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Background: Regulatory T–cell dysfunction is associated with
development of the complex genetic conditions atopy and
asthma. Therefore, we hypothesized that single nucleotide
polymorphisms in genes involved in the development and
function of regulatory T cells are associated with atopy and
asthma development.
Objective: To evaluate main effects and gene-gene interactions
of haplotype tagging single nucleotide polymorphisms of genes
involved in regulatory T–cell function—IL6, IL6R, IL10,
heme-oxygenase 1 (HMOX1), IL2, Toll-like receptor 2 (TLR2),
TGFB1, TGF-b receptor (TGFBR)–1, TGFBR2, IL2RA, and
forkhead box protein 3 (FOXP3)—in relation to atopy and
asthma.
Methods: Single-locus and multilocus associations with total IgE
(3rd vs 1st tertile); specific IgE to egg, milk, and indoor
allergens; and asthma were evaluated by x2 tests and the
multifactor dimensionality-reduction method in 3 birth cohorts
(Allergenic study).
Results: Multiple statistically significant multilocus associations
existed. IL2RA rs4749926 and TLR2 rs4696480 associated with
IgE in both age groups tested (1-2 and 6-8 years). TGFBR2
polymorphisms associated with total and specific IgE in both age
groups and with asthma. TGFBR2 rs9831477 associated with
specific IgE for milk at age 1 to 2 years and indoor allergens at
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age 6 to 8 years. For milk-specific IgE, interaction between
TGFBR2 and FOXP3 polymorphisms was confirmed by logistic
regression and consistent in 2 birth cohorts and when stratified
for sex, supplying internal replications.
Conclusion: Genes involved in the development and function of
regulatory T cells, specifically IL2RA, TLR2, TGFBR2, and
FOXP3, associate with atopy and asthma by gene-gene
interaction. Modeling of multiple gene-gene interactions is
important to unravel further the genetic susceptibility to atopy
and asthma. (J Allergy Clin Immunol 2010;126:338-46.)

Key words: T regulatory cells, atopy, IgE, asthma, MDR,
polymorphism, interaction, birth cohort

Atopy and asthma have a complex genetic background, and it is
likely that multiple genes contribute to their development through
main effects and through gene-gene interactions. Gene-gene
interactions can be investigated by multifactor dimensionality
reduction (MDR), a method designed to translate high-
dimensional genetic data into a single dimension.1 MDR selects
single nucleotide polymorphisms (SNPs) in an unbiased way;
therefore, it is possible to analyze genes in a biologically plausible
pathway relevant for the development of atopy and asthma, yet
without knowledge beforehand which genes will be important.

In recent years, regulatory T (Treg) cells have been identified to
play a key role in balancing immune responses to maintain or
acquire tolerance against allergens. Treg cells contribute to
the control of allergen-specific immune responses in several
ways—for example, through suppression of effector T cells or
through suppression of dendritic cells that support the generation
of effector T cells. Compromised numbers or function of Treg
cells may therefore contribute to development and persistence of
allergic disease,2-5 a concept for which evidence is now accumu-
lating from models of allergic inflammation in mice and various
studies in human subjects, and from genetic association studies.

In genetic association studies, variations in genes that encode
proteins involved in the development and function of Treg cells,
such as Toll-like receptor (TLR)–2, TGFB1, IL10, and heme-
oxygenase 1 (HMOX1), have been reported to associate with
atopy and asthma phenotypes.6-18

In an ovalbumin-induced mouse model of allergic airway
inflammation, Xia et al19 described that induction of HMOX1 in-
duces forkhead box protein 3 (FOXP3) expression and production
of IL10 and membrane-bound TGFB1, thereby enhancing activ-
ity of Treg cells. These immunologic alterations correlate with
a decrease of serum ovalbumin-specific IgE and eosinophil infil-
tration in bronchial alveolar lavage fluid, suggesting a protective
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role for these proteins in asthma development. Another experi-
ment in an ovalbumin-induced mouse model showed that TGF-b
receptor 1 (TGFBR1) is upregulated in lung tissue with allergic
airway inflammation.20

A contributing role of Treg cells in allergic diseases was further
suggested by the observed increase of Treg cells in peripheral
blood during the pollen season in children with allergy.21 Another
study demonstrated that the presence of increased numbers of pe-
ripheral blood Treg cells associated with spontaneous remission
of cow’s milk allergy.22 Furthermore, a quantitative and func-
tional impairment of pulmonary Treg cells has been reported in
children with asthma.23

Given the important role of the Treg pathway in the develop-
ment of atopy and asthma, we hypothesize that multiple genes
involved in the induction of and suppression by Treg cells are
associated with atopy and asthma phenotypes through their main
effects, gene-gene interaction, or both. We investigated this by
evaluating 11 genes (Fig 1) in relation to atopy and asthma phe-
notypes in 3062 children participating to the Allergenic study, a
prospective birth cohort study composed of 3 Dutch cohorts.24

METHODS

Study populations
The Allergenic study includes 3 prospective Dutch birth cohorts: Preven-

tion and Incidence of Asthma and Mite Allergy (PIAMA),25 PREvention of

ASthma in Children (PREVASC),26,27 and KOALA (Dutch acronym for

Child, Parent and Health: Lifestyle and Genetic Constitution).28 A brief de-

scription of the 3 cohorts and their eligibility criteria is included in the Online

Repository. Genetic studies were approved by local medical ethics committees

of participating institutes. All parents provided written informed consent.

IgE measurements
Total IgE levels were determined in capillary or venous blood collected at

ages 1 and 8 years in PIAMA; ages 1, 2, and 6 years in PREVASC; and ages

1 and 2 years in KOALA (Sanquin Research, Amsterdam, The Netherlands).

Total IgE levels were measured by radioimmunoassay as described previ-

ously.29-31 Total IgE measurements were clustered at ages 1 to 2 years and 6 to

8 years and analyzed in tertiles (Table I; see this article’s Online Repository

‘‘Total IgE tertiles and specific IgE measurements’’ section at www.

jacionline.org, including Table E1). Specific IgE (sIgE) to various allergens

was tested at different ages in the PIAMA, KOALA, and PREVASC cohorts.

To be able to pool data of the separate cohorts, we studied sensitization (de-

fined as sIgE >_0.35 IU/mL) to food allergens milk and egg clustered at ages

1 to 2 years, and to indoor allergens (to cat, dog, or house dust mite) clustered

at ages 6 to 8 years (Table I; see the Online Repository at www.jacionline.org).
Asthma definition
Asthma was clustered at ages 6 and 8 years (PREVASC at age 6 years;

PIAMA at age 8 years) and defined as at least 1 episode of wheeze or dyspnea

in the last year and/or the use of inhaled steroids.

SNP selection and genotyping
Haplotype tagging SNPs (98) of 11 genes IL6R, IL10, HMOX1, TGFBR2,

IL2, TLR2, IL6, TGFBR1, IL2RA, TGFB1, and FOXP3 were selected from the

HapMap database32 or from the Innate Immunity web site33 on the basis of the

largest number of SNPs with a minor allele frequency >0.1 available in each

database. In addition, the biomedical literature was screened for SNPs within

the candidate genes known to have functional impact or to be associated with

atopy or asthma. Genomic DNA was extracted from buccal swabs or blood by

using standard methods.34 DNA was amplified by using REPLI-g UltraFast

technology (Qiagen). Genotyping was performed by Competitive Allele-

Specific PCR using KASPar genotyping chemistry, performed under contract

by K-Biosciences (Hoddesdon Herts, UK). Quality of genotype data was guar-

anteed by standards of K-Biosciences and verified by comparing the genotyp-

ing results in genomic versus amplified DNA in a subset of children.

Statistical methods
All SNPs were analyzed for Hardy-Weinberg equilibrium by using the x2

statistic (P > .01). We used x2 tests to analyze whether genotypes in this path-

way are associated with elevated serum IgE levels at 1 to 2 years and at 6 to

8 years (highest vs lowest tertile), sIgE for milk and egg (ages 1-2 years),

sIgE for indoor allergens (ages 6-8 years), and the presence of asthma (ages

6-8 years) by using a codominant model. For SNPs with a P <.10, the Akaike

information criterion was evaluated to determine the best fitting genetic model

(additive, dominant, or recessive). Odds ratios (ORs) and 95% CIs were cal-

culated by logistic regression analysis. FOXP3 is located on the X-chromo-

some and was therefore analyzed for boys and girls separately. Calculations

were performed by using SPSS 14.0 statistical software (Chicago, Ill) and con-

sidered significant if P <.05 (2-sided). Because the haplotypes-tagging SNP

selection uses multimarker predictors to capture all information of the gene

(ie, aggressive tagging), we also analyzed SNPs that were captured by multiple

SNPs by constructing haplotypes. Single SNP analyses were corrected for

multiple testing by using the false discovery rate (FDR) as described by Ben-

jamini and Hochberg35 with a P value of .05 as the cutoff value. For each gene,

we corrected for the number of genetic tests (ie, the number of SNPs per gene)

as well as the number of phenotypes (n 5 6). Single SNP analyses on FOXP3
and sensitization were reported in a separate article.36

Gene-gene interactions were analyzed by using MDR (version 1.0.0). The

MDR approach has been described previously37-39 and applied in this co-

hort.40-42 The TLR2 gene has been studied in relation to other TLRs and atopy

development by MDR (Reijmerink et al, unpublished data, May 2010).

