
Original article

Association and interaction analyses of eight genes under asthma

linkage peaks

Allergic asthma is a heritable chronic disease that affects
>10% of children in developed countries (1), many of
whom do not respond to the few established treatments
(2). In spite of a large public health burden, our
knowledge of the aetiological mechanisms underlying
asthma, both genetic and environmental, is still very
limited. One of the most promising approaches to further
our understanding of the disease mechanisms involved is
the identification of genetic variation that contributes to
asthma risk.
As demonstrated for other complex diseases (3),

genome-wide association studies (GWAS) are the most
successful gene mapping approach currently available to
identify systematically all pathways at which genetic
variation contributes to disease risk. However, given the
multiple testing burden associated with GWAS and the

small effect sizes that are predicted for most risk loci, the
success of this approach rests on the ability to analyse
data for many thousands of samples, for both the initial
discovery and replication stages.

While adequately powered datasets are being collected
for such large-scale hypothesis-free analyses, smaller,
more focused association studies can still provide a
valuable framework to investigate specific genetic hypoth-
eses. In this report, we screened eight genes that were
selected based on their potential functional relevance
from four regions previously reported to be linked to
asthma traits. Amongst these were known candidate
genes for asthma, namely the CD28, cytotoxic T-lym-
phocyte-associated protein 4 (CTLA4) and inducible
T-cell co-stimulator (ICOS) genes, but also new genes
not previously tested in the literature, including ADAM
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metallopeptidase domain 23 (ADAM23) and histamine
receptor H3 (HRH3). We employed novel association
methods and tested for gene-by-gene and gene-by-
environment interaction effects to asses the influence of
genetic variants in these genes with both self-reported and
clinical measures of asthma in 5470 individuals.

Material and methods

Selection of genes for analysis

Our aim was to investigate the association between specific asthma
traits and genes located in four chromosomal regions identified
through previous linkage studies (Table 1). Genes were selected
from these regions for single nucleotide polymorphism (SNP)
genotyping based on their potential functional relevance and
included CD28, CTLA4, ICOS and ADAM23 on chromosome
2q33; ADAMTS-like 1 (ADAMTSL1) on 9p21; membrane-span-
ning 4-domains, subfamily A, member 2 (MS4A2, previously named
b chain of the high-affinity IgE receptor, FCER1B) on 11q13; and
cadherin-like 26 (CDH26) and HRH3 on 20q13.

Samples

We genotyped samples drawn from two studies conducted at the
Queensland Institute of Medical Research (QIMR), Australia, a
study conducted at the VU University (VU), the Netherlands, and a
study conducted at the Bispebjerg Hospital (BH), Denmark. The
first QIMR study (AS) included data for 735 families that are part
of a larger collection of pedigrees ascertained through an asthma
twin proband and described elsewhere (4). A subset of this sample
was used in the analysis that reported linkage of multiple asthma
traits to 20q13 (5). For the QIMR second study (TM), data were
available for 427 families that were recruited as part of an ongoing
study of melanocytic naevi (moles). Data from this panel were in-
cluded in the genome-wide linkage scan that implicated chromo-
some 2q33 in the regulation of basal eosinophil levels (6). The VU
sample consisted of 99 families ascertained as part of an ongoing
survey study of health-related behaviour (7), whereas the BH sam-
ple included data for 303 families ascertained through an asthma
twin proband as described previously (8). The characteristics of
the study participants are summarized in Supporting Information
Table S1. This study was performed with the ethical approval of all
institutions involved and with the written informed consent of all
participants.

Phenotypes

The asthma traits measured in the AS, VU and BH studies that are
relevant for the present analyses are doctor-diagnosed Asthma,

bronchial hyperresponsiveness (BHR), Atopy, skin prick test to
house dust mite (Dpter) and the four continuous traits forced
expiratory volume in 1 s (FEV1), FEV1 divided by forced vital
capacity (FEV1/FVC), total IgE and eosinophil (AS and VU only)
levels. All traits were measured or defined using equivalent proto-
cols in all studies. These are described elsewhere for the AS (4) and
BH (8) studies and provided as Supplementary Methods for the VU
study. Haematology data, including eosinophil levels, were collected
for the TM study when twins were aged 12, 14 and 16 as described
previously (6).
For the 2q33 region, the phenotypes selected for analysis were

Dpter, FEV1/FVC, IgE and eosinophil levels, as these were the traits
previously reported to be linked (6, 9, 10) or associated (11, 12) to
this region. For the TM study, we selected the age 12 eosinophil data
as this was the time point at which significant linkage was detected to
chromosome 2q33 (6). Similarly, we selected IgE for analysis with
9p21 (M. A. R. Ferreira, D. L. Duffy, N. G. Martin, unpublished
data), IgE and Atopy with 11q13 (11, 13, 14), and Dpter, atopy,
BHR, FEV1, asthma and FEV1/FVC for 20q13 (5).
Continuous traits were normalized and adjusted for significant

covariates, which included age, gender, height (FEV1 only) and
regular smoking (FEV1/FVC). As age showed a strong positive
correlation with FEV1 for individuals aged 6–20 years (younger
cohort) and a negative correlation for those aged >20 years, an
interaction term with a cohort indicator was also used to correct for
this effect.

SNP genotyping and quality control (QC)

A set of 108 SNPs reported to be highly polymorphic in the NCBI
SNP Database and evenly spaced across each of the eight genes was
originally selected for genotyping in the AS study using the Mass-
ARRAYTM Sequenom system as described previously (15). A subset
of these was also genotyped in the TM (n = 39), VU (n = 41) and
BH (n = 41) studies. Genotyping was performed in five batches,
with QC analyses performed for each batch separately (see Table S2
for details) using PLINK (16) and PEDSTATS (17). Twenty SNPs
were genotyped in two or three (n = 1) batches to assess concor-
dance between genotyping events. After individual QC, data from
all batches were merged, resulting in a dataset with 5535 individuals
genotyped for 95 SNPs. The concordance rate between different
different genotyping events was 0.995. After data were merged, we
compared genotype calls for self-reported monozygotic (MZ) twin
pairs (n = 351, concordance 0.992) and (i) deleted all individuals
(n = 65) from families (n = 22) with MZ twins having >1 dis-
cordant genotype and (ii) set to missing any discordant genotype for
the remaining MZ pairs. We then used MERLIN (18) to detect and
delete unlikely genotypes (n = 1227) and to infer missing genotypes
using identical by descent (IBD) information (n = 17 755).
Excluding 1250 ungenotyped founders for whomMERLIN inferred
a small fraction of genotypes (a median of 5.3%), the final dataset
consisted of 5470 individuals genotyped for 95 SNPs.

