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The most beautiful thing we can experience is the mysterious.
It is the source of all true art and science.
- Albert Einstein

⥞㔉ᡁᴰӢ⡡Ⲵ⡦⇽৺ᇦӪ
For my dearest parents and family

ABSTRACT
Selective IgA deficiency (IgAD) is the most common primary immunodeficiency
disorder in Caucasians with a prevalence of approximately 1:600 in the general
population. It is defined as serum IgA levels below or equal to 0.07 g/l with normal
serum levels of IgM and IgG above the age of 4. Most IgAD individuals are
asymptomatic, however, one-third suffer from respiratory and gastrointestinal
infections and concomitant autoimmune diseases.
IgAD is associated with several classical autoimmune disorders including Graves’
disease (GD), systemic lupus erythematosus (SLE), type 1 diabetes (T1D), celiac
disease (CD) and potentially rheumatoid arthritis and myasthenia gravis (MG). As
more than 95% of patients with GD are positive for thyrotropin-receptor autoantibody
(TRAb), we thus investigated the prevalence of IgAD in TRAb-seropositive individuals
both in Sweden and Iceland and showed that the prevalence of IgAD in the Swedish
cohort is significantly higher than expected in the general population. TRAbseropositivity is also common among IgAD individuals in both cohorts, suggesting a
predisposition to GD (Paper I).
There is a markedly increased prevalence of IgAD among adults with CD. It is
therefore important to validate the IgG class antibody tests for screening CD in IgAD
adults. IgG anti tissue transglutaminase (anti-tTG) and anti deamidated gliadin peptides
(anti-DGP) antibodies were determined in our IgAD cohort with suspected CD. IgG
anti-tTG seems to be a reliable marker for CD in IgAD adults whereas the diagnostic
specificity of IgG anti-DGP appears to be lower. We also found that high levels of IgG
antibodies against both tTG and DGP were frequently found in IgAD adults despite
adhering to a gluten free diet (Paper II). We subsequently screened IgAD among
patients with SLE and T1D in different ethnical populations and the observed higher
prevalence of IgAD was consistent with previous publications (Paper III).
IgAD is reported to be strongly associated with the MHC region, especially the HLAA1, B8, DR3, DQ2 (8.1) haplotype, which is also associated with various autoimmune
disorders, including GD, SLE, T1D, CD and MG. Non-MHC genes (such as IFIH1and
CLEC16A) are also associated with the development of some of the above diseases as
well as IgAD, indicative of a possible common genetic background (Paper III).
A high-density mapping of the HLA locus was then preformed in a combined sample
of IgAD patients and matched controls from 3 independent European populations. A
complex nature of the association of IgAD with the HLA locus was demonstrated. The
primary association signal mapped to the HLA-DQB1*02 allele resulting from the
combined independent effects of the HLA-B*0801-DRB1*0301-DQB1*0201 and
DRB1*0701-DQB1*0202 haplotypes and secondary signals were associated with the
DRB1*0102 and DRB1*1501 alleles. Of interest, a remarkable conservation within the
HLA locus was found, regardless of ethnic background, which supports the use of large
multi-ethnic populations to characterize the shared genetic association within this
region. The location of association signals within several specific extended haplotypes

was potentially identified, including the 8.1 haplotype in the interval between the HLAB and HLA-DR genes (Paper IV).
Subsequently, we performed a high-throughput and high-coverage sequencing of the
entire MHC region of the COX cell line, 18 IgAD patients (6 of whom have
concomitant CD) and 27 healthy controls, all homozygous for the 8.1 haplotype (n=46).
However, no significant difference was found between IgAD patients and IgA
sufficient controls, indicating that there may be no causative/deleterious mutation
located in the coding genes of the MHC region. It is thus possible that as there is no
distinct “pathogenic” haplotype, that either interaction of a common allelic variant with
selected non-MHC genes gives rise to the disease or that the disease-causing
mutation(s) might be located in the hitherto un-sequenced regulatory regions (Paper V).
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1 INTRODUCTION
1.1

IMMUNOGLOBULIN A

Immunoglobulin A (IgA) has been selected throughout evolution to provide a first
line of immune protection at mucosal surfaces - vulnerable frontline sites that are
exposed to potentially harmful commensal, airborne, ingested and sexually
transmitted agents [1]. IgA is the most abundant antibody isotype in mucosal
secretions, and is the second most dominant isotype in blood following
Immunoglobulin G (IgG). As compared with a half-life of 21 days for IgG, plasma
IgA only has a half-life of 3-6 days. The plasma concentration of IgA is
approximately one-fifth of that of IgG, implying that the synthesis rates of plasma
IgG and IgA are largely similar [2].
In humans, there are two IgA subclasses, IgA1 and IgA2, which are products of
separate genes and structurally different mainly at their hinge regions where the IgA1
subclass hinge region is longer (a 13-amino-acid sequence), resulting in an increased
sensitivity to bacterial proteases. IgA1 is the predominant subclass (90%) in serum in
a monomeric form whereas dimeric IgA2 only constitutes a small proportion in serum
but may reach the same concentration as IgA1 in selected secretions [2, 3].
Serum IgA, produced by B lymphocytes in the bone marrow and in some peripheral
lymphoid organs, is usually undetectable at birth by routine methods, and adult serum
concentrations are not attained until around the time of adolescence. In Swedish
adults, the normal range of serum IgA is 0.78-4.5 g/l (reference level at the
Karolinska University Hospital Clinical Immunology Laboratory, Sweden).
1.2

MAJOR HISTOCOMPATIBILITY COMPLEX

The major histocompatibility complex (MHC) was first discovered in the mouse in
1936 [4] and it is one of the most intensively studied genomic regions in vertebrates.
In humans, the MHC gene products were initially identified as surface markers on
leukocytes, which generated its alternative nomination as the human leukocyte
antigen (HLA) complex. This region, which is located on chromosome 6p21.31,
spans approximately 4 mega base pairs (Mb) of genomic sequence and encodes over
200 genes, many of which have defined immune functions [5].
The HLA locus contains the canonical class I and class II gene clusters. The class I
molecules are expressed on the surface of most human cells, while constitutive
expression of class II molecules is restricted to antigen presenting cells, including
dendritic cells, macrophages and B cells. These molecules present peptide antigens to
T cells to initiate adaptive immune responses. Furthermore, the HLA locus also
contains the class III region that, unlike class I and II clusters, is not involved in
antigen presentation, but comprises other important genes involved in immunity
including the complement genes and genes encoding for some of the inflammatory
cytokines [5].
9

Numerous studies have been published over the last decades describing associations
of the human MHC with many autoimmune disorders and immune-mediated diseases
including Graves’ disease (GD), systemic lupus erythematosus (SLE), type 1 diabetes
(T1D), celiac disease (CD) and selective IgA deficiency (IgAD) (Figure 1). However,
for most diseases, a coherent explanation for their genetic component has not yet
been identified. A major limiting factor has been the incomplete knowledge of the
allelic variation of genes and regions flanking the nine classical HLA loci. The
construction of a fully informative polymorphism map is thus required.

Figure 1. Markers across the HLA region associated with risk and protection for IgAD and selected
autoimmune disorders.The HLA-DRB1*1501 allele constitutes a risk factor for SLE, but is a
protective factor for IgAD and T1D.

In 2004, Stewart and Horton reported 4.75 Mb of contiguous sequence for each of
two common MHC haplotypes. The PGF (HLA-A*0301-B*0702-DRB1*1501DQB1*0602) and COX (HLA-A*0101, B*0801, DRB1*0301, DQB1*0201, also
called the 8.1 haplotype) haplotypes were sequenced entirely through a bacterial
artificial chromosome (BAC) cloning strategy using cell lines from consanguineous
individuals. The authors defined the complete variation content of the two haplotypes
[6] and subsequently employed the same strategy to sequence 4.25 Mb of another
human haplotype QBL (HLA-A*2601-B*1801-DRB1*0301-DQB1*0201), and
compared it with the 8.1 haplotype which shares almost the same HLA-DRB1, DQA1, and -DQB1 alleles. Analysis of the two DR3 haplotypes allowed depiction of
the shared sequence between two HLA class II-related haplotypes differing in disease
associations and the identification of at least one of the sites that mediated the
original recombination. The results indicated that the different disease associations of
these two DR3 haplotypes are due to sequence variation outside the central 158 kilo
base pairs (kb) segment that contained the DRB1, DQA1, and DQB1 genes, and that
shuffling of ancestral blocks via recombination is a potential mechanism whereby
certain DR-DQ allelic combinations, which presumably have favored immunological
functions, can spread across haplotypes and populations [7].
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In 2006, Smith et al performed a re-sequencing project that examined 552 kb of
sequence from each of the 46 individual HLA haplotypes, generating nearly 27 Mb of
fully phased genomic sequence. The data showed that in 19 independent HLA-A1,
B8, DR3 chromosomes, only 11 single nucleotide polymorphism (SNP) were found
at positions from HLA-A to DR [8]. Even in the SNP map of the MHC region among
patients with T1D, the vast majority of SNPs also from the same region were nearly
invariant on the HLA-A1, B8, DR3 chromosomes [9]. In 2010, two SNPs maps
covering the MHC region of individuals homozygous for the 8.1 haplotype including
Swedish IgAD subjects and IgA sufficient controls were generated, however, the
results showed no consistent differences in the pattern between IgAD subjects and
normal controls [10]. Since only a limited number of SNPs in the MHC region were
analyzed, the disease-associated variation(s) between IgAD subjects and controls may
lie between these intervals. We thus performed a high-density SNP mapping (1,686
SNPs) of the HLA locus and imputed the genotypes of 9,095 SNPs and the HLA-B,
DRB1, and DQB1 alleles in a combined sample of IgAD subjects and matched
controls from 3 independent European populations. We provided evidence for the
location of association signals in the specific extended haplotypes, including the 8.1
haplotype, the latter being mapped between HLA-B and HLA-DQ [11] (Figure 2).
However, these studies reinforced the need for full sequencing of the MHC region in
order to identify disease associated genetic traits.

