Effect of day care attendance on sensitization and atopic
wheezing differs by Toll-like receptor 2 genotype
in 2 population-based birth cohort studies
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Background: Variation in the Toll-like receptor 2 gene
(TLR2/-16934) is associated with allergic diseases among
farmers’ children but not among children not living on farms.
Objective: To test the hypothesis that the same genetic variant
conferring protection in the farming environment is associated
with reduced risk of developing allergic phenotypes among
urban children attending day care in early life.

Methods: In 2 population-based birth cohorts (Manchester,
United Kingdom, Manchester Asthma and Allergy Study
[MAAS]; Tucson, Ariz, Tucson Infant Immune Study [IIS]),
participants were recruited prenatally and followed
prospectively (MAAS: 3, 5, 8 and 11 years; IIS: 1, 2, 3 and 5
years). We assessed allergic sensitization and atopic wheezing at
each follow-up.

Results: A total of 727 children participated in Manchester and
263 in Tucson. We found no significant associations between
TLR2/-16934 and sensitization and atopic wheeze in either
cohort. However, a different pattern emerged when we explored
the interaction between TLR2/-16934 and day care attendance
on these outcomes. We found a significant interaction between
day care and TLR2/-16934 on the development of sensitization
in the longitudinal model in MAAS in that children carrying the
T allele who attended day care were less likely to be sensitized
than those who did not attend day care, whereas among AA
homozygotes, the association tended to be in the opposite
direction. In a longitudinal model in IIS, we found a significant
interaction between day care attendance and TLR2/-16934 on
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the development atopic wheezing. Significant interactions
between TLR2/-16934 and day care were maintained when
adjusting for socioeconomic status.

Conclusion: The effect of day care on sensitization and atopic
wheezing may differ among children with different variants of
the TLR2 gene. (J Allergy Clin Immunol 2011;127:390-7.)

Key words: Gene*environment interactions, asthma, allergic sensi-
tization, birth cohorts, TLR2

Asthma and allergies are the most common chronic diseases in
childhood in western societies.' Although evidence from twin
studies suggests a strong genetic component,” there has been little
replication among genetic studies.®> The fundamental role of the
environment in the development of these conditions is empha-
sized by the rapid increase in prevalence that occurred in the
last 4 to 5 decades,' a time frame too short to be attributable to ge-
netic factors alone. Various environmental exposures have been
associated with the development of asthma and allergies. How-
ever, as with genetics, the data on the role of environment are of-
ten inconsistent, with the same environmental exposure (eg, day
care attendance) in different studies conferring an increase in
risk,* protection,s'9 or no effect.'®!! The conflicting evidence
on the effect of genetic variants and environmental exposures
on allergic phenotypes may be in part a result of the fact that
they have largely been studied separately. We propose that the de-
velopment of sensitization and/or asthma is likely a consequence
of environmental factors acting on genetically susceptible indi-
viduals through gene-environment interactions. Thus, to under-
stand the role of either genes or environment, it is essential to
study both.

The hygiene hypothesis proposes that relative reduction in
immune stimulation by microbial exposure consequent to in-
creased hygiene may result in a slower postnatal maturation of the
immune system, resulting in higher prevalence of allergies.'*!?
The most convincing evidence for the role of such exposure co-
mes from studies among farmers in central Europe, with a lower
prevalence of allergic diseases among farmers’ children com-
pared with those not living on farms.'*'> A recent study in this
setting reported that variation in Toll-like receptor 2 gene
(TLR2/-16934, rs4696480) is strongly associated with the fre-
quency of allergies, and farmers’ children carrying a T allele
were significantly less likely to have asthma, sensitization, and
hay fever compared with children with genotype AA."® No such
association was found among children not living on farms. Simi-
larly, variations in TLR2 were shown to modify the associations
between country living in childhood and adult asthma in France.'”
In contrast, results from Japan indicated that polymorphisms in
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Abbreviations used
BHR: Bronchial hyperresponsiveness
EVH: Eucapnic voluntary hyperventilation
IIS: Tucson Infant Immune Study
MAAS: Manchester Asthma and Allergy Study
SNP: Single nucleotide polymorphism
SPT: Skin prick test
TLR2: Toll-like receptor 2
UK: United Kingdom

TLRs are not associated with the development of atopy-related
phenotypes.’$

Children who attend day care may be exposed to a higher
microbial load than those cared for at home'?! and consequently
have a lower risk of developing allergic phenotypes. However,
similar to many other environmental exposures, studies investi-
gating the associations between day care attendance and allergic
disease have produced conflicting results.*"!

We hypothesized that the same genetic variant conferring a
reduction in risk of allergic phenotypes in the farming environ-
ment may be associated with a reduction in risk among urban
children attending day care in early life. To test this hypothesis,
we used data collected prospectively in 2 separate population-
based birth cohorts.

METHODS
Study design, setting, and participants
Two population samples were studied (Manchester and Tucson). Both
studies were approved by local research ethics committees. Informed consent
was obtained from all parents, and children gave their assent if appropriate.
The Manchester Asthma and Allergy Study (MAAS)**® and the Tucson
Infant Immune Study (IS)*”® are unselected birth cohort studies (for a
detailed description see the Method’s section in this article’s Online
Repository at www.jacionline.org). Participants were recruited prenatally
and followed prospectively. They attended review clinics at ages 3, 5, 8, and
11 years (MAAS) and 1, 2, 3, and 5 years (IIS).

Definitions of variables

Day care attendance. In MAAS, “day care” included children
who regularly attended day care at any time during the first 2 years of life, and
“no day care” included children who were looked after at home or by a child
minder.’ In IIS, “day care” included children who were regularly cared for
outside the home at any time during the first 9 months of life.”’

