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Asthma is a common disease that results from both genetic and environmental risk factors. Children attending day
care in the 1st year of life have lower risks for developing asthma, although the mechanism for this “day care”
effect is largely unknown. We investigated the interactions between day care exposure in the 1st 6 mo of life and
genotypes for 72 polymorphisms at 45 candidate loci and their effects on cytokine response profiles and on the
development of atopic phenotypes in the 1st year of life in the Childhood Onset of Asthma (COAST) cohort of
children. Six interactions (at four polymorphisms in three loci) with “day care” that had an effect on early-life
immune phenotypes were significant at . The estimated false-discovery rate was 33%, indicating that anP ! .001
estimated four P values correspond to true associations. Moreover, the “day care” effect at some loci was accounted
for by the increased number of viral infections among COAST children attending day care, whereas interactions
at other loci were independent of the number of viral infections, indicating the presence of additional risk factors
associated with day care environment. This study identified significant gene-environment interactions influencing
the early patterning of the immune system and the subsequent development of asthma and highlights the importance
of considering environmental risk factors in genetic analyses.

The dramatic increase in asthma and allergic diseases
over the past 50 years (Burr et al. 1989; Beasley 2002)
has been attributed in part to the eradication of many
childhood infections, the liberal use of antibiotics, and
a “cleaner” lifestyle in general during this time period
(Martinez 2001; Weiss 2002; Liu and Murphy 2003).
This so-called hygiene hypothesis is further supported
by epidemiologic studies demonstrating that children
who attend day care in infancy (Celedon et al. 1999;
Kramer et al. 1999; Ball et al. 2000; Haby et al. 2000)
and those with older siblings (von Mutius et al. 1994;
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Wickens et al. 1999; Ball et al. 2000; Koppelman et al.
2003) are less likely to develop asthma, presumably be-
cause of the increased exposure to infections among
these children. These studies and others (Gereda et al.
2000; von Mutius et al. 2000; Braun-Fahrlander 2001;
Braun-Fahrlander et al. 2002) suggest that exposure to
“germs” in early life may facilitate the development of
an immune system that is appropriately balanced with
respect to T helper (Th) 1 and Th2 cytokine–producing
cells. Recently, a role for interleukin (IL) 10 and trans-
forming growth factor b (TGF-b)-secreting regulatory T
(Treg) cells in the development of Th1 and Th2 cells has
also been proposed (Umetsu et al. 2003). In this model,
secretion of these cytokines by Treg cells may induce im-
mune tolerance to commensal bacteria and allergens and
may promote a balance with respect to Th1- and Th2-
producing cells.

Although asthma and allergic diseases are considered
to be Th2-skewed conditions—with increased IL-4, IL-
13, and IL-5 cytokine secretion—the role of Th1 cyto-
kine–producing cells in the development of atopic dis-
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Table 1

European American COAST Children ( )n p 208
Genotyped for 73 Markers in 45 Genes

The table is available in its entirety in the online edition
of The American Journal of Human Genetics.

ease is less clear. Many studies of unselected children
have shown that low production of Th1 cytokines (usu-
ally interferon-g [IFN-g]) in infancy is a marker for the
subsequent development of atopic disease (Holt et al.
1992; Rinas et al. 1993; Tang et al. 1993, 1994; Warner
et al. 1994; Martinez et al. 1995; Liao et al. 1996; Pohl
et al. 1997; Kondo et al. 1998; Prescott et al. 1999).
However, this attenuated IFN-g response during the 1st
6 mo of life may be transient in children who develop
atopic disease, because Th1 cytokine hyperresponsive-
ness was present in these children at age 18 mo (Rowe
et al. 2004) and at age 12 years (Smart and Kemp 2002).
Furthermore, it has been suggested that the switch from
hypo-IFN-g responsiveness to hyper-IFN-g responsive-
ness may occur earlier in children with a family history
of asthma or allergy (Rowe et al. 2004).