A detailed description of the MDR method is included in the Online Reposi-

tory at www.jacionline.org, ‘‘MDR’’ section. The significance of the average

prediction error was calculated by using the MDR permutation test, and a P

value <.05 was considered significant. Logistic regression analyses were per-

formed to confirm significant 2-way interaction results from MDR analyses; if

the interaction term was significant (in a multiplicative model), the best fitting

genetic model—for example, dominant or recessive—was analyzed.

RESULTS

Study population
A total of 3062 children were genotyped, and 2927 Dutch

children were selected for genetic analyses after exclusion of non-
Dutch children (5.7%) to avoid effects resulting from population
stratification. Characteristics of the children participating in the
genetic study are presented in Table I.

Single SNP and haplotype analysis
Minor allele frequencies and level of linkage disequilibrium

per gene are presented in this article’s Tables E2 and E3,

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
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FIG 1. Hypothetical scheme of genes involved in the Treg pathway. Subsets of Treg cells with distinct

phenotypes and mechanisms of action include the naturally occurring, thymus-selected Treg cells and the

inducible and adaptive Treg cells. T-naive, Undifferentiated T lymphocyte.
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respectively, in the Online Repository at www.jacionline.org. The
mean failure rate for assays was 0.04 (range, 0.02-0.12). One SNP
(rs4601580, IL6R) failed amplification; 1 SNP was monomorphic
(rs13447445, IL6). Genotypes of 1 SNP, rs706781 (IL2RA), devi-
ated from Hardy-Weinberg equilibrium in controls (at 1-2 years
and/or at 6-8 years of age) and was not considered for further anal-
yses, leaving 95 SNPs for single SNP and MDR analysis.

Associations of single SNPs are presented in this article’s
Tables E4 to E6 in the Online Repository at www.jacionline.org.
Several associations of these SNPs were identified with atopy and
asthma (ORs varying between 0.3 and 2.3; P values ranging from
.05 to .001) and did not withstand correction for multiple testing
using FDR (all corrected P values >.05). We constructed haplo-
types that captured nongenotyped SNPs. None of these haplo-
types was associated with any of the phenotypes (data not shown).
MDR analyses
Multifactor dimensionality reduction analyses showed that

several combinations of SNPs of the Treg genes were significantly
associated with allergy and asthma phenotypes (Table II). The
IL2RA SNP rs4749926 and the TLR2 SNP rs4696480 associated
with serum IgE levels in both age groups 1 to 2 and 6 to 8 years.
TGFBR2 rs9831477 associated with both sIgE to milk allergens
(at 1-2 years) and indoor allergens (at 6-8 years). TGFBR2
SNPs associated with total and sIgE in both age groups and
with asthma, although with various SNPs.

Multifactor dimensionality reduction identified several signif-
icant 2-way SNP interactions that showed effects of variable
direction when evaluated by logistic regression (Table II; Fig 2).
The interaction of TGFBR2 (rs2276767) with FOXP3
(rs6609857) for sIgE to milk at 1 to 2 years appeared to be nega-
tive or redundant—that is, information about case-control status
can be obtained from only 1 of the genotypes, and the other gen-
otype does not provide further information (Fig 2, A). Because
FOXP3 is located on the X-chromosome, interaction between
TGFBR2 and FOXP3 was tested in boys and girls separately,
and significant effects were shown in the same direction in both
sexes (P 5 .038 and .001 in boys and girls, respectively; Fig 3,
A and B). Interaction of TGFBR2 with FOXP3 SNPs and specific
IgE to milk was also consistent and significant in the PIAMA and
KOALA cohorts separately (Fig 3, C and D), supplying internal
replication. A similar interaction was observed for TLR2
(rs4696480) and TGFBR2 (rs9790292), which showed a de-
creased risk for elevated total IgE at 6 to 8 years in children car-
rying 1 or 2 minor alleles of either SNP. In contrast, this decreased
risk was not observed in children having 1 or 2 minor alleles of
both SNPs, as indicated by a statistically significant interaction
(P value for interaction, .023; data not shown). The interaction be-
tween IL6 and TGFBR2 with respect to sIgE to egg allergens
showed an increased risk for sensitization when the IL6 AA gen-
otype was combined with the TGFBR2 TT genotype (Fig 2, B).
TGFB1 and IL6R showed a decreased risk for sIgE to indoor aller-
gens when both minor alleles were present; however, the interac-
tion was not significant (Fig 2, C).
DISCUSSION
This study shows that interacting genes involved in the

development and function of Treg cells are associated with atopy
and asthma phenotypes. The results suggest an important influ-
ence of TGFBR2, because its genetic variation shows multiple as-
sociations with atopy phenotypes in both evaluated age groups
1 to 2 and 6 to 8 years. SNPs in IL2RA and TLR2 associated
with atopy phenotypes across different age groups, which
strengthens the findings of this study by showing internal replica-
tion. When testing interaction between SNPs in FOXP3 and
TGFBR2 and milk sIgE stratified for sex because FOXP3 is
located on the X-chromosome, we found interaction in the
same direction in boys and girls separately. Findings were consis-
tent and significant in both the PIAMA and KOALA cohorts,
which can also be considered as an internal replication.

Of interest, the genes under study that associated with atopy
phenotypes by MDR analysis had no main effects after multiple

http://www.jacionline.org
http://www.jacionline.org


TABLE I. Characteristics of participating children in the Aller-

genic birth cohort

Characteristic PIAMA PREVASC KOALA P*

Participants in genetic

study (N)

1037 374 1651 —�

DNA available

(% from total cohort)

25.0 49.8 58.1 —

Ethnicity (% Dutch origin) 95.1 95.7 95.2 —

Boys (%) 51.2 49.2 50.6 .80

Family history (%)

Atopy in mother 66.5 51.4 33.3 <.001

Asthma in mother 16.7 31.4 8.8 <.001

Atopy in father 31.6 47.7 36.4 <.001

Asthma in father 7.4 21.9 10.0 <.001

Phenotypes

Total serum IgE (IU/mL)�
age 1 y

7.1

(2.0-17.0)

N§ 5 369

8.6

(3.5-19.4)

N 5 226

6.0

(2.6-12.5)

N 5 699

.002

Total serum IgE (IU/mL)�
age 2 y

NA 11.7

(4.2-28.7)

N 5 358

12.0

(3.7-38.0)

N 5 704

.80

Total serum IgE (IU/mL)�
age 6 y

NA 22.5

(7.6-67.0)

N 5 218

NA —

Total serum IgE (IU/mL)�
age 8 y

64.9

(23.0-240.0)

N5748

NA NA —

sIgEk to milk (%)

age 1-2 y

36.3

N 5 338

NA 29.2

N 5 522

.20

sIgEk to egg (%)

age 1-2 y

6.6

N 5 338

19.2

N5155

10.7

N 5 497

<.01

sIgEk to indoor

allergens{ (%) age 6-8 y

36.9

N 5 713

32.0

N 5 132

NA .30

Asthma# (%) age 6-8 y 20.7

N 5 921

27.0

N 5 207

NA .16

Allergic asthma** 9.7

N 5 723

9.6

N 5 125

NA .98

Doctor’s diagnosis asthma�� 5.1

N 5 934

17.9

N 5 229

NA <.01

Boldface indicates P values <.05.

NA, Not available.

*P value for comparison between cohorts by x2 test or ANOVA where appropriate.

�Not tested.

�Geometric mean (interquartile range).

§N, Number of individuals available for this phenotype in this specific age group.

ksIgE, sIgE >_0.35 IU/L to egg, milk, and indoor allergens.

{Indoor allergens, House dust mite, cat, and/or dog allergens.

#Asthma, At least 1 episode of wheeze or dyspnea and/or the use of inhaled

corticosteroids in the last year.

**Allergic asthma, At least 1 episode of wheeze or dyspnea and/or the use of inhaled

corticosteroids in the last year and sensitization to indoor allergens at age 6 or 8 years.

