromosomes; b) T:U, number of chromosomes
transmitted:untransmitted; c) χ2=16.6, p =0.00005; d) χ2=6.4, p =0.02; e) Set I: Nordic  multi-case families
(n=30), set II: Swedish single case families (n=66) and sporadic patients (n=200), set III: European-American
multi-case families (n=151), n.s denotes not significant; f) multi-case families (n=25), single case families
(n=86) and sporadic patients (n=320); g) multicase families (n=82)
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Prediction analysis showed that PD1.3 is located in a region with an enhancer
activity. Four imperfect tandem repeats were found to be situated within the enhancer-like
element in intron 4 and each of them have retained several binding sites for transcription
factors exclusively found in haematopoietic differentiation and inflammation 179, 180. The
transcription factors are the runt-related transcription factor 1 (RUNX1, AML1), E box-
binding factors, and NFκB. The associated PD-1.3 SNP was found to alter the binding site for

RUNX1 (AML-1) in the first repeat. RUNX1 has been previously reported to either repress or
activate transcription 179. The presence of the A-allele disrupts the binding site, which might
cause an alteration in the regulation of PDCD1 expression. The binding of the transcription
factor to the sequence around the PD1.3 variant was examined using electrophoretic mobility
shift and supershift assays (EMSA). The nuclear extract from the Jurkat T cell line 181 was
found to bind the wild-type but not the mutant site. The binding between the DNA sequence
and the DNA-binding protein was confirmed by a shift in mobility (super shift) when an
antibody against RUNX1 was added (again, this was exclusively seen in the wild-type).

mRNA expression of PDCD1 in peripheral blood mononuclear cells was
measured with and without activation (PMA and Ionomycin) of the cells. Although, there
appeared to be differences in gene expression due to the genotypic status (PD1.3A/G and
PD1.3A/A compared to PD1.3G/G) of patients, the inter-individual variation was too
extensive for any final conclusions to be drawn.

The linkage results for the haplotype carrying the PD1.3A allele cannot explain
all the linkage found in the fine mapping study (Paper I). There are still 20 of the Nordic
families that contributed to the previous linkage that do not carry the PD1.3A allele. The other
variants found in PDCD1 can probably not account for the additional linkage in this region,
suggesting another unknown risk factor. According to available sequence information from
this region, PDCD1 seems to be located in telomeric part of the chromosome. Therefore, any
other risk factor would most likely be located centromeric to PCDC1, which is supported by
the location of the peak LOD score in the multipoint analysis (see figure 4). Unfortunately,
there are still a lot of gaps in the sequence available for this region and much data about other
genes is not available in the public databases.

In conclusion, based on the genetic and functional data, we propose that the PD-
1.3 SNP is of biological importance and confers an increased susceptibility for developing
SLE. In the wild-type state, PCDC1 inhibits auto-reactive cells and maintains self-tolerance
upon activation by self-antigens 155. However, this will not function satisfactorily if PDCD1 is
not optimally activated. The presence of the disease-associated PD-1.3A allele might
therefore confer an aberrant activation of PDCD1, which in turn might be involved in the
disruption of self-tolerance 182.
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The risk alleles for Fc RIIA and Fc RIIIA are transmitted to SLE patients in a
haplotype dependent manner (Paper III)

In this paper we analysed and fine mapped the 1q23 region, a region that is
homologous to the mouse susceptibility regions sle1a and sle1b. Candidate genes within this
region include the CD2, CRP and SAP genes as well as the low affinity FcγR genes. Previous
studies have shown linkage as well as association to gene variants of the low affinity FcγR

genes 94-96, 105, 138, 139, 143, 183.

Material and methods
Eighty-seven multi-case families of various ethnic backgrounds were analysed,

including 37 American of mixed origin (Mexico Mestizos, Caucasian and African/Caribbeans
Americans), 44 European (Nordic, England, Greece) and 6 families of Chinese background
from Singapore. The families from Sweden, Iceland and Norway were used in Paper I and II,
as well as the Mexican families. In total, 191 affected individuals were distributed among the
different geographic areas. In the association study, 54 single case families from Sweden and
86 from Mexico were also included.