Table 1. Summary of study design

Region Linkage reference(s) Genes selected N SNPs genotyped Studies included Phenotypes tested

2q33 6, 9, 10 CD28, CTLA4, ICOS, ADAM23 70 AS, VU, BH and TM Dpter, FEV1/FVC, IgE, eosinophils
9p21 Unpublished ADAMTSL1 6 AS IgE
11q13 13, 14 MS4A2 6 AS Atopy, IgE
20q13 5 CDH26, HRH3 13 AS Dpter, Atopy, BHR, FEV1, Asthma, FEV1/FVC

AS, QIMR asthma study; VU, VU University study; BH, Bispebjerg Hospital study; TM, QIMR twin moles study; Dpter, skin prick test to house dust mite; FEV1/FVC, forced
expiratory volume in 1 s (FEV1) divided by forced vital capacity (FVC).
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Main association analyses

We tested the following four hypotheses: (i) variants in the selected
2q33 genes are associated with Dpter response, FEV1/FVC, total
serum IgE or eosinophil levels; (ii) variants in ADAMTSL1 (9p21)
are associated with IgE levels; (iii) variants in MS4A2 (11q13) are
associated with Atopy or IgE levels; and (iv) variants in CDH26 and
HRH3 genes (20q13) are associated with Dpter response, atopy,
BHR, FEV1, asthma or FEV1/FVC. Hypothesis (i) was tested in the
AS, VU, BH and TM (eosinophils) studies, whereas hypotheses (ii),
(iii) and (iv) were tested in the AS study only.
For hypotheses (i), (iii) and (iv), the association between indi-

vidual SNPs and all traits was tested using a recently described
multivariate test of association implemented in PLINK (19). For
these analyses, phenotype data for one twin from MZ pairs
was discarded (that with milder asthma symptoms). Association
between eosinophil levels and 2q33 SNPs in the TM study was
tested with MERLIN while accounting for IBD allele sharing
between relatives (20) and linkage disequilibrium (LD) between
markers (21) because of the strong linkage signal present in this
dataset (logarithm of odds, LOD > 3). The same approach was
used to test hypothesis (ii).

Gene-wide significance thresholds and power for the main
analyses

We adopted the concept of the gene as the unit of association (22).
To assess the overall evidence for association with a particular gene
given the genetic variation assayed, we used MERLIN to simulate
1000 datasets under the null hypothesis of no linkage or association,
while preserving the marker informativeness, spacing, missing data
patterns and LD between markers of the original dataset. Each
dataset was analysed as described above and the most significant
P-value of all SNPs tested in each gene and analysis was retained.
The threshold for gene-wide significance (i.e. gene-wide P = 0.05)
corresponded to the 95th percentile of the 1000 sorted P-values
retained for each gene and analysis. Thresholds ranged between
0.002 and 0.028.
To estimate the power of the proposed analyses, we simulated

1000 datasets consisting of an SNP marker and an associated
quantitative trait (40% heritable) with MERLIN, while preserving
the missing data patterns of the original data. Based on these
analyses, power (a = 0.001) to detect univariate association with
the AS (or AS + VU + BH) study was 0.034 (0.055) for a quan-
titative trait locus (QTL) explaining 0.1% of the trait variance,
0.500 (0.752) for a 0.5% QTL, 0.938 (0.981) for a 1% QTL and 1.00
(1.00) for a 2% QTL. Power for the TM study and the same QTL
variances was respectively 0.01, 0.05, 0.18 and 0.55.

Secondary analyses

We performed gene-by-gene and gene-by-environment interaction
analyses to address two additional hypotheses. The first considered
the possibility that under specific genetic models with strong epi-
static effects and weak or no main effects, risk loci could be detected
through interaction but not association analyses (23, 24). Second,
that an association between the eight genes tested and atopy might
only be detected when considering individuals exposed to certain
environmental factors.
To investigate whether strong gene-by-gene effects could be

detected, we focused on the Atopy trait, as this was the general
clinical phenotype reported to be linked with all four regions tested.
We selected a subset of 350 unrelated cases and 184 unrelated
controls from the AS study and tested pairwise SNP interactions

between the eight genes using logistic regression as implemented in
PLINK. A total of 3733 pair-wise SNP interactions were tested.
Given the sample size and number of tests performed, power was
only adequate to detect strong interaction effects. For example,
assuming a disease prevalence of 30%, a genotype relative risk of
0.6 for each of the four possible interaction parameters (addi-
tive · additive, additive · dominant, dominant · additive, domi-
nant · dominant), no main effects and a minor allele frequency of
0.25 for both loci, power to detect epistasis was 0.80 (with
a = 0.05/3733 = 1.3 · 10)5), while power to detect association to
either loci was 0.18 (a = 0.05/95 = 5.3 · 10)4).
To investigate the presence of gene-by-environment effects, we

specifically tested whether SNPs were associated with atopy status
in individuals: (i) exclusively breastfed under the age of six months;
(ii) exposed to parental smoking under the age of 2 years; (iii) with
frequent chest infections under the age of two and (iv) who lived in a
carpeted house under the age of two. After appropriately defining
cases (e.g. breastfed atopics) and controls (e.g. breastfed nonatop-
ics) within each family, association was tested using the DFAM test
implemented in PLINK, with an adaptive permutation procedure
used to assess significance.