It is likely that early-life exposures interact with a
child’s genotype to determine response to environmental
factors and subsequent risk for disease. To explore this
hypothesis, we studied 72 polymorphisms in 45 genes
involved in the immune response (table 1) in a cohort
of high-risk children participating in the prospective
Childhood Onset of Asthma (COAST) Study (Lemanske
2002; Gern et al. 2003; Neaville et al. 2003; Hoffjan et
al. 2004). Th1 (IFN-g), Th2 (IL-5 and IL-13), and Treg

(IL-10) cytokine responses were measured in these chil-
dren at birth and at age 1 year, and atopic phenotypes
were documented in the 1st year (table 2). Day care
attendance and the presence of older siblings in the
household during the 1st year were determined pro-
spectively by a questionnaire. Day care attendance was
defined by 110 h of care outside of the home per wk or
110 h of care per wk in which the mother cared for one
or more unrelated children in her own home. Among
208 white COAST children, 47.8% attended day care
for at least 6 mo in the 1st year of life, 55.9% had older
siblings living in the same household, and 80.7% either
attended day care or had older siblings. Of the children
in day care, 97% were in environments that included
other children, and 95% of the day care environments
were outside the child’s home. Ninety-nine children
(47.8%) experienced at least one moderate-to-severe re-
spiratory syncytial virus (RSV) infection, and 109 chil-
dren (52.7%) experienced at least one moderate-to-
severe rhinovirus (RV) infection in the 1st year. The
average number of moderate-to-severe viral infections
was 1.4 (range 0–7). Day care attendance or the presence
of older siblings at home was associated with an in-
creased number of viral infections in the 1st year, and
the number of viral infections was positively correlated
with the change in IFN-g response during the 1st year
among COAST children (Copenhaver et al. 2004).

We examined the effects of day care attendance, the
presence of older siblings, and viral infections on im-
munologic phenotypes in the 1st year by use of likeli-

hood-ratio tests on a truncated normal model. The
clinical phenotypes were investigated using logistic re-
gression. In all analyses, we considered an additive
model in which genotypes and exposures interact to in-
fluence each phenotype, and we tested the null hypoth-
esis that the effects of each potential risk factor (the
genotypes and day care exposure) are independent. Cy-
tokine measurements were normalized using a log (for
IFN-g measurements) or square root (for IL-5, IL-10,
and IL-13 measurements) transformation. The change
in cytokine response was calculated as the difference of
the transformed values from birth to age 1 year. Cen-
soring was used for the quantitative phenotypes to model
the sensitivity of the assay. The interaction between the
covariates and genotypes was modeled using a factorial
model. P values were determined using large-sample ap-
proximations for the likelihood-ratio statistic. Because
of the large number of comparisons that were made in
this study, we report only results with an interaction

. Further, we estimated the false-discovery rateP ! .01
(FDR), which is the proportion of false-positive results
in the set of rejected hypotheses (Benjamini and Hoch-
berg 1995). The FDR for a fixed rejection region (e.g.,

) can be estimated as the ratio of the expectedP ! .001
number of false-positive results to the observed number
of rejections (Storey 2002). We calculated the expected
number of false-positive results by repeating the analyses
with simulated data sets. The simulated data sets pre-
serve the relationship between phenotypes (the response
variables) and between day care exposure and genotypes
(the covariates) and were created by random permuta-
tion of the vectors of phenotypes among individuals. The
average number of P values in the rejection region in
100 simulations gives a conservative estimate of the ex-
pected number of false-positive results.

Sixteen polymorphisms at 10 loci revealed 22 sig-
nificant interactions with day care attendance on cyto-
kine profiles and/or atopic phenotypes in the 1st year of
life at the level; 6 interactions were significantP ! .01
at (interaction P values are given in table 3).P ! .001
Only one polymorphism (IL13_�1112) was modestly
associated with the same phenotype in the baseline an-
alysis (main-effect P value is given in table 3). There-
fore, neither the exposure variable (day care) nor these
polymorphisms were individually associated with 1st-
year phenotypes. The estimated FDR was 73% for re-
sults with and was 33% for results withP ! .01 P !