The 1q23 region was fine mapped using seven microsatellite markers and a
haplotype marker, extracted from SNPs of the Fc R genes (see figure 6), covering an interval

of approximately 10 cM (≈4 Mbp). In the linkage analysis, the families were analysed
together and grouped based on their ethnicity (admixed Americans or Europeans). The 6
Singaporean Chinese families was included when all families were analysed together. The
linkage in this region was tested using a parametric two-point LOD score approach, allowing
for heterogeneity. The Fc R genes were analysed for the presence of association in our set of

multi-case and single case families. The SNPs included three previously known functional
variants, Fc RIIA-131H/R, Fc RIIIA-176V/F and Fc RIIIB-NA1/2. We also included an SNP
in the 3´UTR region of the Fc RIIB gene, which was identified through an in silico search and

verified to be polymorphic in 16 control individuals. The SNPs were genotyped using RFLP,
allele-specific PCR or pyrosequencing 184. Transmission of the different alleles to SLE
patients was compared to that of the other parental alleles not transmitted to the offspring
(affected family-based controls (AFBACs)) 51, 52. The haplotypes were extracted from the
families using GENEHUNTER, version 2.1 185.
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Figure 6. A physical map of the 1q23 region. The Fc R genes were ordered according to Su et.al., 186 The
intron-exon organisation of each gene is indicated, with exons denoted by rectangles and introns by solid lines.
The arrows indicate the directions of translation.  exons that encode signalling units,  exons that encode
extracellular domains,  exons that encodes transmembrane domain,  exons that encode cytoplasmic domains.
Positions of the different Fc R variants used in Paper III and IV are indicated above the gene names

Result and discussion
There is no difference between the allele frequencies in the AFBAC control

group of Swedish descent as compared to the Swedish control individuals (data not shown)
and the transmission pattern in non-affected sibs in all families do not show any deviation
from Hardy-Weinberg equilibrium. We do not find any significant LOD score, although when
analysing the admixed American families separately, one marker shows suggestive linkage
(Z=1.51) when allowing for heterogeneity and assuming a recessive model. The linkage
analysis results suggest that either the genetic effect on disease susceptibility from putative
genes in this region is rather weak, or that heterogeneity is extensive in this region.

Even though linkage in this region is not convincing, there is strong evidence of
association (see Table 4). The transmission of the Fc RIIA-131R allele to affected individuals
is significantly increased in the single case families. The same tendency is seen in the multi-
case families, although it does not reach significance level. When all data is combined (all
multi- and single case families) there is a (slightly) stronger association between the Fc RIIA-
131R allele and SLE, which indicates that all families contributed to the association. There is
also a significant association between the Fc RIIIA-176F allele and SLE, both in the single
case families and when all families are combined. No association is evident with the
Fc RIIB.3´UTR or the Fc RIIIB-NA variants.
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Table 4. Distribution of alleles of SNPs of the Fc R genes in families with SLE

SNP SLE patients
n/N*(%)

AFBAC group
n/N (%)

p value OR (95% CI)

Fc R2A-131R 263/446 (59) 218/446 (49) 0.003 1.5 (1.2-2.0)

Fc R3B-NA2 243/428 (57) 237/428 (55) n.s. -

All Multicase and
Single case families
n=183

Fc R2B3_A 81/362 (22) 76/362 (21) n.s. -

Fc R3A-176F 311/414 (75) 273/414 (66) 0.005 1.6 (1.2-2.1)

* n=number of transmitted alleles, N=Total  number of chromosomes, n.s. denotes not significant
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Since association was found with both Fc RIIA and Fc RIIIA, two genes that are

in close proximity with each other, we wanted to know whether or not these genes are
independent risk factors. To evaluate the independency of the association, genotypic data in
different combinations were tested using a 2-locus method 187. There is a tendency that both
Fc RIIA and Fc RIIIA alleles confer an independent risk for disease, however, the combined
Fc RIIA-131R and Fc RIIIA-176F alleles constitute a higher risk than when either of the

alleles is absent. This situation could be due to additive effects or linkage disequilibrium. It
seems more likely however, that the effect is due to linkage disequilibrium since the
association with the combined alleles is not significantly different from that with each allele
alone.