Results

Previous linkage and association studies implicated the
2q33 region in the regulation of Dpter response, FEV1/
FVC, IgE and eosinophil levels. We tested whether
variants in the 2q33 genes CD28, CTLA4, ICOS or
ADAM23 were associated with any of these four pheno-
types in the combined data from the AS, VU and BH
studies using a multivariate approach. The 70 SNPs
genotyped tagged (r2 > 0.8) between 44% and 79% of
the common [minor allele frequency (MAF) > 0.05]
variation reported for these genes in the HapMap CEPH
population. No single SNP exceeded the respective
threshold for gene-wide significance (Table 2). The most
associated SNP was rs3181096 (multivariate P = 0.028),
which is located in the CD28 promoter region. The main
phenotype associated with rs3181096 was FEV1/FVC
(Table S3). A subset of 30 SNPs was also tested for
association with eosinophil levels in the TM study. This
SNP set provided a similar coverage for the CD28/
CTLA4/ICOS cluster (40–62%), but considerable less
for ADAM23 (7%). In spite of evidence for linkage to
this region (best LOD = 3.77, P = 1.5 · 10)5,
rs3732079), no single SNP was associated with eosino-
philia at a gene-wide significant level (Table S4). Of
note, the most associated SNP was rs3181098 (univariate
P = 0.02), which is in near complete LD (r2 = 0.99)
with rs3181096 (P = 0.034).

Next, we investigated whether any of the six SNPs
genotyped in ADAMTSL1 (13% coverage) on chromo-
some 9p21 were associated with total serum IgE levels in
the AS study. This region and gene were selected based on
previous linkage results for a subset of samples from this
study. There was some evidence for linkage (best
LOD = 0.85, P = 0.024, rs1889007) but not association
(best P = 0.103) with the markers tested (Table S5).

Association mapping under asthma linkage peaks
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Chromosome 11q13 and the MS4A2 gene in particular
were amongst the first loci implicated by linkage studies
in the regulation of IgE levels and the atopic response.
We applied the same multivariate approach to test the
association between MS4A2 SNPs and variation in IgE
levels or Atopy in the AS study. Of the six SNPs tested in
this gene (42% coverage), five were significant at the
P < 0.05 level (all in strong LD, r2 > 0.8), with the
most associated SNP (rs502581, multivariate P = 0.010)
just reaching gene-wide significance (P < 0.012). The
observed multivariate association signal to rs502581 was
driven by variation in total serum IgE levels but not
atopy status (Table S6), a result that we confirmed using
standard univariate analysis (P = 0.015 and P = 0.857,
respectively). This SNP explained approximately 0.4% of
the phenotypic variation of IgE in the AS study. There
were no significant maternal effects at this locus for either
trait (not shown).
Finally, following our earlier report of linkage between

chromosome 20q13 and Dpter, Atopy, BHR, FEV1,
Asthma and FEV1/FVC, we tested these six phenotypes
for association with 13 SNPs genotyped in the CDH26
(13% coverage) and HRH3 (19%) genes in the AS study.
There was no overall evidence for association with either
gene after accounting for the number of SNPs tested
(Table S7). The most associated SNP was rs6062144
(multivariate P = 0.036), located approximately 8 kb
upstream of HRH3.
Given the largely negative results withmost genes tested,

we investigated whether strong gene-by-gene or gene-by-
environment effects could be detected in the AS study. We
focused on the Atopy trait, as this was the general clinical
phenotype reported to be linked with the four regions

tested. No significant pairwise interactions were detected
between the eight genes, after accounting for the number of
tests performed (Table S8). Similarly, no overall significant
associations were detected with any gene after considering
breastfeeding under six months and smoking exposure, the
occurrence of chest infections or living in a carpeted house
under the age of 2 years (not shown).

Discussion

Functional (25–27) and linkage studies (6, 9, 10) pointed
towards a potential role of genetic variation in the CD28/
CTLA4/ICOS gene cluster on the development of allergic
disorders and many association studies have followed-up
on this hypothesis (Table S9). However, most of these
focused on a small set of variants that were tested in
relatively underpowered samples. In fact, the only
reported associations that would remain significant after
a strict adjustment for multiple testing were between two
independent variants (r2 < 0.1) in CTLA4 (rs5742909
and rs231775) and IgE levels (11, 12) and between a
variant in ICOS (rs11883722) and cockroach skin prick
response (28). In our analyses, there was no evidence for
association between rs5742909 or rs11883722 and the
four asthma traits tested (Dpter, FEV1/FVC, IgE and
eosinophils). Similarly, there was no association with a
variant (rs231779) that is in complete LD with rs231775.

In addition to these negative results to specific variants
previously reported in the literature, there was no overall
evidence for association with seven of the eight genes
tested and the respective phenotypes when we considered
all genetic variation assayed in each gene. The only
exception was for the gene encoding the b chain of the
high-affinity IgE receptor (MS4A2) on chromosome
11q13, which showed weak evidence for association with
total serum IgE at the gene-wide level. Although the
observed association would not remain significant at the
experiment-wide level (given the number of genes tested),
it is consistent with the hypothesis that genetic variation
in this gene may have an effect on the variation of IgE
levels, as suggested by others (11, 14).

Given the power provided by the sample size used and
analyses performed, we conclude that the individual
genetic variation assayed in the 2q33, 9p21 and 20q13
regions does not explain a large fraction (i.e. >1%) of the
variation in the quantitative traits tested or have a major
impact on asthma or atopy risk. However, given the
caveats of the present study, namely, the small number of
genes tested per region, the low SNP coverage provided
for some genes, the low power to detect weaker but more
realistic effect sizes and the limited number of environ-
mental risk factors considered, the possibility remains
that risk variants in these regions may only be identified
using larger studies with improved power. Alternatively,
it is possible that some or all of these regions represented
false-positive results from previous linkage-analyses. In

Table 2. Summary of multivariate association results between four genes in the
2q33 region and four asthma traits (Dpter, FEV1/FVC, total IgE and eosinophils), in
the combined analysis of the AS, VU and BH studies

CD28 CTLA4 ICOS ADAM23

Start position, kb* 204, 239 204, 401 204, 470 206, 977
Length target sequence, kb 111 86 105 254
SNP set

N HapMap� 68 81 93 123
N tested (in HapMap) 15 (13) 9 (9) 19 (14) 27 (26)
Coverage� 0.79 0.62 0.48 0.44
Gene-wide significance threshold§ 0.004 0.006 0.003 0.003
N with multivariate P < 0.05 2 0 0 0

Top association result
SNP rs3181096 rs3087243 rs933988 rs3755224
Multivariate P-value 0.028 0.054 0.070 0.057
Associated trait(s) FEV1/FVC – – –