Sensitization. In MAAS we carried out skin prick tests (SPTs) to
common allergens at age 3, 5, 8 and 11 years and defined sensitization as a
wheal diameter 3 mm greater than negative control to at least 1 allergen. In
addition, we measured specific IgEs at ages 3, 5, and 8 years. In IIS, we
measured specific IgEs at ages 1, 2, 3, and 5 years and defined sensitization as
specific IgE >0.35 kUA/L to at least 1 allergen.

Atopic wheeze. Questionnaires were administered to collect infor-
mation on parentally reported symptoms. Current wheeze was defined as
wheeze in the last 12 months and atopic wheeze as current wheeze in the
presence of sensitization at the corresponding age.

Airway reactivity (MAAS). Airway reactivity was assessed by
eucapnic voluntary hyperventilation (EVH) challenge at age 5 years (see
Methods in the Online Repository). Bronchial hyperresponsiveness (BHR)
was defined as a change in lung function after challenge greater than the
90th percentile for the reference subjects (skin test-negative, never-
wheezing at age 5 years).”°
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Genotyping

Genotyping was performed by using the Single Base Extension method
(Sequenom, Hamburg, Germany; MAAS) and 5’-exonuclease assays (Taq-
man; Applied Biosystems, Carlsbad, Calif; IIS); see Genotyping in the
Methods section of this article’s Online Repository. For all analyses, AT and
TT genotypes were combined to assess our a priori hypothesis that the asso-
ciation between day care and sensitization would be evident for children car-
rying a T allele.

Statistical methods

We used Stata 11.1 (StataCorp LP, College Station, Tex) and SPSS 15.0
(IBM Corporation, Somers, NY) for all analyses. To minimize false-positive
results caused by multiple testing and capitalize on the longitudinal nature
of the collected data, we made an a priori decision to use longitudinal rather
than cross-sectional analyses of the 2 phenotypes of interest (sensitization and
atopic wheeze) as the primary outcomes. For completeness, the data on a sec-
ondary outcome (current wheezing) are presented in the Online Repository
(Tables E1 and E2). Longitudinal analyses were performed by generalized es-
timating equations using the exchangeable correlation structure and the logit
link function. We investigated other covariates that might influence clinical
outcomes of interest (socioeconomic status, number of siblings, and position
of sibship), and models were adjusted as appropriate. For airway reactivity in
MAAS at age 5 years, the categoric associations were assessed by using logis-
tic regression models. Only children of European ancestry were included in
the analysis.

RESULTS
Participants

In Manchester, we reviewed 1025 children at age 8 years; of
those, 122 were randomized to an environmental intervention>!
and excluded from this analysis. Samples for genotyping were
provided by 727 white children, of whom 504 attended day
care. Of the total IIS population (n = 482), the analyzed sample
included 263 white children with data on genotype, day care,
and at least 1 outcome. Genotype frequencies were consistent
with other populations (AA, 22.0% and 26.6%; AT, 50.9% and
48.7%; TT, 27.1% and 24.7%, MAAS and IIS, respectively); no
deviation from Hardy-Weinberg equilibrium could be detected.

Descriptive data

Table I and this article’s Table E1 in the Online Repository at
www.jacionline.org summarize sex, day care attendance, and
clinical outcomes overall and by TLR2/-16934 in the 2 cohorts.
There were no significant associations between TLR2/-16934
and any clinical outcomes in either cohort. Data on sex and clin-
ical outcomes by day care attendance are presented in Table I and
this article’s Table E2 in the Online Repository at www.
jacionline.org. In MAAS, day care was significantly associated
with reduced atopic wheeze at age 8 years (Table II) and reduced
wheeze at ages 5 and 8 years (Table E2). In IIS, day care was sig-
nificantly associated with increased wheeze at age 1 year and re-
duced sensitization at age 2 years (Tables II and E2). These
findings are consistent with our previously reported data.”?” In
the MAAS cohort, we found that socioeconomic status was sig-
nificantly associated with day care attendance and some of the
outcomes (eg, children from a higher socioeconomic class were
more likely to attend day care; in addition, these children were
less likely to develop wheeze in early life but more likely to
develop sensitization). In IIS, we found no association between
socioeconomic status and day care. There was no significant
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TABLE I. Sex, day care attendance, and outcomes by TLR2/
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TABLE Il. Sex and outcomes by day care attendance

-16934 genotype
Whole group AA AT + TT
Frequency Frequency Frequency
Variable (%) (%) (%) P value*
MAAS
Population 160 (22.0) 567 (78.0)
(n = 727)
Male 386/727 (53.1) 78/160 (48.8) 308/567 (54.3) 21
Attended day 504/727 (69.3) 109/160 (68.1) 395/567 (69.7) 71
care
Sensitization
(IgE)
Age 3y 29/129 (22.5) 5/27 (18.5) 24/101 (23.5) 58
AgeSy 116/416 (27.9)  30/96 (31.3) 86/320 (26.9) .40
Age 8y 167/414 (40.3)  40/88 (45.5) 127/326 (39.0) 27
Sensitization
(SPT)
Age 3y 135/646 (20.9) 33/145 (22.8) 93/501 (20.4) 53
AgeSy 165/648 (25.5) 34/142 (23.9) 131/506 (25.9) .64
Age 8y 192/657 (29.2) 34/144 (23.6) 158/513 (30.8) .09
Age 11y 177/563 (31.4) 38/122 (31.2) 139/441 (31.5) .94
Atopic wheeze
(IgE)
Age3y 11/128 (8.6) 2/27 (7.4) 9/101 (8.9) 1.00
AgeSy 31/412 (7.5) 9/96 (9.4) 22/316 (7.0) S1
Age 8y 53/412 (12.9)  12/87 (13.8) 41/325 (12.6) 72
Atopic wheeze
(SPT)
Age 3y 38/642 (5.9) 12/145 (8.3) 26/497 (5.2) 17
AgeSy 48/647 (7.4)  12/142 (8.5)  32/505 (7.1) .60
Age 8y 69/657 (10.5) 12/144 (8.3) 57/513 (11.1) 34
Age 11y 57/563 (10.1) 11/122 (9.0) 46/441 (10.4) .65
EVH airway
hyperreactivity
AgeSy 73/473 (15.4) 14/105 (13.3) 59/368 (16) .50
1IS
Population 70/263 (26.6) 193/263 (73.4)
(n = 263)
Male 120/263 (45.6)  32/70 (45.7) 88/193 (45.6) 1.00