Figure 2. Summary of most significant independent association signals in the HLA locus.
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Recently, BGI-Shenzhen and the NimbleGen companies collaborated to develop an
advanced capture array for the MHC region (4.97 Mb) containing 8 common HLA
haplotypes. By using it, our BGI colleagues published the first entire MHC region
sequence of three Chinese individuals [12]. This is a completely new and efficient
method to define disease associated polymorphisms that are encoded in the MHC
region as compared to the BAC cloning strategy. However, a number of gaps still
exist due to the difficulties to design probes covering the long repetitive fragments
within this region.
1.3

SELECTIVE IGA DEFICIENCY

Selective IgA deficiency (IgAD) was first observed in 1964 in two healthy men [13]
and is the most common form of primary immunodeficiency disorders in the
Caucasian population. The current definition, established by the Pan-American Group
for Immunodeficiency and the European Society for Immunodeficiencies, defines the
defect as serum IgA levels below or equal to 0.07 g/l with normal serum levels of IgG
and Immunoglobulin M (IgM) in individuals of 4 years of age or older [14]. IgAD
affects approximately 1 in 600 in Caucasians, however, its prevalence varies among
different ethnical populations ranging from 1:143 in Saudi Arabia [15] to 1:23,255 in
Japan [16].
Although two-thirds of individuals with IgAD are clinically asymptomatic, one-third
suffer from respiratory and gastrointestinal infections, respond poorly to T cell
independent immunogens and/or present concomitant autoimmune diseases [1]. It has
been reported that IgAD is overrepresented or associated with several classical
autoimmune disorders including GD, SLE, T1D, CD (Figure 3) and potentially
rheumatoid arthritis (RA) and myasthenia gravis (MG).

Figure 3. Overlap between IgAD and selected autoimmune diseases
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In spite of intense research for the past two decades, the genetic basis of IgAD
remains elusive, suggesting that it may be a polygenic disorder [17]. Furthermore,
reversal of IgAD has been described in a few cases, arguing that the disease might be
due to immune dysregulation. It is well documented though that IgAD is strongly
associated with the MHC region, in particular with the ancestral 8.1 haplotype [18,
19]. Up to 38% of individuals with IgAD have at least one copy of this haplotype as
compared to 15.3% in the general population and homozygosity for this haplotype
increases the risk of disease development even further [10]. Interestingly, this
haplotype has also been shown to be associated with several of the classical
autoimmune disorders mentioned previously [20]. Other haplotypes, including
DRB1*0701-DQB1*0202 and DRB1*0102-DQB1*0501, are also associated with
IgAD [21]. In contrast, the DRB1*1501-DQB1*0602 haplotype has been shown to
confer an almost complete protection against the disease [14, 17, 22]. IgAD is also
reported to be associated with a higher degree of variation in the MSH5 gene,
encoded in the MHC class III [23]. Polymorphisms in non-MHC genes (IFIH1 and
CLEC16A) have also recently been shown to be associated with IgAD in the first
published genome-wide association study (GWAS) on IgAD [17].

1.4

GRAVES’ DISEASE

Autoimmune thyroid disorders include a number of conditions, the most prevalent
being Graves’ disease (GD) and Hashimoto’s thyroiditis. GD is characterized by
lymphocytic infiltration of the thyroid gland and the production of thyrotropinreceptor autoantibodies (TRAbs), leading to hyperthyroidism [24]. TRAb, which is
found in more than 95% of newly diagnosed GD patients [25], has been shown to be
the main contributor to the onset and maintenance of GD. The incidence rates of GD
have increased significantly and are roughly 29–30/100,000 annually in Caucasians
[26]. An association between GD and IgAD has previously been suggested in several
case reports [27-30], and a small screening study showed that IgAD is
overrepresented among GD patients [31]. The incidence of GD shows a geographical
variation as well as the seasonal trends, suggesting that environmental triggers such
as infections might be an important contributor to the GD pathogenesis [24]. Twin
and sibling studies have reported an increased risk ratio for GD [32, 33], indicating a
strong genetic influence on the development of the disease.
The HLA-B8 allele was initially found to be associated with GD in Caucasians [33,
34]. However, a subsequent study suggested that the primary susceptibility allele was
the DR3 allele [35] with a frequency of approximately 40-55% in GD patients [34].
The DQA1*0501 allele was also shown to be associated with GD in Caucasians [36,
37], as were non-MHC genes, including CTLA4, CD40 and TSHR [38].
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1.5

CELIAC DISEASE

Celiac disease (CD) is a chronic inflammatory disorder and characterized by crypt
hyperplasia, inflammation in the small bowel and villous atrophy due to an immune
reaction against gluten and related proteins found in wheat, rye and barley. The
reported prevalence of CD ranges from 0.3% to 2.4% in Europe [39] but appears to
be rare in Japanese and Chinese [40]. Such differences might be explained by genetic,
environmental and social factors. Genetic factors play a key role in the development
of CD, as shown by familial aggregation and a high concordance rate in monozygotic
(MZ) twins (83-86%) compared to dizygotic (DZ) twins (17-20%) [41, 42].
CD is strongly associated with genes within the MHC class II region, as almost all
patients carry HLA-DQ2 and/or DQ8 (95%). The HLA-DQ2 allele, which shows the
strongest association with CD, is often inherited together with B8 and DR3 on the 8.1
haplotype. HLA-DQ2 is present in 20-30% of the general population but only 1-3%
of all individuals carrying HLA-DQ2 develop CD [43]. Moreover, HLA-DQ8 is
present in approximately 18.7% of the general population, however, only 0.1-0.3% of
individuals carrying this allele develop CD. Therefore, presence of DQ2/DQ8 is a
necessary, but not sufficient, prerequisite for developing the disease [44]. Some nonMHC genes were also reported to be specifically involved in CD including TLR7/8,
CCR4, PARK7, RUNX3 and CD80 [45].
The gold standard for diagnosing CD is still the biopsy test, however, serological
screening tests are valuable tools in selecting patients to undergo a diagnostic small
bowel biopsy [46]. In 1997, tissue transglutaminase (tTG) was identified to be the
auto-antigen targeted by anti-endomysial antibodies in patients with CD [47]. As the
diagnostic accuracy of IgA antibodies against recombinant tTG is high and
remarkably increased levels are highly predictive of CD [48-50], specific anti-tTG
antibody tests have been widely used for CD screening. Deamidated gliadin peptides
(DGP) have been developed as the second generation anti-gliadin tests [49]. Several
reports have confirmed the increased diagnostic specificity of using DGP instead of
native gliadin although the source of antigen and the performance may differ among
the available commercial DGP assays [51-53]. However, Olen et al recently argued
that anti-tTG is superior to anti-DGP for diagnosing CD as a combination of anti-tTG
and anti-DGP did not provide a higher diagnostic accuracy than anti-tTG alone in
young children [54]. Recently, it has even been suggested that a small bowel biopsy
is not necessary for the diagnosis of pediatric CD in symptomatic children with high
levels of IgA anti-tTG [55].
IgAD has previously been shown to be associated with CD [56-60], indicating a 5- to
15-fold increased prevalence of IgAD among both children and adults with CD. Thus,
including assessment of specific IgG antibodies for screening CD is a considerable
improvement since tests based on detection of IgA antibodies alone yield false
negative results in IgA deficient patients [51, 61]. The diagnostic value of IgG antitTG and anti-DGP antibodies in IgA deficient adults suspected to CD remains
uncertain.
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1.6

TYPE 1 DIABETES

Type 1 diabetes (T1D) is a chronic autoimmune disorder characterized by the
destruction of insulin-producing ȕ cells in the pancreas, leading to reduced/absent
insulin production, primarily due to a cell-mediated response, effectuated by activated
cytotoxic T cells. T1D affects approximately 0.4% of individuals with a European
origin [62], but the incidence rate varies greatly between different populations from
0.6 cases [63] to 40.2 cases [64] per 100,000 per year. Furthermore, the incidence of
T1D is raising 3-5% per year [65, 66]. Interestingly, the prevalence of IgAD in T1D
has been reported to range from 1:27 [67] to 1:261 [68], thus being higher than
observed in the general population. Both genetic and environmental factors influence
the development of T1D. The concordance rate for T1D in MZ twins is
approximately 50% [69-72], and a cumulative incidence of 65% was reported in a
recently published, prospective, long-term follow-up study of MZ twins [73].
Furthermore, the prevalence of T1D in first-degree relatives is markedly higher than
in the general population [74, 75].
It is commonly accepted that the MHC class II locus is the most important
determinant for T1D [76]. The predisposing MHC class II haplotypes, DRB1*0301DQB1*0201 (DR3-DQ2) and DRB1*0401-DQB1*0302 (DR4-DQ8), are present in
at least 90% of the cases [77]. Other susceptibility genes/regions within the MHC
region have also been suggested, including the HLA-A and B encoding genes [78],
the HLA-DRA and DPB1 encoding genes [78], and NOTCH4 and MSH5 in the class
III region [79]. Furthermore, a variety of non-MHC region genes have been shown to
be associated with T1D including insulin, CTLA4, PTPN2/22, IL2RA, CLEC16A and
IFIH1 [80].