SNP, single nucleotide polymorphism.
*Start position and length are based on the b36 coordinates for the first and last
transcribed bases €40 kb.
�Number of described common (minor allele frequency >0.05) SNPs located within
the target region in CEU HapMap population. Also includes SNPs genotyped in this
study that are not in the HapMap.
�Proportion of CEU HapMap SNPs captured with r2 ‡ 0.8 by the SNPs tested.
§Estimated from 1000 simulated datasets using MERLIN. See Methods for details.
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this respect, combining data from published candidate-
gene studies and emerging GWAS will provide ample
opportunities to address some of these limitations.
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Paul R Burton, Dr Brett G Toelle, Dr Colin F Robertson, Dr Claire
Wainwright, Barbara Haddon, Dixie Statham, Wendy Oddy,
Sunalene Devadason, Dr Nigel Dore, Marita Dalton, Brigitte
Willemse, Elena Belousova, Janet Li and Dr Jennifer Peat for their
roles in phenotype collection, and Renee Mayne for DNA prepa-
ration and genotyping. Phenotype data analysed in this study were
originally collected with funding from Sequana Therapeutics Inc.
and later by AxyS Pharmaceutical Inc. Genotype collection and
data analysis were supported by Project Grant 290274 and a Sidney
Sax fellowship (to MARF) from the National Health and Medical
Research Council (NHMRC), Australia.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Supplementary Methods.

Table S1. Characteristics of the study participants for the
four individual studies.

Table S2.Details of the QC filters applied to the SNP data.
Table S3. Multivariate association results between four
asthma traits and CD28, CTLA4 119 and ICOS SNPs on
chromosome 2q33, for the combined analysis of the AS,
VU and BH studies.
Table S4. Univariate association results for the TM study
between eosinophil levels and 128 CD28, CTLA4 and
ICOS SNPs on chromosome 2q33.
Table S5. Univariate association results for the AS study
between IgE levels and 131 ADAMTSL1 SNPs on
chromosome 9p21.
Table S6. Multivariate association results for the AS
study between MS4A2 SNPs and 134 atopy and total IgE
levels.
Table S7. Multivariate association results for the AS
study between 20q13 SNPs and six 142 asthma traits.
Table S8. Gene-gene interaction results for atopy in the
AS study between all eight genes 152 tested.
Table S9. Summary of main results from published
�candidate-gene� gene association studies of asthma traits
and CD28, CTLA4 and ICOS polymorphisms.
Supplementary References.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.

References

1. Asher MI, Montefort S, Björkstén B,
Lai CK, Strachan DP, Weiland SK et al.
Worldwide time trends in the prevalence
of symptoms of asthma, allergic rhino-
conjunctivitis, and eczema in childhood:
ISAAC phases one and three repeat
multicountry cross-sectional surveys.
Lancet 2006;368:733–743.

2. Holgate ST, Polosa R. Treatment strat-
egies for allergy and asthma. Nat Rev
Immunol 2008;8:218–230.

3. Altshuler D, Daly MJ, Lander ES.
Genetic mapping in human disease.
Science 2008;322:881–888.

4. Ferreira MA, O�Gorman L, Le Souëf P,
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1. Supplementary Methods 15 

 16 

Ascertainment of families for the asthma VU study 17 

The families who participate in the asthma VU study are a sample of a larger number of Dutch twin 18 

families who participate in an ongoing survey study of health-related behavior (1,2). The first two surveys 19 

on health and lifestyle were sent in 1991 and 1993 to adolescent twins and their parents. Subjects for the 20 

asthma study were selected from families who returned the first 2 questionnaires. 21 

 Twin families were recruited by asking all city councils in The Netherlands for addresses of twins 22 

aged 13-22 years. An initial positive response was received from 252 city councils that supplied 3859 23 

addresses; 177 addresses were available from other sources. After contacting these 4036 families by letter, 24 

2375 twin families indicated that they were willing to complete a questionnaire on health and lifestyle and 25 

1700 families returned these questionnaires in 1991. Data from 3 families were entered twice by mistake, 26 

leaving a total of 1697 families. In 1993 a second questionnaire was mailed to the 4036 families that had 27 

been contacted before and to 1987 new families. Additional addresses of new twin families were obtained 28 

from city councils which had reacted positively to our request, but were not able to furnish addresses in 29 

time for the first wave of data collection. The new addresses included several of the larger cities in the 30 

Netherlands. At the second measurement occasion we obtained questionnaires from 1974 families; 959 31 

families participated for the second time; 877 families came from the new addresses; 138 families were 32 

contacted before in 1991 but had not responded at the time. In total we have studied 2712 families 33 

measured at two different occasions, with 959 families participating twice. 34 

 Age of the twins was between 12-25 years. The mean age of the twins at the first measurement 35 

occasion was 17.7 years (SD = 2.3), 4% of this sample was younger than 14 years and 7% was 21 years 36 

or older. The mean age of the twins that participated for the first time in 1993 was 16.0 years (SD = 2.7). 37 

In this group 29% of the sample was younger than 14 years and 7% was 21 years or older. Zygosity of the 38 

twins was determined by DNA fingerprinting.  39 

 The questionnaires contained items about asthma, bronchitis and allergies, as well as questions 40 

about drinking, smoking, socio-economic status, religion and a number of personality factors. 41 

Page 20 of 36Allergy

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer R
eview

3 

These questions were answered by the twin pair and by both their biological parents. The prevalence of 42 

asthma and allergies in twins based on first questionnaire was: 43 

 44 

  Asthma Allergy Correlation Asthma-allergy 45 

Boys 13%   14%  .51 46 

 Girls 10%  17%  .52 47 

 48 

The tetrachoric twin correlations (standard errors) were (see also Supplementary ref. 3): 49 

 50 

 N(pairs) Asthma Allergy 51 

 MZM 243  .77 (.075) .64 (.100) 52 

 DZM 233  .19 (.155) .15 (.148) 53 

 MZF 324  .77 (.072) .43 (.110) 54 

 DZF  300  .44 (.126) .22 (.117) 55 

 DOS  448  .25 (.116) .19 (.095) 56 

 57 

Families were selected to participate in the asthma study if one of the twins or one of their parents 58 

indicated that they had asthma. The selection was also based on age of the twins (older than 18 years). 59 

Selection based on the first questionnaire indicated 146 families that met these criteria. A letter was sent 60 

to these families asking them to participate in the asthma study; 53 families were willing to participate 61 

and of these, 42 were studied in the hospital. The second selection was carried out on the new families 62 

who returned the second questionnaire. Based on the same criteria as before, 57 new families living near 63 

