Human Molecular Genetics, 2014, Vol. 23, No. 15

41774184

doi:10.1093/hmg/ddul35
Advance Access published on March 27, 2014

IgA measurements in over 12 000 Swedish twins
reveal sex differential heritability and regulatory

locus near CD30L

Alexander Viktorinl, Marcel Frankowiack?, Leonid Padyukov3, Zheng Chang', Erik Melén#5,
Annika Saaf4, Inger Kull45:¢, Lars Klareskog?, Lennart Hammarstrom?

and Patrik K.E. Magnusson'*

'Department of Medical Epidemiology and Biostatistics, 2Department of Laboratory Medicine, >Rheumatology Unit,

Department of Medicine and “Institute of Environmental Medicine and Centre for Allergy Research, Karolinska Institutet,
Stockholm, Sweden, >Department of Clinical Science and Education, Sédersjukhuset, Karolinska Institutet, Stockholm,
Sweden and ®Sach$ Children and Youth Hospital, Sédersjukhuset, Stockholm, Sweden

Received December 16, 2013; Revised February 19, 2014; Accepted March 21, 2014

Inabroad attemptto improve the understanding of the genetic regulation of serum IgA levels, the heritability was
estimated in over 12 000 Swedish twins, and a genome-wide association study was conducted in a subsample of
9617. Using the classical twin model the heritability was found to be significantly larger among females (61%)
compared with males (21%), while contribution from shared environment (20%) was only seen for males. By mod-
eling the genetic relationship matrix with IgA levels, we estimate that a substantial proportion (31%) of variance
inlgA levels can ultimately be explained by the investigated SNPs. The genome-wide association study revealed
significant association to two loci: (i) rs6928791 located on chromosome 6, 22 kb upstream of the gene SAM and
SH3 domain containing 1 (SASHT) and (ii) rs13300483 on chromosome 9, situated 12 kb downstream the CD30
ligand (CD30L) encoding gene. The association to rs13300483 was replicated in two additional independent
Swedish materials. The heritability of IgA levels is moderate and can partly be attributable to common variation

in the CD30L locus.

INTRODUCTION

Immunoglobulin A (IgA) is one of the three major immunoglo-
bulins in humans, and it is the most abundant antibody isotype in
secretions. While a dimeric form is dominant at mucosal sites, a
monomeric form is observed in serum (1). Many studies have
been conducted to investigate the genetic contribution to the bio-
logical variation of serum IgA concentrations (2—17). Di Franco
et al. suggested that [gA concentrations are under genetic and en-
vironmental influence (2). Earlier studies on familial resem-
blance suggested IgA concentrations to be under control of a
single gene (3,4). However, given what we now know about
the multifactorial nature of the regulation of most molecules in
blood, the genetic influences are likely to be complex. The
cause of higher IgA concentrations (up to 20% on average) in
males compared with females is currently not known, but has

been suggested to be due to both genetic as well as environmental
influences (8,14,16). Despite the higher average levels in males,
they also have higher prevalence of selective IgA deficiency
(IgAD) and subnormal levels of IgA than women (16). More-
over, IgA concentrations increase with age (5—16,18). The
factors underlying this phenomenon are not understood, al-
though Gonzalez-Quintela ef al. proposed an accumulation of
chronic inflammation with age as one possible explanation (8).

Heritability estimations of IgA levels from twin studies are
scarce. The few we are aware of have utilized small number of
twins, profoundly limiting the precision of the estimates (19—
21). In the present genome-wide association study (GWAS),
we utilized a large population-based Swedish cohort of twins
measured for serum IgA levels. Data on almost 5000 complete
twin pairs were available within the cohort, enabling for the
first time a precise partitioning of the variance of IgA level
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into additive genetic, shared environment and non-shared
environmental components. Furthermore, thanks to recent dev-
elopments of ways to utilize the genome-wide dense single-
nucleotide polymorphism (SNP) marker data generated by
GWAS, the present sample also enables estimation of the ‘chip
heritability” (22). With this approach, the proportion of the
trait variance captured by the investigated markers as a whole
can be estimated.