1.7

SYSTEMIC LUPUS ERYTHEMATOSUS

Systemic lupus erythematosus (SLE) is a classical autoimmune disease and
characterized by a diverse array of autoantibodies, immune complex deposition,
complement activation and tissue injury and influenced by multiple genetic and
environmental factors. It predominantly affects women (prevalence ratio of women to
men is 9:1), particularly during the childbearing years. The incidence of SLE varies
among different ethnic groups, ranging from 7 to 71 cases per 100,000 individuals of
European descent (68/100,000 in Sweden [81]) and 31 to 70 cases per 100,000
individuals in the Chinese populations [82], to more than 200 per 100,000 individuals
of African descent [83]. The concordance rates for SLE within MZ twins range from
20% to 40% compared with 2% to 5% for DZ twins and the risk is increased both in
first- and second-degree relatives [84, 85], suggesting a strong genetic basis of the
disease.
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An association with the HLA-DR region, in particular, the HLA-DRB1*0301 and
HLA-DRB1*1501 alleles [14, 86, 87], has been reported in SLE patients of European
ancestry, whereas DR2 (DRB1*1501) was prevalent in Asian patients [88-90]. Genes
within the class III region, including MSH5 and SKIV2L [91, 92], have also been
suggested to compose risk factors for the disease. Furthermore, SLE is associated
with a variety of non-MHC genes, including TNFAIP3, IRF5, ITGAM, STAT4 and
BLK [93].
Previous studies have reported an increased frequency of IgAD among SLE patients,
ranging from 1:19 in the USA to 1:130 in Spain [94-104]. However, the total number
of SLE patients screened for IgAD was still quite limited, and the criteria used to
define IgAD have been variable.

1.8

RHEUMATOID ARTHRITIS

Rheumatoid arthritis (RA) is a chronic inflammation, mainly of the synovial joints.
Many patients exhibit increased levels of rheumatoid factor and antibodies against
cyclic citrullinated proteins. Juvenile rheumatoid arthritis (JRA), typically appears
between 6 months and 16 years of age [105]. The condition in children seems to
differ from that in adults, although definitive causes for each, possible common
mechanisms are poorly understood. The prevalence of RA is approximately 1%
worldwide [106] whereas JRA has a lower prevalence among European populations,
reportedly between 0.04% and 0.1% [107-109]. Concordance rates for RA have been
reported to be 15.4% in MZ twins and 3.6% in DZ twins [110], reflecting a genetic
component that appears to require strong environmental factors for disease
development where the strongest single risk factor identified to date is smoking [111].
The HLA-DR4 allele has been shown to be the strongest genetic risk factor for RA
[112] and the B27 and DR1 alleles [112-114] also appear to contribute to the disease
risk whereas in JRA, the risk alleles (DR5, DR8 and B35) and protective alleles
(DR15 and DR4) are different [115-117]. Furthermore, the 8.1 haplotype was
suggested to contribute to disease susceptibility [113, 118-121]. In addition to the
HLA alleles, over 30 genetic non-MHC loci have been associated with risk for RA,
many of which have been identified in recent years. RA was initially reported to be
associated with PTPN22 in Caucasians [122] and PADI4 in Asian patients [123].
Other genes found to be associated with RA by GWAS include CD40, IL2RA,
PTPRC and IRF5 [124].
A summary table of previous studies (Table 1) shows that in JRA, 55 of 2,030
patients were IgAD (1:37), whereas in RA, 19 of 3,694 patients were IgAD (1:194).
Therefore, it is likely that there is only with a trend of a slightly higher prevalence in
RA patients, but an increased frequence of IgAD was observed in JRA, which might
be due to the immature immune system in young children.
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Table 1 Prevalence of IgAD among patients with JRA and RA (NM, not mentioned)

Year Ref. Country
1970 [125] USA
1972 [126] USA
1973 [127] Finland
1973 [128] USA
1977 [129] USA
1979 [130] UK
1983 [131] Finland
2011 [132] Iran
Total JRA patients
1969 [94]
USA
1971 [133] Norway
1985 [98]
Turkey
1997 [134] India
2003 [135] UK
Total RA patients

Age
2.5-25
Children
2-16
1-21
Children
Children
Children
Children
NM
NM
NM
1-70
18-75

Sample size
200
176
115
200
324
582
350
83
2,030
61
3,187
25
69
352
3,694

IgAD (prevalence)
2 (1:100)
3 (1:59)
5 (1:23)
8 (1:25)
14 (1:23)
12 (1:49)
10 (1:35)
1 (1:83)
55 (1:37)
1 (1:61)
8 (1:398)
1 (1:25)
1 (1:69)
8 (1:44)
19 (1:194)

Criteria (g/l)
Undetectable
0.2
Undetectable
0.005
0.01
0.1
0.02
NM
Undetectable
Undetectable
NM
Undetectable
<50 IU/ml

Table 2 Prevalence of IgAD among patients with MG (NM, not mentioned)

Year
1972
1976
1976
1976
1992
2011
Total

1.9

Ref.
[136]
[137]
[138]
[139]
[140]
[22]

Country
UK
USA
USA
UK
France
Sweden

Age
9-46
Adults
NM
NM
Adults
Adults

Sample size
54
51
107
50
333
512
1,107

IgAD (prevalence)
1 (1:54)
0
0
1 (1:50)
1 (1:333)
2 (1:256)
5 (1:221)

Criteria (g/l)
2.5 IU/ml
NM
NM
Undetectable
0.05
<0.07

MYASTHENIA GRAVIS

Myasthenia gravis (MG) is an antibody-mediated disorder where autoantibodies
against the acetylcholine receptor (anti-AChR antibodies) disrupt normal signal
transduction across the neuromuscular junction in the vast majority of cases [141].
Anti-muscle specific kinase antibodies may also be detected in patients without antiAChR [142]. The loss of muscle receptors and the resulting reduction of signal
transduction from nerve cells to muscle cells cause muscle weakness. Several
autoimmune disorders, such as SLE [143-145], RA [146] and GD [146-149], have
previously been shown to be overrepresented among patients with MG. The
prevalence of MG is approximately 10 per 100,000 in European populations
(14.1/100,000 in Sweden [150]) with an incidence of 0.3-3 cases per 100,000 per year
[151]. The rate of concordance is approximately 35% in MZ and 4-5% in DZ twins
[152], indicating a strong genetic component.
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The MHC region has been reported to be associated with MG [153-155]. Early-onset
MG patients exhibiting thymic hyperplasia are most strongly associated with the
HLA-B8, DR3 haplotype whereas late-onset MG is associated with the B7 and DR2
alleles [156, 157]. Non-MHC genes are also known to be associated with MG,
including CTLA4, TNFĮ, CHRNA-1, PTPN22 and TNIP1 [157, 158].
Studies on the frequency of IgAD in cohorts of patients with MG are presented in
Table 2. The prevalence of IgAD is slightly elevated from the background rate,
although two separate UK reports with 1 IgAD patient in 50 and 54 individuals,
respectively, account for a large proportion of the increase. In another study (n=333),
the frequency of IgAD was not significantly increased, with only one patient being
IgAD. Our recent investigation on 512 patients with MG [22] showed that only 2
patients were identified as IgAD, only giving a slightly elevated prevalence of 1:256.
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2 AIMS
2.1

2.2

SPECIFIC AIMS
•

To evaluate the prevalence of IgAD in TRAb-seropositive individuals (potential
GD patients) in two Nordic countries (Sweden and Iceland) and to investigate
the presence of TRAb autoantibodies in cohorts of IgAD individuals and its
correlation with the HLA types.

•

To estimate the prevalence of IgG antibodies against both tTG and DGP (CD
serological markers) in a large cohort of IgA deficient adults with suspected
CD, and to investigate the correlation between different serological markers and
the HLA types.

•

To evaluate the prevalence of IgAD among patients with SLE and TID in
different countries, and to summarize the publications to present suggestive
evidence for a shared genetic predisposition between these autoimmune
disorders.

•

To better characterize the IgAD associated independent signals of the MHC
region using a high-density SNP mapping within this locus in a combined
sample of IgAD patients and matched controls from 3 different European
populations.

•

To identify potential causative mutation(s) involved in the development of
IgAD using high-throughput sequencing of the MHC region in patients with
IgAD and/or concomitant autoimmune diseases and normal controls, all
homozygous for the 8.1 haplotype.

GENERAL AIM

IgAD is likely to be a polygenic disease with susceptibility alleles both within and
outside the MHC region. These susceptibility alleles may show substantial overlap with
genes associated with some classical autoimmune diseases including GD, SLE, T1D
and CD. The general aim was to screen IgAD among patients with the above
mentioned autoimmune diseases and try to identify causative gene(s) within the MHC
region among IgAD patients with and without selected autoimmune diseases, which
might open up new ways of understanding the etiology of IgAD.
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3 MATERIALS AND METHODS
3.1