Amsterdam were tested.  64 

 65 

Clinical protocol used in the asthma VU study 66 

Questionnaire administration. The questionnaire is based on the WHO and CARA-TNO-questionnaires. 67 

Both were extensively investigated in the Netherlands. Questions concerned symptoms such as cough, 68 
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periods of bronchitis, wheezing, dyspnoe, attacks of asthma, rhinitis, pneumoniae (doctor diagnosis) and 69 

asthma (doctor diagnosis).  Information about smoking habits, medication, work, and family were 70 

recorded.  Most questions have a good reproducibility (kappa > 0.5). For the present analyses, 71 

participants with a self-reported doctor diagnosis of asthma were considered affected for the Asthma trait.    72 

  73 

Lung function test. FVC and FEV1 are measured with the VMAX22 pneumotachograph of Sensor 74 

Medics. The measurements are according guidelines of the ATS. Twice a day, calibration was carried out 75 

with a calibration pump of 3 ltr and an automatic calibration program. Calibration reports are available. 76 

 77 

Airway methacoline challenge test. The test used the method of tidal breathing for 2 minutes and meets 78 

the guidelines of standardization. After baseline measurements of pulmonary function, individuals inhaled 79 

nebulized NaCl 0.9% from a DEVILLBISS 646 nebulizer (output 0.13 ml/min, flow of 5.5 l/min, 80 

aerosol about 5 micron ). If the decrease in FEV1 was less than 10%, the test was performed. 81 

Sequential aerosols of metacholine was given in concentrations of 0.15, 0.3, 0.6, 1.25, 2.5, 5, 10, 20, 40, 82 

80 and 160 mg/ml. Each concentration was inhaled for 2 minutes, after each challenge FEV1 maneuvers 83 

were performed. The metacholine concentration at which there was a decrease in FEV1 of 20% 84 

(compared to baseline) was taken as the threshold value (PC20m). The determination of PC20m is 85 

calculated by linear interpolation of the last two points of the concentration-dose curve (4).                                                                 86 

For the present analyses, a bronchial hyperresponsiveness (BHR) test was considered positive if the 87 

participant experienced a drop in FEV1 of 20% after the last dose of methacoline given.  88 

 89 

Bronchial Reversibility Test. Following the methacoline challenge test, a bronchial reversibility test with 90 

Salbutamol was performed after FEV1 returned to baseline value (mostly after one hour). Subjects 91 

inhaled four times 200mcg of salbutamol (MDI) through a chamber (volumatic). After 15 minutes FEV1 92 

maneuvers were performed. When there is an improvement of FEV1 of 200 ml or 12%, reversibility is 93 

significant according to ATS criteria. 94 

 95 
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Skin Prick Test. Tests were done to grass, trees, weeds, house dust-mite, other mites, cat, dog, horse, other 96 

animals (rabbit), feathers (birds), Aspergillus fumigatus, Cladosporium herbarum, Alternaria altenarium, 97 

and Candida albicans. The test was considered positive when a response was > 2mm greater than the 98 

negative control. A participant was defined as atopic if one or more of the following criteria were met: (1) 99 

total IgE > 2 SD above normal of the Dutch population; (2) raised (>100 U/l) serum IgE against molds, 100 

cat, grass or English rawweed; or (3) positive skin prick test. 101 

 102 

Measurement of total and specific IgE levels. Total IgE was measured using Phadezym Prist, Pharmacia 103 

ltd. Specific IgE against molds, cat, grass and English rawweed was detected by Pharmacia Cap Sweden. 104 
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2. Supplementary Tables 105 

 106 

Supplementary Table 1. Characteristics of the study participants for the four individual studies. 107 

  AS VU BH TM 

    

  N individuals 

Genotyped 2493 353 532 2092 

Clinically tested 1703 360 457 660 

Both 1697 353 457 660 

     

  Clinical characteristics 
a 

Females, % 54.5 53.3 59.1 51.7 

Mean age, years 28.8 36.1 34.7 12 

Asthma, % 54.7 19.3 58.9 - 

BHR, % 40.0 22.1 26.3 - 

Atopy, % 69.2 41.6 55.1 - 

Dpter, % 56.5 23.8 24.5 - 

Ever smoker, % 30.2 26.9 47.5 - 

      

N 

Parents 

N 

offspring 
N families analysed 

b 

2 3 or more 139 4 0 0 

2 2 146 67 0 152 

2 1 37 6 0 69 

1 3 or more 29 1 0 0 

1 2 66 10 0 98 

1 1 38 1 0 41 

0 3 or more 28 0 0 0 

0 2 146 1 156 17 

0 1 106 9 147 50 

 Total 735 99 303 427 
a 
Figures are based on individuals that were both genotyped and clinically tested.  108 

b
 Figures consider founders in a family if genotyped, and non-founders if both genotyped and clinically 109 

tested. 110 

AS: QIMR asthma study. VU:  VU University study. BH: Bispebjerg Hospital study. TM: QIMR twin 111 

moles study. BHR: positive bronchial hyperresponsiveness. Dpter: positive skin-prick response to house 112 

dust mite. 113 
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Supplementary Table 2. Details of the QC filters applied to the SNP data. 114 

 Batch 1 Batch 2 Batch 3 Batch 4 Batch 5 

Studies genotyped AS,TM  AS AS AS,VU,BH, others AS,VU,BH, others 

Region(s) targeted 2q33, 9p21  20p13, 11q13 2q33 2q33 2q33 

Genes targeted 

CD28, CTLA4, 

ICOS, ADAM23, 

ADAMTSL1 

 
CDH26, HRH3, 

MS4A2 
ADAM23 

CD28, CTLA4, 

ICOS, ADAM23 
ADAM23 

N Sequenom assays 2  1 1 1 1 

           

 SNP Individuals SNP Individuals SNP Individuals SNP Individuals SNP Individuals 

Initial N 39 4662 24 2530 25 2510 21 4638 20 4639 

           