, suggesting that, in this data set, we would expect.001
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Table 2

Phenotypes and Covariates Examined in the COAST Cohort

Characteristic

Children
Attending
Day Care
( )n p 99

Children
Not Attending

Day Care
( )n p 109

Clinical phenotype:
No. of children with:

AD in the 1st year 44 48
Allergic sensitization at age 1 yeara 31 29
Wheeze in the 1st year 31 27
Wheeze with RSV infection in the 1st year 25 19

Immunologic phenotypeb:
PHA-induced response from MNC at age 1 year (pg/ml)c:

IL-13 308.9 � 25.4 287.3 � 23.4
IL-5 182.8 � 12.8 168.1 � 19.5
IL-10 113.9 � 7.5 118.8 � 7.5
IFN-g 42.6 � 4.4 39.2 � 4.4

Ratio at age 1 year:
IFN-g:IL-13 .27 � .052 .30 � .042
IL-10:IL-13 .52 � .042 .71 � .070
IL-10:IL-5 .89 � .081 1.56 � .40

Change in response from birth to age 1 year (pg/ml):
IL-13 (DIL-13) �48.4 � 35.1 �48.3 � 30.9
IL-5 (DIL-5) 177.4 � 12.8 162.4 � 19.4
IL-10 (DIL-10) �7.8 � 10.1 �11.5 � 10.9
IFN-g (DIFN-g) �4.6 � .7 �4.8 � .6

LPS-induced response from MNC at age 1 year (pg/ml)c:
IFN-g 9.7 � 1.8 12.0 � 3.5
IL-10 597.7 � 52.3 693.9 � 68.1

Eosinophil count at age 1 year (cells/mm3) 256.6 � 22.9 244.3 � 19.8
Total immunoglobulin E at age 1 year (IU/ml) 40.3 � 13.9 46.6 � 15.8

Covariates:
No. of children with:

Older siblings in the household 46 69
Day care attendance in the 1st year or older siblings 99 69
RSV infection in the 1st year 52 47
RV infection in the 1st year 57 52

No. of viral infections in the 1st year (mean � SE) 1.73 � .16 1.19 � .12

a �1 positive radio allergo sorbent test.
b The mean � SE of the immunologic phenotypes (untransformed) are shown.
c PHA p phytohemagglutinin; MNC p mononuclear cells.

to observe 16 P values ! .01 and 2 P values ! .001 by
chance alone. Six of the 22 results with and fourP ! .01
of the six results with are expected to be trueP ! .001
associations.

Polymorphisms at three loci—NOS3, FCER1B, and
IL4RA—showed associations with multiple pheno-
types and had at least one interaction . TheP ! .001
NOS3_298 polymorphism (GlurAsp) showed signifi-
cant interaction effects on Th2 cytokine response profiles
during the 1st year, as measured by the change in IL-5
(DIL-5), DIL-13, IL-5 response, and the IL-10:IL-5 ratio.
The NOS3_�922 (ArG) polymorphism also showed an
interaction effect on the IL-10:IL-5 ratio. The inter-
action plot of the relationship between DIL-13, the
NOS3_298 genotype, and day care is shown in figure
1A. Children with the Asp/Asp genotype who attended
day care had a large decrease in mean IL-13 respon-

siveness in the 1st year, whereas children with the Asp/
Asp genotype who did not attend day care had a large
increase in mean IL-13 responsiveness. A nearly identi-
cal pattern was seen for DIL-5, IL-5 response, and the
IL-10:IL-5 ratio values (not shown). Overall, the chil-
dren with the Asp/Asp genotype who did not attend day
care had the highest levels of and greatest increases in
Th2 cytokine responses, whereas the children with the
Asp/Asp genotype who attended day care had the low-
est levels of and smallest increases in Th2 cytokine
responses.