PATIENTS AND CONTROLS

The usage of the below described Swedish patients and controls included in this thesis
was approved by Regionala etikprövningsnämnden i Stockholm (Regional ethical
review board in Stockholm) and Forkningsetikkommitté Syd, Karolinska Institutet
(Research ethical committee South, Karolinska Institutet), Sweden.
3.1.1 IgAD
In paper I, a total of 32 adults and 11 children with IgAD were found in Iceland by
three different routes. First, individuals were identified by screening for IgAD in 4004
blood donors at the Icelandic blood bank (1999-2001). Second, IgAD individuals from
a previous study (1974-1979) in Iceland were re-evaluated [159]. Third, IgAD
individuals were identified by evaluating those who were found to be low IgA levels
from 1992 to 2006 at the Department of Clinical Chemistry and Immunology,
Landspitali University Hospital of Iceland, Iceland. Furthermore, consecutive serum
samples from 50 adult IgAD individuals attending the outpatient clinic at the division
of Clinical Immunology at the Karolinska University Hospital Huddinge, Sweden, were
collected.
In paper II, 356 IgAD individuals out of 488,156 individuals with suspected CD
referred to seven Swedish immunology centers between 1998 and 2012 and accepted to
participate in the study.
In paper III, 11 Swedish, 5 English and 8 Chinese individuals with IgAD (the 20 IgA
deficient Americans were not available) were collected from the screening of SLE
patients in four countries (n=3,388). Eleven Swedish and 2 Italian IgAD individuals
were collected from the screening of T1D patients (n=1,497).
In paper IV, 861 IgAD patients were enrolled from 4 different centers across Europe:
418 were recruited at the Karolinska University Hospital Huddinge, Stockholm; 34
were recruited at the Landspitali University Hospital of Iceland, Reykjavik; 280 were
recruited at the Hospital Universitario La Paz, Madrid; and 129 were recruited from the
Finnish Red Cross Blood Service, Helsinki.
In paper V, initially we expected to identify some patients with IgAD and concomitant
autoimmune diseases (GD, CD, SLE and T1D), who carried a homozygous form of the
8.1 haplotype, one of the most common haplotypes among these diseases. However,
after screening, we could only identify some CD patients carrying this haplotype and
thus included them in this study. One HLA homozygous, consanguineous cell line,
COX (Caucasoid, South Africa) was obtained from the Cambridge Institute for Medical
Research MRC, University of Cambridge, UK. COX was previously typed (and fully
sequenced) as A*0101, Cw*0701, B*0801, DRA*0102, DRB1*0301, DRB3*0101,
DQA1*0501, DQB1*0201, DPA1*01 and DPB1*0301. 18 Swedish patients with
IgAD (6 of whom had concomitant CD), homozygous for the 8.1 haplotype, were
recruited at the Karolinska University Hospital Huddinge, Sweden.
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3.1.2 GD (TRAb-seropositive cohort)
In paper I, serum levels of TRAb, which is considered to be the main contributor
responsible for the onset and maintenance of GD and found in >95% of newly
diagnosed GD patients [25], were measured.
In the Icelandic cohort, 299 TRAb-seropositive individuals were found by two different
routes. First, 174 individuals (145 females and 29 males) were diagnosed with GD in
2004-2005 at Landspitali University Hospital of Iceland, Iceland. The diagnosis of GD
was made by an endocrinologist by combining clinical features, results of blood tests
(all patients had elevated serum levels of thyroid hormones along with suppressed
TSH) and thyroid isotope scans. In addition, serum TRAb levels were measured to
firmly establish the diagnosis and 161/174 of the GD patients were TRAb seropositive
(13 TRAb-seronegative). Second, 138 individuals (114 females and 24 males) were
found to be TRAb-seropositive in routine analysis at the Department of Immunology,
Landspitali University Hospital, Iceland (2007-2009). The clinical status of these
individuals is unknown, but most of the samples were submitted by endocrinologists
due to suspicion of GD.
In the Swedish cohort, anonymized samples, who were positive for TRAb and analyzed
at the division of Clinical Immunology at Karolinska University Hospital Huddinge,
Sweden during 2005-2006 (n=1,457 of which 1,333 samples could be retrieved) were
screened for IgAD. Duplicate samples from the same individuals were removed,
resulting in a final cohort of 841 TRAb-seropositive individuals.
3.1.3 CD
In paper II, blood samples from 488,156 individuals due to suspected CD were
originally referred to seven Swedish immunology centers between 1998 and 2012 for
serological CD screening including measurements of total serum IgA levels. Altogether
1414 adults were identified as being IgA deficient and 741 of them who could be traced
were asked to submit new blood samples for follow-up testing. Of these, 356
individuals accepted to participate in the study. A questionnaire regarding gluten free
diet (GFD) was mailed to most individuals (some individuals were excluded due to
ethical constraints).
3.1.4 TID and SLE
In paper III, two separate cohorts of T1D patients including 1,252 Swedish individuals
(children and adults) and 245 Italian individuals, and four cohorts of SLE patients
including 706 Swedish, 844 English, 874 American and 964 Chinese were collected.
All collected serum samples were screened for IgAD by measuring serum IgA levels
using a sandwich Enzyme linked immunosorbent assay (ELISA).
3.1.5 Control subjects
In paper I, 609 healthy individuals (109 female and 500 male) were randomly selected
at the Icelandic blood bank. Serum IgA was measured in this cohort and results were
compared with IgA levels in the Icelandic TRAb-seropositive cohort.
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In paper II, 47 IgA deficient blood donors from the blood transfusion center at the
Karolinska University Hospital Huddinge, Sweden, were included as controls.
In paper IV, 2,184 geographically matched control samples were obtained from 3
independent sources: 1,115 control samples from the Epidemiological Investigation of
Rheumatoid Arthritis Swedish inception cohort; 373 samples from the Hospital Clínico
San Carlos in Madrid; and 693 samples from the Nordic Centre of Excellence in
Disease Genetics Consortium (Finnish controls).
In paper V, twenty seven anonymized healthy controls with normal IgA levels, carrying
the homozygous 8.1 haplotype, were obtained from the Swedish volunteer bone
marrow registry (www.tobiasregistret.se).
3.2

SERUM IMMUNOGLOBULIN LEVEL MEASUREMENT

Serum levels of IgA, IgG and IgM were determined by nephelometry at the Karolinska
University Hospital Clinical Immunology Laboratory, Sweden. IgAD was diagnosed if
serum IgA was under or equal to 0.07 g/l with normal serum levels of IgG and IgM.
Total serum IgA levels were also determined by ELISA at room temperature in our
laboratory using polyclonal rabbit anti-human IgA antibodies (primary antibody,
DAKO, Denmark) and alkaline phosphatase-conjugated rabbit anti-human serum IgA
antibodies (secondary antibody, Jackson ImmunoResearch Laboratories, USA).
Polystyrene plates (Corning Incorporated, USA) were coated overnight with the
primary antibody (1.2 mg/l) diluted in carbonate bicarbonate buffer (0.05 M) (1:4000).
The plates were washed four times using PBS with 0.5% Tween20 after the incubation.
The samples were two/three-fold serially diluted in PBS with 0.5% Tween20. All
samples were titrated against a six-fold serially diluted standard, ranging from 3.125
ȝg/l to 100 ȝg/l. The samples, the standard dilutions and a blank (PBS with 0.5%
Tween20) were added in duplicate and incubated overnight. After 4-time washing, the
diluted secondary antibody (0.6 mg/l, 1:2000) was added and incubated for 2 hours. PNitrophenyl phosphate (Sigma-Aldrich, USA) was finally added and the absorbance
(405 nm) was read on a Vmax microplate reader (Molecular Devices, USA). A mean
concentration was obtained for each sample using Deltasoft JV 1.8 (Biometallics Inc,
USA). Samples with IgA levels of 0.7 g/l or lower were retested.
3.3

SERUM THYROTROPIN-RECEPTOR AUTOANTIBODY TEST

In paper I, thyrotropin-receptor autoantibody (TRAb) was measured using the
Medizym TRA immunoassay (Medizym TRA, MEDIPAN, Berlin, Germany) in both
the Icelandic and Swedish IgAD cohorts. Values less than 1 IU/l were regarded as
negative, 1–1.5 IU/1 as weakly positive and higher than 1.5 IU/l as clearly positive.
Subsequently, all samples found to be 1 IU/1 in the Medizym TRA were re-measured
using BRAHMS TRAK human RIA (BRAHMS AG, Hennigsdorf/Berlin, Germany).
The routine clinical TRAb measurements for the 299 Icelandic and 841 Swedish
TRAb-seropositive individuals were not directly part of this comparative study, and the
BRAHMS TRAK human RIA was used in both cases.
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3.4

CD RELATED SEROLOGICAL MARKER TESTS

In paper II, serum IgG anti-tTG and anti-DGP antibodies in the newly collected serum
samples were analyzed at the clinical immunology unit at the Linköping University
Hospital, Sweden. Commercially available immunoassays for CD diagnostic testing
were used according to the manufacturer instructions: (1) IgG antibodies against tTG
(EliATM Celikey®IgG, Phadia, Freiburg, Germany) were analyzed on ImmunoCAP
250 and the recommended cut-off <7 EliA U/mL was used. (2) Two different ELISAs
were performed for detection of IgG antibodies against DGP including Gliadin IgG II
(Quanta LiteTM, INOVA Diagnostics, San Diego, CA, USA) and GAF-3X
(Euroimmun, Lübeck, Germany). The recommended cut-offs 20 AU/mL (INOVA) and
25 RU/mL (Euroimmun) were used.
3.5

DNA EXTRACTION AND WHOLE GENOME AMPLIFICATION

Genomic DNA was extracted from whole blood or sera using the phenol-chloroform or
salting out methods. Some DNA samples (such as those extracted from sera) were
subjected to whole genome amplification according to manufacturer instructions
(GenomePhi V2 DNA amplification kit, GE Healthcare, Buckinghamshire, UK).
3.6

GENOTYPING ANS SNP IMPUTATION

Using the Illumina BeadChip technology, genotyping of all IgAD patients and the
Swedish and Spanish controls was performed at the Feinstein Institute, New York. All
samples were genotyped on either the HumanHap 300 or Human 610-quad chips.
Genotyping data for the Finnish controls was generated using the Illumina CNV370
platform and obtained from the Nordic Centre of Excellence in Disease Genetics
consortium. To assure high quality data on the final analysis, we used stringent quality
control measures, as described previously [17]. The final number of individuals passing
all the quality control steps in the 3 independent case-controls series were as follows:
Sweden/Iceland: 430 cases and 1090 controls; Spain: 256 cases and 322 controls; and
Finland: 86 cases and 564 controls. Fine-mapping of the HLA region was performed by
extracting the 1,686 SNPs spanning 10 Mb of chromosome 6 (25-35 Mb) that passed
all quality control steps.
SNP imputation of the HapMap2 reference dataset was performed using IMPUTE
[160] with default settings. Imputation was performed using only the SNPs that passed
quality control and were genotyped in all 3 case-control series. We only tested the
association of SNPs reaching an imputation score 0.8 in each case-control series to
ensure that only SNPs imputed with high confidence were included in the final
analysis.
3.7