Attended day
care

130/263 (49.4)  34/70 (48.6) 96/193 (49.7) .89

Sensitization
(IgE)
Age ly 26/209 (12.4) 7/57 (12.3) 19/152 (12.5) 1.00
Age2y 39/187 (20.9)  13/54 (24.1) 26/133 (19.6) 55
Age 3y 57/178 (32.0)  18/50 (36.0) 39/128 (30.5) 48
AgeSy 62/153 (40.5) 15/44 (34.1) 47/109 (43.1) .36
Atopic wheeze
(IgE)
Age ly 6/205 (2.9) 2/56 (3.6) 4/149 (2.7) .67
Age2y 10/181 (5.5) 3/52 (5.8) 7/129 (5.4) 1.00
Age3y 17/175 (9.7) 5/49 (10.2) 12/126 (9.5) 1.00
Age Sy 16/146 (11.0) 4/42 (9.5) 12/104 (11.5) 1.00
#x? Test.

association between the number of siblings and position of sib-
ship with exposure of interest and clinical outcomes in either co-
hort; therefore, these have not been included in the longitudinal
models.

Interaction between TLR2/-16934 and day care
When we explored the interaction between TLR2/-16934
and day care attendance on clinical outcomes, genotype-

No day care Day care
Variable Frequency (%) Frequency (%) P value*
MAAS
Population 223/727 (30.7) 504/727 (69.3)
Male 112/223 (50.2) 274/504 (54.4) .30
Sensitization (SPT)
Age 3y 47/196 (24.0) 88/450 (19.6) .20
Age Sy 51/200 (25.5) 114/448 (25.5) .99
Age 8y 62/200 (31.0) 130/457 (28.5) Sl
Age 11y 52/166 (31.3) 125/397 (31.5) 97
Sensitization (IgE)
Age 3y 13/45 (28.9) 16/84 (19.1) .20
Age Sy 33/134 (24.6) 83/282 (29.4) 31
Age 8y 55/127 (43.3) 112/287 (39.0) 41
Atopic wheeze (SPT)
Age 3y 12/194 (6.2) 26/448 (5.8) .85
Age Sy 15/200 (7.5) 33/447 (7.4) .96
Age 8y 28/200 (14.0) 41/457 (8.9) .05
Age 11y 19/166 (11.5) 38/397 (9.6) .50
Atopic wheeze (IgE)
Age 3y 5/45 (11.1) 7/84 (8.3) .61
Age Sy 10/134 (7.5) 22/282 (7.8) .90
Age 8y 25/127 (19.7) 28/285 (9.8) .01
1S
Population 133/263 (50.6) 130/263 (49.4)
Male 64/133 (48.1) 56/130 (43.1) 46
Sensitization (IgE)
Age ly 16/110 (14.5) 10/99 (10.1) 40
Age2y 26/94 (27.7) 13/93 (14.0) .03
Age 3y 32/88 (36.4) 25/90 (27.8) .26
Age Sy 35/82 (42.7) 27/71 (38.0) .62
Atopic wheeze (IgE)
Age ly 3/109 (2.8) 3/96 (3.1) 1.00
Age2y 791 (7.7) 3/90 (3.3) 33
Age 3y 8/86 (9.3) 9/89 (10.1) 1.00
Age Sy 9/78 (11.5) 7/68 (10.3) 1.00
#x? Test.

specific patterns emerged that were similar in the 2 popula-
tions. All estimates for odds ratios and CIs from longitudinal
models for allergic sensitization and atopic wheeze are pre-
sented in Table III. Significant interactions between TLR2/
—16934 and day care were maintained when adjusting for
socioeconomic status; it is of note that adjusting for socioeco-
nomic status did not materially change the odds ratios in these
models.

Sensitization

In both cohorts, the effect of day care on sensitization differed
by TLR2/-16934 genotype. In MAAS, in a longitudinal model in-
cluding skin prick tests from all 4 time points (3, 5, 8, and 11
years), we found a significant interaction between day care and
TLR2/-16934 on the development of sensitization (P = .05;
Table III). Results did not materially change when sensitization
was defined by IgE (Table III; this article’s Fig E1 in the Online
Repository at www.jacionline.org). For either measure of atopic
sensitization and at each time point, children carrying a T allele
who attended day care tended to have lower risk of sensitization
than those who did not attend day care (Figs 1, A, and E1). In con-
trast, among children with AA genotype, day care attendance
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TABLE lll. Odds ratios and Cls for the effect of day care on clinical
outcomes in longitudinal models, stratified by TLR2/~16934 (us-
ing no day care as a reference group)

TLR2 = AA TLR2 = AT/TT
OR P OR P Interaction
Variable (95% CI)  value (95% Cl) value P value

Sensitization (SPT)