��Diagnosis of asthma confirmed by a physician.
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testing correction. However, main effects were corrected for the
number of tests performed by using FDR,35 which may be an
overcorrection because both genotypes and phenotypes are corre-
lated. In contrast, the results from MDR showed several genetic
interactions that were significant after permutation testing. Logis-
tic regression of the 2-locus associations identified by MDR
showed a variable nature of the gene-gene interactions, revealing
the complex nature of gene-gene interactions. SNPs, for example
in the genes TLR2 and TGFBR2, showed a main effect that was
modified by the alleles of another SNP.

Our findings appear to be of importance and relevant, because
we replicated previously described associations with the same
SNPs in TGFB18-11 and TLR26,7 with atopy and asthma, and in
IL10 with asthma.12-18 Rs1800469 (TGFB1 C-509T) in this study
showed a main effect, and an epistatic effect with IL6R and
TGFBR2 for sensitization to indoor allergens. Rs4696480 and
rs1898830 and (TLR2 -15607A/G and -16934A/T) were associ-
ated with sensitization and asthma, respectively. IL10 SNPs
(rs1800871 and rs1800872, -819C/T and -571 or -592C/A) were
associated with asthma. Although we observed multiple associa-
tions with TGFBR2, no genetic association of TGFBR2 has been
described for atopy or asthma previously. However, a study show-
ing decreased expression of TGFBR2 protein in the subepithe-
lium of bronchial biopsies of children with asthma43 suggests a
functional role in asthma.

The strengths of this study are its large sample size and
prospective follow-up, which enabled us to evaluate 2 age groups
that represent different stages of the developing immune system in
early childhood and primary school age. The use of MDR more
closely resembles the complex nature of atopic disease by evalu-
ating multiple SNPs in an unbiased way. Furthermore, the selection
of haplotype tagging SNPs has made it very unlikely that we have
missed important signals from genes with common alleles.

Potential limitations of this study also have to be considered.
Because of the use of a combination of 3 birth cohorts, we cannot
fully rule out that population stratification may have contributed
to some of the results. However, we have previously published
consistent genetic effects and gene-environment interactions in
childhood atopy development in our Allergenic cohort,24 showing
that major genetic effects and gene-environment interaction can
be replicated in this cohort. The combination of these cohorts
can also be considered a strength of the study, because similar
findings in different age groups replicate the findings within the
cohorts. Finally, we did not assess environmental influences,
and it is clear that these can be of great importance in the devel-
opment of atopy; thus, we recommend considering these in future
research.

Another limitation of our study is that too few children were
tested for bronchial hyperresponsiveness and lung function to
investigate gene-gene interactions in Treg genes. We suggest that
future studies, including meta-analyses, should be performed to
investigate these objective markers of asthma. In addition, we
suggest investigating these genes in relation to different wheezing
phenotypes of preschool children (ie, late-onset wheeze and
persistent wheeze), because these phenotypes may reflect the
onset of asthma and the potential role of Treg genes more closely.

It is important to note that several genes were associated with
atopic phenotypes at 1 to 2 as well as 6 to 8 years, internally
replicating our results. Some associations were found to associate
with multiple phenotypes, but in opposite directions—for exam-
ple, FOXP3 rs4824747 associated with sIgE to egg at age 1 to 2
years and to indoor allergens at age 6 to 8 years in 2 directions,
either a risk or a protection. Associations of genetic polymor-
phisms that appear to have different effects are frequently ob-
served in genetic studies. This may have several interpretations.
Either the results represent false-negative results, because after
FDR correction none of the results appeared significant; or the
gene may have distinct influences on both phenotypes. It is clear
that sIgE to egg has different clinical implications than sIgE to in-
door allergens, and thus their pathogenic mechanism may be truly
different. Furthermore, and especially because these findings
were in different age groups, environmental factors may play a
role. For example, from the gene CD14, multiple studies have



TABLE II. Summary of the results of MDR analyses of total IgE, sensitization, and asthma

Best model

Loci* Gene SNP Mean CV consistency

Mean testing balanced

accuracy (%) Py

Total IgE� 1-2 y

1 IL2RA rs2076846 2.6 0.53 .18

2 TLR2 TGFBR2 rs4696480 rs304839 3.2 0.55 .06

3 TGFBR2 TGFBR2 IL2RA rs6770038 rs9843942

rs4749926

5.8 0.60 <.001

Total IgE� 6-8 y

1 TLR2 rs4696480 6.4 0.55 .09

2 TLR2 TGFBR2 rs4696480 rs9790292 5.6 0.57 .01

3 TLR2 IL6RA IL2RA rs4696480 rs4845617

rs4749926

3.6 0.58 .02

sIgE§ to milk at 1-2 y

1 TGFBR2 rs2276767 2.4 0.55 .12

2 TGFBR2 FOXP3 rs2276767 rs6609857 7.0 0.58 .02

3 IL2RA TGFBR2 TGFBR2 rs2076846 rs3773663

rs9831477

2.6 0.58 .02

sIgE§ to egg at 1-2 y

1 IL6 rs2069845 7.0 0.57 .08

2 IL6 TGFBR2 rs2069845 rs3773634 6.0 0.62 .02

3 HMOX1 FOXP3 IL2RA rs2071749 rs3761548

rs706779

2.2 0.60 .02

sIgE§ to indoor allergens at 6-8 y

1 IL6R rs7514452 7.0 0.57 .04

2 TGFB1 IL6R rs1800469 rs7514452 2.8 0.57 .05

3 TGFB1 IL6R TGFBR2 rs1800469 rs7514452

rs9831477

3.8 0.61 .02

Asthmak at 6-8 y

1 TLR2 rs1898830 3.4 0.56 .08

2 TLR2 FOXP3 rs1898830 rs3761548 2.0 0.55 .09

3 TLR2 IL2RA TGFBR2 rs1898830 rs3118470

rs3773636

1.4 0.62 .001

Diagnosed asthma{ at 6-8 y

1 IL2RA rs2386841 3.0 0.57 .06

2 IL2RA TGFBR2 rs7910961 rs9831477 1.4 0.59 .06

3 IL2RA FOXP3 IL2RA rs2386841 rs3761548

rs4749926

1.8 0.64 .008

CV, Cross-validation.

*Number of loci considered.

�Significance of prediction error (empirical P value based on 1000 permutations).

�Highest vs lowest tertile.

§Specific IgE >_0.35 IU/mL.

kAt least 1 episode of wheeze or dyspnea in the last year and/or the use of inhaled steroids.

{Diagnosis of asthma confirmed by a physician.
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indicated that dependent on environmental circumstances such as
endotoxin or pet exposure, 1 allele can be a risk factor in case of
exposure and a protective factor in case of nonexposure.24,44-46

The effects of various other SNPs observed early in life were
not confirmed at age 6 to 8 years for asthma. This suggests that
the distinct phenotypes have distinct pathomechanisms. However,
we should acknowledge that the results may represent false-
negative results.

It has been pointed out that individual genetic effects of
complex diseases are mostly moderate or small, even when
interactions are taken into account.47 The strongest genetic effect
we found represented a relative risk on the order of 4.0 (Fig 2;
prevalence of 20% vs 5% for TGFBR2 TT vs A in subjects with
IL6 AA). However, the impact in the population is small because
the genotype combination with the highest risk is rare in our co-
horts (24/926; 2.6%). Other interactions were smaller in terms of
relative risk (on the order of 2.0; Fig 2, A and C) but affected a
larger segment of the population and thus may have a higher
population impact.

This study is the first to evaluate multiple novel functionally
related genes in Treg cells by using MDR. Therefore, further
studies will have to replicate our findings. Nevertheless, because
we found association in 2 age groups, in which there was little
overlap between the children investigated, our findings have
already been replicated within our Allergenic cohort. MDR is a
new technique that can be considered an unbiased data-mining
approach. Our study can therefore be viewed as hypothesis-
generating. Results can guide future studies to determine whether
these genetic effects can also be replicated in other cohorts and
ultimately in functional studies.

Some of the genes investigated in our study are exclusively
expressed by Treg cells—for example, FOXP3—whereas other



FIG 2. Logistic regression of 2 locus models identified by MDR. aP value for interaction. bTGFBR2 rs2276767,

A 5 genotypes CA and AA. cFOXP3 rs6609857, T 5 genotypes CT and TT. dIL6 rs2069845, G 5 genotypes AG

and GG. eTGFBR2 rs3773634, A 5 genotypes AA and AG. fTGFB1 rs1800469, T 5 genotypes CT and TT. gIL6R

rs7514452, C 5 genotypes CT and CC.

J ALLERGY CLIN IMMUNOL

VOLUME 126, NUMBER 2

BOTTEMA ET AL 343
genes are also expressed by other cell types relevant for asthma
development—for example, TLR2 and airway epithelium. How-
ever, the combined effects of the genes in our study suggest that
these genes contribute to allergic disease through their involve-
ment in Treg cells.