GWASes have become the standard method of interrogating
molecular genetic influences to complex traits. Many of these
studies have focused on quantitative traits in blood serum,
which have resulted in the mapping of hundreds of significantly
associated loci (23-26). Also serum immunoglobulin levels
have been object of GWA studies. In 2012, Yang et al. identified
in a two-stage analysis a SNP in the TNFSF13 gene that showed
genome-wide significant association to IgA (P =2 x 10~ %) in
the discovery sample that dropped to borderline significance in
the combined discovery and replication data set consisting of
1999 plus 1496 subjects (27). To date, there have also been
three GWA studies published investigating the regulation of
serum Immunoglobulin E levels (28—30). These studies found
novel associated SNPs in the FCERIA, the STAT6 and the
IL13 genes.

To identify loci involved in regulating normal serum IgA con-
centrations we used the IgA measurements of almost 10 000 of
the Swedish twins participating in the TwinGene study that
also had available genome-wide SNP array data. Replication
ofthe top genome-wide significant finding were sought in two in-
dependent samples (i) EIRA, which is a study of Swedish cases
of rheumatoid arthritis (RA) and controls, and (ii)) BAMSE, a
Swedish study of allergy in children.

RESULTS
Twin heritability and GCTA

The classical twin design examines the proportion of variance in
a trait that is due to additive genetic factors (A), against the pro-
portions that are due to shared (C) or non-shared environment
(E), from here on referred to as the ACE model. ACE models
of IgA level were fit on square root-transformed IgA values
adjusted for age at sampling and batch. The resulting distribution
was normal with similar mean and variance between the zygo-
sity classes. The heritability (A) was found to be 0.50 (95% CI
0.40-0.54), shared environment (C) 0.00 (95% CI 0.00—0.00)
and non-shared environment (E) 0.50 (95% CI 0.46—0.54; see
Table 1). We also investigated a sex-limited model in which
the sex specific parameters were allowed to differ from each
other. This revealed that there was a significant quantitative dif-
ference in variance components between the sexes (P < 0.01).
The heritability was observed to be larger among the females
(0.61, 95% CI 0.53-0.66) compared with males (0.21, 95% CI
0.06—0.38). Furthermore, for males, a significant contribution
of shared environment (C = 0.20, 95% CI 0.06—0.32) was
detected, while this component was close to null and non-
significant among females (Table 1). As indicated by similar
covariances in opposite and same-sex DZ twins no evidence
for qualitative sex differences were found (P = 0.99), suggest-
ing the same genetic factors to be involved in males and females.

Table 1. Sex-combined and sex-limited twin ACE model on genetic and envir-
onmental influences on IgA level®

Sex A% (95% CI) C% (95% CI) E% (95% CI)
All 0.503 0.000 0.497
(0.402-0.540) (0.000-0.000) (0.459-0.541)
Male 0.221 0.200 0.588
(0.058-0.379) (0.064-0.322) (0.526-0.654)
Female 0.613 0.003 0.382

(0.532-0.622) (0.000-0.062) (0.459-0.541)

Test for Qualitative sex difference P > 0.99. Test for quantitative sex difference
P <0.01.

Square root-transformed and adjusted for age at sampling, batch, and three
principal components displaying the strongest association to IgA levels.

Table 2. Partitioning of IgA level variance by GCTA method®

Source Variance SE

V genotypic (g) 0.408 0.0785
V environmental (e) 0.928 0.0779
V phenotypic (p) 1.337 0.0250
V (g)/V (p) 0.306 0.0580

?Adjusted for three principal components displaying the strongest association to
IgA levels.

By using the genome-wide complex trait analysis (GCTA) ap-
proach that estimates the proportion of phenotypic variance
explained by genome-wide SNPs, we found a highly significant
estimate of the proportion of genetic variance to total phenotypic
variance, V(g)/V(p), of IgA level captured by all investigated
markers, V(g)/V(p) =0.31 (SE 0.06, P =9e—10; Table 2).
Inspired by the sex differences in heritability observed by the
twin model, we also tested a GCTA model, including gene by
sex interaction, but found the interaction term to be insignificant
(P=10.08).