MAAS, age 1.8 (0.9-3.6) .110 0.8 (0.6-1.2) .278 .05
3-5-8-11y
Sensitization (IgE)
MAAS, age 2.1 (0.9-4.6) .078 0.9 (0.6-1.3) .435 .06
3-5-8y
IIS, age 1-2-3-5y 1.3 (0.5-3.1) .609 0.5 (0.3-0.9) .027 .10
Atopic wheeze
MAAS, age 1.2 (0.5-2.8) .671 0.7 (0.5-1.2) .170 .34
3-5-8-11y
(SPT)
MAAS, age 1.2 (0.5-5.2) .484 0.5 (0.3-0.9) .016 .10
3-5-8 y (IgE)
IIS, age 5.8 (1.1-30.5) .038 0.5 (0.2-1.2) .137 .01

1-2-3-5 y (IgE)

OR, Odds ratio.

appeared to increase the risk of sensitization (Table III; Figs 1, A,
and E1). Similarly, in IIS, in a longitudinal model including data
from all 4 time points, children carrying a T allele were signifi-
cantly less likely to develop sensitization if they attended day
care (P = .03), although the interaction between day care and
TLR2/-16934 was not statistically significant (P = .10; Table
IIT). Inspection of the patterns suggested that among children
with an AA genotype, day care did not appear to have an effect
on sensitization at ages 1 and 2 years, but there was a trend toward
increase at ages 3 and 5 years among children who attended day
care (Fig 1, B).

Data on current wheeze are presented in Tables E1, E2, and E3
and Figs E2 and E3 in the Online Repository at www.jacionline.
org.

Atopic wheeze

In a longitudinal model in IIS including data from ages 1, 2, 3,
and 5 years, we found a significant interaction between day care
attendance and 7LR2/-16934 on the development atopic wheez-
ing (P = .01; Table III), in that children with AA genotype who
attended day care had higher risk of atopic wheezing than those
who did not attend day care, whereas among T-allele carriers,
day care attendance appeared protective. Although we observed
a similar pattern in MAAS, the interaction between day care
and genotype failed to reach statistical significance (Table III).
In a longitudinal model of atopic wheezing (IgE) in the United
Kingdom (UK) cohort, day care was associated with protection
only among T-allele carriers (P = .017), whereas the direction
of the association in children with AA genotype appeared to be
in the opposite direction (Table III; see this article’s Fig E4 in
the Online Repository at www.jacionline.org). Inspection of the
patterns (Fig 2, A) suggested that the interaction between day
care attendance and TLR2/-16934 was not evident before age 8
years (consistent with the finding that atopic wheeze at age 8 years
was less common among children who attended day care;
Table II).
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Bronchial hyperresponsiveness (MAAS)

For the whole population, there was no association between day
care and BHR at age 5 years. However, in children with T allele,
day care was associated with less BHR, whereas among AA
homozygotes, day care was associated with more BHR (Fig 3).
The interaction between TLR2/-16934 and day care was statisti-
cally significant (adjusted for baseline lung function; P = .04).

DISCUSSION
Key results

In 2 independent unselected birth cohorts from distinct geo-
graphic areas, we demonstrated that the association between day
care attendance with sensitization and atopic wheezing appears
dependent on a genetic variant in TLR2. Day care was protective,
but only among children carrying the T allele for TLR2/-16934,
whereas among AA homozygotes, there was no association be-
tween day care attendance and outcomes of interest, or the asso-
ciation tended to be in the opposite direction. In the MAAS
cohort, socioeconomic status was significantly associated with
day care attendance and some of the outcomes, but the significant
interactions between day care and TLR2/~16934 were maintained
after adjusting for this factors with no material changes in the
odds ratios for these models. These results were further strength-
ened by the similar findings for physiological measures strongly
related to childhood asthma (dry air bronchial hyperreactivity)
in one of the cohorts. Our results are consistent with those in chil-
dren raised in a farming environment, where T allele carriers were
less likely to have asthma and sensitization compared with AA
homozygotes.'® We postulate that attending day care and being
raised on farm are markers of increased exposure to microbial
products, which may have different or even opposite effects on
asthma and allergies among carriers of different TLR2/-16934
genotypes.

Limitations and strengths

We did not directly measure exposure to microbial agents but
used day care attendance as a proxy. Several reports have shown
that children attending day care centers experience more infec-
tions than children cared for at home,lg’zo and exposure to endo-
toxin (a component of the cell wall of gram-negative bacteria) is
markedly higher in day care centers than in homes.*>

The precise nature of the exposures in either the farming or day
care environments nonetheless remains to be identified. Another
limitation is that we relied on parental reports of wheezing, which
may be unreliable because many parents have little understanding
of what physicians mean by the term “wheeze.”>”

We made every effort to minimize false-positive results caused
by multiple testing, but we acknowledge that we cannot fully
eliminate the possible impact of multiple testing on the degree to
which conclusions related to the statistical interactions can be
considered reliable. The analysis was hypothesis-driven and
limited to 1 genotype comparison in 2 carefully defined pheno-
types. We minimized the number of phenotypes tested by
capitalizing on the longitudinal nature of data collection and
used longitudinal rather than a series of cross-sectional analyses.

We used slightly different definitions of day care attendance in
the 2 populations. This is an inevitable consequence of the
different provisions for maternity leave in the 2 countries, which
influenced the age of entry to day care. In contrast with the
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FIG 1. Percentage of children with allergic sensitization (assessed by SPT or specific IgE measurement [IgE])
by TLR2/-16934 genotype and day care attendance in early childhood. A, MAAS. B, IIS.

United States, in the UK, paid maternity leave is provided for at
least 9 months, and children are usually looked after by their
mothers at home during this time (consequently, only 30 children
in Manchester started nursery within the first 6 months of life, and
we could not use more similar definitions of day care). It is worth
noting that we used definitions of day care similar to those used in
our previous studies demonstrating that in the whole populations,
early day care exposure reduced IgE levels (11S)*’ and reduced
risk of wheezing (MAAS).? We therefore believe that our defini-
tions of day care exposure in the 2 cohorts are appropriate for the
distinct geographic areas and represent reasonable proxy mea-
sures of the exposure to infectious agents.