TLR2 combined with TGFBR2 and IL2RA SNPs shows associa-
tion with both total IgE and asthma. TLR2 has previously been
found to associate with atopy and asthma susceptibility in farmers’
children6 and with asthma in an adult population.7 Because of our
results, we propose that the association of TLR2 with asthma is
complex and involves additional genes that contribute to Treg de-
velopment. Interestingly, activation of innate immune responses
through TLR2 ligands has been shown to induce Treg-associated
gene expression in cord blood mononuclear cells from neonates.48

We speculate that genetic variations in TGFBR2 and IL2RA alter
the response from Treg cells to immune stimulation—for example,
by lower TGFBR2 and IL2RA protein expression—and skew the
response toward a TH2-mediated reaction depending on the alleles
an individual carries for TLR2 SNPs rs4696480 and rs1898830.
Unfortunately, the design of our study does not allow us to evaluate
whether interaction between a farming environment and TLR2 in
combination with TGFBR2 and IL2RA exists because we do not
have complete information on farming exposure, but we recom-
mend evaluating this in future studies.

TGFBR2 genetic variation showed interaction with FOXP3 for
sensitization to milk allergens, as observed in 2 separate cohorts
and in both sexes. Interestingly, the prevalence of asthma and a
doctor’s diagnosis of asthma at age 6 to 8 years showed a remark-
ably similar pattern for these 2 SNPs (see this article’s Fig E1 in
the Online Repository at www.jacionline.org), and the interaction
was confirmed by using logistic regression for doctor’s diagnosis
of asthma (P 5 .006), strongly suggesting true biological

http://www.jacionline.org


FIG 3. Consistent direction and significance of interaction between TGFBR2 and FOXP3 in boys and girls

separately, and in each cohort. aP value for interaction. bTGFBR2 rs2276767, A 5 genotypes CA and AA.
cFOXP3 rs6609857, T 5 genotypes CT and TT.
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relevance of this finding. The mechanism of this interaction
cannot be deduced from our study and can only be speculated
on. TGFBR2 mediates the numerous activities of TGFB1 in, for
example, differentiation of Treg cells. Mice lacking TGFBR2
specifically in T cells were found to have reduced peripheral
Foxp3-positive Treg cell numbers.49 Our data suggest that, depen-
dent on genetic variation in TGFBR2 and FOXP3, altered signal-
ing through TGFBR2 may have distinct effects on activation of
FOXP3 and Treg development.

Intriguingly, this study demonstrates association of TGFB1,
TGFBR2, IL6, and IL6R SNPs with atopic sensitization. These
genes recently appeared to be involved in maintaining a balance
between Treg cells and TH17 cells. Differentiation of Treg cells
and TH17 cells appears to be cross-regulated by TGFB and
IL6.50 TGFB by itself stimulates development of Treg cells,
whereas TGFB in combination with IL6 stimulates TH17 develop-
ment. TH17 cells are a recently described subset of IL17 produc-
ing effector T cells that have been implicated in the pathogenesis
of allergy and allergic airway inflammation.51 To date, the exact
role of TH17 cells in allergic disease has not been fully elucidated.
TH17 cells are suggested to downregulate the TH2 response, re-
sulting in a diminished IgE response. However, mice deficient
for IL17 showed impaired ovalbumin sensitization and reduced
TH2-type allergic airway inflammation, and thus TH17 cells
may also contribute to the development of allergic sensitization.52

From the associations found in our study, we hypothesize that a
genetically regulated disturbed balance in development of Treg
cells and TH17 cells contributes to allergic sensitization.

Detection of genetic association with main effects of FOXP3
polymorphisms on sensitization were observed in girls. This
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contrasts with our expectations, because the X-linked immuno-
dysregulation polyendocrinopathy enteropathy X-linked syn-
drome (IPEX) expresses itself in hemizygous boys but rarely in
girls.53 The pathogenetic or methodologic explanation of our ob-
servations is unknown but can be speculated on. First, Wildin and
Freitas53 have proposed several explanatory mechanisms for
FOXP3 to be involved in susceptibility to immunologic disease
in females. They observed variable expression of disease in
FOXP3 heterozygous female mice that were also heterozygous
to a mutation of another X-chromosomal gene, gC. This suggests
that genes on the alternative X-chromosome can interact with the
FOXP3 locus through influence on X-inactivation, thereby mod-
ifying disease outcome. Further explanations proposed by these
authors53 included other epigenetic mechanisms such as (1)
sex-specific hormonal influences or (2) imprinting, in which alle-
lic expression is dependent on the sex of the parent from whom
the specific allele was inherited. Interestingly, it has recently
been shown that Y-chromosome–linked polymorphisms may dif-
ferentially regulate the expression of X-linked and autosomal
genes.54 Thus, hypothetically, FOXP3 gene expression may be
differentially regulated in males and females through suppressive
or activation mechanisms regulated by the Y-chromosome. In ad-
dition to these pathogenic mechanisms, an alternative explanation
for not finding a comparable effect in boys could be less statistical
power to detect an effect that increases with the number of alleles,
because girls have twice the number of alleles as boys.

In conclusion, this pathway study shows importance of mul-
tiple genetic variants in genes involved in the development and
function of Treg cells in childhood atopy and asthma develop-
ment, by combined genetic effects, as indicated by genetic
association of a.o. IL2RA, TLR2, TGFBR2, and FOXP3 replicated
across age groups and cohorts. Furthermore, this study adds to re-
cently emerging evidence for a role of the balance between Treg
cells and TH17 cells in atopic disease by showing association of
TGFB1, TGFBR2, IL6, and IL6R SNPs with atopic sensitization.
Finally, we have shown that genetic effects may be missed when
gene-gene interaction is not considered, and we recommend fu-
ture studies to evaluate main as well as combined genetic effects.
We thank the children and parents of the PIAMA, PREVASC, and KOALA

studies for their participation. In addition, we acknowledge the field workers,

secretaries, and scientific collaborators dedicated to the PIAMA, PREVASC,

and KOALA cohorts, and Marcel Bruinenberg for his advice on DNA

isolation, processing, and genotyping. We thank Jason H. Moore for his

helpful comments on our questions with respect to MDR analyses.

Key messages

d TGFBR2, IL2RA, FOXP3, and TLR2 SNPs associate with
atopy phenotypes by gene-gene interaction.

d Multilocus associations of biologically related genes are
common in the complex development of atopic disease,
and modeling of multiple gene-gene interactions is impor-
tant in genetic association studies.

REFERENCES

1. Moore JH, Gilbert JC, Tsai CT, Chiang FT, Holden T, Barney N, et al. A flexible

computational framework for detecting, characterizing, and interpreting statistical
patterns of epistasis in genetic studies of human disease susceptibility. J Theor Biol

2006;241:252-61.

2. Akdis CA, Akdis M. Mechanisms and treatment of allergic disease in the big pic-

ture of regulatory T cells. J Allergy Clin Immunol 2009;123:735-46.

3. van Oosterhout AJ, Bloksma N. Regulatory T-lymphocytes in asthma. Eur Respir

J 2005;26:918-32.

4. Umetsu DT, Dekruyff RH. The regulation of allergy and asthma. Immunol Rev

2006;212:238-55.

5. Robinson DS, Larche M, Durham SR. Tregs and allergic disease. J Clin Invest

2004;114:1389-97.

6. Eder W, Klimecki W, Yu L, von ME, Riedler J, Braun-Fahrlander C, et al. Toll-like

receptor 2 as a major gene for asthma in children of European farmers. J Allergy

Clin Immunol 2004;113:482-8.

7. Smit LA, Siroux V, Bouzigon E, Oryszczyn MP, Lathrop M, Demenais F, et al.

CD14 and toll-like receptor gene polymorphisms, country living, and asthma in

adults. Am J Respir Crit Care Med 2009;179:363-8.

8. Li H, Romieu I, Wu H, Sienra-Monge JJ, Ramirez-Aguilar M, del Rio-Navarro BE,

et al. Genetic polymorphisms in transforming growth factor beta-1 (TGFB1) and

childhood asthma and atopy. Hum Genet 2007;121:529-38.

9. Salam MT, Gauderman WJ, McConnell R, Lin PC, Gilliland FD. Transforming

growth factor- 1 C-509T polymorphism, oxidant stress, and early-onset childhood

asthma. Am J Respir Crit Care Med 2007;176:1192-9.

10. Meng J, Thongngarm T, Nakajima M, Yamashita N, Ohta K, Bates CA, et al. Associ-

ation of transforming growth factor-beta1 single nucleotide polymorphism C-509Twith

allergy and immunological activities. Int Arch Allergy Immunol 2005;138:151-60.

11. Silverman ES, Palmer LJ, Subramaniam V, Hallock A, Mathew S, Vallone J, et al.

Transforming growth factor-beta1 promoter polymorphism C-509T is associated

with asthma. Am J Respir Crit Care Med 2004;169:214-9.