DEEP SEQUENCING OF THE MHC REGION

3.7.1 Experimental protocol
Shotgun libraries were built up from three μg of genomic DNA following the
manufacturer’s instructions (Illumina) and DNA was cropped into ~500 bp fragments.
The overhangs were converted to blunt ends using selected polymerase and the
fragments were then A-tailed. By using T4 DNA Ligase, the sequencing adapters with
a single “T” base pair overhang were linked to the A-tailed samples. Finally, the
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fragments, with adapters, were enriched via four cycles of PCR. One μg of the prepared
sample library was subsequently hybridized to the capture probes and incubated at
65°C for 70 hours by following the manufacturer’s protocols (Roche NimbleGen). The
target fragments were then captured and the samples were washed using the
manufacturer’s buffers. The captured target fragments were thereafter amplified using
Platinum® Pfx DNA Polymerase (Invitrogen) with the following condition: 94°C for 2
minutes, followed by 15 cycles of 94°C for 15 seconds, 58°C for 30 seconds, 72°C for
50 seconds and a final extension of 72°C for 5 minutes. The PCR products were
afterwards purified and sequenced with the standard 2 × 90 paired-end reads on the
Illumina HiSeq2000 sequencer.
3.7.2 Bioinformatics
Contaminated adapters and low quality reads were filtered out and the clean reads were
subsequently aligned to the UCSC hg19 reference including 8 common HLA
haplotypes, using Burrows-Wheeler Aligner (BWA, version 0.5.9). Reads that were
mapped to any defined MHC region were extracted and then aligned to the COX
haplotype sequence. The preliminary alignment results were sorted and the duplications
were removed using Samtools (version 0.1.17) which detected variants at sites with a
sequencing depth of 6 and a consensus quality of 60.
Copy number variant (CNV) analysis could be performed based on the target capture
sequence data. To exclude spurious results, only unique mapped reads of each sample
were included in the CNV analysis. The average depth of each 1 kb window of the
COX haplotype sequence was calculated based on all sequenced samples, homozygous
for the 8.1 haplotype. The linear equation between the total average depth and the
average depth of each window was subsequently obtained using a linear regression
model. Thus, the formula (R (ratio) = Real average depth of a window / Expected
average depth of the same window) was used to judge if there were CNV changes in a
specified window of each sample. If the R = 0 or 0.5, it suggested that there was a
homozygous or heterozygous deletion within that 1 kb window in the sample whereas
if the R = 1.5 or 2.0, it suggested that there was a heterozygous or homozygous
duplication.
3.7.3 Long PCR for filling in gaps
There are three types of gaps in the MHC region: gaps in exons of genes, in introns or
untranslated regions (UTRs) of genes and in intergenic regions respectively (in total
197 gaps). As mutations in the coding regions may change the amino acid sequence,
resulting in abnormal proteins, we designed specific primers to fill in the gaps within
exons and within genes including introns and UTRs in our 46 sequenced samples, the
PCR products ranging from 1 kb up to 9 kb were amplified using the “Expand Long
Template PCR System” kits (Version 24, Roche, Germany).
3.8

HLA TYPING

3.8.1 Imputation from the high-density SNP mapping of the HLA locus
In paper IV, taking advantage of the strong LD structure in the region, the SNP data
was used to impute the common HLA-B, DRB1 and DQB1 alleles, and 2 or 4-digit
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HLA-B, DRB1 and DQB1 typing data was available for some IgAD patients. Initially,
we used the available HLA typing information to identify the tagging SNP that would
better capture each HLA allele, using the tagger algorithm implemented in PLINK
[161]. Then, we supplemented the set of tagged SNPs with additional SNPs covering
the classical HLA region and provided a better coverage of this region. Given the lack
of accuracy of the tagged approach to infer most HLA-B alleles, we included a higher
density of SNPs located on the HLA class I region. We then used genotype information
from the final set of 49 SNPs, which present no significant pairwise LD in between, to
reconstruct the long-range haplotypes in all individuals. The individual haplotypes
including missing genotypes from the final set were reconstructed with PHASE v2.1
[162], using the standard pre-defined parameters.
Using the known HLA typing information, we determined specific haplotype segments
of consecutive SNPs that were specific for each allele. To test the method performance,
we calculated the sensitivity, the specificity and the positive predictive value (PPV) on
both the training set and on an additional validation set of 79 IgAD patients that were
used to determine the allele-specific haplotype segments. Estimation of the sensitivity,
specificity and PPV of the imputed alleles in the validation set was reasonably high.
3.8.2 HLA typing based on the deep sequencing of the MHC region
In paper V, our target capture sequencing data covered more than 99% of the genes in
the MHC region and made it possible to obtain all HLA genes. BGI-Shenzhen has
developed an HLA typing pipeline which enables typing all HLA genes in the
IMGT/HLA database. The pipeline includes four steps: read preparation, quality
control and error correction; haplotype sequence assembling and imputation of the
HLA types according to assembled haplotype sequence (for details, see [12]), which
utilized the aligned BAM files as input, and outputs the most reliable HLA types for
each gene.

3.8.3 PCR-SSP based HLA typing
Polymerase Chain Reaction-sequence specific primers (PCR-SSP) is a highly accurate
method to determine HLA types [163]. Different numbers of wells/specific primers
with pre-formulated plates are required for the determination of HLA types. In this
investigation, 2 digit resolution HLA types are obtained for HLA-A (24 wells), HLA-B
(48 or 64 wells), HLA-DR (24 wells), HLA-DQ (8 wells), HLA-DR-DQ combi (32
wells) and A-B-DR-DQ (96 wells).
The PCR was performed according to the manufacturer’s specification (Olerup SSP
AB, Stockholm, Sweden). The PCR products were then run in 2% agarose gel stained
with ethidium bromide for 11 minutes at 150 mA, 300 V. The gel was subsequently
visualized by a UV illuminator and photographed. Each well has a positive control and
may present the amplified PCR products, except for HLA-DQ2 kit, the HLA-A, B, DR,
DR-DQ combi and A-B-DR-DQ kits all have a negative control well. The evaluation of
the HLA typing results was made by matching wells which were positive for PCR
products to interpretation tables or directly interpreted by using the SCORETM software
from the Olerup-SSP company (http://www.olerup-ssp.com).
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The kits used in these studies included the HLA-A low resolution (02N, 62G), the
HLA-B low resolution (01R, 06L, 20K, 54R, 63G, 90F, 98M), the HLA-DR low
resolution (05L, 76G, 83F), the HLA-DQ low resolution (30K, 91F), the HLA-DQ-DR
SSP Combi Tray (11M, 17H, 48F, 57R, 93F) and A-B-DR-DQ low resolution (43R);
the HLA-DQB1*02 high resolution (08G), the HLA-DQB1*03 high resolution (44R)
and HLA-DRB1*07 high resolution (32E).
3.9

STATISTICAL ANALYSES

3.9.1 Group comparisons
In paper I, groups were compared by the Mann-Whitney U test in case of continuous
variables and by Ȥ2 test or Fisher’s exact test in case of categorical data. Associations
between variables were evaluated by Kendall and Pearson correlation coefficients or by
partial correlation when adjusting for other variables (using log transformation where
appropriate). The SPSS 11.0 program (SPSS Inc., Chicago, IL) was used for processing
data. The level of significance was set at 0.05.
In paper II, as our subgroups were of unequal sizes and the levels of different
serological markers in different subgroups showed unequal variances, we thus used
Welch’s t test, which is an adaption of Student’s t test. For comparison of numbers of
individuals in different groups, the Chi-squared test was used. Statistical significance
was accepted if p < 0.05.
In paper V, Chi-squared test and Fisher’s exact test were used for group comparisons
and a p value below 0.05 was considered significant.
3.9.2 Allele-based association tests
In paper IV, allele-based association tests were performed on all SNPs and imputed
HLA alleles. Association of all variants to disease was calculated using a 1-degree of
freedom Ȥ2 test, comparing the minor allele frequency (MAF) in cases and controls in
each population. Haplotype association tests were performed using the same strategy,
by comparing the frequency of the selected haplotype against all other haplotypes
combined in cases and controls from each cohort.
Combined p values, were calculated performing a meta-analysis of the 3 independent
case-control series, using a weighted z-score method implemented in the METAL
software package (http://www.sph.umich.edu/csg/abecasis/metal/). In each cohort, p
values were converted to z-scores taking into account the direction of the effect relative
to an arbitrary allele. A weighted sum of z-scores was calculated by dividing the
individual z-scores by the square root of the sample size of each cohort and then
dividing the sum by the square root of the total sample size. The reported combined p
values were obtained by converting the meta-analysis z-scores into two-tailed p values.
To calculate combined odds ratios (ORs), we used the Cochran-Mantel-Haenzel
method implemented in PLINK [161]. All ORs were calculated relative to the minor
allele in the Swedish/Icelandic populations. The genomic inflation factor was estimated
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in each cohort from the median Ȥ2 statistic after excluding all SNPs from the HLA
region.
3.9.3 Conditional regression analysis
In paper IV, forward stepwise conditional analysis was performed on the 3 independent
cohorts for the top associated HLA allele. The analysis represents a regression of
disease status on each test SNP and imputed HLA allele, including the genotypes at the
most associated HLA allele (coded as 0, 1 and 2 according to the number of minor
alleles) as covariates. In each step the genotypes of the top residual associated HLA
allele were added as an additional covariate to the model. All conditional analyses were
performed using PLINK [161] in each case-control series independently, which were
repeated iteratively until no additional HLA allele reached genome-wide association.
Combined conditional p values were calculated using a meta-analysis, as described
previously.
3.9.4 Power calculations
In paper IV, the power to detect the association of the observed recombinant haplotypes
with IgAD was calculated using the CaTS power calculator for association studies
(http://www.sph.umich.edu/csg/abecasis/CaTS/), assuming a multiplicative disease
model, a disease incidence of 1:500 and a single-stage study design. To determine the
effect size of the extended risk haplotypes, we first computed the genotype relative risk
(GRR) corresponding to the observed frequencies of the risk allele in IgAD patients
and controls. The same GRR was then applied to the respective recombinant haplotypes
to calculate the power to detect disease association in our combined sample of 772
IgAD patients and 1,976 controls at the significance level (a) of 0.05, 0.01, 5 x 10-5 and
5 x 10-8.
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4 RESULTS
4.1