To further investigate the relationship between Fc RIIA and Fc RIIIA,
haplotypes using either two (the Fc RIIA and Fc RIIIA SNPs) or all four of the SNPs were

constructed by GENEHUNTER for all families, multi-case and single case. The transmission
of haplotypes from parents to offspring was then observed. When analysing all families, with
both the 2-SNP and 4-SNP haplotypes, a significant transmission distortion is found,
providing global evidence of association (see Table 5). Of the 4-SNP haplotypes, four contain
the Fc RIIA-131R and Fc RIIIA-176F risk-alleles. Interestingly, only one specific haplotype

shows a significantly increased frequency of transmission to SLE patients in all families. One
of the other haplotypes was slightly increased when all families were analysed together (this
is only seen in the multi-case families) and the other two do not show any difference at all
(see Table 5). Since there is one particular haplotype that is predominantly inherited by SLE
patients, there is no dilution of the risk alleles among the haplotypes. Therefore, the observed
effect seems to be due to linkage disequilibrium. Analysis of the 2-SNP haplotype further
supports this; only the haplotype containing both risk alleles shows augmented transmission
to affected offspring. It is unlikely that this is due to an additive effect, since no tendency
toward increased transmission of haplotypes carrying only one risk allele is seen. However, to
exclude this possibility, the results need to be replicated in a larger cohort.

Other studies have not found any evidence of association with a haplotype
carrying both Fc RIIA and Fc RIIIA139, 140. This discrepancy could be due to genetic

heterogeneity in the different populations studied or variable study designs. For example, the
study by Zuniga et. al. 139 was performed on estimated haplotypes including very few
unrelated individuals, which might lead to a biased result. Nevertheless, when considering our
observed data, we suggest that genetic risk is mediated by a specific haplotype and is due to
linkage disequilibrium between those two genes. Whether or not this has a biological effect
needs to be further investigated.
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Other possibilities, such as linkage disequilibrium with other genetic factors in
close proximity to the Fc R genes, cannot be ruled out. It is possible that there is a cis-

regulatory element in linkage disequilibrium with the predominant haplotype. A cis-
regulatory element can function at varying distances from its location, and in either
orientation to the transcription unit it controls. It would be interesting to scan the sequence
around the Fc R genes in order to identify such regulatory elements. In fact, haplotype

analysis has been shown to facilitate the identification of disease association to specific alleles
that are due to cis interactions with other loci 172, 188, 189. Such associations may not be
detected unless the haplotype structure is investigated. The observed association could also be
due to another gene. There does not appear to be any association to Fc RIIB or Fc RIIIB, but

there are numerous other candidate genes in this region that also encode products that are
important in the immune system, for example C reactive protein (CRP) and serum amyloid P
component (SAP).

Despite the evidence of association, the linkage result shows only weak LOD
scores, giving neither the opportunity to exclude the region nor to further support it by
traditional linkage analysis. The reason for that can be debated. Many have suggested that
association studies are more sensitive than linkage analysis if there are several high frequency
risk alleles, each with a minor effect on the overall disease susceptibility 24, 36, 38. According to
this, the result makes sense; SLE is most probably a disease with many risk alleles
contributing to the disease, the Fc R risk alleles are common in most populations (although

the frequency may vary between ethnically different populations), and finally, all data
extracted from studies on the different Fc R alleles (Fc RIIA and Fc RIIIA) suggest that they

are of minor effect on disease susceptibility 190. Since the effect is low, the most likely reason
for lack of significant linkage is the low number of families from each ethnic group suitable
for linkage analysis, whereas in the association study we included the single case families and

Table 5. Transmission of haplotypes for the Fc R polymorphisms in single case and multicase families with SLE

SLE patients
n/N§ (%)

AFBAC group p value      RR (95% CI)

4SNP 2112 52/344 (15) 51/344 (15) n.s

haplotype 1* 2122 35/344 (10) 17/344 (5) 0.01 2.2 (1.2-4.0)

2111 77/344 (22) 47/344 (14) 0.004 1.8 (1.2-2.7)

2121 8/344 (2) 8/344 (2) 0.004 0.4 (0.2-0.7)

 2SNP
11 108/406 (27) 116/406 (29) n.s

haplotype2#
12 54/406 (13) 91/406 (22) 0.001 0.5 (0.4-0.8)

21 192/406 (47) 150/406 (37) 0.004 1.5 (1.2-2.0)