Discovery GWAS

The discovery sample consisted of 9617 unique genomes
whereof 1110 belonged to monozygous twin pairs. Thus for
1110 genomes, we had dual IgA measurements (one from each
twin). By using the within twin pair average as the phenotypic
value for such genomes the statistical power increases (by redu-
cing environmental influences). IgA levels displayed weak but
significant correlation with age at sampling, sex and zygosity.
Further, when investigating the association between IgA level
and the main genetic principal components (PCs), we observed
asignificant association with three of these PCs. Thus, we subse-
quently included these parameters as covariates in the GWAS.
The GWAS result for IgA levels are displayed as a Manhattan
plot in Figure 1, and the distribution of observed P-values are
depicted in the quantile—quantile plot (Q—Q plot) (Fig. 2§’
Two loci surpass genome-wide significance level of 5 x 10°.
On chromosome 6q the association is displayed by two
imputed SNPs, rs6928791 and rs12665468 (both P =4 x
10~ ®). The directly genotyped SNP showing strongest associ-
ation within this locus is rs10484601 (P = 1.5 x 10~ °). The
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Figure 1. Manhattan plot of SNPs for serum IgA level®. “SNPs are plotted on the
x-axis according to their position on each chromosome against association with
serum IgA level on the y-axis (shown as —log;o P-value). The solid line indicates
the threshold for genome-wide significance (P < 5 x 10™%).
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Figure 2. Quantile—quantile plot of SNPs for serum IgA level.
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lead SNP, rs6928791, is located 22 kb upstream of the gene
SASH]I (see Table 3).

The second locus surpassing the genome-wide significance
level is located on chromosome 9q, with the lead SNP being
1313300483 (P =5 x 10~®). rs13300483 is directly genotyped
and tags a 100 kb haplotype block represented by four directly
genotyped and four imputed SNPs, all showing associations
below P < 107 level. The top signal is situated 12 kb down-
stream the gene CD30L, also known as tumor necrosis factor
(ligand) superfamily, member 8 (7TNFSFS8) or CDI53. No
other loci show genome-wide significance to IgA level, but a
list of top-100 SNPs can be found in Supplementary Material,
Table S1.

It is not with great margin our two loci pass the threshold for
genome-wide significance, despite the relatively large discovery
sample. In order to gain confidence in the findings we therefore
sought replication in independent materials. We were able to
identify two independently collected Swedish samples for
which genotypic information and IgA level measurements
were available. Because the size of both these replication
samples (EIRA n = 2365, BAMSE n = 420) were substantially
smaller than the initial discovery sample, we decided only to rep-
licate one of the loci to limit the burden of multiple tests in the
replication phase. With the rationale of having most confidence
in the chromosome 9q finding due to associations displayed by
several, both directly genotyped as well as imputed markers,
the replications were restricted to this locus. The lead SNP
(rs13300483) plus one imputed SNP (rs7853287) in LD were
selected for further replication association analysis. For a com-
plete set of summary association statistics, see Supplementary
Material section.

Replication analysis of top locus

Both rs13300483 and rs7853287 displayed allele frequencies in
both replication samples that were close to identical to what was
seen among the TwinGene participants, supporting the notion
that potential biases arising from population or methodological
differences in genotyping assays were limited. The association
between IgA level and the selected variants at the CD30L
locus on 9q replicated in the EIRA material with P = 0.006 for
rs13300483 and P = 0.003 for rs7853287, with direction of
effects consistent with the TwinGene sample and similar,
albeit somewhat smaller effect sizes (Tables 4 and 5). In the con-
siderable smaller BAMSE material, the effects for both SNPs
were again consistent in direction and magnitude and significant
for both markers, P = 0.044 for rs13300483 and P = 0.038 for
rs7853287 (Table 4).

Table 3. Top associations in the discovery set (chr 6q and chr 9q) after including adjustments for covariates

Chromosome ~ SNP Position Coding allele Non-coding allele  Frequency of coding allele INFO* Beta Standard error  P-value

6 1s6928791 148937045 A G 0.1209 0.9587 —0.1383  0.0252 4.041e—08
6 rs12665468 148938309 A C 0.1203 0.9283 —0.1408 0.0256 4.152¢—08
6 1512614 32022158 C T 0.9226 1.0081 0.1621  0.0309 1.545¢—07
9 rs13300483 116683183 C T 0.7661 0.9835 —0.1167 0.0214 4.801e—08
9 157860414 116581271 C T 0.2163 0.9788 0.1144 0.0211 6.03e—08
9 rs7853287 116589148 A G 0.2174 0.9630 0.1150 0.0212 6.133¢—08