ASSOCIATION OF IGAD AND ELEVATED TRABS IN TWO NORDIC
COUNTRIES

4.1.1 Effects of age and gender on serum IgA levels
6/299 and 12/609 samples showed serum IgA levels below the normal reference value
(<0.78 g/l) in the Icelandic TRAb-seropositive and blood donor cohorts, respectively.
The variation of IgA levels according to gender and age demonstrated that females had
consistently lower IgA levels than males (p<0.001) and that serum IgA levels increased
with age (p<0.001).
4.1.2 IgA levels and TRAb-seropositivity
After statistical adjustment for gender and age, no significant correlation between levels
of serum IgA and serum TRAb could be demonstrated (p<0.23). Although none of the
299 Icelandic TRAb-seropositive individuals fulfilled the criteria for IgAD, 14 of the
841 Swedish TRAb-seropositive individuals had IgAD, giving a prevalence that is
much higher than in the general population, suggestive of a significantly increased risk
of IgAD in the Swedish TRAb-seropositive cohort (p<0.006).
4.1.3 HLA types in the IgAD cohorts
The association between specific HLA alleles and TRAb-seropositivity was evaluated
in both the Icelandic and the Swedish IgAD cohorts. A high prevalence of the 8.1
haplotype and the DQ2 allele was observed in both cohorts. The Icelandic TRAbseronegative IgAD individuals carried significantly more DQ6 alleles as compared to
those who were TRAb-seropositive (p=0.037). Furthermore, DQ6 was more common
among the Icelandic TRAb-seronegative IgAD individuals as compared to the
Swedish TRAb-seronegative IgAD subgroup (p=0.046). However, after removing all
TRAb-seronegative samples, the negative association between DQ6 and TRAbseropositivity was no longer significant. On the other hand, four Swedish TRAbseropositive individuals with IgAD carried the DR3, DQ2 haplotype.

4.2

SEROLOGICAL ASSESSMENT FOR CD IN IGA DEFICIENT ADULTS

4.2.1 Serological marker levels in IgAD individuals
Out of 356 IgAD individuals with suspected CD, 67 were positive for IgG anti-tTG, 56
for IgG anti-DGP with the INOVA assay and 76 with the Euroimmun assay. In total,
38 individuals were positive for all three serological markers. In 47 IgAD blood donors,
4 were positive for anti-tTG, 4 and 8 were positive for anti-DGP using the INOVA
assay and the Euroimmun assay, respectively, whereas only 2 individuals were positive
in all three assays. In total, significantly more samples were positive for anti-DGP in
the Euroimmun assay than in the INOVA assay (p<0.001). Furthermore, 39 of the 71
anti-tTG positive individuals had very high antibody levels (>10 times above cut-off)
even including 16 patients reported to be on a GFD.
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4.2.2 Genetic correlation
Our cohort was divided into 4 subgroups, including those homozygous/heterozygous
for DQ2, those carrying DQ8 but not DQ2 and non-DQ2/DQ8 alleles, for comparison
of the elevated antibody levels in each assay. Individuals homozygous and
heterozygous for DQ2 represented the majority of samples with elevated IgG antibody
levels in all three assays. The levels of IgG anti-DGP with the Euroimmun assay were
significantly higher in the homozygous DQ2 subgroup as compared to the
heterozygous DQ2 subgroup (p=0.032). Individuals carrying DQ8 but not DQ2 or nonDQ2/DQ8 alleles showed markedly lower antibody levels than those carrying DQ2
with the exception for the Euroimmun assay. Almost all individuals with positive antitTG were DQ2/DQ8 positive. Five out of the 37 individuals who were only positive for
anti-DGP tests, carried neither DQ2 nor DQ8 (4 were only positive in the Euroimmun
assay).
4.2.3 Small bowel biopsy test and questionnaire results
Completed questionnaires were received from 261 patients including 68 reported to be
on a GFD whereas 193 were not. Surprisingly, there was no significant difference
between the GFD/non-GFD groups. There were 58 biopsy confirmed CD patients (54
from the patient group and 4 from the blood donor group). Twenty of them were
positive for all markers, seven of whom reported to adhere to a GFD and seven not.
Sixteen of them were negative for all markers, only four of who reported to be on a
GFD. Furthermore, 54 out of 58 biopsy-verified CD patients carried DQ2/DQ8 alleles
and 45 of them from the patient group carried at least one copy of the 8.1 haplotype.
Two confirmed CD patients from the blood donor group carried one copy of the 8.1
haplotype and one carried the DQ8 allele.
4.3

SELECTIVE IGA DEFICIENCY IN AUTOIMMUNE DISEASES

There is a considerable overlap in concomitant diseases; for example, T1D is
prevalent in patients with GD, SLE and CD. Furthermore, CD is overrepresented in
patients with GD [164], and patients with SLE also show a higher prevalence of GD
[165, 166]. In this review, we have added IgAD to this group of diseases (presented
in Figure 3, page 9). We not only summarized the publications about the prevalence
of IgAD among different autoimmune diseases as mentioned previously, but also
performed our own screening of IgAD on patients with SLE and T1D in different
countries using ELISA (Table 3), confirming the previous publications.
Furthermore, we analyzed HLA types from some available “two-disease” patients.
Six Swedish SLE patients with IgAD carried the 8.1 haplotype in a heterozygous
form. Of the 5 English SLE patients with IgAD, one was homozygous for the 8.1
haplotype and one was homozygous for the DR3 allele. However, the HLA types of
the Chinese SLE patients did not conform to the known Caucasian risk alleles either
for IgAD or SLE. Of the 11 Swedish T1D patients with concomitant IgAD, 7 carried
one copy of the 8.1 haplotype (3 were homozygous) and one patient carried a copy of
the B18-DR3-DQ2 haplotype. None of the two Italian T1D patients with IgAD
carried the DR3-DQ2 haplotype as they were from an isolated island in Italy.
29

Table 3 Screening of IgAD among patients with SLE and T1D (NA, not available)

Disease

SLE

T1D

4.4

Country
Sweden
UK
USA
China

Patient type
Adults
Adults
Adults
Adults

Sweden
Italy

Children and adults
NA

Sample size
706
844
874
964
3,388
1,252
245
1,497

IgAD (prevalence)
11 (1:64)
5 (1:111)
20 (1:41)
8 (1:121)
44 (1:77)
11 (1:114)
2 (1:122)
13 (1:115)

HIGH-DENSITY SNP MAPPING OF THE HLA REGION IDENTIFIES
MULTIPLE INDEPENDENT SUSCEPTIBILITY LOCI ASSOCIATED
WITH SELECTIVE IGA DEFICIENCY

4.4.1 Strong association with the HLA-DQB1*02 allele is responsible for
the primary signal in the HLA locus
The primary association peak mapped to the HLA class II region, consistent with a
recent study which included overlapping Swedish IgAD patients and controls in this
study [14], was the imputed HLA-DQB1*02 allele (combined Ɖ=7.69 x 10-57; odds
ratio (OR)=2.80), followed by the most associated imputed SNP, which mapped to
the DRB1gene (rs3891175; combined Ɖ=4.31 x 10-51; OR=2.82) and the second most
associated marker (rs204999; combined Ɖ=2.01 x 10-46, OR=2.47).
The DQB1*02 allele group is associated with the DRB1*0301 and DRB1*0701
alleles. We have confirmed the strong risk conferred by both the DRB1*0301
(combined Ɖ=1.56 x 10-34; OR=2.49) and DRB1*0701 (combined Ɖ=8.68 x 10-17;
OR=2.03) alleles. The DRB1*0301 allele is linked with the DQB1*0201 allele while
the DRB1*0701 allele is linked to the DQB1*0202 allele [167]. These two DQB1*02
alleles differ only by one amino acid and are therefore difficult to differentiate by
traditional 2-digit typing methods. We then genotyped 15 Finnish IgAD patients
carrying these DQB1*02 alleles (five DRB1*0301/X, five DRB1*0701/X and five
heterozygous DRB1*0301/DRB1*0701) using 4-digit resolution (PCR-SSP) to
discriminate between these two subtypes. We confirmed that all DRB1*0301 alleles
were associated with the DQB1*0201 while 9/10 of the DRB1*0701 alleles were
associated with the DQB1*0202.
The haplotype structure analysis showed that the historical recombination rate was
very low on the DRB1*0301 haplotypes. In the 907 haplotypes carrying the
DRB1*03 allele, 634 carried the full 8.1 haplotype, and only 273 were recombinant.
Recombinant DRB1*0301 haplotypes that lacked B*0801 showed no evidence of
association with IgAD (combined Ɖ=0.42; OR=1.10) whereas the 8.1 haplotype was
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the most disease-associated haplotype in this study (combined Ɖ=3.37 x 10-43;
OR=3.33).
Using the genotype of the 8.1 haplotype as a covariate, we performed a conditional
logistic regression analysis. The most significantly associated marker was the
imputed HLA-DRB1*0701 allele (combined Ɖ=1.77 x 10-22), where the carrying
haplotypes have a high historical recombination rate. Although all DR7 haplotypes
carrying the DQB1*02 allele are similarly associated with an increased risk, carrying
DR7 haplotypes but non-DQB1*02 did not show evidence for association (combined
Ɖ=0.027; OR=1.34). Taken together, the data suggest that the DRB1*0301 and
DRB*0701 haplotypes independently contribute to the risk of developing IgAD, and
the signal at DQB1*02 is essentially the sum of these independent effects.
4.4.2 The HLA-B*1402-DRB1*0102-DQB1*0501 haplotype is a strong
independent risk factor for IgAD
After further conditioning on both the B*0801-DRB1*03-DQB1*02 and
DRB1*0701-DQB1*02 haplotypes, the most significant HLA association signal
corresponded to the DRB1*0102 allele (pcond-DQB1*02=9.90 x 10-20). The association of
the DRB1*01 allele with IgAD contains both the common DRB1*0101 and the rare
DRB1*0102 subtypes. We found that the association with IgAD was driven
exclusively by the DRB1*0102 allele in all 3 independent European populations
(combined Ɖ=5.86 x 10-17; OR=4.28) whereas the DRB1*0101 allele was found to be
neutral, and not associated with IgAD (combined Ɖ=0.038; OR=1.17). Although the
recombination rate was low on the extended B*1402-DRB1*0102-DQB1*0501
haplotype, the trend towards an increased risk was maintained, even in the absence of
the B*1402 allele (combined Ɖ=3.62 x 10-3; OR=3.22). Our data also suggested that
the causal allele on the extended B*1402-DRB1*0102-DQB1*0501 is closer to the
HLA-DRB1 than to the HLA-B gene region.