22 52/406 (13) 49/406 (12) n.s
§ n=number of transmitted alleles, N=Total  number of chromosomes,
*4 SNP haplotype Fc RIIA-131 (H=1, R=2); Fc RIIIA-176 (F=1, V=2); Fc RIIB-3 (G=1, A=2);
Fc RIIIB-NA (NA1=1, NA2=2)
#2 SNP haplotype Fc RIIA-131 (H=1, R=2); Fc RIIIA-176 (F=1, V=2).
Global p-values, based on frequencies of all observed haplotypes; 1 p-value 0.01, 2 p-value 0.002
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therefore had a larger study cohort. We analysed SLE as the phenotype, which might not be
the correct one; in the homologous susceptibility region in mouse, the region was associated
to nephritis and the production of anti-chromatin antibodies 114. However, we could not test
these phenotypes in our families since the data is not presently available.

In conclusion, in this paper we have analysed the 1q23 region for linkage and
the Fc R genes for association. We have, using observed family data, shown that the Fc RIIA-
131R and Fc RIIIA-176F risk alleles are transmitted on one haplotype to SLE patients in two

populations of Mexican and Swedish single case families and in a set of multi-case families of
mixed origin. We have also provided support for the opinion that the genetic effect is due to
the presence of linkage disequilibrium and a potential co-regulation of those risk alleles.

Association of PDCD1 with lupus nephritis and evidence for an additive effect of PDCD1
and Fc RIIA susceptibility alleles (Paper IV)

SLE is believed to be a multi-factorial disease and the contribution of multiple
susceptibility genes is expected. In this study we have included the Fc RIIA, Fc RIIIA,
Fc RIIB, Fc RIIIB and PDCD1 genes, whose roles in SLE susceptibility have been

established previously (discussed in Paper II and III). All of these genes are interesting
candidate genes because of their importance in the regulation of immune responses, which is
indicated by the occurrence of autoimmunity in the absence of normal gene function.

Material and methods
This study was based on a case-control cohort consisting of 265 Swedish female

SLE patients and 231 Swedish female controls; both groups were from the same geographic
area. All SLE patients fulfilled at least 4 ARA criteria and of them, 77 (29%) were diagnosed
with lupus nephritis, documented clinically and through biopsy. The ethnic background of all
individuals was determined to be of Swedish ancestry, based on the birthplaces of their great-
grand parents.

We have previously identified a functional variant in the PDCD1 gene (Paper
II), where an SNP disrupting a transcription factor-binding site located in intron 4, was found
to increase the risk of developing SLE in Europeans and Mexicans. In this study we further
investigate this SNP, together with the functional variants of the low affinity Fc R genes,
Fc RIIA-131H/R Fc RIIIA-176V/F and Fc RIIIB-NA, and also the Fc RIIB-232I/T variant
(for the genetic position of the different Fc R SNPs, see figure 6), recently reported to be

associated to SLE in Japanese patients. These SNPs were genotyped with a combination of
RFLP, allele-specific PCR, sequencing, DASH and pyrosequencing. The different genetic
variants were evaluated both individually and combined, and associations were tested with χ2

analysis using 2x2 or 2x3 contingency tables. In addition, we analysed SLE as the disease
phenotype and stratified the patients after presence of lupus nephritis. Combined genetic
contribution and gene interactions were estimated using the SAS software procedures FREQ
and GENMOD.
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Result and discussion
The genotype frequencies of the different gene variants are presented in Table 6.

The PDCD1 gene was found to be strongly associated to lupus nephritis, both at an allelic and
genotypic level, assuming a dominant model. There is a trend towards increased frequency of
the PD1.3A allele in SLE patients compared with controls. We do find a weak association
between SLE and the Fc RIIIA-176F allele, but not to the other Fc R alleles. Considering the
genotype data, Fc RIIA-131R/R homozygous individuals show association to SLE and
especially to lupus nephritis, assuming a recessive model. Homozygosity for Fc RIIIA-

176F/F is more frequent among patients than controls (especially in SLE patients and to a
lesser extent lupus nephritis patients). No association was found when analysing the Fc RIIB
and Fc RIIIB variants. There is no evidence for non-random distribution of the variant
genotypes of Fc RIIA-131, Fc RIIIA-176 and Fc RIIIB-NA in the Swedish female control
individuals compared to published data (compiled by Lehrnbecher et al.131). The Fc RIIB-

232I/T genotype distribution is not different from that of healthy Dutch individuals as
reported elsewhere, although there is a significant difference compared to that of Japanese
individuals 149.