*Proper_info from IMPUTE2.
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Table 4. Associations to the chromosome 9q top finding, in each of the three samples®

Cohort SNP Coding allele Non-coding allele Frequency of coded allele Beta P-value (one-sided) N
TwinGene rs13300483 C T 0.7661 —0.1167 4.801e—08 9,586
17853287 A G 0.2174 0.1150 6.133e—08 9,586
EIRA rs13300483 C T 0.7676 —0.0710 0.0124 (0.0062) 2,365
rs7853287 A G 0.2131 0.0653 0.0064 (0.0032) 2,365
BAMSE rs13300483 C T 0.7594 —0.1005 0.087 (0.0435) 420
1s7853287 A G 0.2076 0.1089 0.076 (0.0380) 420

“Reported P-values are two-sided, and one-sided within parentheses for EIRA and BAMSE cohorts (replication). Adjustments for three principal components
displaying the strongest association to IgA levels were undertaken in each of the three samples.

Table 5. Meta-analysis estimates for the three combined samples®

SNP Coding allele Non-coding allele Weight Z-score P-value Direction
rs13300483 C T 12371 6.214 5.177e—10 +++
187853287 A G 12371 6.285 3.276e—10 +++

?All P-values going in to the analysis were two-sided.

Meta-analysis

When combining evidence for association from the TwinGene,
EIRA and BAMSE studies (Table 5) jointly in meta-analysis
the P-values reached 5.2 x 107! for rs13300483 and 3.3 x
107" for rs8753287. Thus, all three studies lend support to a
robust association between genetic variation close to the
CD30L gene and serum IgA levels, with a consistent beta-
coefficient in the range of 0.07 to 0.12 g/l per minor allele.

DISCUSSION

For GWAS to be successful, there needs to be genetic variation
segregating in the population that impacts the trait. Familial ag-
gregation in nuclear families is consistent with such genetic
influences, but may also arise from shared environmental influ-
ences. The classic way to disentangle genetic from environmen-
tal contributions to familial trait resemblance is by twin
modeling of MZ and DZ twins. More pronounced similarity
among MZ twins indicate genetic influences. We here show
that the relative importance of inherited genes is 50% for IgA
level and that there are important shared environmental influ-
ences specifically among males. What underlies this male envir-
onmental component is not known, but could, for example,
reflect differences in social acceptance of exposures to alcohol.
Heavy alcohol consumption has been reported to be affecting
the IgA levels markedly (8,12). Given that habit of heavy drink-
ing is more socially accepted among males than among females,
it may contribute to the male-specific shared environmental
component. The GCTA analysis confirmed the substantial herit-
ability found by the twin model and gave a ‘chip heritability’
V(g)/V(p) of 0.31. Previous papers using the GCTA method
for various traits and diseases have found that the ‘chip heritabil-
ity’ tends to be in the order of 1/4 to 1/2 of the twin-based herit-
ability (31). Here, in contrast, we found the Vg/Vp to be over
70% of the twin-based sex averaged estimate, indicating an

unusually large proportion of the genetic variability is captured
by the investigated chip markers.

The IgA discovery GWAS found variation close to CD30L to
be significantly associated with IgA. The locus was replicated
in two independent materials from the Swedish population
lending strong support to this locus. CD30L constitutes an ex-
cellent candidate gene for IgA regulation, with results from
several in vitro as well as animal models indicating complex in-
volvement in B-cell proliferation, differentiation and antibody
production (32).

Despite that our discovery study found two genome-wide
significant loci, we chose to restrict our replication attempt to
the one single locus (the CD30L), as we believed it displayed
the most compelling evidence. This decision was taken on the
basis of the limited size and power of the replication materials
in combination with the notion that the 6q locus only was
supported by imputed SNPs at the genome-wide significance
level. The CD30L locus was in contrast supported by directly
genotyped as well as imputed SNPs. Even so, we think that
the 6q locus merits particular attention in future independent
studies.