12. Negoro T, Orihara K, Irahara T, Nishiyama H, Hagiwara K, Nishida R, et al. Influ-

ence of SNPs in cytokine-related genes on the severity of food allergy and atopic

eczema in children. Pediatr Allergy Immunol 2006;17:583-90.

13. Shin HD, Park BL, Kim LH, Kim JS, Kim JW. Interleukin-10 haplotype associated

with total serum IgE in atopic dermatitis patients. Allergy 2005;60:1146-51.

14. Chatterjee R, Batra J, Kumar A, Mabalirajan U, Nahid S, Niphadkar PV, et al.

Interleukin-10 promoter polymorphisms and atopic asthma in North Indians.

Clin Exp Allergy 2005;35:914-9.

15. Karjalainen J, Hulkkonen J, Nieminen MM, Huhtala H, Aromaa A, Klaukka T,

et al. Interleukin-10 gene promoter region polymorphism is associated with eosin-

ophil count and circulating immunoglobulin E in adult asthma. Clin Exp Allergy

2003;33:78-83.

16. Immervoll T, Loesgen S, Dutsch G, Gohlke H, Herbon N, Klugbauer S, et al. Fine

mapping and single nucleotide polymorphism association results of candidate

genes for asthma and related phenotypes. Hum Mutat 2001;18:327-36.

17. Hobbs K, Negri J, Klinnert M, Rosenwasser LJ, Borish L. Interleukin-10 and trans-

forming growth factor-beta promoter polymorphisms in allergies and asthma. Am J

Respir Crit Care Med 1998;158:1958-62.

18. Islam T, McConnell R, Gauderman WJ, Avol E, Peters JM, Gilliland FD. Ozone,

oxidant defense genes and risk of asthma during adolescence. Am J Respir Crit

Care Med 2008;177:388-95.

19. Xia ZW, Xu LQ, Zhong WW, Wei JJ, Li NL, Shao J, et al. Heme oxygenase-1 at-

tenuates ovalbumin-induced airway inflammation by up-regulation of foxp3 T-reg-

ulatory cells, interleukin-10, and membrane-bound transforming growth factor-1.

Am J Pathol 2007;171:1904-14.

20. Rosendahl A, Checchin D, Fehniger TE, ten DP, Heldin CH, Sideras P. Activation

of the TGF-beta/activin-Smad2 pathway during allergic airway inflammation. Am

J Respir Cell Mol Biol 2001;25:60-8.

21. Jartti T, Burmeister KA, Seroogy CM, Jennens-Clough ML, Tisler CJ, Salazar LP,

et al. Association between CD4(1)CD25(high) T cells and atopy in children.

J Allergy Clin Immunol 2007;120:177-83.

22. Karlsson MR, Rugtveit J, Brandtzaeg P. Allergen-responsive CD41CD251 regu-

latory T cells in children who have outgrown cow’s milk allergy. J Exp Med 2004;

199:1679-88.

23. Hartl D, Koller B, Mehlhorn AT, Reinhardt D, Nicolai T, Schendel DJ, et al. Quan-

titative and functional impairment of pulmonary CD41CD25hi regulatory T cells

in pediatric asthma. J Allergy Clin Immunol 2007;119:1258-66.

24. Bottema RW, Reijmerink NE, Kerkhof M, Koppelman GH, Stelma FF, Gerritsen J,

et al. Interleukin 13, CD14, pet and tobacco smoke influence atopy in three Dutch

cohorts: the allergenic study. Eur Respir J 2008;32:593-602.

25. Brunekreef B, Smit J, de Jongste J, Neijens H, Gerritsen J, Postma D, et al. The

prevention and incidence of asthma and mite allergy (PIAMA) birth cohort study:

design and first results. Pediatr Allergy Immunol 2002;13(suppl 15):55-60.

26. Schonberger HJ, Dompeling E, Knottnerus JA, Maas T, Muris JW, van WC, et al.

The PREVASC study: the clinical effect of a multifaceted educational intervention

to prevent childhood asthma. Eur Respir J 2005;25:660-70.



J ALLERGY CLIN IMMUNOL

AUGUST 2010

346 BOTTEMA ET AL
27. Kuiper S, Maas T, van Schayck CP, Muris JW, Schonberger HJ, Dompeling E, et al.

The primary prevention of asthma in children study: design of a multifaceted pre-

vention program. Pediatr Allergy Immunol 2005;16:321-31.

28. Kummeling I, Thijs C, Penders J, Snijders BE, Stelma F, Reimerink J, et al. Etiol-

ogy of atopy in infancy: the KOALA Birth Cohort Study. Pediatr Allergy Immunol

2005;16:679-84.

29. Aalberse RC, Koshte V, Clemens JG. Immunoglobulin E antibodies that crossreact

with vegetable foods, pollen, and Hymenoptera venom. J Allergy Clin Immunol

1981;68:356-64.

30. Akkerdaas JH, Wensing M, Asero R, Fernandez RM, Knulst AC, Bolhaar S, et al.

IgE binding to pepsin-digested food extracts. Int Arch Allergy Immunol 2005;138:

203-8.

31. Stallman PJ, Aalberse RC. Estimation of basophil-bound IgE by quantitative im-

munofluorescence microscopy. Int Arch Allergy Appl Immunol 1977;54:9-18.

32. Altshuler D, Brooks LD, Chakravarti A, Collins FS, Daly MJ, Donnelly P. A hap-

lotype map of the human genome. Nature 2005;437:1299-320.

33. Lazarus R, Vercelli D, Palmer LJ, Klimecki WJ, Silverman EK, Richter B, et al.

Single nucleotide polymorphisms in innate immunity genes: abundant variation

and potential role in complex human disease. Immunol Rev 2002;190:9-25.

34. Sambrook J, Russell D. Molecular cloning. 3rd ed. Preparation of plasmid DNA by

lysis with SDS. Cold Spring Harbour, Cold Spring Harbour Laboratory Press,

2001.

35. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and

powerful approach to multiple testing. J R Stat Soc Series B Stat Methodol

1995;57:289-300.

36. Bottema RW, Kerkhof M, Reijmerink NE, Koppelman GH, Thijs C, Stelma FF,

et al. X-chromosome forkhead box P3 polymorphisms associate with atopy in girls

in three Dutch birth cohorts. Allergy 2009. Dec 91. Epub ahead of print.

37. Ritchie MD, Hahn LW, Moore JH. Power of multifactor dimensionality reduction

for detecting gene-gene interactions in the presence of genotyping error, missing

data, phenocopy, and genetic heterogeneity. Genet Epidemiol 2003;24:150-7.

38. Park HW, Shin ES, Lee JE, Kwon HS, Chun E, Kim SS, et al. Multilocus analysis

of atopy in Korean children using multifactor-dimensionality reduction. Thorax

2007;62:265-9.

39. Blakey JD. Looking for a bit of co-action? Thorax 2007;62:196-7.

40. Bottema RW, Postma DS, Reijmerink NE, Thijs C, Stelma FF, Smit HA, et al.

Interaction of T-cell and antigen presenting-cell co-stimulatory genes in childhood

IgE. Eur Respir J 2010;35:54-63.
41. Kimman TG, Banus S, Reijmerink N, Reimerink J, Stelma FF, Koppelman GH,

et al. Association of interacting genes in the toll-like receptor signaling path-

way and the antibody response to pertussis vaccination. PLoS One 2008;3:

e3665.

42. Reijmerink NE, Bottema RW, Kerkhof M, Gerritsen J, Stelma F, Thijs C, et al.

TLR4 pathway analysis: novel gene-gene interactions in the development of

asthma and atopy. Allergy 2010;65:199-207.

43. Barbato A, Turato G, Baraldo S, Bazzan E, Calabrese F, Tura M, et al. Airway

inflammation in childhood asthma. Am J Respir Crit Care Med 2003;168:

798-803.

44. Eder W, Klimecki W, Yu L, von Mutius E, Riedler J, Braun-Fahrlander C, et al.

Opposite effects of CD 14/-260 on serum IgE levels in children raised in different

environments. J Allergy Clin Immunol 2005;116:601-7.

45. Gern JE, Reardon CL, Hoffjan S, Nicolae D, Li Z, Roberg KA, et al. Effects of dog

ownership and genotype on immune development and atopy in infancy. J Allergy

Clin Immunol 2004;113:307-14.

46. Simpson A, John SL, Jury F, Niven R, Woodcock A, Ollier WE, et al. Endotoxin

exposure, CD14, and allergic disease: an interaction between genes and the envi-

ronment. Am J Respir Crit Care Med 2006;174:386-92.

47. Janssens AC, van Duijn CM. Genome-based prediction of common diseases:

advances and prospects. Hum Mol Genet 2008;17(R2):R166-73.