Table 6. Distribution of alleles of SNPs of the Fc R genes and PDCD1 in Swedish female SLE
patients and controls.

SNP Controls SLE patients Nephritis patients

Fc R2A-131H/R H/H 48 (21) 61 (24) 16 (21)

H/R 121(54) 105 (42) 30 (39)

R/R 55 (25) 84 (34)1 31 (40)2

Fc R3A-176V/F F/F 109 (49) 154 (61)3 47 (63)4

V/F 94 (43) 79 (31) 21 (28)

V/V 18 (8) 21 (8) 7 (9)

Fc R2B-232I/T II 171 (75) 189 (72) 56 (75)

IT 53 (23) 67 (25) 16 (21)

TT 4 (2) 7 (3) 3 (4)

Fc R3B-NA1/2 1/1 25 (11) 28 (11) 12 (17)

1/2 111 (48) 111 (45) 31 (43)

2/2 93 (41) 106 (43) 29 (40)

PD-1.3A/G GG 198 (86) 215 (81) 52 (68)

AG 31 (13) 44 (17) 21 (27)5

AA 2 (1) 6 (2) 4 (5)5

1 p=0.03 X2=6.7 OR:1.7, 2df; 2 p=0.01 X2=6.9 OR: 2.1, 1df; 3 p=0.01 X2=6.1 OR:1.6, 1df
4 p=0.05 X2=3.7 OR:1,7, 1df; 5 p=0.001 X2=7.5 OR: 2.9, 1df (carriers of the A-allele)
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We then wanted to evaluate whether any of the risk factors acted together in a
synergistic or additive manner to cause susceptibility for the disease. Indeed, the presence of
disease-associated genotypes at PDCD1 and Fc RIIA simultaneously increase the risk for

lupus nephritis in an additive manner (see Table 7). No additive effect is seen when
considering PDCD1 and Fc RIIIA, probably because PDCD1 (as well as Fc RIIA) seems to
be a risk factor for lupus nephritis rather than SLE in this cohort, while Fc RIIIA seems to be

a risk factor for SLE in general or to another sub-phenotypes not investigated. The latter is
supported by a study performed by Dijstebloem and colleagues, where Fc RIIIA was

associated to arthritis and serositis but not to lupus nephritis 134.
One important aim of this study was to evaluate the combined effect of these

genes since each individual mutation may alone be of low penetrance. Only when an affected
individual is carrying enough susceptibility alleles to attain a “biological threshold” of risk, is
the disease clinically expressed. The same combination of susceptibility alleles will not be
found in all populations and may also vary within populations, increasing the difficulty in
finding the true susceptibility factors. We do not find any evidence for gene interaction or
epistasis between the PDCD1 and the Fc R genes, only an additive effect mediating an

overall higher risk to develop lupus nephritis. This scenario is somewhat expected since
complex diseases such as SLE are caused by many genes in various combinations.

The Fc R genes and their role in disease pathogenesis have been thoroughly
investigated. However, the results are inconsistent with some studies finding association to
SLE and/or to certain sub-phenotypes. Some studies suggest that the Fc R genes act as
disease modifying genes or affect the course of the disease rather then being disease causative
genes. Collectively, these studies suggest that the genetic effect may be substantial in some
populations but not in others, since there is extensive heterogeneity and possible population-
specific interactions among the multiple genes necessary for disease development. A meta
analysis of the Fc RIIA-131H/R variant, involving SLE patients from several ethnical groups,
documented a consistent role for Fc RIIA-131R/R in predisposition to SLE, especially in
Caucasian populations, but the magnitude of the genetic effect was determined to be minor
190. In contrast to our result, they did not find any effect of Fc RIIA-131R on susceptibility for
lupus nephritis.