Monomorphic SNP 0 - 1 - 1 - 0 - 1 - 

SNP with call rate 

<0.9 3 - 0 - 3 - 0 - 0 - 

Individuals with call 

rate <0.9 - 501 - 40 - 36 - 91 - 211 

SNP with Mendel 

error rate >0.05 0 - 0 - 0 - 0 - 1 - 

Individuals from 

families with Mendel 

error rate >0.05 - 60 - 164 - 49 - 33  3 

SNP with H-W 

P<0.0001 0 - 1 - 0 - 0 - 0 - 

SNP with MAF<0.01 0 - 2 - 0 - 0 - 0 - 

Individuals from 

other studies - 0 - 0 - 0 - 1177 - 1119 

           

Final N 36 4101 20 2326 21 2425 21 2273 18 2242 

AS: QIMR asthma study. VU:  VU University study. BH: Bispebjerg Hospital study. TM: QIMR twin 115 

moles study. SNP: single nucleotide polymorphism. H-W: Hardy-Weinberg equilibrium test. MAF: minor 116 

allele frequency. 117 
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Supplementary Table 3.  Multivariate association results between four asthma traits and CD28, CTLA4 118 

and ICOS SNPs on chromosome 2q33, for the combined analysis of the AS, VU and BH studies. 119 

Loadings
a 

Minor allele 

Gene SNP 
Position, 

bp 

N 

Familie

s 

N 

individuals 
P 

Dpter 
FEV1/FV

C 
IgE 

Eosinophil

s 
Allele Freq 

CD28 rs10211663 204271260 1125 2559 1.000 - - - - T 0.08 

CD28 rs1879877 204278245 1127 2566 0.643 - - - - T 0.22 

CD28 rs3181096 204278337 665 1532 0.028 -0.13 -0.88 0.05 0.41 C 0.36 

CD28 rs3181098 204278623 1125 2554 0.452 - - - - A 0.36 

CD28 rs3181100 204280251 1123 2556 0.625 - - - - G 0.40 

CD28 rs3181101 204280279 1121 2550 1.000 - - - - G 0.13 

CD28 rs2140148 204280385 1123 2558 0.520 - - - - C 0.17 

CD28 rs1181388 204284196 666 1539 0.049 0.28 -0.59 0.45 0.86 A 0.13 

CD28 rs3769683 204287042 1125 2557 0.121 - - - - A 0.13 

CD28 rs7425641 204287845 1125 2561 0.333 - - - - T 0.08 

CD28 rs4675363 204298316 1124 2552 0.727 - - - - C 0.26 

CD28 rs3116496 204302757 667 1543 0.084 -0.97 0.23 -0.63 -0.15 C 0.17 

CD28 rs3181113 204310155 1128 2586 0.375 - - - - T 0.03 

CD28 rs6435203 204319440 666 1539 0.192 - - - - G 0.26 

CD28 rs231385 204329736 664 1531 0.187 - - - - A 0.26 

CTLA4 rs231735 204402121 667 1536 0.089 0.51 -0.64 0.53 0.78 G 0.48 

CTLA4 rs926169 204430997 1127 2567 1.000 - - - - T 0.41 

CTLA4 rs231770 204437398 665 1535 0.098 0.79 -0.60 0.59 0.57 T 0.41 

CTLA4 rs5742909 204440592 1125 2566 0.579 - - - - T 0.08 

CTLA4 rs231775 204440959 1124 2561 0.778 - - - - G 0.38 

CTLA4 rs231779 204442732 1127 2566 1.000 - - - - T 0.39 

CTLA4 rs3087243 204447164 665 1531 0.054 0.70 -0.56 0.48 0.73 A 0.44 

CTLA4 rs1365965 204460115 667 1533 0.167 - - - - C 0.33 

CTLA4 rs3096851 204472127 665 1522 0.288 - - - - C 0.33 

ICOS rs3096851 204472127 665 1522 0.288 - - - - C 0.33 

ICOS rs3116505 204487426 666 1530 0.159 - - - - T 0.33 

ICOS rs3096859 204490820 667 1532 0.148 - - - - C 0.33 

ICOS rs2033171 204496401 667 1531 0.226 - - - - T 0.48 

ICOS rs1978594 204499714 667 1529 0.211 - - - - G 0.48 

ICOS rs3096863 204500977 1125 2563 0.692 - - - - C 0.32 

ICOS rs2352551 204503002 1121 2552 0.611 - - - - T 0.46 
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ICOS rs11889031 204507639 1123 2563 1.000 - - - - T 0.05 