48. Schaub B, Campo M, He H, Perkins D, Gillman MW, Gold DR, et al. Neonatal

immune responses to TLR2 stimulation: influence of maternal atopy on Foxp3

and IL-10 expression. Respir Res 2006;7:40.

49. Li MO, Sanjabi S, Flavell RA. Transforming growth factor-beta controls develop-

ment, homeostasis, and tolerance of T cells by regulatory T cell-dependent and

-independent mechanisms. Immunity 2006;25:455-71.

50. Bettelli E, Korn T, Oukka M, Kuchroo VK. Induction and effector functions of

T(H)17 cells. Nature 2008;453:1051-7.

51. Nembrini C, Marsland BJ, Kopf M. IL-17-producing T cells in lung immunity and

inflammation. J Allergy Clin Immunol 2009;123:986-94.

52. Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I, et al. Antigen-

specific T cell sensitization is impaired in IL-17-deficient mice, causing suppres-

sion of allergic cellular and humoral responses. Immunity 2002;17:375-87.

53. Wildin RS, Freitas A. IPEX and FOXP3: clinical and research perspectives.

J Autoimmun 2005;25(suppl):56-62.

54. Lemos B, Araripe LO, Hartl DL. Polymorphic Y chromosomes harbor cryptic

variation with manifold functional consequences. Science 2008;319:91-3.



J ALLERGY CLIN IMMUNOL

VOLUME 126, NUMBER 2

BOTTEMA ET AL 346.e1
DESCRIPTION OF THE PREVASC, PIAMA, AND

KOALA COHORTS
The 3 cohorts recruited children during pregnancy. The

PREVASCE1,E2 study investigates the primary prevention of
asthma by implementing a multifaceted prenatally started inter-
vention strategy in high-risk infants. The study further includes
a separate group of low-risk children followed without interven-
tion for the natural history of asthma and atopy. The PIAMAE3

study also includes an intervention part—a double-blind pla-
cebo-controlled study on the primary preventive effect of the
use of mattress covers—and a natural history part. The KOALAE4

study recruited participating children among pregnant women
who were invited for a prospective cohort study on pregnancy-
related pelvic girdle pain, and a group of children has been re-
cruited among pregnant women with alternative lifestyles through
organic food shops, anthropologic doctors and midwives, Steiner
schools, and magazines.

PREVASC
The objective of the PREVASC study is to investigate whether

a multifaceted prenatally started intervention strategy in high-risk
infants prevents asthma developmentE1,E2 High risk for asthma
and atopy was defined as at least 1 first-degree family member af-
fected with asthma as registered by their general practitioner. At
baseline, 476 children were recruited by primary caregivers (gen-
eral practitioners and midwives) and advertisements and random-
ized to either (1) a control group (n 5 234) receiving usual care, or
(2) an intervention group (n 5 242) in which families followed
the primary prevention program. The latter included house dust
mite–impermeable bed coverings, education on breast and hypo-
allergenic feeding, timing of solid food introduction, and smoking
cessation. In addition, a separate group of 317 children at low risk
for asthma were followed without intervention for the natural his-
tory of asthma and atopy. Low risk was defined as the absence of
asthma in first-degree family members of the children. Children
participating in the intervention study were born between July
1997 and July 2000, and the low-risk children were born between
March 1999 and October 2002.

PIAMA
The primary aim of the PIAMA study is to investigate the

incidence and risk factors and prevention of asthma and inhalant
atopy.E3 At baseline, 4146 children were included, 1327 children
of mothers with allergy and 2819 children of mothers without al-
lergy. Recruitment took place during the first trimester of preg-
nancy with a validated short screening questionnaireE5 and was
conducted by 52 midwife practices in 3 different regions in the
Netherlands: north (Groningen and surroundings), central
(Bilthoven and Wageningen and surroundings), and southwest
(Rotterdam and surroundings). Women reporting any of the fol-
lowing self-reported symptoms were defined as having allergy:
a history of asthma, current hay fever, and current atopy to dust
house dust mite or pets. Their children were defined as high-
risk. Women reporting none of these symptoms were defined as
not having allergy, and their children were defined as low-risk.
Four hundred seventy-two high-risk children and 2819 low-risk
children were included in the natural history part of the study.
Eight hundred fifty-five high-risk children were included in the
intervention part of the study. The participating children were
born between May 1996 and December 1997.
KOALA
The primary aim of the KOALA Birth Cohort StudyE4 is to

identify factors that influence the clinical expression of atopic
disease. The main focus is lifestyle, dietary habits and infections
during the first year of life, and gene-environment interaction. At
baseline, 2343 children were recruited among pregnant women
who were invited for a prospective cohort study on pregnancy-
related pelvic girdle pain.E6 In addition, a group of 491 children
was recruited through organic food shops, anthropologic doctors
and midwives, Steiner schools, and magazines among pregnant
women who had an alternative lifestyle with regard to child rear-
ing practices, dietary habits, vaccination schemes, and use of
antibiotics. All children were enrolled between 14 and 18 weeks
of gestation and were born between February 2001 and August
2003.

TOTAL IgE TERTILES
Cases and controls were defined as children with a serum IgE

level in, respectively, the highest and lowest tertiles as estimated
at each age in boys and girls separately. We clustered measure-
ments from ages 1 and 2 years, and 6 and 8 years. In the subgroup
of children with IgE measurements available at both 1 and 2 years,
the highest and lowest tertiles were determined from the mean of
the 2 measurements (Table E1).

SPECIFIC IgE MEASUREMENTS
Positive specific IgE was defined as (1) specific IgE >_0.35 IU/

mL for milk at age 1 and 2 years (PIAMA at age 1 year; KOALA
at age 1 or 2 years), (2) specific IgE >_0.35 IU/mL for egg at age
1 and 2 years (PIAMA at age 1 year; PREVASC and KOALA at
age 1 or 2 years), and (3) specific IgE >_0.35 IU/mL for house dust
mite, dog, or cat (indoor allergens) at ages 6 and 8 years
(PREVASC at age 6 years; PIAMA at age 8 years).

MDR
Multifactor dimensionality reduction (version 1.0.0) reduces

the dimensionality of multifactor information to 1 dimension:
high-risk or low-risk. First, the data are divided into a training set
(9/10 of the data) and an independent testing set (1/10 of the data).
The model with the best classification error is selected from the
training set, and the prediction error of that model is estimated by
using the testing set. This procedure is repeated 10 times, and the
model with the combination of loci that maximizes the cross-
validation consistency and minimizes the prediction error is
selected. Cross-validation consistency is a measure of the number
of times an MDR model is identified in each possible group of
nine tenths of the subjects. Because missing data are not allowed
in MDR, missing SNPs were imputed by using the Multivariate
Imputation by Chained Equations (Mice) procedure that runs un-
der the statistical program R version 2.4.1. After 100 iterations,
convergence was achieved resulting in 5 imputed datasets.
MDR analyses were performed separately by using each imputed
dataset, and subsequently, average testing accuracies and cross-
validation consistencies were calculated.

The model with the highest average cross-validation consis-
tency and lowest average prediction error was selected as the best
model. Average cross-validation consistency is the number of
times the model was selected as the best model after 10-fold
cross-validation runs. Average testing balanced accuracy is the
accuracy of classification of cases and controls in the testing
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dataset (one tenth of the data) calculated as (sensitivity 1

specificity)/2. To examine the significance of testing accuracies,
we determined 1000 MDR analyses for each test after permuta-
tion (200 of each imputation file). The null hypothesis was
rejected when the 1-sided P value, as estimated by 1000 permuta-
tions in Monte Carlo simulation, was <5%. In that case, the best
model predicts the status of cases and controls better than chance
without the need to correct for multiple testing. To exclude the
possibility that low cross-validation consistency was caused by
SNPs that were highly correlated with SNPs present in the best
model, MDR was performed a second time, and SNPs that
showed strong linkage disequilibrium (D’ > 0.8) with SNPs in
the best model were excluded from analyses.
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FIG E1. Interaction between TGFBR2 rs2276767 and FOXP3 rs6609857 in asthma (A) and doctor’s diagnosis

of asthma (B). aP value for interaction. bTGFBR2 rs2276767, A 5 genotypes CA and AA. cFOXP3 rs6609857,

T 5 genotypes CT and TT.
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TABLE E1. Cutoff values of serum IgE levels used to determine

highest tertiles of serum IgE in girls and boys separately

Cutoff values of serum IgE levels in

cases and control children (IU/mL)

Cases (3rd tertile) Controls (1st tertile)

Age (y) Girls (N) Boys (N) Girls (N) Boys (N)

1 y 9.00 (91) 13.0 (87) 3.0 (101) 4.0 (97)

1-2 y* 12.9 (115) 19.7 (121) 3.9 (114) 5.9 (121)

2 y 18.0 (36) 28.0 (53) 4.4 (49) 7.1 (58)