A previous, smaller GWAS on Chinese subjects reported bor-
derline significance to one single locus, rs3803800, chr 17, P =
2.97e—07 (27). Interestingly, rs3803800 is located within the
gene TNFSF13, another member of the tumor necrosis factor
ligand superfamily. TNFSF13 encodes a protein known as
APRIL, a ligand involved in regulation of B-cell proliferation,
just like our hit TNFSF§8 on chromosome 9. Mice deficient in
TNFSF13have been reported to show a reduced plasma cell sur-
vival (33). Despite that our study comes up with a different sig-
nificant top finding, we think it is remarkable and informative
that these two completely independent GWAS studies, per-
formed in two very different populations, both find variation
close to tumor necrosis factor ligand genes as single significant
hits. In our main discovery sample, rs3803800 was associated
with consistent direction of effect and a P-value of 0.0008,



thus lending additional support to the previous finding by Yang
etal. (27).

The serum IgA level is of immediate clinical importance for
subjects with pronounced deficiency. This condition is relatively
rare in Western populations with a prevalence reported to be in
the range of about 1/600 (34), and even lower in China with
reported prevalence of 1/1615 and 1/4100 (35,36). This could
suggest a different genetic background of I[gAD in Chinese popu-
lations, but a recent study by Wang et al. (37) found that most of
the investigated Chinese IgAD subjects carried the same
IgAD-associated risk haplotypes found in Caucasians. Given
that the present study and the previously performed IgA level
GWAS study both indicates associated loci that are distinct
from known IgAD haplotypes, it appears to be different loci
that are responsible for pronounced deficiency compared with
deviances in the normal range. Previously, the idea of one
gene regulating IgA levels in a Mendelian manner has been
proposed (3,4). Based on familial aggregation, it was estimated
that this gene could account for ~12% of the phenotypic vari-
ation (4). The remaining variation was thought to be due to
environmental effects. The heritability of 50% we find in this
study does not lend support to this viewpoint. Instead, a larger
and more complex influence of genetic variation to IgA level
is indicated.

Genome-wide searches for genetic association to normal vari-
ation in quantitative traits have been applied successfully for a
large number of immunological traits, including serum levels
of fibrinogen (23), beta-2-microblogulin (38), high-density lipo-
protein cholesterol (39), immunoglobulin M (40), Immuno-
globulin G (41), Immunoglobulin E (42) and complement
component 3 and 4 (43). Given the multifactorial, complex
nature of most quantitative traits investigated to date, it is
likely that the overlap between genetic factors predisposing to
extreme values and concomitant clinical manifestations strongly
overlap with variants contributing to normal variation. For body
mass index (with clinical manifestations of obesity and anor-
exia), this hypothesis has previously been suggested based on
population studies on correlations among relatives (44), and re-
cently also confirmed using mega-analyses of genetic data on
>250K subjects (45).

The main finding of this paper is the identification and replica-
tion of the associated locus close to the CD30L gene. The lead
SNP is located in between CD30L and TNFSF15. We note that
previous GWAS on different forms of inflammatory bowel
disease (IBD), especially Crohn’s disease and ulcerative colitis
have found strong associations to the same genes (46—48).
Because there are also documented associations between IBDs
and IgA levels (49—-53), this colocalization of GWAS findings
reinforces the potential clinical relevance of our finding and
encourages more detailed investigations of the role of genetic
influences to IgA in inflammatory disease.

In conclusion, our study found the heritability of IgA levels to
be 0.50 (95% CI 0.40-0.54), with a significant difference
between females (0.61, 95% CI 0.53—0.66) and males (0.21,
95% CI 0.06—-0.38). In a GWAS of Swedish 9617 genome
samples, we found association between IgA levels and
markers close to the CD30L gene, and further replicated these
findings in two separately collected samples. This gene is a
new good candidate for further functional immunological
studies.
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MATERIALS AND METHODS
Ethics statement

The study was approved by the local ethics committee at Karo-
linska Institutet (DNR: 2007-664-31, 2011-463-32, 02-420,
2011-2037-32), and all participants gave informed consent.

Discovery cohort TwinGene

The TwinGene study (54), conducted between 2004 and 2008, is
a population-based Swedish study of twins born between 1911
and 1958. The study participants have previously responded to
a telephone interview called Screening Across the Lifespan of
Twins cohort (SALT) (55,56). In total, 22 390 subjects were
invited to TwinGene. In total, 12 591 (56%) individuals partici-
pated by donating blood to the study, and by answering question-
naires about life style and health.

