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Abstract

Background—Atopy and plasma IgE concentration are genetically complex traits, and the
specific genetic risk factors that lead to IgE dysregulation and clinical atopy are an area of active
investigation.

Objective—To ascertain the genetic risk factors which lead to IgE dysregulation.

Methods—A genome wide association study (GWAS) was performed in 6,819 participants from
the Framingham Heart Study (FHS). Seventy of the top SNPs were selected based on p-values and
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linkage disequilibrium among neighboring SNPs and evaluated in a meta-analysis with five
independent populations from the KORA, B58C, and CAMP cohorts.

Results—Thirteen SNPs located in the region of three genes, FCER1A, STAT6, and 1L-13, were
found to have genome-wide significance in the FHS GWAS. The most significant SNPs from the
three regions were rs2251746 (FCER1A, p-value 2.11x10712), rs1059513 (STAT6, p-value
2.87x10798), and rs1295686 (IL-13, p-value 3.55x10798). Four additional gene regions - HLA-G,
HLA-DQAZ2, HLA-A, and DARC - reached genome-wide statistical significance in meta-analysis
combining FHS and replication cohorts, although the DARC association did not appear
independent of SNPs in the nearby FCER1A gene.

Conclusion—This GWAS of the FHS has identified genetic loci in HLA genes that may have a
role in the pathogenesis of IgE dysregulation and atopy. It also confirmed the association of
known susceptibility loci, FCER1A, STAT®6, and IL-13, for the dysregulation of total IgE.
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Introduction

Immunoglobulin E (IgE)-mediated allergy to environmental allergens plays a central role in
the pathophysiology of asthma, allergic rhinoconjunctivitis, atopic dermatitis, and food
allergy. Atopic persons have abnormally high concentrations of IgE reactive against one or
more specific allergens and often have an elevated plasma total IgE concentration.! Atopy
and elevated IgE concentrations are genetically complex traits, and the specific genetic risk
factors that lead to IgE dysregulation and clinical atopy are an area of active investigation.

Genetic linkage studies of total IgE levels have been conducted in numerous samples
ascertained for asthma and atopy with associations reported for locations on multiple
chromosomes. Fine mapping of genes at several of these locations as well as candidate gene
studies have implicated a number of genetic variants as potentially important determinants
of plasma IgE concentration, with IL-4, IL-13, and STAT6 among the most consistently
replicated associations.23

To date, there have been two genome-wide association studies (GWAS) published
investigating total IgE concentration. Weidinger et al.#, in 2008, reported findings from a
population-based, German cohort of 1,530 individuals, with replication analyses performed
in four independent population-based study samples that included a total n=9,769 subjects.
The study found that functional variants of the alpha chain of the high affinity receptor for
IgE (FCER1A) were strongly associated with total IgE levels. The study also confirmed
STATG as a susceptibility locus as well as identifying RAD50, located adjacent to the IL-13
gene, as a potential determinant of IgE dysregulation. More recently, the GABRIEL asthma
genetics consortium found, among both asthmatic cases and non-asthmatic controls, a SNP
near HLA-DRBL to be associated with total IgE with genome-wide statistical significance, as
well as evidence of association for FCER1A, STAT6, and IL-13.°

In this study, we report the results of a GWAS of plasma total IgE concentration in the
Framingham Heart Study. In addition to confirming FCER1A, STAT6, and IL-13 as
susceptibility genes for IgE dysregulation, we identify genetic variants in HLA genes as
potential determinants of atopy and IgE concentration.

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 March 1.
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The Framingham Heart Study—In 1948, two thirds of the age-eligible men and women
from the town of Framingham, Massachusetts, were recruited for the first round of physical
examinations and lifestyle interviews to identify risk factors for cardiovascular disease. This
Framingham Heart Study (FHS) Original Cohort included 5,209 men and women who were
between the ages of 28 and 62 years. Beginning in 1971, the FHS Offspring Cohort was
established, comprising 5,124 men and women who were either the offspring of the Original
Cohort or spouses of those offspring. In 2002, 4,095 adult men and women who were the
children of the Offspring Cohort were enrolled in the Third Generation Cohort.