4.4.3 The HLA DRB1*1501-DQB1*06 haplotype confers almost complete
protection from IgAD
We subsequently conditioned on both the DQB1*02 and DRB1*0102 alleles in order
to characterize additional independent loci. The top residual association signal
mapped to the DRB1*1501 allele (Ɖcond-DQB1*02-DRB1*0102=4.98 x 10-17) which has a
protective effect. We confirmed the strong protective effect of the DRB1*15 allele
that was found to confer almost complete protection from disease (combined Ɖ=2.24
x 10-35; OR=0.13). The recombination rate was elevated on the extended B*0702DRB1*1501-DQB1*0601 and recombinant DRB1*15 haplotypes were equally
associated with protection from IgAD (combined P=3.70 x 10-18; OR=0.14),
suggestive of the protective variant associated with the DRB1*1501 signal being
located within the DRB1 LD block in the class II region.
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4.4.4 Additional secondary association signals support the
contribution to disease susceptibility
We next performed further conditional logistic regression analysis, conditioning on
all four association signals noted above. The association signal was significantly
reduced, only with a few additional SNPs reaching the genome-wide association
significance threshold (Ɖ<5 x 10-8). These SNPs mapped specifically to two discrete
genomic regions: the BTNL2-HLA-DRA locus (rs743862; Ɖcond=8.07 x 10-14) and the
HLA-DQB1 region (rs9275141; Ɖcond=1.48 x 10-11), supporting the contribution of
these two additional regions to the risk for IgAD.

4.5

SEQUENCING OF THE MHC REGION IN IGA DEFICIENT
INDIVIDUALS HOMOZYGOUS FOR THE 8.1 HAPLOTYPE - A
COMPARISON WITH IGA SUFFICIENT BLOOD DONORS

4.5.1 Target capture sequencing coverage
The reads that passed through the quality control were first mapped to the human
genome reference sequence (UCSC, hg19) which includes 8 common HLA
haplotypes. The alignments of all samples to the published COX haplotype reference
sequence (4.79Mb) revealed that the coverage of the complete COX haplotype
sequence in our samples ranged from 96.03% to 97.54% and the depth distribution of
the target MHC region showed an approximately equal enrichment of the MHC
region.

4.5.2 HLA typing result comparison
Two methods of HLA typing of the 46 samples were performed, including the usage
of HLA typing kits based on PCR-SSP and subsequently HLA typing in BGIShenzhen based on the high-throughput MHC sequencing data. The former method
provided a 2-digit resolution whereas the latter gives a 6-digit resolution. All
homozygous samples carried the same HLA types as the COX cell line with the
exception of HLA-DPB1. However, four samples (3 controls and one IgAD patient)
showed slightly different HLA subtypes, and were thus excluded from some
subsequent analyses.

4.5.3 New COX sequence and gaps in the MHC region
After aligning the our sequence of the COX cell line to the published COX reference
sequence, approximately 3% of the COX reference (~154 kb) could not be covered
using our current approach as the sequencing reads are too short (90-110 bp) and
most of the gaps were located in long repeating regions. 43 homozygous nucleotide
differences were identified, including 35 SNPs and 8 InDels except for the gap
regions which includes 44 gaps within the gene bodies (5 exonic and 39 intronic) and
153 intergenic gaps. When aligning these nucleotides to the 41 samples with the
“pure” 8.1 haplotype, the results suggested that these 35 SNPs and 8 InDels might be
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the true COX sequence rather than sequencing errors as 31 out of our 41 pure
homozygous samples also carried them. The 45 samples were then aligned with the
newly sequenced COX as a reference.
4.5.4 Variation detection
The total number of detected SNPs and InDels from each sample was identified by
using GATK tools (v1.43). Of them, 237 novel SNPs were identified in our study as
they have neither been displayed in the resources of dbSNP137 nor in the 1000
Genomes project. Using the ANNOVAR bioinformatics toolset, we annotated these
variants in the MHC region and the results showed that 4 detected variants were
located within exonic regions, 55 within intronic regions, 8 within the UTRs and 163
within intergenic regions. However, none of them was in a homozygous form and the
novel exonic mutations were mainly present in the control samples.
The variant distribution of controls and IgAD patients with/without the “pure” 8.1
haplotype, and 6 IgAD patients with concomitant CD carrying the “pure” 8.1
haplotype was depicted. There was a difference in the region between TRIM31 and
HLA-E when comparing to the controls (n=24 v.s. n=27), indicative of specific
variant distribution in HLA subtypes, whereas the IgAD patients with/without the
“pure” 8.1 haplotype (n=17 v.s. n=18) did not show any differences.
There were three highly polymorphic regions both in IgAD and control groups from
GPX5 to UBD, TUBB to HCG22, and the HLA-DQA2 up to DAXX, respectively. The
first and the last highly polymorphic regions could be due to crossovers during
evolution. Interestingly, comparing IgAD patients to the controls, both carrying the
“pure” 8.1 haplotype, a unique polymorphic region was observed from TRIM31 to
HLA-E which contained 5 genes. Furthermore, the variant distribution in 6 IgAD
patients with CD showed less specific variants as compared to the total IgAD patients
but no significant difference in the mutation pattern was identified, suggesting that
there was no disease-causing mutation within the MHC region.
A non-synonymous mutation (rs14398) in the WDR46 gene, which is predicted to be
deleterious by the Condel website, was found in in two patients with only IgAD and
one patient with IgAD and CD but not in any controls. The MAF of this SNP (A>G)
is 0.08 in the 1000 Genomes ALL (all populations) or 0.11 in 1000 Genomes EUR
(European populations), indicating that it is a slightly uncommon SNP in Caucasians
where a MAF<0.05 defines rare SNPs.
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4.5.5 Gap filling
Owing to the current approach constraints, gaps within the MHC region had to be
filled manually by traditional long range PCR. We first focused on the gaps within
the gene bodies including exons and introns, and designed primers accordingly. The
46 tested samples were then amplified by long range PCR and sequenced by highthroughput sequencing. The gap filling experiments are still in progress. However, a
preliminary comparison between the IgAD patients and controls showed no
significant differences based on some sequenced gaps, suggesting that a causative
mutation(s) may not be located within the MHC region.

4.5.6 CNV analysis
CNV analysis of the MHC region was subsequently performed on all sequenced
samples. One control sample (LU1157) presented a high number of duplications as
compared to the other samples. This individual carried one copy of a “not pure” 8.1
haplotype which might be the cause of this anomaly. However, our analysis showed
that even including the IgAD and control samples carrying the “not pure” 8.1
haplotype (n=4), there was no significant difference of the duplications/deletions
when comparing the IgAD patients with and without CD to the controls.
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5 CONCLUSIONS
•

Paper I
The prevalence of IgAD in TRAb-seropositive individuals in Sweden is 10
times higher than expected in the general population and TRAb-seropositivity
is common among IgAD individuals both in Iceland and Sweden, suggesting a
predisposition to GD. The significant difference in the prevalence of IgAD in
TRAb-seropositive cohorts in Iceland (0:300) and Sweden (5:300) suggests
that there might be strong environmental or genetic (such as HLA genotype)
risk factor(s) contributing to the disease.

•

Paper II
IgG anti-tTG antibody seems to be a reliable marker for CD in IgA deficient
adults whereas the diagnostic specificity of IgG anti-DGP antibody appears to
be lower. High levels of IgG antibodies against both tTG and DGP were
frequently found in IgA deficient adults despite adhering to GFD.

•

Paper III
Genetic factors are important for the development of IgAD and various
autoimmune disorders, including GD, SLE, T1D, CD, RA and MG, and a
strong association with the MHC region has been reported as well as nonMHC genes, indicative of a possible common genetic background.

•

Paper IV
The complex nature of the association of IgAD with the HLA locus was
confirmed and appears to be the result of multiple effects spanning the entire
HLA region. The primary association signal mapped to the HLA-DQB1*02
allele resulting from the combined independent effects of the HLA-B*0801DRB1*0301-DQB1*02 and DRB1*0701-DQB1*02 haplotypes, while
additional secondary signals were associated with the DRB1*0102 and
DRB1*1501 alleles. Despite the strong population-specific frequencies of
HLA alleles, a remarkable conservation of these effects was found regardless
of the ethnic background, which supports the use of large multi-ethnic
populations to identify shared genetic association signals in the MHC region.
The locations of association signals within specific extended haplotypes were
potentially provided, including the 8.1 haplotype.