We acknowledge that the findings in 2 cohorts are not identical
and that the interaction terms are either not significant or only
marginally below the conventional .05 level. For example, the
interaction between day care attendance and TLR2/-16934 was
significant for sensitization in MAAS and atopic wheeze in IIS
but failed to reach statistical significance for atopic wheeze in
MAAS and sensitization in IIS. Clearly, our conclusions would

be stronger if the P values for interaction were all significant
and if all were in the .001 range or below. However, even when
the interaction did not reach statistical significance, all trends
across different phenotypes in 2 populations were in the same di-
rection. How does this compare with “replication” in studies of
asthma and other complex diseases? Despite more than a decade
of intensive work using a range of approaches from family-based
linkage and candidate gene—based association studies to whole
genome association studies, genetic studies have produced heter-
ogeneous results with little replication.3 It should be noted that in
this context, “replication” refers to the finding of any association
between the gene and any asthma or allergy phenotype. The gene
is usually considered the unit of replication, reflecting the fact that
frequently a different single nucleotide polymorphism (SNP)
within the gene is a risk for disease, and sometimes even the op-
posite allele of the same SNP is the risk allele in different popu-
lations.® This phenomenon has been noted in most complex
diseases; “precise” replication (ie, the same association of the
same SNP with the same phenotype) is very rare.>* Thus,
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FIG 2. Percentage of children with atopic wheeze by TLR2/-16934 genotype and day care attendance in early
childhood; atopy was assessed by SPT or specific IgE measurement (IgE). A, MAAS. B, IIS.

although we recognize that the findings in our 2 cohorts are not
identical, it is reassuring that the direction of the interaction be-
tween the same SNP and similar environmental exposure across
phenotypes in the 2 different populations was very similar.
Finally, we do not have the functional explanation for our
findings. The TLR2/-16934 polymorphism is a marker for a
group of highly linked T7LR2 SNPs, and any of these SNPs
may be responsible for the interaction described. We chose
TLR2/-16934 for these studies because it had been previously as-
sociated with asthma and allergies in farming environment.'®
TLR2 expression is increased in blood cells from children of
farmers compared with children not raised on farms, suggesting
that the innate immune system may respond to the microbial pro-
ducts present in the farming environment and may modulate the
development of allergic disease.> Whether similar changes in
TLR2 are present in children attending day care is unknown.
TLR?2 is the innate immune receptor for molecular patterns pre-
sent on the surface of many microbial agents.*® It is likely that
expression of TLR2 on the cell surfaces is in part genetically

determined, and this differential expression by genotype could
modulate susceptibility to the effects of ligands present in micro-
bial products.

A major strength of our studies is careful longitudinal
phenotyping from birth in 2 unselected populations in distinct
geographic areas. The phenotypic expression of asthma and
allergic diseases starts early in life, and these phenotypes are
unstable and may progress or remit over time. Thus, the optimal
study design is a birth cohort because it overcomes problems of
recall bias and permits longitudinal phenotyping and contempo-
raneous measurement of environmental exposures. This approach
is crucial for the assessment of gene-environment interactions.

Interpretation

Published studies investigating the effect of day care on the
development of allergic disease are inconsistent, with some
showing increased risk* and others decreased risk’® or no ef-
fect.'®!! Similarly, polymorphisms in TLRs have been associated
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FIG 3. Percentage of children with BHR to EVH challenge at age 5 years by
TLR2/-16934 genotype and day care attendance in MAAS.

with allergic diseases in some'® but not all studies.'® These incon-
sistencies may be in part consequent to the differences in study
designs, definitions of exposures and outcomes, or sample size.
However, they may also reflect the fundamentally different nature
of the relationship between genetic polymorphisms, environmen-
tal exposures, and phenotype in complex diseases compared with
diseases determined predominantly by genetic factors. The rela-
tionship between genotype and phenotype in complex diseases
may not be linear or unidirectional®’ but modulated by a number
of environmental factors (for example, we have recently reported
that cat ownership substantially increases the risk of early-life ec-
zema in children with filaggrin loss-of-function variants, but not
among those without).38 Thus, the true associations between ge-
netic variants and phenotype expression may be lost in studies
in which study participants are exposed to a wide range of unmea-
sured environmental factors.>’ It is important to note that we
found no association between TLR2 genotype and clinical out-
comes before we explored its interaction with day care atten-
dance. The true significance of the genetic variant was
uncovered only when the relevant environmental exposure was
taken into account. Similarly, when we carried out the analysis
in the whole population, day care appeared to be associated
with a significant protection from atopic wheezing. However,
this concealed the fact that among AA homozygotes, day care
was not associated with protection but actually tended to increase
the risk of atopic wheezing. The apparent protective effect in the
whole population was consequent to the fact that children with a
T allele (in whom day care was associated with less atopic wheez-
ing) outnumbered AA homozygotes (in whom day care was asso-
ciated with more atopic wheezing) by a factor of 3:1.

Recent studies in mouse models have strongly suggested that
gene-environment interaction plays a crucial role in determining
complex phenotypes. Valdar et al®’ reported the heritability of 88
complex traits that included models of human disease such as
asthma and immunologic, biochemical, and hematologic pheno-
types. They found that environmental covariates were involved
in a large number of significant interactions with genetic back-
ground. Moreover, the effects of gene-environment interactions
were more frequent and larger than the main effects: half of the
interactions explained more than 20% of the variance of the com-
plex phenotypes studied. It is thus plausible to surmise that the
types of gene-environment interactions we have observed are
not limited to the phenotypes we studied but may be crucial deter-
minants of many other complex human phenotypes.
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Generalizability

Our results suggest that in complex diseases such as asthma and
allergies, genetic predisposition may need to be taken into
account when assessing the effect of environmental exposures,
and vice versa, relevant environmental exposures may need to be
factored into the genetic association studies. Furthermore, we of-
ten use epidemiologic data to identify potentially modifiable risk
factors to help devise primary prevention strategies. If we extrap-
olate our data to the context of primary prevention, the results sug-
gest that only individuals with particular genotypes may benefit
from a specific intervention, whereas the same intervention
among individuals with different susceptibility may cause harm.