During each examination cycle, the participants undergo a detailed examination including
physical examination, medical history, laboratory testing, and electrocardiogram. Over the
years, other tests have included pulmonary function, lifestyle questionnaires, cognitive

function questionnaires, and noninvasive cardiovascular tests including echocardiograms.

Replication Cohorts

KORA studies—The Cooperative Health Research in the Region of Augsburg (KORA)
cohorts KORA S3 and KORA S4 are independent population-based samples from the
general population living in the region of Augsburg, Southern Germany, and were examined
in 1994/95 (KORA S3) and 1999/2001 (KORA S4).% The KORA S3 sample included 4,856
subjects (participation rate 75%), and the KORA S4 sample included 4,261 subjects
(participation rate 67%). In the KORA S3 sample, 1,644 subjects were randomly selected
for genotyping, including 1,530 individuals with total IgE level available. From KORA S4,
1,814 subjects were randomly selected for genotyping, including 1,764 individuals with
measurements on total IgE. Total IgE concentration was measured using the FEIA CAP
system (Pharmacia, Freiburg, Germany). Genotyping was performed using the Affymetrix
500K Gene Chip for KORA S3 and Affymetrix 6.0 for KORA S4. Imputation of SNP
genotypes that were not directly measured was implemented using IMPUTE.” For the
selected SNPs, additive genetic models were fitted on logarithmically-transformed IgE
levels adjusting for sex and age using SNPTEST
(http://www.stats.ox.ac.uk/~marchini/software/gwas/snptest.html).

British 1958 Birth Cohort—The British Birth Cohort is an ongoing follow-up of all
persons born in Great Britain during one week in 1958, including a biomedical assessment
during 2002 2004 8 at which blood samples and informed consent were obtained for creation
of a genetic resource (http://www.b58cgene.sgul.ac.uk/). Through use of this resource as a
nationally representative control sample, whole-genome typing was carried out on separate
subsets of the cohort by the Wellcome Trust Case-Control Consortium (B58C-WTCCC) @
and the Type 1 Diabetes Genetic Consortium (B58C-T1DGC).10 For the B58C-WTCCC
subset, Affymetrix 500K genotypes were imputed to the HapMap 2 CEU template using
IMPUTE, while for the B58C-T1DGC subset, genotyping was performed using an Illumina
Infinium 550K array and imputed to the HapMap 2 CEU template using MACH. Total IgE
was assayed by the HYTEC automated enzyme immunoassay (Hycor Biomedical,
Edinburgh, United Kingdom) and results of its association with both Affymetrix and
Illumina SNPs, and with HLA subtypes measured by Dynall are displayed online
(http://www.b58cgene.sgul.ac.uk/phenosearch.php?pheno=1).

Childhood Asthma Management Program (CAMP)—CAMP was a multicenter,

randomized, double-masked clinical trial initially designed to determine the effects of three
inhaled treatments for mild to moderate childhood asthma.1? One thousand forty-one
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children aged 5 to 12 years at screening were enrolled, of which 568 Caucasian children
with available genotype and IgE data were included in this analysis. Genome-wide SNP
genotyping for CAMP subjects was performed on either Illumina’s HumanHap550 or
Human610-Quad BeadChip and imputation was performed using MACH based on 1000
Genomes Project haplotypes. Serum total IgE was measured by radioimmunosorbent assay.