The 237GlurGly polymorphism at the FCER1B locus
also showed interaction effects on Th2 cytokine re-
sponses, as measured by IL-5 response and the IL-10:
IL-5 ratio. The mean IL-5 response was 4-fold greater
among children with the Glu/Gly genotype who did not
attend day care than among children with the Glu/Gly
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Table 3

Interactions between Genotypes and Day Care Attendance and the Effects on Cytokine-Response Levels and
Atopic Phenotypes in the 1st Year

LOCUS AND

ASSOCIATED

PHENOTYPE

MAIN-EFFECT

P
INTERACTION

P

NO DAY CARE

( )n p 109
DAY CARE

( )n p 99

Genotype Effect P Genotype Effect P

NOS3_298:
DIL-5 .84 .00032 Asp/Asp F .011 Asp/Asp f .027
DIL-13 .68 .00049 Asp/Asp F .028 Asp/Asp f .012
IL-5 .33 .00090 Asp/Asp F .0019 No effect .32
IL-10:IL-5 .22 .0070 Asp/Asp f .0081 No effect .58

NOS3_�922:
IL10:IL-5 .20 .0088 AG F .0065 No effect .71

FCER1B_237:
IL-5 .69 .00085 Glu/Gly F .014 Glu/Glyf .024
IL-10:IL-5 .16 .0094 Glu/Gly f .0097 No effect .32

IL4RA_50:
LPS-induced IFN-g .98 .00029 Val/Val F .037 Val/Val f .0075

IL4RA_142:
AD .85 .00078 CT f .097 CT F .0070

IL13_�1112:
Wheeze .01 .0016 No effect .52 AA F .0005

IL13_110:
Wheeze .28 .0053 No effect .41 Gln/Gln F .095
IL10:IL-13 .67 .0021 No effect .20 No effect .23

IL13_int3:
Wheeze .21 .0016 TT f .089 No effect .13
IL10:IL-13 .86 .0080 No effect .10 No effect .20

IL10_�571:
DIL-5 .32 .0021 CC F .0013 No effect .29

IL10_�854:
DIL-5 .29 .0039 GG F .0073 No effect .26

IL1B_�1418:
RSV-associated wheeze .94 .0026 TT F .063 TT f .11
Wheeze .78 .0039 TT F .018 TT f .07

CSF2_117:
IL-5 .24 .0069 Thr/Thr F .041 Thr/Thr f .036

IL6_174:
IFN-g .05 .0015 GC F .046 No effect .95

IFNG_�5644:
LPS-induced IFN-g .68 .0024 TT F .073 TT f .020

LTC4S_�444:
Wheeze .56 .0095 CC F .013 No effect .32

NOTE.—P values !.001 are shown in bold italics. The arrows indicate that the genotype is associated with increased
(F) or decreased (f) amounts or prevalences of the associated phenotype. Phenotype data were available for all children.

genotype who attended day care (fig. 1B). The pattern
of interaction was similar for the ratio of IL-10:IL-5
(not shown), with the highest ratios among children with
the Glu/Gly genotype who attended day care and the
lowest ratios among children with the Glu/Gly genotype
who did not attend day care. Thus, consistent with the
results at the NOS3 locus, the FCER1B genotype that
was associated with the highest IL-5 responsiveness
among children not attending day care was associated
with the lowest IL-5 responsiveness among children at-
tending day care.

At the IL4RA locus, the 50IlerVal polymorphism
showed a significant interaction effect on lipopolysac-
charide (LPS)-induced IFN-g production and the syn-

onymous 142CrT polymorphism on the development
of atopic dermatitis (AD) during the 1st year. Among
children with the IL4RA_50 Val/Val genotype, there was
a highly significant effect of day care exposure; the mean
IFN-g response to LPS was significantly lower among
those who attended day care than among those who did
not attend day care (fig. 1C). At the 142C/T polymor-
phism, the proportion of AD cases was significantly
higher among children with the CT genotype who at-
tended day care than among children with the CT ge-
notype who did not attend day care (0.67 vs. 0.33),
whereas the proportion of AD cases did not differ for
children with the CC genotype (0.43 among children
attending day care and 0.49 among children not at-
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Figure 1 Interaction plots of representative associations between immunologic phenotypes, genotypes, and day care. Untransformed
cytokine values are shown.

tending day care). (There were no TT homozygotes in
the sample.) Other interactions and the direction of the
genotype-associated risks are shown in table 3.