Our data indicate that the effects of day care on allergic pheno-
types may differ among children with different variants of the
TLR2 gene. Children with T allele for TLR2/-16934 may benefit
from attending day care, whereas for those who are AA homozy-
gotes, being cared for at home may prove beneficial. However, we
emphasize that a caution is needed when interpreting our results
because of marginal P values of the interaction terms and the
fact that we cannot fully eliminate the multiple testing problem.

Clinical implications: Extrapolation of our data to the context of
primary prevention suggests that only individuals with particu-

lar genotypes may benefit from a specific intervention, whereas
the same intervention among individuals with different suscep-
tibility may cause harm.
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METHODS
Study populations

MAAS. The MAAS is an unselected, population-based prospective
study that follows the development of asthma and other atopic disorders in a
cohort of children. The setting is the maternity catchment area of Wythen-
shawe and Stepping Hill Hospitals, composed of 50 square miles of South
Manchester and Cheshire, UK, a stable mixed urban-rural population. The
study was approved by the local research ethics committee. Informed consent
was obtained from all parents.

Screening and recruitment. All pregnant women were screened
for eligibility at booking antenatal visits (8th-10th week of pregnancy). The
study was explained to the parents, and informed consent for initial question-
naires and SPT was obtained. Both parents completed a questionnaire about their
and their partner’s history of asthma and allergic diseases and smoking habits.

If the pregnant woman’s partner was not present at the antenatal clinic visit,
an invitation was sent for him to attend an open-access evening clinic for SPT
and the questionnaire. Once both parents had completed questionnaires and
SPT, a full explanation of the proposed future follow-up for the child was given.

Of the 1499 couples who met the inclusion criteria (<10 weeks of
pregnancy, maternal age >18 years, questionnaire and skin test data available
for both parents), 288 declined to take part in the study. Of 1211 couples who
initially agreed to take part, 1085 had a successful full-term pregnancy
(>36 weeks of gestation) and gave consent to a further follow-up. Of those,
128 were prenatally randomized into an environmental control group, and 957
were followed as an observational arm of the cohort. We reviewed 1025
children at age 8 years; 122 randomized to an environmental intervention were
excluded from this analysis. Samples for genotyping were provided by 727
children of mixed European ancestry, of whom 504 attended day care.

Follow-up. The children have been followed prospectively and
attended review clinics at ages 3, 5, 8, and 11 years (=4 weeks).

Definitions of exposures and outcomes. Day care atten-
dance: Day care data were derived from parental reports. Children were as-
signed into 2 categories according to the day care attendance: (1) no day care
(ie, looked after at home or by child minder) and (2) regularly attended day care.

Atopic sensitization: Atopic sensitization was ascertained by SPT at ages 3,
5, 8, and 11 years (Dermatophagoides pteronyssinus, cat, dog, grasses, molds,
milk, egg; Bayer, Elkhart, Ind). We defined sensitization as a mean weal diam-
eter 3 mm greater than negative control to at least 1 of the allergens tested. We
also measured specific serum IgE to mite, cat, dog, grasses, milk, egg, and pea-
nut by ImmunoCAP (Phadia, Uppsala, Sweden) collected at 3, 5, and 8 years.
The detection limit of the assay was 0.2 kUA/L, and sensitization was defined
by a specific IgE value >0.35 kUA/L to at least 1 of the allergens tested.

Wheeze: A validated International Study of Asthma and Allergies in
Childhood questionnaire was interviewer-administered to collect information
on parentally reported symptoms, physician-diagnosed illnesses, and treat-
ments received. Atopic wheeze was defined as a positive response to the ques-
tion, “Has your child had wheezing or whistling in the chest in the last 12
months?” in the presence of atopic sensitization determined by skin testing
or IgE measurement.

Lung function: At age 5 years, we carried out measurements of specific
airway resistance (SR,y) to assess airway function in all children who were
willing to cooperate. Measurements of sR,,, were made using a constant vol-
ume whole body plethysmograph (Masterscreen Body 4.34; Jaeger, Wiirzburg,
Germany). Flow and volume were measured with a heated differential pres-
sure screen-type pneumotachograph with a resistance of 0.036 kPa~'-s and
a dead space of 160 mililiters. Pressure measurements were made with a pres-
sure transducer (Nr.660.99007; Hube Control AG, Wuerenlos, Switzerland)
with an input range of 100 Pa, a resolution of 0.05 Pa, and a linear response
up to 10 Hz. The plethysmograph was calibrated daily. Sensors in an ambient
unit supplied with the plethysmograph recorded ambient data on temperature,
humidity, and barometric pressure. The pneumotachograph was volume cali-
brated according to the American Thoracic Society recommendations by using
a 2-L syringe at flow rates of 0 to 1.5, 1.5 to 5, and >5 L/s. The half value
period was calibrated to ensure a specific leakage in the box of 4 to 7 seconds.
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The pressure transducer was calibrated using a 50-mL motor driven piston
pump to generate sinusoidal variations of plethysmographic pressure. Elec-
tronic body temperature, pressure, and saturation compensation was applied
throughout by using a time shift of 60 ms.

sR,w is measured by a single-step procedure from the simultaneously mea-
sured changes of respiratory flow and changes of plethysmographic pressure,
omitting the measurement of thoracic gas volume. Measurements were carried
out during tidal breathing using a facemask, which was adapted by fitting a
standard pediatric facemask with a noncompressible mouthpiece made from
silicone tubing. The end of the tubing was made rigid with an aluminum splint.
The purpose of this was to maintain stable airway opening, prevent nose
breathing, and support the cheeks. The procedure was explained to the accom-
panying adult and the use of the facemask demonstrated to the child. The chil-
dren were encouraged to sit in the plethysmograph alone, but if they refused,
the accompanying adult, usually a parent, accompanied the child in the ple-
thysmograph cabinet with the child seated on the parent’s knee. The door of
the plethysmograph was closed and the subject asked to breathe through the
facemask.