Measurement of Total IgE

The plasma samples used in the FHS study were collected and frozen at -80 degrees C at
examination 24 for the Original Cohort, examination 7 for the Offspring Cohort, and at
examination 1 for the Generation 3 Cohort. Total IgE measurements were performed using
the Phadia Immunocap 100 system, in which an anti-IgE antibody is bound to a solid-phase
carrier followed by flouroenzyme-based quantitative measurement of total IgE with high
precision and reproducibility.13

Genome-wide genotyping and imputation procedures

Framingham participants were genotyped using the Affymetrix (Santa Clara, CA) GeneChip
Human Mapping 500K Array Set, which was comprised of two arrays generating
approximately 262,000 SNPs with Nsp arrays and 238,000 SNPs with Sty arrays. An
additional Affymetrix 50K Array (HuGeneFocused50K) with gene-centric and coding SNPs
was also genotyped for a total of approximately 550K SNPs. Imputation of SNP genotypes
that were not directly measured was performed using the western European (CEU) reference
panel in HapMap release 22, build 26 and the Markov Chain haplotyping (MACH) software
(http:/lwww.sph.umich.edu/csg/abecasissMACHY/) to increase genome coverage to 2,540,223
SNPs. This procedure also filled in missing data for the genotyped SNPs.

These genotype and comprehensive phenotype data have been made publicly available
through the NHLBI’s SNP Health Association Resource (SHARe) initiative
(http://public.nhlbi.nih.gov/GeneticsGenomics/home/share.aspx).

Statistical Analysis

Total IgE measures were log-transformed (base 10) to attain a normal distribution and, in the
FHS family sample, were examined using linear-mixed effects (LME) models with fixed
effects for SNP genotypes and random effects for individuals correlated within families due
to polygenic/familial shared effects. Population stratification in the Framingham sample was
assessed by principal component analysis using Eigenstrat!4
(http://genepath.med.harvard.edu/~reich/Sortware.htm). Association of IgE with allele dose
for each of the imputed genotypes was analyzed using an additive model. Age, sex, current
smoking, pack-years of smoking, cohort membership, and principal component 1 were
included as covariates in the LME model.

To identify SNPs for replication, a nominal p-value threshold of < 104 resulted in 527
eligible SNPs. For each gene within this group, the highest associated SNP based on p-value
was chosen for replication (n=33). SNPs within +/- 500 kb of the original SNP were also
selected if minor allele frequencies differed by > 0.05 (n=15). Of the remaining regions
which lay outside of reference genes, the same strategy was used to select an additional 22
SNPs, with a total of 70 SNPs selected for replication.

Association of total IgE with SNPs in the Framingham dataset (discovery sample) was
assessed in the replication datasets using meta-analysis based on logyg transformation of
total IgE concentration. For cohorts in which the original analysis was performed using
natural log transformation of IgE concentration, the coefficients were converted to log;q for
the meta-analysis. Meta-analysis was performed using Metal software with weights based on
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the standard errors of the beta estimates (inverse variance method)
(http://www.sph.umich.edu/csg/abecasis/metal/index.html). We performed a meta-analysis
of the 70 SNPs selected for replication among the replication cohorts only and among the
replication cohorts plus FHS. SNAP (version 2.0; http://broad.mit.edu/mpg/snap) was used
to generate regional association plots.

Characteristics of the FHS participants included in the IgE GWAS are provided in Table 1,
and characteristics of replication cohorts along with FHS participants are provided in Table
E1 in the Online Repository. A Manhattan plot of the GWAS findings is shown in Figure 1.
The Q-Q plot (Figure E1) does not show strong departure from the distribution of expected
p-values by chance, with a genomic control parameter of 1.029, suggesting that familial
relationships and population stratification were appropriately controlled for in the analysis.

In the FHS GWAS, 13 SNPs met genome-wide significance as determined by the commonly
accepted significance threshold of 5 x 1098 15 Al 13 SNPs were within 60 kb of three
genes, FCER1A, STATS6, and IL-13. Details of these 13 SNPs, as well as all 527 SNPs with a
nominal p-value < 10 -4, can be seen in Figures E2-E4 and Table E2, respectively, in the
Online Repository.