The participants were asked to make an appointment at their
local health care facility on Monday to Thursday mornings
(not the day before a national holiday), to ensure that the
sample would reach the Karolinska Institutet Bio bank in Stock-
holm the following day by overnight mail. The participants were
instructed to fast from 8 pm (20 : 00) the previous night. A total
volume of 50 ml of blood was drawn from each individual by
venipuncture.

Iga serum measurement

After arrival to the biobank the serum was stored in liquid nitro-
gen. Aliquots were withdrawn for each sample and kept at
—20°C until IgA measurements were performed. The samples
were sorted on to 96-well plates based on zygosity, and
96-well plates with different zygosities were used to prepare
the 384-well plates used for spotting. IgA concentration was
measured by a reverse-phase protein microarray. In brief,
1:10 diluted serum samples were spotted on epoxy-coated
microarray slides (Corning, USA) using the 2470 microarray
spotter (Aushon, USA). Up to 4600 different samples (including
reference samples with known IgA concentration and negative
control) were spotted on one slide with five replicates each.
The following adjustments were made: spot diameter of 260
wm, temperature of 25°C and humidity of 50%. After spotting,
the slides were kept in a highly humid environment overnight,
followed by air-drying.

Spotted slides were blocked in PBS/BSA (2%). For detection
of IgA rabbit antihuman IgA (Dako Cytomation, Denmark) and
Alexa Fluor 555 conjugated goat antirabbit antibodies (Molecu-
lar Probes, USA) were used diluted in PBST (1 : 100 000 resp.
1:60000). Images were generated with high-resolution micro-
array scanner (Agilent Technologies, USA) and analyzed using
GenePix Pro 7 (Molecular Devices, USA). Owing to the high re-
producibility of the replicates, a replicate-specific scaling could
be abstained. The unit of measurement is g/l. Measurement of
IgA level was successful for almost all TwinGene participants,
n=12530(99.5%). After IgA measurement, the whole sample
was tested for effects based on the position on the array and the
processing date. No such effects were detected.

DNA extraction and genotyping
One 7 ml EDTA tube of blood is used for DNA extraction using
Puregene extraction kit (Gentra Systems, Minneapolis, USA).



4182 Human Molecular Genetics, 2014, Vol. 23, No. 15

After extraction, the DNA was subsequently stored at —20°C.
After excluding subjects in whom the DNA concentration in
the stock solution was <20 ng/ul, as well as subset of 302
female monozygous twin pairs participating in a previous
genome-wide effort, DNA from all available dizygous twins +
one twin from each available MZ twin pair (n = 9896) was
sent to Uppsala, Sweden for genome-wide genotyping using
the Illumina OmniExpress bead chip. Genotyping results for
9836 subjects and 731 442 autosomal SNPs passed the initial
lab-based quality control (QC). In further QC, SNPs with
>3% missing information (GENO > 0.03) (n=3922), a
minor allele frequency <1% (n=79893), or a Hardy—
Weinberg equilibrium (HWE) test P < le—7 (n = 3071), were
excluded. Individuals with low genotyping success (MIND >
0.03) (n = 10), male heterozygosity of X-chromosomes (n =
36), deviations in heterozygosity of >5 SD from the population
mean (n = 49), or detection of unknown (cryptic) relatedness
(n = 124), were excluded. After the QC there were 9617 indivi-
duals and 644 556 autosomal SNPs remaining.

Imputation

Imputation of missing SNPs was performed using IMPUTE 2
(57) on build 36 and release 22 of HapMap. The data set was
split in groups of thousand individuals, imputed separately and
then merged, resulting in 2 585290 reference SNPs. SNPs
with INFO < 0.9 were filtered which removed 358 310 SNPs,
leaving the final data set to consist of 2 226 980 SNP markers.