Children were encouraged to breathe at a rate of 30 to 45 breaths per minute.
If a parent accompanied the child, the adult was asked to inhale and hold the
breath for approximately 20 seconds. sR,,, measurements were made once a
stable breathing pattern had been re-established. Once a stable breathing pattern
was established, at least 3 measurements of sR,,, were performed, and each was
calculated from the means of 5 consecutively measured technically acceptable
loops (each child performed at least 15 loops). The median of these 3 measure-
ments of effective sR,,, was used in the analysis. The measured values of SR,
were corrected for the influence of the pneumotachograph screen and for the
volume displacement caused by the subject (or subject + parent).

Children were asymptomatic at the time of assessment of lung function.

Airway reactivity: At the 5-year follow-up, airway reactivity was assessed
by means of an EVH challenge. Subjects hyperventilated gas containing 21%
0,, 5% CO,, and the remainder N, with a water content <10 mg/L for 6 min-
utes at a ventilation rate of 75% of maximum voluntary ventilation (estimated
prechallenge as FEV; X 22.5). sR,,, was measured at baseline and 2, 5, and 10
minutes postchallenge. The highest sR,,, value measured postchallenge was
recorded. A subject was defined as having bronchial hyperresponsiveness to
EVH challenge if the percent increase in sR,,, after challenge was larger
than the 90th percentile of the increase for the reference subjects (skin test—
negative, never-wheezing as reported in the questionnaires at age 5 years). Par-
ents were asked to withhold from giving the children short-acting bronchodi-
lators for 6 hours and long-acting bronchodilators for 12 hours before testing.

Genotyping. PCR primers and probes were designed by using the
Sequenom iPLEX software provided by the manufacturer (Sequenom, San
Diego, Calif).

PCR reaction consisted of 2.850 wL Nano-pure water, 0.625 nL (10X stock)
PCR Buffer, 0.325 pL. MgCl, (final concentration, 1.625 mmol/L), 0.1 nL de-
oxynucleotidetriphosphate mix (500 umol/L), 1 nLL Primer mix (500 nmol/L of
each), Genomic DNA (20 ng, dried down), 0.1 nL Hotstar Taq (Qiagen, Hilden,
Germany; 0.5 U/reaction) in a final reaction volume of 5 wL. PCR amplification
conditions were as follows: 94°C for 15 minutes; 45 cycles of 94°C for 20 sec-
onds, 56°C for 30 seconds, and 72°C for 1 minute; and a final extension step of
72°C for 3 minutes.

The PCR product was cleaned using a shrimp alkaline phosphatase (SAP)
mixture to dephosphorylate the unincorporated dNTPs. SAP treatment mixes
consisted of the following; 1.530 wL Nano-pure water, 0.170 nL 10X SAP
buffer, and 0.300 L SAP enzyme (1 U/pL) in a total reaction volume of 2 pL.

The probes were split into low and high mass and were used at 0.625 umol/
L and 1.25 umol/L, respectively. The sample is denatured at 94 for an initial 30
seconds and then a further 5 seconds. Strands are annealed at 52 for 5 seconds
and extended at 80 for 5 seconds. This annealing and extension cycle is
repeated 4 more times for a total of 5 cycles. The program then starts again at
the denaturation step of 5 seconds at 94. This larger cycle continues for a total
of 40 times. A final extension is done at 72 for 3 minutes and then the sample is
cooled to 4 degrees. SBE-PCR products were desalted by using 6 mg cleaning
resin according to the manufacturer’s instructions (Sequenom).
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A nano-dispenser was used to dispense desalted SBE-PCR reaction
products onto a 384-element Spectro CHIP bioarray (Sequenom). Each well
contained 15 nL purified SBE-PCR product. Samples were then analyzed by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.

IIS. The IIS is a prospective nonselected birth cohort study of immune
system maturation and its relation to the development of asthma and allergic
disease in childhood. Participants were healthy children born to pregnant
women who planned to obtain care for their newborns from collaborating
pediatricians. The cohort includes 482 children, 219 of whom were excluded
from the current analysis because they (1) had at least 1 parent of nonwhite
ethnicity, (2) lacked data on day care or TLR2/-1694 genotype, or (3) lacked
data on at least 1 outcome (sensitization or wheeze at ages 1, 2, 3, or 5 years).

Definitions of exposures and outcomes. Day care: Day
care was assessed by nurse-administered parent questionnaires at ages 1, 2, 3,
4, 6, and 9 months. Children were categorized as having attended day care if
parents answered yes to the question, “Is your child cared for outside of your
home on a regular basis?” on at least 1 of these 6 questionnaires.