Of the top 70 SNPs selected for the meta-analysis with replication cohorts (Table E3), 10
SNPs demonstrated replication based on a Bonferroni-corrected alpha criterion of p < 0.05/
70 = 0.0007 in a meta-analysis of the replication cohorts. (Table 2). Two additional SNPs,
near the gene regions, HLA-A and HLA-G, did not meet the p < 0.0007 criterion in the
replication cohorts but had association p values meeting the genome-wide significance
criterion of p <5 x 10°%8 in meta-analysis of the replication cohorts together with the FHS
discovery cohort (Table 2). Cohort-specific association results for these 12 SNPs are shown
in Table E4. The top 2 SNPs, rs2251746 and rs2494264, located in non-coding regions of
FCER1A, had combined (FHS plus replication cohorts) meta-analysis p-values of 4.52 x
10726 and 9.40 x 1020, respectively. SNPs rs1059513 in STAT6 and rs20541 in 1L-13 were
also associated with total IgE level at genome-wide significance, each with a combined
meta-analysis p-value < 10711,

Among the genome wide-significant associations based on combined meta-analysis p-values
were SNPs in or near the HLA-A, HLA-G, HLA-DQAZ2, and DARC genes (Table 2). Two
SNPs within a single LD block near the HLA-A gene were found to have meta-analysis p-
values < 5 x 108 (http://www.broad.mit.edu.mpg/haploview). rs2571391 is located within
60 kb of the HLA-A gene and was the most highly associated SNP in this region, with a
combined p-value of 1.23 x 10-12, Association plots for the regions encompassing HLA-A
and HLA-G (Figure E5) and HLA-DQAZ (Figure E6) depict the associations in these
regions in FHS.

The SNP rs13962 is a missense SNP in the DARC gene and was associated with total IgE
with a combined p-value of 2.21 x 10-11, Given its close proximity to the FCER1A gene, a
conditional model regression analysis was performed to assess the independence of this
association. After adjusting for rs2251746, the top FCER1A SNP, the association of DARC
was not found to be significant in FHS (p-value = 0.6). Similar findings were seen in all of
the replication cohorts.

The GABRIEL consortium recently reported evidence of associations for both asthma and
total 1gE with SNPs in the HLA-DQB1 — HLA-DRB1 region.® The total IgE peak was
distinct from the asthma peak and best represented by rs9271300, which was not included in
our meta-analysis because it is not part of the HapMap 2 panel. We were, however, able to
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impute rs9271300 with moderate accuracy (observed to expected variance ratio = 0.5) using
the 1000 Genomes Project June 2010 haplotypes as a template.16 The association of this
imputed SNP with logyg-transformed total IgE in the FHS dataset was not significant
(p=0.06); however, the 95% confidence interval (-0.001 to +0.061) around the regression
coefficient of 0.03 in FHS included the GABRIEL regression coefficient (0.06) for this
association, suggesting that the findings are not heterogeneous with those of the GABRIEL
study.

Discussion

We found that SNPs in three gene regions, FCER1A, STAT6, and 1L-13, were associated
with total IgE concentration at a genome-wide significant level in the FHS cohort. The
results confirm the findings from prior studies that have implicated these genes in the
pathogenesis of IgE dysregulation. Additionally, we observed associations with SNPs near
three other genes, HLA-A, HLA-G, and HLA-DQAZ, for which relationships to IgE have
not been clearly established.

Our analysis reveals associations, which replicate in independent cohorts and/or reach
genome-wide significance in meta-analysis combining FHS with replication cohorts, in the
region of the MHC superlocus on chromosome 6. While MHC Il antigens, particularly
HLA-DRBL1 and HLA-DQB1, have been consistently associated with atopic phenotypes in
the genetic literature,17-18 evidence for a genetic susceptibility via the classical MHC |
antigens (HLA-A, -B, -C) is less clear. The stronger association of MHC 11 antigens versus
MHC | antigens in the literature is consistent with their functional roles in the immune
system, with MHC | responsible for initiating cell mediated immunity, targeting infected
and cancer cells, and MHC Il mediating humoral immunity, including the production of IgE
antibodies to allergenic antigens.