Table 7. Genotypic and Combinatorial genetic effect of Fc RIIA and PDCD1 in Swedish SLE patients
and healthy controls*

SNP Controls SLE patients Nephritis patients

n (%) n (%) χ2 P OR (95%CI) n (%) χ2 p-
value

OR (95%CI)

Fc RIIA-131RR 48 (20) 84 (33) 6.7 0.01 1.7 (1.1-2.5) 31 (40) 6.9 0.01 1.7 (1.2-3.6)

PD-1.3AG/AA 33 (14) 50 (17) 4.6 n.s - 25 (24) 12.2 0.001 2.9 (1.6-5.2)

Risk alleles1 7 (3) 19 (10) 4.0 0.04 2.4 (1.0-5.9) 12 (16) 15.1 0.001 5.7 (2.2-15.2)

*Values are numbers (%), 1 Fc RIIA-131R/R+PD-1.3AA or PD-1.3AG
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In conclusion, we find a strong correlation between the PDCD1 gene and lupus
nephritis in Swedish SLE patients. We also find an increased frequency of individuals
homozygous for the risk alleles, Fc RIIA-131R/R and Fc RIIIA-176FF in SLE patients

compared with controls. Based on data of our own as well as others, we suggest that the
contribution to overall disease susceptibility from the Fc R genes is minor. The presence of
the risk alleles for both PDCD1 and Fc RIIA, increases the risk of developing lupus nephritis

in an additive manner. However, the number of individuals included (especially the number
of nephritis patients) is rather small, so our result needs to be verified by a larger study cohort.
However, the actual effect on disease susceptibility for the PDCD1 and the Fc R genes will

most probably vary depending on the ethnicity of the population studied and the phenotype
investigated.
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GENERAL DISCUSSION

The genetics behind SLE have been thoroughly investigated in numerous studies
ranging from whole genome scans to candidate gene approaches, using traditional linkage
analysis and association studies. The results so far suggest extended genetic heterogeneity and
a disease pathogenesis that involves multiple susceptibility genes, acting together with other
factors, such as the environment. Since multiple loci are involved, the genetic effect from
each of them will be partitioned among the loci in question, causing a weaker correlation
between each susceptibility gene and the disease. This may ultimately reduce the statistical
power when performing linkage analysis. Large collections of families could compensate for
reduced power but, unfortunately, available families do not always provide a sufficient
number. This may be especially true for diseases with a late onset. Other ways to increase the
power are by limiting the genetic heterogeneity, which can be done by the ascertainment of
families from isolated populations that are more likely to carry the same disease genes, or by
using more strict phenotypes (i.e. stratify after certain sub-phenotypes). The disadvantage of
using isolated populations is that the genes identified may not be the same that mediate the
disease in the general population.

The use of various mouse models reflecting the human form of the disease can
also be very useful when dissecting the genetics underlying complex traits. Even though the
genes mediating the disorder in the animals are not necessarily the same in humans, they will
give valuable information about the genes involved in disease development and identify
pathways that mediate disease susceptibility. Through congenic dissection, a complex disease
can be dissected into smaller pieces, where each susceptibility gene can be connected to its
corresponding phenotype and analysed separately. Genetic engineering, such as deletions
(knockouts) of certain genes or genetic regions, has also increased our knowledge about many
biological pathways and, consequently, physiologically important molecules have been
identified (reviewed by Theofilopoulus 106). Several genes of immunological importance have
been the targets of gene modifying methods in mice. One example is the pd-1 gene, and
others are SAP, CD22, SHP-2 and lyn. All of these can, in their deficiency state, arise into
lupus-like conditions including presence of auto-reactive cells, development of
glomerulonephritis and production of autoantibodies.

Severe dominant diseases with high penetrance often have high allelic
heterogeneity, due to the fact that the survival time for severe individual mutations in the
population is short, while low penetrance mutations in milder diseases tend to be more
homogenous and remain in the population for a longer time. The genetic component of many
complex diseases tends to consist of “milder” mutations that are relatively often related to
common DNA variants, as proposed by the common variant/common disease hypothesis 24, 25,

37. This can be true if the disease is the product of a new environment or if the fitness of an
individual is not severely affected by the mutation. Generally, healthy individuals may carry
disease predisposing alleles without any signs of disease, but when such alleles are expressed
in combination with other genetic and/or environmental risk factors, they cause the disease.
An illustration of this is the association between SLE and the Fc RIIA-131R allele, which has

been found in some studies but not others, suggesting that the impact on disease susceptibility
of Fc RIIA might be dependent on other co-existing factors. IgG2 anti-C1q auto-antibodies
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could be such factors, since immune complexes consisting of those auto-antibodies have been
found to be deposited in the glomeruli of patients with SLE 191. There is also evidence that the
majority of anti-C1q auto-antibodies belong to the IgG2 subclass 192 and that individuals
homozygous for the FcγRIIA-131R allele exhibit an inability to effectively bind, internalise

and clear immune complexes containing IgG2 anti-C1q auto-antibodies 193. A progressive
immune complex deposition within the glomeruli has the ability to recruit inflammatory cells,
which will drive activation of both the local and the systemic complement and cause the
pathological condition present in SLE. Therefore, FcγRIIA may be involved in SLE and/or

lupus nephritis pathogenesis in the context of IgG2 anti-C1q antibodies, while in the presence
of other auto-antibody specificities and disease manifestations, it may not.