6 y 46.0 (37) 40.0 (34) 11.0 (38) 12.0 (34)

8 y 93.0 (115) 140.0 (121) 28.0 (116) 34.0 (120)

*Tertiles calculated as the mean of 2 measurements at age 1 and 2 years. Numbers do

not add up to 540 controls at age 1 to 2 years because information on sex was missing

for 1 individual in the lowest tertile.
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TABLE E2. Candidate genes and SNPs evaluated in this study

Gene Rs no. MAF HW equilibrium* Synonym Source Chromosomal location

IL6R rs1386821 0.20 >0.05 HapMap 1q21

IL6R rs4075015 0.43 >0.05 HapMap 1q21

IL6R rs4329505 0.17 >0.05 HapMap 1q21

IL6R rs4341355 0.25 >0.05 HapMap 1q21

IL6R rs4453032 0.39 >0.05 HapMap 1q21

IL6R rs4601580 Failed NA HapMap 1q21

IL6R rs4845617 0.38 >0.05 -183 G/A HapMap, Galicia

et alE7
1q21

IL6R rs7514452 0.20 >0.05 HapMap 1q21

IL6R rs8192284 0.38 >0.05 D358A Galicia et alE7 1q21

IL10 rs1518111 0.21 >0.05 Ii� 1q31-q32

IL10 rs1554286 0.18 >0.05 Ii� 1q31-q32

IL10 rs1800871 0.23 >0.05 -819C/T Ii,� Lyon et al,E8 Karjalainen et al,E9

Chatterjee et alE10
1q31-q32

IL10 rs1800872 0.23 >0.05 -571 or -592C/A Lyon et al,E8 Karjalainen et al,E9

Chatterjee et al,E10 Hobbs et alE11
1q31-q32

IL10 rs1800896 0.49 >0.05 -1082A/G Ii,� Lyon et al,E8 Karjalainen et al,E9

Chatterjee et alE10
1q31-q32

IL10 rs3024498 0.27 >0.05 Ii� 1q31-q32

IL10 rs3024505 0.16 >0.05 Ii� 1q31-q32

HMOX1 rs2071746 0.42 >0.05 -413 T/A Ono et al,E12 Exner et alE13 22q13.1

HMOX1 rs2071748 0.36 >0.05 HapMap 22q13.1

HMOX1 rs2071749 0.48 >0.05 HapMap 22q13.1

HMOX1 rs5995098 0.31 >0.05 HapMap 22q13.1

TGFBR2 rs1036095 0.24 >0.05 HapMap 3p22

TGFBR2 rs11129420 0.49 >0.05 HapMap 3p22

TGFBR2 rs11466500 0.12 >0.05 HapMap 3p22

TGFBR2 rs11924422 0.41 >0.05 HapMap 3p22

TGFBR2 rs12495646 0.34 >0.05 HapMap 3p22

TGFBR2 rs13083813 0.35 >0.05 HapMap 3p22

TGFBR2 rs13086588 0.33 >0.05 HapMap 3p22

TGFBR2 rs1346907 0.44 >0.05 HapMap 3p22

TGFBR2 rs1431131 0.35 >0.05 HapMap 3p22

TGFBR2 rs17025785 0.37 >0.05 HapMap 3p22

TGFBR2 rs2043136 0.25 >0.05 HapMap 3p22

TGFBR2 rs2082224 0.24 >0.05 HapMap 3p22

TGFBR2 rs2116142 0.30 >0.05 HapMap 3p22

TGFBR2 rs2276767 0.34 >0.05 HapMap 3p22

TGFBR2 rs2276768 0.11 >0.05 HapMap 3p22

TGFBR2 rs2372212 0.20 >0.05 HapMap 3p22

TGFBR2 rs304839 0.16 >0.05 HapMap 3p22

TGFBR2 rs3773634 0.29 >0.05 HapMap 3p22

TGFBR2 rs3773636 0.26 >0.05 HapMap 3p22

TGFBR2 rs3773652 0.45 >0.05 HapMap 3p22

TGFBR2 rs3773663 0.45 >0.05 HapMap 3p22

TGFBR2 rs4522809 0.46 >0.05 HapMap 3p22

TGFBR2 rs4583693 0.18 >0.05 HapMap 3p22

TGFBR2 rs4955189 0.38 >0.05 HapMap 3p22

TGFBR2 rs6770038 0.20 >0.05 HapMap 3p22

TGFBR2 rs6792117 0.47 >0.05 HapMap 3p22

TGFBR2 rs876687 0.12 >0.05 HapMap 3p22

TGFBR2 rs934328 0.30 >0.05 HapMap 3p22

TGFBR2 rs9790292 0.44 >0.05 HapMap 3p22

TGFBR2 rs9831477 0.41 >0.05 HapMap 3p22

TGFBR2 rs9843143 0.50 >0.05 HapMap 3p22

TGFBR2 rs9843942 0.34 >0.05 HapMap 3p22

TGFBR2 rs9850060 0.23 >0.05 HapMap 3p22

IL2 rs2069762 0.27 >0.05 384 G/T; -330 G/T Matesanz et alE14 4q26-q27

IL2 rs2069772 0.30 >0.05 HapMap 4q26-q27

IL2 rs2069778 0.16 >0.05 HapMap 4q26-q27

TLR2 rs1898830 0.34 >0.05 -15607A/G Ii,� Eder et alE15 4q32

TLR2 rs3804099 0.44 >0.05 596C/T Ii� 4q32

(Continued)
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TABLE E2. (Continued)

Gene Rs no. MAF HW equilibrium* Synonym Source Chromosomal location

TLR2 rs3804100 0.07 >0.05 1349C/T Ii,� Eder et alE15 4q32

TLR2 rs4696480 0.49 >0.05 -16934A/T Ii,� Eder et alE15 4q32

IL6 rs13447445 0 NA Fishman et alE16 7p21

IL6 rs2069840 0.38 >0.05 HapMap 7p21

IL6 rs2069845 0.42 >0.05 HapMap 7p21

TGFBR1 rs10733710 0.20 >0.05 HapMap 9q22

TGFBR1 rs10739778 0.36 >0.05 HapMap 9q22

TGFBR1 rs334356 0.18 >0.05 HapMap 9q22

IL2RA rs11256456 0.20 >0.05 HapMap 10p15-p14

IL2RA rs11256497 0.36 >0.05 HapMap 10p15-p14

IL2RA rs12722486 0.05 >0.05 HapMap 10p15-p14

IL2RA rs12722561 0.16 >0.05 HapMap 10p15-p14

IL2RA rs12722588 0.18 >0.05 HapMap 10p15-p14

IL2RA rs12722596 0.11 >0.05 HapMap 10p15-p14

IL2RA rs2076846 0.34 >0.05 HapMap 10p15-p14

IL2RA rs2386841 0.17 >0.05 HapMap 10p15-p14

IL2RA rs2476491 0.29 >0.05 HapMap 10p15-p14

IL2RA rs3118470 0.32 >0.05 HapMap 10p15-p14

IL2RA rs4749926 0.39 >0.05 HapMap 10p15-p14

IL2RA rs6602392 0.10 >0.05 HapMap 10p15-p14

IL2RA rs706778 0.40 >0.05 HapMap 10p15-p14

IL2RA rs706779 0.46 >0.05 HapMap 10p15-p14

IL2RA rs706781 0.26 0.004� HapMap 10p15-p14

IL2RA rs7910961 0.34 >0.05 HapMap 10p15-p14

IL2RA rs791587 0.48 >0.05 HapMap 10p15-p14

IL2RA rs791589 0.14 >0.05 HapMap 10p15-p14

IL2RA rs9663421 0.29 >0.05 HapMap 10p15-p14

TGFB1 rs11466344 0.20 >0.05 Ii� 19q13.1

TGFB1 rs1800468 0.09 >0.05 Ii� 19q13.1

TGFB1 rs1800469 0.29 >0.05 C-509T Ii,� Silverman et al,E17

Hoffjan et alE18
19q13.1

TGFB1 rs1800471 0.07 >0.05 915 G/C Ii,� Awad et alE19 19q13.1

TGFB1 rs1982073 0.38 >0.05 Ii� 19q13.1

TGFB1 rs8105161 0.15 >0.05 Ii� 19q13.1

FOXP3 rs2294019 0.29 >0.05§ SNPperk xp11.23-q13.3

FOXP3 rs2294021 0.45 >0.05§ SNPperk xp11.23-q13.3

FOXP3 rs3761548 0.42 >0.05§ HapMap xp11.23-q13.3

FOXP3 rs3761549 0.13 >0.05§ HapMap xp11.23-q13.3

FOXP3 rs4824747 0.13 >0.05§ SNPperk xp11.23-q13.3

FOXP3 rs5906761 0.44 >0.05§ SNPperk xp11.23-q13.3

FOXP3 rs6609857 0.29 >0.05§ SNPperk xp11.23-q13.3

MAF, Minor allele frequency; NA, not applicable.