Three SNPs in or near the HLA-A gene, an MHC | antigen, were found to have p-values < 2
x 107 in FHS, with the highest association seen for rs2571391 with a combined (FHS plus
replication cohorts) meta-analysis p-value of 1.23 x 10715, The first study to identify a
linkage between HLA-A haplotypes and ragweed allergy was published in 1972 by Levine et
al.,19 though a subsequent, larger study was unable to replicate the original findings.20 In
1979, Marsh et al published a regression analysis evaluating total IgE and found both
positive (HLA-A2) and negative (HLA-A3) associations among the HLA-A antigens in
patients with varying degrees of ragweed sensitivity.2> More recent studies have been
unable to find significant associations between HLA-A and total 1gE,22 intrinsic or extrinsic
asthma,20 and mite sensitive allergy in Greek and Venezuelan populations.23-24 However,
results published online from the British 1958 birth cohort show associations (at
conventional levels of significance) between log-transformed total IgE and directly
measured HLA-A subtypes HLA*02, *03, and *29 [see URLSs below].
(http://www.b58cgene.sgul.ac.uk/phenotype0.php?snp=hlaa_02&pheno=1)
(http://www.b58cgene.sgul.ac.uk/phenotype0.php?snp=hlaa_03&pheno=1)
(http://www.b58cgene.sgul.ac.uk/phenotype0.php?snp=hlaa_29&pheno=1)

In the clinical literature, many studies in children have demonstrated a relationship between
viral infection, particularly RSV, and the later development of asthma and increases in
specific IgE.2526 One hypothesis is that MHC | polymorphisms may influence IgE
concentration through the processing of infectious pathogens, leading to immune
dysregulation and, eventually, the clinical findings of atopy and asthma.

Our findings suggest that HLA-A may represent a susceptibility locus for IgE dysregulation.
While both MHC | and MHC 11 loci were found to be associated with total IgE, the
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association of HLA-A was consistently stronger in both the original FHS GWAS and in the
meta-analysis than the MHC 11 antigens, HLA-DQB1 and HLA-DRB1.

Additionally, a SNP near the HLA-G gene, a non-classical MHC | antigen that has been
associated with asthma and bronchial hyper-responsiveness in a positional candidate gene
study?” was also found to reach genome wide significance in the combined meta-analysis.
HLA-G has not previously been associated with total IgE dysregulation but is thought to
have immunomodulatory effects via actions on NK cells, T lymphocytes, and antigen
presenting cells.28

The HLA-DQA2 region had the strongest association among MHC 11 loci, with rs2858331, a
SNP within 27 kb from the HLA-DQAZ2 gene, observed at a genome-wide significant level in
the combined meta-analysis (p-value = 1.44 x 1098). HLA-DQAZ2 is thought to play a
central role in peptide loading of MHC Il molecules. Though it has never been associated
with total IgE in the literature, a genome-wide association study by Li et al. found a strong
association of asthma with a nearby SNP, rs3916765, in the same region.2?

In the GABRIEL Consortium study,® the rs9271300 SNP near HLA-DRB1 was significantly
associated with total IgE and was the strongest association observed for this phenotype. As
discussed previously, this SNP was not found to be strongly associated with total IgE in
FHS. It is not clear why the association with HLA-DRB1 was considerably weaker in the
FHS population compared to the GABRIEL population. This finding may be partly
explained by the difference in study populations as well as the difficulty in discriminating
separate signals from the MHC superlocus. This discordance could also reflect the imperfect
imputation of rs9271300 in our study.

The DARC gene on chromosome 1, in close proximity to FCER1A, was also identified as a
susceptibility locus in the meta-analysis. The DARC gene was of particular interest given the
biologic plausibility of DARC as a modulator of the body’s inflammatory response and
literature suggesting a role for DARC in the development of asthma and IgE dysregulation.
A recent study by Vergara et al investigated the relationship between DARC and asthma
phenotypes in subjects of African descent. A SNP in the DARC promoter region, rs2814778,
located in the same LD block as the top DARC SNP in FHS
(http://www.broad.mit.edu.mpg/haploview), was found to be significantly associated with
total IgE in Colombian and African Caribbean populations and with asthma in Colombian,
Brazilian, and African Caribbean populations.3°