To determine whether the “day care” effect on cyto-
kine-response profiles and atopic phenotypes was due to
viral infections, which are increased among COAST chil-
dren attending day care (Copenhaver et al. 2004), we
next repeated the analyses of the three most significant
loci, using the number of viral infections, the occurrence
of one or more RSV infections, and the occurrence of
one or more RV infections as covariates. We also con-
sidered “day care or older siblings” as a covariate, to
try to tease apart the effects of being around other chil-
dren from the effects specific to day care. The results of
these analyses are shown in table 4.

At the NOS3 locus, the highly significant interactive
effects with day care attendance on Th2 cytokine re-
sponses were not mirrored in the analyses with the num-
ber of viral infections, RSV infections, or RV infections
as covariates, whereas the covariate “day care or older
siblings” showed a similar pattern of association to that
of “day care” alone. Thus, the effects of day care at-
tendance on Th2 cytokine profiles in children with spe-
cific genotypes at the NOS3 locus are not due to in-
creased symptomatic viral infections among children
attending day care. Rather, these effects are due to risk
factors that are independent of viral illnesses but cor-
related with the presence of other children. This is con-
sistent with results of a study of the Hutterites, a pop-
ulation isolate that lives communally and has large
family sizes. In that study, the Asp allele was increased
in nonasthmatic Hutterites (Bourgain et al. 2003), in-
dicating that the Asp allele has a protective effect in
children exposed to a day care–like environment, per-
haps as a result of smaller increases in Th2 cytokine

responses during infancy in these children. In contrast,
the interactive effects of “day care” and the FCER1B
Glu237Gly genotype on IL-5 response profiles and the
IL4RA Ile50Val genotype on IFN-g responses are likely
due to the increased number of viral infections in the
children attending day care. The effects of the interac-
tions between day care attendance and genotypes at the
142C/T polymorphism on the development of AD in the
1st year of life were not correlated with effects of either
viral infections or older siblings, which indicates the
presence of additional protective (or risk) factors that
may differ between children who attend and those who
do not attend day care in the 1st year, such as exposure
to endotoxin and allergens, socioeconomic status, or
breast-feeding patterns. Thus, although we considered
day care attendance as the environmental risk factor, day
care attendance is likely correlated with many other po-
tential risk factors, any one of which could be influencing
our results.

The results of our study are consistent with studies in
model organisms, in which the effects of QTLs are often
dependent on environmental exposures (Reifsnyder et
al. 2000; Dilda and Mackay 2002; Coulter et al. 2003;
Ungerer et al. 2003; Barr et al. 2004). Moreover, ge-
notype-environment interactions have been reported in
both linkage (Martin et al. 2002; Colilla et al. 2003;
Nicolae et al. 2005; Weiss et al. 2005) and association
(Werner et al. 2003; Berman et al. 2004; Leng et al.
2004; McIntire et al. 2004; Padyukov et al. 2004) studies
of human diseases. Thus, this phenomenon is not limited
to immune phenotypes or to the specific environmental
exposures examined in this study but is likely a common
feature of many—if not all—complex traits (Merikangas
and Risch 2003).