*P value derived from x2.

�Innate Immunity Website (http://www.innateimmunity.net/data/homology).

�Significant deviation from Hardy-Weinberg equilibrium in control individuals for total IgE at age 6 to 8 years (P < .01).

§Tested separately in girls because of location on X-chromosome.

kFor this gene, additional SNPs with a MAF >0.1 in white subjects were selected from SNPper database (http://snpper.chip.org/bio/find-gene).
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TABLE E3. Level of linkage disequilibrium (LD) per gene

Gene Mean LD (r2) Range (r2)

IL6R 0.14 0.00-0.91

IL10 0.35 0.04-1.00

HMOX1 0.69 0.61-0.79

TGFBR2 0.08 0.00-0.88

IL2 0.12 0.08-0.16

TLR2 0.22 0.07-0.38

IL6 0.43 0.43-0.43

TGFBR1 0.07 0.00-0.68

IL2RA 0.12 0.00-0.74

TGFB1 0.07 0.00-0.68

FOXP3 0.35 0.06-0.99
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TABLE E4. SNPs significantly associated with increased serum IgE at allele and genotype levels (P < .05)

Association at allele level Association at genotype level

Gene Rs no.

MAF*

(controls/cases) Allele ORy (95% CI) Pz Genotype ORy (95% CI) P§

Total serum IgE at age 1-2 y

IL2RA 791589 0.12/0.16 G 1.3 1.0-1.8 .04 — — — —

TGFBR2 3773663 0.44/0.48 A 1.2 1.0-1.4 .04 G:G/G:A 1.0

— — — — — A:A 1.4 1.0-1.9 .04

TGFBR2 3773652 0.44/0.48 G — — — A:A 1.0

— — — — — A:G/G:G 1.3 1.0-1.8 .03

Total serum IgE at age 6-8 y

IL6R 4453032 0.33/0.40 G 1.4 1.1-1.7 .01 — — — —

IL6R 8192284 0.32/0.38 C 1.3 1.0-1.7 .02 — — — —

IL10 3024498 0.32/0.26 G 0.7 0.6-0.9 .01 A:A 1.0 .05

— — — — — A:G 0.7 0.5-1.0

— — — — — G:G 0.6 0.3-1.0

FOXP3k 2294019 0.26/0.36 A 1.6 1.1-2.2 .01 T:T 1.0 .01

— — — — — T:A/A:A 1.8 1.2-2.9

FOXP3k 6609857 0.27/0.35 T 1.5 1.0-2.1 .03 C:C 1.0 .02

— — — — — C:T/T:T 1.7 1.1-2.7

*Minor allele frequency, controls/cases.

�OR calculated by logistic regression.

�P value determined by x2 test (1 df).

§P value determined by logistic regression.

kAssociations were tested in boys and girls separately because of location on X-chromosome, and were associated in girls only.
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TABLE E5. SNPs significantly associated with specific serum IgE to egg or milk at 1 to 2 years, and to indoor allergens at 6 to 8 years, at

allele and genotype levels (P < .05)

Association at allele level Association at genotype level

Gene Rs no. MAF* Allele ORy (95% CI) Pz Genotype ORy (95% CI) P§

sIgE to egg at age 1-2 y

FOXP3k 3761548 0.41/0.26 A 0.5 0.3-0.9 .009 C:C — — —

— — — — — C:A/A:A 0.5 0.3-1.0 .04

FOXP3k 3761549 0.11/0.21 T 2.3 1.2-4.2 .007 C:C — — —

— — — — — C:T/T:T 2.4 1.2-4.9 .02

FOXP3k 4824747 0.11/0.20 T 2.1 1.1-3.8 .02 G:G — — —

— — — — — G:T/T:T 2.1 1.0-4.2 .05

FOXP3k 2294019 — — — — — T:T/T:A — — —

— — — — — A:A 3.0 1.3-6.7 .009

TGFBR2 13083813 — — — — — T:T/T:A — — —

— — — — — A:A 1.8 1.0-3.3 .04

IL6 2069845 — — — — — A:A — — —

— — — — — A:G/G:G 1.7 1.0-2.8 0.04

sIgE to milk at age 1-2 y

TGFBR2 12495646 0.35/0.29 A 0.8 0.6-1.0 .02 C:C/C:A — — —

— — — — — A:A 0.5 0.3-0.9 .01

TGFBR2 1431131 0.36/0.30 A 0.8 0.6-1.0 .03 T:T/T:A — — —

— — — — — A:A 0.4 0.2-0.8 .006

TGFBR2 9790292 0.46/0.39 T 0.8 0.6-1.0 .03 C:C/C:T — — —

— — — — — T:T 0.6 0.4-0.9 .02

TGFBR2 17025785 — — — — — T:T/T:C — — —

— — — — — C:C 0.6 0.4-1.0 .05

TGFBR2 2276767 — — — — — C:C — — —

— — — — — C:A/A:A 0.7 0.5-1.0 .03

TGFBR2 6792117 — — — — — G:G — — —

— — — — — G:A 1.4 1.0-2.0 —

— — — — — A:A 0.9 0.5-1.4 .05

IL6R 1386821 0.22/0.17 C 0.7 0.6-1.0 .04 — — — —

— — — — — — — — —

IL2 2069772 0.33/0.27 G 0.8 0.6-1.0 .03 A:A/A:G — — —

— — — — — G:G 0.5 0.3-1.0 .04

IL2RA 706778 0.42/0.36 A 0.8 0.6-1.0 .04 G:G — — —

— — — — — G:A/A:A 0.7 0.5-0.9 .02

IL6 13447445 — — — — — G:G — — —

— — — — — G:C/C:C 6.2 1.1-33.9 .04

TGFB1 1800468 — — — — — G:G — — —

— — — — — G:A/A:A 1.6 1.1-2.4 .02

FOXP3k 6609857 — — — — — C:C — — —

— — — — — C:T/T:T 0.6 0.4-1.0 .03

sIgE to indoor allergens at age 6-8 y

IL6R 4341355 0.29/0.24 C 0.8 0.6-1.0 .03 — — — —

— — — — — — — — —

Il6R 7514452 0.25/0.17 C 0.6 0.5-0.8 .001 T:T — — —

— — — — — T:C/C:C 0.6 0.4-0.8 .001

FOXP3k 4824747 0.15/0.12 T 0.7 0.5-1.0 .03 G:G — — —

— — — — — G:T/T:T 0.5 0.3-1.0 .04

FOXP3k 6609857 0.30/0.36 T 1.4 1.0-1.9 .10 C:C — — —

— — — — — C:T/T:T 1.7 1.1-2.8 .03

TGFB1 1800469 0.30/0.25 T 0.8 0.6-1.0 .06 C:C — — —

— — — — — C:T/T:T 0.7 0.5-0.9 .01

*Minor allele frequency, controls/cases.

�OR calculated by logistic regression.

�P value determined by x2 test (1 df).

§P value determined by logistic regression.

kAssociations were tested in boys and girls separately because of location on X-chromosome, and were associated in girls only.
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TABLE E6. SNPs significantly associated with asthma at 6 to 8 years at allele and genotype levels (P < .05)

Association at allele level Association at genotype level

Gene Rs number MAF* Allele ORy (95% CI) P z Genotype ORy (95% CI) P§

FOXP3k 3761548 — — — — — C:C — — —

— — — — — C:T/T:T 2.1 1.2-3.7 .01

FOXP3k 2294021 — — — — — C:C/C:T — — —

— — — — — T:T 0.5 0.2-1.0 .04

FOXP3k 5906761 — — — — — T :T/T:C — — —

— — — — — C:C 0.4 0.2-0.9 .02

IL10 1800871 — — — — — C:C/C:T — — —

— — — — — T:T 0.4 0.1-1.0 .04

IL10 1800872 — — — — — C:C/C:A — — —

— — — — — A:A 0.3 0.1-0.8 .02

TGFBR1 334356 — — — — — C:C — — —

— — — — — C:T/T:T 1.4 1.0-2.0 .03

IL2 2069772 0.29/0.35 G 1.3 1.1-1.7 .02 A:A/A:G — — —

— — — — — G:G 1.8 1.1-3.1 .02

IL2RA 3118470 0.34/0.27 C 0.7 0.5-0.9 .01 T:T — — —

— — — — — T:C/C:C 0.7 0.5-0.9 .01

IL2RA 706779 — — — — — A:A — — —

— — — — — A:G/G:G 1.5 1.0-2.2 .03

*Minor allele frequency, controls/cases.

�OR calculated by logistic regression.

�P value determined by x2 test (1 df).

§P value determined by logistic regression.

kAssociations were tested in boys and girls separately because of location on X-chromosome, and were associated in girls only.
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