Adjustment for covariates

IgA levels for the TwinGene individuals were available for all
genotyped subjects passing genotype QC. Prior association ana-
lysis the levels were adjusted for sex, zygosity, batch, age at sam-
pling and the three genetic PCs displaying the strongest
association to IgA levels. For complete monozygotic (MZ)
twin pairs, one twin was randomly selected to be genotyped.
When IgA level was measured for both members of such MZ
pairs the average IgA value was calculated and used as
phenotypic value for that genome.

Heritability

The classical twin design is used to estimate the relative import-
ance of genetic and environmental effects. The sample consisted
of the whole TwinGene cohort, including 12 530 twins from
7568 pairs. Among them, 3128 were monozygotic twins, 4795
were same-sex dizygotic (DZ) twins, and 4607 were opposite-
sex DZ twins. Twin methodology relies on the different
genetic relatedness between MZ and DZ twins. The MZ twins
are genetically identical, whereas DZ twins, just like any full sib-
lings, on average share 50% of their segregating alleles. If genes
influence a trait, there will be more pronounced twin similarity
within MZ twin pairs than within DZ twin pairs. By modeling
of twin variance and covariance structures in MZ and DZ pairs
the variation in a phenotype is decomposed into additive
genetic (A), shared environmental (C), and non-shared environ-
mental (E) factors. We used OpenMx in R (58), a structural equa-
tion modeling software, to perform maximum-likelihood
model-fitting analyses with raw data. To improve normality
the IgA level was square root-transformed. Because of a small
but significant association to age and batch, IgA values were
further adjusted for these potential confounders in males and

females separately. IgA levels were also adjusted for the three
genetic PCs displaying the strongest association to IgA levels.

Genome-wide complex trait analysis

Variance explained by all SNPs was estimated by restricted
maximum likelihood (REML) modeling of the genetic relation-
ship matrix (GRM) with IgA levels as implemented in the
GCTA, version 1.11, software package (22). Since GCTA
relies on comparisons between subjects not closely related to
each other, the sample was filtered for close relations. For
complete DZ twin-pairs one member of each pair was therefore
randomly selected rendering the sample reduced to 6902 partici-
pants. A further restriction was implemented by only consider-
ing pairs with relatedness <0.025 which led to exclusion of
1098, leaving n = 5804. Of'these, 5784 had IgA levels measured
and thus constituting the final sample on which GCTA analysis
was conducted. The analysis was adjusted for the three genetic
PCs displaying the strongest association to IgA levels.

GWAS replication samples

EIRA

The epidemiological investigation of rheumatoid arthritis
(EIRA) is a population-based case—control study of incident
cases of RA. Controls were randomly selected from the
Swedish national population registry and were matched to the
patients for age, sex and residential area. More details about
this study population have been described elsewhere (59). In
the current study 2365 individuals (70.9% females, median
age 54.0 years) recruited between 1996 and 2007 were included
and used as a replication cohort. The analysis was adjusted for
the three genetic PCs displaying the strongest association to
IgA levels.

BAMSE

BAMSE is a Swedish birth cohort study. A total number of 4089
newborn infants were recruited between 1994 and 1996 in the
Stockholm area (60). Questionnaires with a focus on lifestyle
factors and the children’s symptoms related to asthma and aller-
gic diseases were answered by the parents when the children
were ~1, 2, 4 and 8 years old. At 4 years of age, serum IgA
levels were determined in all children, using enzyme-linked im-
munosorbent assay as previously described (18). At 8 years of
age, DNA was extracted from 2033 samples after exclusion of
samples with too little blood, lack of questionnaire data, or if par-
ental consent to genetic analysis of the sample was not obtained.
From these samples, all children with a doctor’s diagnosis of
asthma (ever) and children with no history of allergic diseases
(controls) underwent GWAS genotyping (n = 485). Those that
also had PCs available (n = 420) were included in the present
study (61). The analysis was adjusted for the three genetic PCs
displaying the strongest association to IgA levels.

Statistical analysis of genetic effect

A total of 9617 genotyped individuals were investigated in the
discovery GWAS for association to SNP markers in an additive
linear model using Plink v1.07 (62) on imputed dosages. Corre-
lated data within dizygotic twin pairs was taken into account by
specifying a cluster variable. Associations in the BAMSE



replication data set were analyzed using ProbABEL (63), while
EIRA analyses were performed using Plink v1.07 (62).

The meta-analysis was performed using METAL (64).
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