Based on the HapMap CEPH sample, there is low to moderate LD between the highest
associated SNP in DARC, rs13962, and the nearby top SNP in FCER1A (rs2251746) with r2
= 0.27. (Figure E1) (http://broad.mit.edu/mpg/snap) Conditional regression analysis,
performed in FHS and the 5 independent replication cohorts, revealed that the association of
DARC with total IgE concentration was not significant once rs2251746 was included in the
model. While this suggests that the DARC association in the Vergara study may be
confounded by the effect of the neighboring FCER1A gene, differences in the populations
studied in this meta-analysis (predominantly Caucasian of European descent) and the
Vergara study (African descent) likely play a role as the minor allele frequencies of the
DARC SNP are significantly higher in populations of African descent compared to
populations of European descent. Given the known function of the DARC receptor to act as
a chemokine sink and modulate the inflammatory cascade,3! the DARC associations with
asthma and total IgE remain plausible, particularly in African populations. Further studies to
better delineate the roles of DARC and FCER1A in IgE dysregulation are warranted.

Our study also confirmed, at a genome-wide significant level, the findings from prior
genetic literature implicating FCER1A, STAT6, and 1L13 as susceptibility loci for IgE

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 March 1.


http://www.broad.mit.edu.mpg/haploview
http://broad.mit.edu/mpg/snap

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Granada et al.

Page 8

dysregulation. In the first published GWAS of total IgE concentration, Weidinger and
colleagues identified FCER1A as a susceptibility gene in a population based German
cohort.# The top FCER1A SNP in the Weidinger study, rs2427837, was also highly
associated with total IgE in FHS and had the second lowest p-value among all top SNPs
(p=9.82 x 10"12), STAT6 and IL-13 are known to play significant roles in the pathogenesis of
IgE dysregulation. 1L-13, in conjunction with IL-4, is a critical mediator of the T2 allergic
response and STATG6 is considered the master regulator of IgE class switch
recombination.32-33 Our observation of a strong association of STAT6 SNPs with IgE
concentration confirms previous linkage and candidate gene studies which have shown
STAT6 genetic variants to be associated with food allergy,34 atopic dermatitis,3® asthma,36
and total IgE.3” In a recent review of asthma and atopy genetics, Ober and Hoffman
identified IL-13 as one of 8 “elite” genes which had been associated with an asthma or atopy
phenotype in greater than 10 studies.3

The RAD50 gene is located within 20 kb of IL-13 on chromosome 5. In the Weidinger
study, as well as the subsequent GWAS investigating asthma by Li and colleagues,?° the
RAD50 gene was found to be more highly associated with total IgE and asthma,
respectively, than the neighboring IL-13 gene. This is in contrast to the FHS cohort in which
SNPs located in 1L-13 were found to have the strongest associations in the region, with no
SNPs within the RAD50 gene found to have a p-value < 10~ (see Figure E3). The highest
associated SNPs in each (rs1295686 for IL-13, rs2240032 for RAD50) were in moderate LD
with an r2=0.58 in the HapMap CEPH sample. Given the findings from three separate
GWAS, it is difficult to separate the two signals on a genetic level. With mouse models
showing a T2 locus control region in the 3’ end of RAD50, 38 both 11-13 and RADS0 are
plausible candidate genes in the pathogenesis of IgE dysregulation and asthma.

In summary, this GWAS of plasma total IgE in the Framingham Heart Study has identified
potential susceptibility loci in the HLA-A, HLA-G, HLA-DQAZ2 gene regions for which an
association with total IgE has not been clearly established in the previous literature. We have
also confirmed the associations of previously described genetic variants in FCER1A, STATS,
and IL-13 as risk factors for IgE dysregulation. Based on these findings, further genetic
investigation of the relationship between HLA loci and total IgE and other atopy phenotypes
is warranted. These findings may help target molecular pathways for future interventions to
prevent or treat IgE-mediated allergy.
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Figure 1.

Genome wide association results for imputed SNPs and plasma total IgE concentration in
the Framingham Heart Study. Coordinates on the X-axis represent chromosomes. Negative
logarithm p-values are shown on the y-axis
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