Patterns of genetic variation show that African populations have the most
extended genetic diversity, suggesting that other populations, of European and Asian descent,
expanded in the past from a common ancestral African population 194. The Fc RIIA-131H/R
and Fc RIIIA-176V/F variants, which are examples of common genetic variants associated

with SLE, are shared between African-admixed, European and Asian populations. Since the
frequency of the disease gene variant may be a reflection of the age of the mutation, those
mutations probably arose a long time ago, before the divergence of current human
populations. Although the Fc R variants are shared between populations, this does not

necessarily means that a genetic effect on disease susceptibility found in one population will
be found in another population from a different geographic location, even if the populations
are of the same ethnicity. This is because loci from different geographic areas have
experienced different evolutionary histories. The results from different genetic studies on
complex diseases may therefore be population specific 195.

Not all disease-associated alleles are common genetic variants. In paper II we
reported a rare gene variant of the PDCD1 gene, the PD-1.3A allele, to be associated with
SLE. In the case of this PDCD1 gene variant, which is more common in populations of
European descent than in African-Americans, we suggest that the mutation occurred relatively
recently, acting as a susceptibility factor mainly in Europeans and, to a lesser degree, in other
populations admixed with them. In fact, rare variants have been suggested to be restricted to
specific ethnic populations 196, 197.

Fc RIIB-232I/T is another rare genetic variant that was found to be associated to

SLE in Japanese patients. We do not find any evidence of association of SLE or lupus
nephritis to this polymorphism in the Swedish population. The 232I/T variant has also been
shown to be more common in healthy individuals of Japanese descent compared to
individuals of Caucasian origin (Swedish and Dutch). This suggests that, similar to the PD1.3
SNP, this is a recent mutation mainly affecting SLE susceptibility in the Asian population.
Studies on other autoimmune disorders, such as Crohn´s disease, have also revealed the
existence of rare gene variants involved in disease susceptibility 53, 54.
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CONCLUDING REMARKS

To date, there have been few breakthroughs in understanding the genetic
aetiology of complex diseases. This might be due to an under-estimation of the complexity of
the diseases regarding genotype-phenotype correlations or due to the number of risk variants
contributing to disease pathogenesis. The identification of causative variants for complex
diseases will be a major challenge. However, through the ascertainment of a study population
large enough, preferably familial and sporadic cases, and thorough characterisation of the
phenotype and interpretation of the data, it will still be feasible.

In many aspects SLE can be considered a complex disorder, with high levels of
genetic and phenotypic heterogeneity and where the same combination of genes will not
influence disease susceptibility in all patients. The work in this thesis involves the transit from
putative loci identified by linkage analysis to association studies of functionally important
variants, by using familial and sporadic cases of SLE from various populations worldwide.
The work also includes fine mapping of two chromosomal regions, 2q37 and 1q23, where
previously performed genome scans had found linkage to SLE. The 2q37 region was verified
as a susceptibility region and, through linkage and haplotype analysis, a candidate gene within
this region was identified, namely PDCD1. Through genetic studies, we have obtained
evidence supporting the involvement of a susceptibility allele of this gene in the development
of SLE and lupus nephritis. In the 1q23 region, we have shown the presence of association to
biologically important variants of the Fc RIIA and Fc RIIIA genes, both in familial and

sporadic cases. Furthermore, our family data provides evidence for a haplotype, consisting of
both the risk alleles of Fc RIIA and Fc RIIIA, to be preferentially transmitted to SLE patients.
We have also shown a suggestive additive effect of PDCD1 and Fc RIIA in susceptibility for

lupus nephritis in a case-control cohort of Swedish descent.
Finally, the identification of disease causative variants will enhance our

understanding of the different pathways and mechanisms involved in the pathogenesis of
SLE, which in turn might improve disease prevention, diagnostics and treatment.
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