The identification in this study of significant genotype-
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Table 4

Interactions between Exposures (Day Care Attendance, Siblings, and Viral Infections)
and Genotypes at the NOS3_298, FCERB1_237, and IL4RA_50 Loci and the Effects on
Cytokine-Response Levels and Atopic Phenotypes

LOCUS AND

ASSOCIATED

PHENOTYPE

P VALUE FOR INTERACTION

Day Care
Day Care or

Older Siblings
RSV

Infection
RV

Infection
Viral

Infections

NOS3_298:
DIL-5 .00032 .0009 NS NS NS
DIL-13 .00049 .000078 NS NS NS
IL-5 .00090 NS NS NS NS
IL-10:IL-5 .0070 NS NS NS NS

FCERB1_237:
IL-5 .00085 NS NS .015 .00083
IL-10:IL-5 .0094 NS NS .021 .0011

IL4RA_50:
LPS-induced IFN-g .00029 NS NS NS .00037

IL4RA_142:
AD .00078 NS NS NS NS

NOTE.—The number of children in each exposure group is given in table 2. NS p not
significant.

environment interaction effects on the development of
the immune system has implications for the design and
interpretation of association studies. In particular, the
differential responses of specific genotypes to day care
attendance, older siblings, and viral infections and the
differential associations with 1st-year phenotypes could
account for the inconsistent results of association studies
of these variants with asthma and related phenotypes,
for which there are numerous examples of nonreplica-
tion and of opposite alleles associated in different studies
(reviewed by Hoffjan et al. [2003]). For example, in our
study, the risk-associated genotype differed between ex-
posure groups (e.g., NOS3 and FCER1B), or the asso-
ciation was only evident in one exposure group (e.g.,
IL-10 and IL-13). Thus, one might not expect to find
associations with these polymorphisms or with the same
genotypes in all populations studied, as a result of dif-
ferences in early-life exposures. However, because rep-
lications are important and are still a gold standard, they
should be carefully designed to match the relevant fac-
tors in the original study, whenever possible. Moreover,
because in many instances the environmental and genetic
components studied are only correlated with the true
risk factors, the power of the replication study will de-
pend on how well these correlations are preserved in the
replication sample. At the very least, possible differences
in environmental exposures should be considered in the
interpretation of association studies, especially when
there is a lack of replication of an association reported
elsewhere.

Because of the relatively large number of environ-
mental factors that are known to influence susceptibility
to asthma and atopy, these phenotypes provide out-
standing models for dissection of the genetic complex-
ities of common diseases. We hypothesized that early-

life exposures would interact with a child’s genotype to
influence the developing immune system in a way that
would predispose to (or protect from) asthma and al-
lergic diseases. The COAST Study was designed to test
this hypothesis. In this report, we examined the inter-
action effects, in this cohort of children, of day care
attendance and polymorphisms in genes that are in-
volved in immune pathways. The aim of this study was
to identify specific genes that influence cytokine-response
profiles and atopic phenotypes in an exposure-specific
manner and to determine whether the day care effect
could be explained by an increased exposure to viral
infections among children attending day care. However,
because we sampled only one or a few polymorphisms
in each gene, we cannot exclude the possibility that ad-
ditional variation in any one of these genes interacts with
day care exposure to influence 1st-year immune phe-
notypes. Furthermore, the COAST children were se-
lected on the basis of having a parent with asthma or
allergy, so these results may not be directly applicable
to unselected children. For example, despite the well-
established protection effect of day care among unse-
lected children (Celedon et al. 1999; Kramer et al. 1999;
Ball et al. 2000; Haby et al. 2000), day care attendance
in the 1st year was not protective against atopic phe-
notypes in the COAST children or against asthma at age
6 years in another cohort of children whose mothers had
asthma (Celedon et al. 2003). Thus, parental affection
status is another important risk factor that interacts with
environment (day care, in this example) to determine
risk. Together, these results underscore the importance
of environmental factors on the developing immune sys-
tem and the genotype-specific responses to these expo-
sures. Furthermore, although the focus of this study was
phenotypes related to asthma and allergy, it is likely that



702 Am. J. Hum. Genet. 76:696–704, 2005

these results have general implications for immune-me-
diated diseases and have particular implications for au-
toimmune diseases, which have also increased in prev-
alence over the past 50 years (Bach 2002) and cluster
with allergic diseases in families (Sheikh et al. 2003).
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