ICOS rs11883722 204509090 1122 2555 0.857 - - - - A 0.20 

ICOS rs4312468 204510350 1124 2561 0.857 - - - - A 0.09 

ICOS rs4675374 204510823 1057 2408 1.000 - - - - T 0.21 

ICOS rs7602383 204514697 1111 2530 1.000 - - - - G 0.13 

ICOS rs4522587 204519868 664 1531 1.000 - - - - G 0.20 

ICOS rs6728120 204527470 667 1530 0.545 - - - - T 0.45 

ICOS rs1559931 204533974 663 1523 0.192 - - - - A 0.25 

ICOS rs4675379 204534340 666 1533 0.643 - - - - C 0.15 

ICOS rs3116534 204542014 662 1522 0.165 - - - - T 0.30 

ICOS rs4675389 204543621 665 1529 0.327 - - - - G 0.38 

ICOS rs933988 204545674 663 1521 0.070 0.41 -0.31 0.01 0.87 G 0.23 

ADAM23 rs10469652 207011064 1096 2435 0.135 - - - - T 0.44 

ADAM23 rs1562660 207013899 728 1776 0.611 - - - - C 0.22 

ADAM23 rs1448903 207017206 1122 2559 0.137 - - - - G 0.09 

ADAM23 rs1448905 207020160 713 1685 0.082 -0.38 -0.08 -0.69 0.46 C 0.41 

ADAM23 rs3755224 207110679 728 1785 0.057 -0.31 -0.22 -0.40 0.69 G 0.13 

ADAM23 rs2300964 207112595 728 1785 0.237 - - - - T 0.05 

ADAM23 rs4675615 207133339 726 1774 0.265 - - - - C 0.30 

ADAM23 rs1013475 207135918 720 1753 0.298 - - - - G 0.21 

ADAM23 rs3770978 207149833 725 1771 0.438 - - - - C 0.16 

ADAM23 rs2276674 207161499 1120 2538 0.356 - - - - T 0.47 

ADAM23 rs3821170 207161555 1113 2536 1.000 - - - - T 0.09 

ADAM23 rs7565709 207166124 1094 2489 0.395 - - - - A 0.26 

ADAM23 rs10497883 207167322 708 1689 0.327 - - - - G 0.19 

ADAM23 rs3732079 207167712 1121 2553 1.000 - - - - T 0.09 

ADAM23 rs10490744 207169528 1113 2535 0.857 - - - - A 0.05 

ADAM23 rs3821172 207173209 1120 2546 0.520 - - - - G 0.16 

ADAM23 rs10490745 207174805 1117 2534 1.000 - - - - T 0.08 

ADAM23 rs4085933 207179129 728 1780 0.571 - - - - C 0.46 

ADAM23 rs1991537 207180818 1120 2539 0.381 - - - - G 0.47 

ADAM23 rs3821173 207186405 1118 2538 0.159 - - - - G 0.49 

ADAM23 rs6732127 207187947 1113 2539 1.000 - - - - T 0.09 

ADAM23 rs3770983 207188853 1117 2531 0.625 - - - - C 0.30 

ADAM23 rs3770984 207190188 1117 2534 0.151 - - - - T 0.48 

ADAM23 rs10186957 207195134 1119 2540 0.340 - - - - C 0.16 

ADAM23 rs10932156 207197675 1121 2544 0.191 - - - - C 0.48 
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ADAM23 rs17786667 207199056 1112 2519 0.424 - - - - C 0.46 

ADAM23 rs2163034 207199871 1117 2529 0.545 - - - - G 0.30 
a
Loadings for each trait are reported for SNPs with a multivariate P < 0.1 to guide the identification of 120 

phenotypes contributing to the multivariate result. Loadings correspond to the correlation between each 121 

individual trait and the first canonical variate extracted for the trait set (5). From our experience, traits 122 

with loadings > |0.5| can be interpreted as showing evidence for association. Individual associations 123 

suggested by the multivariate analysis should then be confirmed by univariate approaches. 124 

SNP: single nucleotide polymorphism. Dpter: skin-prick response to house dust mite. FEV1/FVC: forced 125 

expiratory volume in 1 s (FEV1) divided by forced vital capacity (FVC). 126 
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Supplementary Table 4. Univariate association results for the TM study between eosinophil levels and 127 

CD28, CTLA4 and ICOS SNPs on chromosome 2q33. 128 

Gene SNP Position, bp Beta P 

CD28 rs1879877 204278245 -0.013 0.810 

CD28 rs3181096 204278337 -0.106 0.034 

CD28 rs3181098 204278623 -0.116 0.020 

CD28 rs1181388 204284196 0.022 0.750 

CD28 rs3116496 204302757 -0.044 0.450 

CD28 rs3181113 204310155 0.115 0.330 

CD28 rs6435203 204319440 -0.035 0.500 

CD28 rs231385 204329736 -0.035 0.510 

CTLA4 rs231735 204402121 0.014 0.910 

CTLA4 rs926169 204430997 0.006 0.810 

CTLA4 rs231770 204437398 -0.012 0.920 

CTLA4 rs5742909 204440592 -0.005 0.780 

CTLA4 rs231779 204442732 0.022 1.000 

CTLA4 rs3087243 204447164 0.000 0.980 

CTLA4 rs1365965 204460115 0.001 0.700 

CTLA4 rs3096851 204472127 0.019 0.620 

ICOS rs3096851 204472127 0.025 0.620 

ICOS rs3116505 204487426 0.003 0.960 

ICOS rs3096859 204490820 0.001 0.990 

ICOS rs2033171 204496401 0.016 0.750 

ICOS rs1978594 204499714 0.022 0.650 

ICOS rs4522587 204519868 0.042 0.470 

ICOS rs6728120 204527470 -0.063 0.180 

ICOS rs1559931 204533974 -0.115 0.036 

ICOS rs4675379 204534340 -0.123 0.083 

ICOS rs3116534 204542014 0.072 0.170 

ICOS rs4675389 204543621 0.011 0.820 

ICOS rs933988 204545674 0.076 0.170 

ADAM23 rs3732079 207167712 -0.122 0.122 

ADAM23 rs3770984 207190188 -0.046 0.350 

SNP: single nucleotide polymorphism. 129 
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Supplementary Table 5. Univariate association results for the AS study between IgE levels and 130 

ADAMTSL1 SNPs on chromosome 9p21. 131 

SNP Position, bp Beta P 

rs1417037 18461746 -0.03 0.540 

rs2383075 18525581 -0.02 0.750 

rs1889007 18596825 -0.09 0.103 

rs1412671 18628143 -0.05 0.310 

rs1360567 18665325 0.01 0.820 

rs4977340 18708280 -0.01 0.900 

SNP: single nucleotide polymorphism. 132 
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Supplementary Table 6. Multivariate association results for the AS study between MS4A2 SNPs and 133 

Atopy and total IgE levels. 134 

Loadings
a 

Minor allele 
SNP Position, bp 

N 

families 

N 

individuals 
P 

Atopy IgE Allele Freq 

rs2583477 59610431 703 1696 0.097 -0.89 -0.04 C 0.43 

rs1441586 59612604 695 1677 0.019 -0.18 0.77 C 0.43 

rs502581 59616754 703 1698 0.021 -0.16 0.78 T 0.44 

rs502419 59622751 700 1692 0.016 -0.19 0.76 A 0.44 

rs2855017 59622885 703 1700 0.012 -0.29 0.69 T 0.41 

rs17528859 59623955 702 1696 0.018 -0.29 0.69 C 0.41 
a
Loadings for each trait are reported to guide the identification of phenotypes contributing to the 135 

multivariate result. Loadings correspond to the correlation between each individual trait and the first 136 

canonical variate extracted for the trait set (5). From our experience, traits with loadings > |0.5| can be 137 

interpreted as showing evidence for association. Individual associations suggested by the multivariate 138 

analysis should then be confirmed by univariate approaches. 139 

SNP: single nucleotide polymorphism. 140 
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Supplementary Table 7. Multivariate association results for the AS study between 20q13 SNPs and six 141 