Atopic sensitization: Specific IgE was measured for 6 inhalant allergens
(Alternaria, Dermatophagoides farinae, Bermuda grass, careless weed, olive,
and mulberry tree) and 2 foods (ovalbumin, B-lactoglobulin) at 1, 2, 3, and 5
years of age by using the Pharmacia AutoCAP assay (Pharmacia/Upjohn, Ka-
lamazoo, Mich) before its discontinuation in 2006, and subsequently by using
Immulite 2000 (Siemens Medical Solutions, Los Angeles, Calif). Samples an-
alyzed on both instruments (n = 25) yielded a correlation coefficient of 0.995.
The detection limit of the assay was 0.1 kUA/L, and sensitization was defined as
specific IgE value >0.35 kU/L to at least 1 of the allergens tested.

Genotyping. DNA samples were isolated from whole blood by using
standard techniques. Genotyping of DNA samples was performed by using
Tagman (Applied Biosystems, Carlsbad, Calif) assays.

RESULTS
Current wheeze

Tables E1 and E2 summarize the data on current wheezing
overall, by TLR2/-16934, and by day care attendance in the 2
cohorts. There were no significant associations between TLR2/
—16934 and current wheezing in either cohort at any of the time
points. In MAAS, day care was significantly associated with re-
duced wheeze at ages 5 and 8 years, and in IIS, day care was
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significantly associated with increased wheeze at age 1 year
(Table E2).

Interaction between TLR2/-16934 and day care

Current wheeze. The relationship between day care and
wheeze did not appear to be modified by TLR2/-16934 on the ba-
sis of assessment of interaction by longitudinal model in either co-
hort (Fig E2). However, in MAAS at age 5 and 8 years, the
significant protective effect of day care on current wheezing
was confined to T allele carriers and was not observed among
children with AA genotype (age 5 years: AT + TT 25.9% vs
16.5% [P = .011], AA 29.8% vs 19.4% [P = .157]; age 8 years:
AT + TT 24.5% vs 13.2% [P =.001], AA 14.6 vs 13.5 [P =.852];
home vs day care, respectively). Similarly, in IIS, day care was
associated with protection in carriers of the T allele at ages 3
and 5 years (Fig E3).

Atopic sensitization assessed by IgE. Using atopy
defined by IgE in MAAS did not materially alter the results,
although formal statistical significance was not reached, probably
because of a smaller sample size (eg, TLR2/-16934—day care
attendance interaction, P = .059; Fig E1). However, it is worth
noting that the interaction between TLR2/-16934 and day care at-
tendance on atopy (defined by IgE) was significant at age 8 years
(P =.016), indicating a marked reduction in the risk among T al-
lele carriers who attended the day care compared with those who
did not.

Atopic wheeze. When we used IgE to define sensitization,
day care attendance was associated with less atopic wheezing
among children with T allele for TLR2/-16934, whereas we found
an association in the opposite direction among children who were
AA homozygotes (ie, day care attendance was associated with
more atopic wheezing; Fig E4). As with atopy, the interaction be-
tween day care attendance and TLR2/-16934 on atopic wheeze
(defined by IgE) was significant at age 8 years (P = .019). This
association remained unchanged when nonatopic nonwheezers
were used as a reference group (P = .010).
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FIG E1. Percentage of children with allergic sensitization (assessed by specific IgE measurement) by
TLR2/-16934 genotype and day care attendance in early childhood in MAAS.
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FIG E2. Percentage of children with current wheeze by TLR2/~-16934 genotype and day care attendance in
early childhood in MAAS.
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FIG E3. Percentage of children with current wheeze by TLR2/~-16934 genotype and day care attendance in
early childhood in IIS.
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FIG E4. Percentage of children with atopic wheeze (sensitization assessed by specific IgE measurement) by
TLR2/-16934 genotype and day care attendance in early childhood in MAAS.
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TABLE E1. Current wheezing by TLR2/-16934 genotype

Whole group AA AT+ TT P
Variable Frequency (%) Frequency (%) Frequency (%) value

MAAS
Age 3y 1577709 (2.1) 30/157 (19.1)  127/552 (23.0) .30
AgeSy 143/703 (20.3)  35/155 (22.6)  108/548 (19.7) 43
Age 8y 112/697 (16.1)  21/152 (13.8) 91/545 (16.7) .39
Age 11y  104/637 (16.3)  16/142 (11.3) 88/495 (17.8) .06
IS
Age ly 92/257 (35.8) 23/67 (34.3) 69/190 (36.3) .88
Age 2y 51/230 (22.2) 11/63 (17.5) 40/167 (24.0) .37
Age3y 53/234 (22.6) 15/64 (23.4) 38/170 (22.4) .86
Age S5y 53/228 (23.2) 17/62 (27.4) 36/166 (21.7) .38
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TABLE E2. Current wheezing by day care attendance

No day care Day care
Age Frequency (%) Frequency (%) P value
MAAS
Age 3y 46/213 (21.6) 111/496 (22.4) .82
AgeSy 57/213 (26.8) 86/490 (17.6) .005
Age 8y 46/207 (22.2) 66/490 (13.5) .004
Age 11y 33/187 (17.7) 71/450 (15.8) .561
1IS
Age ly 36/132 (27.3) 56/125 (44.8) .004
Age2y 22/119 (18.5) 29/111 (26.1) 20
Age 3y 26/120 (21.7) 27/114 (23.7) .76

Age5y 27/115 (23.5) 26/113 (23.0) 1.00

CUSTOVIC ET AL 397.e8
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TABLE E3. Odds ratios and Cls for the effect of day care on clinical outcomes in longitudinal models (unless stated otherwise), stratified
by TLR2/-16934

TLR2 = AA TLR2 = AT/TT
Interaction
Variable OR (95% Cl) P value OR (95% ClI) P value P value
Current wheeze
MAAS, age 3-5-8-11y 0.7 (0.4-1.3) .266 0.7 (0.5-1.0) .062 .95
IIS, age 1-2-3-5 y 2.2 (1.0-4.8) .046 1.3 (0.8-2.2) 233 .29

OR, Odds ratio.
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