•

Paper V
No significant difference was found between patients with IgAD and controls
homozygous for the 8.1 haplotype based on our deep sequencing preliminary
results, indicating that there may be no causative/deleterious mutation located
in the gene encoding regions of the MHC. It is thus possible that as there is
not a distinct “pathogenic” haplotype, either interaction of a common allelic
variant with selected non-MHC genes triggers the disease or the causative
mutation(s) might be located in the hitherto un-sequenced regulatory regions.
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6 DISCUSSION AND FUTURE PERSPECTIVES
To our knowledge, paper I is the first extensive comparative analysis of the association
of IgAD with TRAb-seropositivity. Although no association between levels of serum
IgA and TRAb was found, the prevalence of IgAD was significantly increased in
TRAb-seropositive individuals, especially in the Swedish cohort, indicative of an
overlap between IgAD and GD. The 8.1 haplotype, which is known to be associated
with IgAD, GD and various other autoimmune diseases, was highly prevalent in both
IgAD cohorts, suggesting that studying this haplotype could be informative for finding
the disease-associated gene(s) not only for IgAD but also for other autoimmune
diseases, such as GD.
Due to ethical constraints, in paper II, we could not follow up all recruited individuals
and only obtain the biopsy results from some patients, thus restricting the solidity of our
conclusion. However, our results indicated that prevalence of IgAD was markedly
increased in CD patients and even in individuals with suspected CD. We confirmed that
the IgG anti-tTG antibody was a reliable serological marker and questioned the IgG
anti-DGP antibodies results in the Euroimmun assay as it was overrepresented in our
cohort and some of positive individuals did not even carry CD associated risk HLA
alleles. Furthermore, we observed that there was no difference in all IgG antibody
levels in patients with or without GFD. The explanations could be that, despite being
diagnosed with CD, these patients were not motivated for a strict GFD, presumably due
to a combination of mild gastrointestinal symptoms and that adhering to GFD is
expensive and difficult in a social context; second, consistent with previous
publications, levels of IgG antibodies appear to decrease slowly in IgA deficient
patients with CD despite being on a GFD for a long period. Alternatively it might due
to the 8.1 haplotype itself, which might be associated with more vigorous immune
responses. Our results also showed that most of the enrolled IgA deficient individuals
with suspected CD carried at least one of the three major IgAD risk haplotypes (DR3DQ2, DR7-DQ2 and DR1-DQ5), mostly the DR3-DQ2 haplotype, again indicative of
the importance of this haplotype in order to discover the potential disease-associated
mutation(s) for the development of IgAD as well as CD. Thus, we selected 6 patients
with IgAD and concomitant CD, who were homozygous for the 8.1 haplotype, for our
further high-throughput sequencing of the MHC region.
IgAD is suggested to be present from birth in most cases. In theory, the increased
frequency of infections associated with IgAD may thus precipitate autoimmune
disorders. The mechanism of the induction of IgAD still remains elusive. It is likely
that the pathophysiological process involves a break of tolerance against IgA itself
since one-third of patients with IgAD have verifiable titers of IgG antibodies against
IgA or, potentially, one of the factors involved in the switching process, for instance,
APRIL or BAFF.
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The association with the MHC region is the result of multiple independent risk effects
in different immune-mediated diseases, including IgAD (DQB1*02), GD
(DRB1*0301), T1D (DRB1*0301-DQB1*0201, DRB1*0401-DQB1*0302), CD
(DQB1*0201/0302), SLE (DRB1*0301/1501) (Figure 1), MG (B*0801), Sjögren's
syndrome (DRB1*0301, DQB1*0201) [168] and RA (DRB1*0401), some of which
are actually present on the same haplotypes, in particular the 8.1 (homozygosity of
this haplotype increases the risk for IgAD even further). Thus, the characterization of
the association signal in the MHC region in different diseases may contribute
important insights into the location of a shared genetic background and may help in
the identification of the causal variants in this region.
In 2010, we generated two SNPs maps of the MHC region in IgAD subjects and
normal IgA controls, homozygous for the 8.1 haplotype, in order to find the disease
associated markers [10]. However, no significant difference was observed. As only a
limited number of SNPs were analyzed, the disease associated variation(s) for IgAD
may be difficult to identify. Thus, a fine-mapping strategy could offer a better
resolution of the individual haplotype background and their specific contribution to
disease susceptibility and, furthermore, provide important information about the
precise location of the functional variant(s) within the haplotype. We subsequently
performed a high-density SNP mapping of the HLA locus (Paper IV). The primary
association signal was shown to be the DQB1*02 allele. Of interest, both
recombinant (non-B*0801) DRB1*0301 haplotypes carrying the DQB1*0201 allele,
and recombinant (non-DRB1*0301) B*0801 haplotypes showed no evidence of
association with the disease, suggesting that the causal allele in the extended 8.1
haplotype is likely to be located in the telomeric end of the Class II region or in the
Class III region.
However, the extensive conservation of the disease-associated haplotypes has
hampered our ability to identify the precise location of the causal variants. Taking
advantage of state of the art technology, we performed a high-throughput sequencing
of the entire MHC region by using a capture array containing 8 common HLA
haplotypes on 18 IgAD patients and 27 normal IgA controls, who were all
homozygous for the 8.1 haplotype (Paper V). The majority of the detected variants
were at both ends of the MHC region which could be excluded as they were probably
due to crossovers during evolution. Based on the predicted haplotype locations from
the fine-mapping results, the causative mutation(s) within the 8.1 haplotype might be
located between the HLA-B and HLA-DR genes, we thus concentrated on this region.
However, no significant difference was found between patients and controls,
indicating that there might be no causative mutation located in the suggested disease
association region of this haplotype, which also extended our previous findings from
2012 [10].
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Numerous studies have already suggested that the MHC region is strongly associated
with above mentioned diseases as well as IgAD, thus it could be that, the 8.1
haplotype itself only constitutes a susceptibility haplotype for IgAD but not a
causative one. Or, IgAD is likely to be a polygenic disorder interacting with nonMHC genes, however, it could well be that even within the MHC region, several
variants in different genes act together in the pathophysiology of IgAD (epistasis), as
due to the strong LD within the MHC, such a pattern is difficult to identify.
Alternatively, the causative variants on the 8.1 haplotype are entirely normal, but
interact with specific variants of genes outside the MHC region for the development
of IgAD.
Although our fine-mapping data showed that the HLA types display strong
population differences, the haplotype-specific genetic association signals were similar
in the different cohorts, suggesting that conserved causal variants, present in ancestral
haplotypes, may confer similar genetic predisposition to disease, independent of the
ethnic background. This is also consistent with our recent study on Chinese IgAD
blood donors (unpublished data) where 12/18 IgAD individuals carried Caucasian
IgAD associated risk haplotypes, including DRB1*0301-DQB1*0201, DRB1*0701DQB1*0202 and DRB1*0102-DQB1*0501, implying that the genetics of IgAD
might be similar worldwide.
Interestingly, these three IgAD Chinese only carried the recombinant (non-B*0801)
DRB1*0301-DQB1*0201 haplotype but not any other IgAD risk haplotypes. As
discussed above, such a recombinant haplotype may not be associated with IgAD but,
we infer that there could be a specific crossover within the region between HLA-B to
HLA-DR within the 8.1 haplotype which would allow further fine mapping of the
disease associated genes. To validate this hypothesis, we are currently performing
deep sequencing of the MHC region on these three Chinese IgAD individuals, and
additional samples from our Swedish IgAD patients with crossovers within the 8.1
haplotype, in order to identify the precise location of the susceptibility genes, which
may guide us in the search for its interaction with selected non-MHC genes.
A number of previous studies have addressed the question whether MHC and nonMHC associated susceptibility genes are acting independently or synergistically in
the pathophysiological processes underlying autoimmune diseases. A number of
MHC and non-MHC genes (including IFIH1 and CLEC16A) have previously been
shown to be associated with GD, SLE, T1D and CD. The latter generally cluster into
pathways involved in T cell differentiation, cell activation/signaling and innate
immunity (Paper III) and an interaction with the MHC region has also been suggested
in GD [32, 169-171], SLE [172] and T1D [173-176].
In order to look for the interaction between the MHC and non-MHC genes in IgAD,
we are collecting additional samples from IgAD patients and normal IgA controls,
who are homozygous for the 8.1 haplotype. We will perform a GWAS, which may
potentially reveal some promising candidates outside the MHC region.
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Alternatively, if the GWAS data do not provide evidence for any MHC/non-MHC
interacting genes, it could be due to that, even IgAD patients carrying the 8.1
haplotype may still have subtypes, which might be differently affected by the
environmental factors such as infections and concomitant autoimmune disorders and
we may not be able to identify such interaction in our IgAD cohort.
Due to current technical constraints, deep sequencing could not cover the entire MHC
region, we thus aimed to fill in the gaps within the gene body first. However, there
are still many intergenic gaps. Our next task will be to fill in all the gaps within the
MHC region, and hopefully at that time, we will be able to conclude that either there
is no disease-causing mutation within the MHC region, or there are some pathogenic
variants located in the intronic or intergenic regions, affecting regulatory factors,
modifiers or enhancers.
Recent work on human DNA suggests the existence of as much as 2% novel proteincoding exons [177]. Furthermore, high-throughput RNA sequencing has shown that
three-quarters of the human genome is capable of being transcribed [178], indicating
that the human genome annotation is not yet complete.
Subsequently, Rui et al [179] presented a new method based on a liquid
chromatography-mass spectrometry which permitted unbiased (gene predictionindependent) genome-wide discovery of protein-coding loci both in human and mice.
Using high-resolution isoelectric focusing at the peptide level in the 3.7-5.0 pH range,
the authors probed the six-reading-frame translation of the human genomes and 98
previously undiscovered protein-coding loci were identified, enabling deep proteome
coverage, identifying altogether 13,078 human proteins.
Utilizing the current advanced technologies, we may thus identify novel proteins
which might be associated with IgAD and which could not be identified by ordinary
deep sequencing, and, moreover, to discover unexpressed genes or untranslated
proteins in one or several pathways where the IgAD associated haplotypes could
share the same (partial) pathway which would open up a new way to understand the
pathogenesis of IgAD. These experiments are currently ongoing.
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