asthma traits.  142 

Loadings
a 

Minor allele 
Gene SNP 

Position, 

bp 

N 

families 

N 

ind 
P 

Dpter Atopy BHR FEV1 Asthma FEV1/FVC Allele Freq 

CDH26 rs6027217 57981747 696 1360 0.750 - - - - - - A 0.39 

CDH26 rs194990 57992502 695 1359 0.556 - - - - - - G 0.16 

CDH26 rs195001 58006979 687 1341 0.588 - - - - - - T 0.36 

CDH26 rs910695 58021236 688 1346 0.857 - - - - - - C 0.28 

CDH26 rs1576726 58026201 669 1299 0.857 - - - - - - T 0.04 

HRH3 rs6061458 60214968 696 1363 1.000 - - - - - - T 0.28 

HRH3 rs6062144 60215743 696 1366 0.036 -0.910 -0.68 -0.12 -0.20 0.04 0.23 C 0.16 

HRH3 rs1760042 60220455 697 1361 0.524 - - - - - - G 0.18 

HRH3 rs3787429 60224799 695 1360 0.524 - - - - - - A 0.39 

HRH3 rs6587298 60229868 695 1358 1.000 - - - - - - G 0.35 

HRH3 rs1614845 60231063 695 1364 0.857 - - - - - - T 0.19 

HRH3 rs944887 60233194 696 1365 1.000 - - - - - - T 0.19 

HRH3 rs6142998 60236858 689 1345 0.115 - - - - - - A 0.38 
a
Loadings for each trait are reported to guide the identification of phenotypes contributing to the 143 

multivariate result. Loadings correspond to the correlation between each individual trait and the first 144 

canonical variate extracted for the trait set (5). From our experience, traits with loadings > |0.5| can be 145 

interpreted as showing evidence for association. Individual associations suggested by the multivariate 146 

analysis should then be confirmed by univariate approaches. 147 

SNP: single nucleotide polymorphism. Dpter: skin-prick response to house dust mite. BHR: bronchial 148 

hyperresponsiveness. FEV1/FVC: forced expiratory volume in 1 s (FEV1) divided by forced vital capacity 149 

(FVC). 150 
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Supplementary Table 8. Gene-gene interaction results for Atopy in the AS study between all eight genes 151 

tested.  152 

Most significant interaction 
Gene 1 Gene 2 

N pairwise 

tests 

performed P SNP1 SNP2 

CD28 CTLA4 135 0.00411 rs6435203 rs3087243 

CD28 ICOS 285 0.00746 rs3116496 rs4675374 

CD28 ADAM23 405 0.04110 rs6435203 rs17786667 

CD28 ADAMTSL1 90 0.02997 rs3116496 rs4977340 

CD28 MS4A2 90 0.12560 rs3181113 rs17528859 

CD28 CDH26 75 0.02188 rs7425641 rs194990 

CD28 HRH3 120 0.02741 rs3181098 rs6142998 

CTLA4 ICOS 170 0.00451 rs3087243 rs4522587 

CTLA4 ADAM23 243 0.01223 rs3087243 rs2300964 

CTLA4 ADAMTSL1 54 0.02668 rs3087243 rs1417037 

CTLA4 MS4A2 54 0.15560 rs1365965 rs1441586 

CTLA4 CDH26 45 0.09339 rs3087243 rs194990 

CTLA4 HRH3 72 0.08781 rs231770 rs6061458 

ICOS ADAM23 513 0.01072 rs6728120 rs3821173 

ICOS ADAMTSL1 114 0.09098 rs4675389 rs1412671 

ICOS MS4A2 114 0.02232 rs3116534 rs2583477 

ICOS CDH26 95 0.02906 rs4675389 rs1576726 

ICOS HRH3 152 0.03159 rs11889031 rs3787429 

ADAM23 ADAMTSL1 162 0.00160 rs3770978 rs1889007 

ADAM23 MS4A2 162 0.02500 rs1562660 rs2583477 

ADAM23 CDH26 135 0.00169 rs3770984 rs6027217 

ADAM23 HRH3 216 0.00059 rs1013475 rs6587298 

ADAMTSL1 MS4A2 36 0.17710 rs1889007 rs17528859 

ADAMTSL1 CDH26 30 0.02937 rs1417037 rs910695 

ADAMTSL1 HRH3 48 0.04545 rs1417037 rs3787429 

MS4A2 CDH26 30 0.09139 rs2583477 rs1576726 

MS4A2 HRH3 48 0.04053 rs502419 rs1760042 

CDH26 HRH3 40 0.05979 rs910695 rs6142998 

SNP: single nucleotide polymorphism.  153 
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Supplementary Table 9. Summary of main results from published candidate-gene association studies of 154 

asthma traits and CD28, CTLA4 and ICOS polymorphisms. 155 

 156 

CD28  CTLA4  ICOS  

Reference  
(ref. #) 

Population  N cases 
N 

controls rs31

810

98 

rs311

6496 

rs574290

9 
rs231775 

rs11883

722  

Phenotype(s) 

Nakao et al. 

2000 (6) 

Japanese 120 200 - NS NS NS - Atopic asthma 

Heinzmann et 

al. 2000 (7) 

German 55-189 71-205 - NS NS NS - Asthma, 

atopy, IgE 

levels 

Hizawa et al. 

2001 (8) 

Japanese 339 305 - - NS NS - Asthma, atopy 

  339 - - - 0.005 (C) NS - IgE levels 

  - 305 - - NS NS - IgE levels 

Howard et al. 

2002 (9) 

American 348-359 - NS - NS 0.0005 (A) - IgE levels 

  173-218 129-162 NS - NS 0.012-

0.042 (A) 

- Asthma, BHR, 

atopy 

Lee et al. 

2002 (10) 

Korean 52-88 86-122 - - NS NS - Asthma, 

atopic asthma 

  88 - - - 0.037 (T) NS - Asthma 

severity 

  45 - - - NS 0.019 (G) - BHR 

Bourgain et 

al. 2003 (11) 

Hutterites 261 320 - - 0.013 (T) - - Atopy 

Shilling et al. 

2005 (12) 

Hutterites 71-156 NA - - - - NS Asthma, BHR, 

mold SPT 

  
638 - - - - - 0.0043 

(A) 

IgE levels 

  

148-311 NA - - - - 0.0002-

0.049 

(A) 

Atopy, 

cockroach, 

mite and 

pollens SPT 

BHR: bronchial hyperresponsiveness. SPT: skin-prick test. NS: not significant (P > 0.05). NA: not 157 

available. 158 
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