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Background: Most complex diseases are the result of

interactions between polymorphisms in the genome and

environmental exposures.

Objective: We sought to investigate the previously reported

association between a polymorphism in the promoter region of

CD14 (CD14/2260C!T) and serum IgE levels in relation to the

environment to which children are exposed.

Methods: In 624 children living in 2 rural communities in

Europe, we compared total and specific serum IgE levels

between the genotypes of CD14/2260 in relation to exposure

to animals and in relation to house dust endotoxin.

Results: We found that the C allele of CD14/2260 was

associated with higher levels of both total and specific serum

IgE to aeroallergens in children with regular contact with pets,

whereas an association in the opposite direction was found in

children with regular contact with stable animals. This

modifying effect of animal exposure was not explained by levels

of house dust endotoxin. However, in children with high levels

of house dust endotoxin, the C allele was associated with less

specific IgE, independently from animal exposure.

Conclusion: Because CD14 is a pattern recognition receptor for

microbial molecules, the results suggest that the type and

concentrations of such molecules present in the environment

strongly determine the direction of the association between

CD14/2260 and serum markers of atopy. (J Allergy Clin

Immunol 2005;116:601-7.)

Key words: Serum IgE, CD14/2260, microbial exposure, gene-

environment interaction
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Most human phenotypes are the result of complex
interactions between variations in the genome and envi-
ronmental exposures. In many genetic studies of human
disease, however, environmental factors are not concom-
itantly ascertained. The assumption in such studies is that
most genetic variations influence the risk of disease in a
unidirectional way: the affected allele increases the risk of
the disease regardless of environmental exposures. On this
basis, there is the expectation that discovery of genes for a
disease will be replicated in at least a preponderance of
corroborative studies. Recent reviews have highlighted,
however, that both for association and linkage studies of
complex human phenotypes, lack of widespread replica-
tion is more often the rule than the exception.1

Although the technical flaws of many association
studies might justify failure to replicate genetic findings,2

other explanations are also possible. Phenotypic plasticity,
which is the capacity of a genotype to produce different
phenotypes depending on environmental background, has
been well characterized in prokaryotes and eukaryotes.3

Recently, Remold and Lenski,4 for example, described
opposite phenotypic effects obtained from mutations in
Escherichia coli, depending on the growth medium in
which the mutant was raised. Similar findings have been
reported in plants and experimental animals3 and have
been suggested for human phenotypes by Lewontin5

30 years ago. However, only few studies of phenotypic
plasticity are available in human subjects, most likely
as a result of the difficulty in assessing well-defined en-
vironmental exposures in observational studies and to
ethical limitations to experimental challenges.

The association between serum IgE levels, which are
markers for the atopic status in human subjects, and a
functional single nucleotide polymorphism in the pro-
moter region of CD14 (CD14/-260C/T), offers an
opportunity to study phenotypic plasticity.6 Association
between the T allele for CD14/2260 and lower levels of
total or specific IgE has been reported for populations in
the United States,7 Europe,8 and Asia.9 However, in both
rural populations10 and among workers in a large mouse
facility,11 the T allele in CD14/2260 was found to be
associated with more atopy. What determines these
apparently contradictory effects is not known, but because
CD14 encodes for a pattern recognition receptor that
interacts with LPS, the endotoxin from gram-negative
bacteria,12 it is possible that the effects of CD14/2260 on
601
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IgE might depend on microbial exposures in the environ-
ment.

To test this hypothesis, we studied the association
between CD14/2260 and serum IgE in different levels of
microbial exposure in children from the Allergy and
Endotoxin Study.

METHODS

Study population and exposure to
microbial products

The study includes 624 children from Austria and Bavaria

(Germany) who participated in the cross-sectional Allergy and

Endotoxin study, as previously described.13 In brief, all children

living on a farm in a predefined area and a random sample of children

living in the same area but not raised on a farm were investigated. We

used a self-administered questionnaire, which was filled out by the

parents of the children, to obtain information about respiratory and

allergic diseases and to enquire about exposure to factors related

to rural life. As an estimate of exposure to gram-negative bacteria,

endotoxinwasmeasured in house dust. Dust sampleswere taken from

the child’s mattress,14 stored at room temperature, and shipped to a

central laboratory (Munich, Germany). The content of endotoxin in

all dust samples was determined by using a kinetic Limulus assay

(Kinetic-QCL, BioWhittaker Inc,Walkersville,Md) and expressed in

endotoxin units per square meter of mattress.15

We further used questions on exposure to various animals as a

surrogate for a qualitatively broader range of exposure to microbial

products because CD14 interacts with few other microbial mole-

cules,16,17 apart from endotoxin. Regular contact with stable animals
was defined as exposure at least once a week during the previous

months to one ormore of the following animals: cow, horse, goat, pig,

or sheep. Regular contact with pets only was defined as having no

contact with stable animals but having contact with dogs, cats, or both

at least once a week during the last months. This definition includes

both children exposed to pets at home and children regularly exposed

to pets outside their home, for example by visiting friends, neighbors,

or relatives.Childrenwhohadno regular contactwith any animalduring

the last months were classified as having no contact with animals.

Total and specific serum IgE measurement

Participating children and their parents were also asked for

consent to obtain a blood sample. The concentration of total serum

IgE and of specific IgE against timothy grass, birch pollen, house

dust mite (Dermatophagoides pteronyssinus), storage mite

(Lepidoglyphus destructor), cat dander, and cow epithelium in serum

was measured in a central laboratory (University Children’s Hospital

Berlin Charité) by using commercially available kits (CAP;

Pharmacia, Uppsala, Sweden). Atopy was defined as having a

specific IgE level of 3.5 IU/mL or more to any of the allergens

tested, in accordance with previous reports in this population.13,14

Genotyping

DNA samples were isolated from whole blood by using standard

techniques. DNA concentration was determined by using fluores-

cence spectroscopy (PicoGreen; Molecular Probes). Genotyping of

DNA samples was performed by using 5#-exonuclease (Taqman;

Applied Biosystems, Foster City, Calif) assays under standard

manufacturer-recommended reaction conditions (10 mL of total

volume, 0.9 mM of PCR primers, 0.2 mM of each probe, 20 ng of

genomic DNA, and 13 master mix; Applied Biosystems) and

thermal cycling parameters (10 minutes at 95�C, 40 cycles of 15

seconds at 95�C, and 1 minute of 60�C). Thermal cycling was
performed in 9700 Viper (Applied Biosystems) instruments in

384-well plates with optical adhesive covers. Taqman reactions

were analyzed in a Sequence Detection System (7900HT; Applied

Biosystems) instrument. Each 384-well plate contained 15 samples

for which the genotype had been determined independently by means

of DNA sequencing, as well as 4 no-DNA blank wells. Fluorescence

for each of the 2 probes was plotted as X,Y values, and the clusters

representing genotype groups were automatically assigned by a

k means–based algorithm in the SDS 2.0 software program (Applied

Biosystems). Accuracy of genotypes (concordance of DNA sequenc-

ing–derived genotypes to Taqman-derived genotypes) was greater

than 99.5%. The false-positive rate (blank samples being assigned to

genotype clusters) was 0%.

The Taqman genotyping reaction for CD14/2260 used the

following oligonucleotides: PCR forward, AACCCTAGATGC-

CCTGCAGAAT; PCR reverse, ATCACCTCCCCACCTCTCTTC;

Allele 1 Probe (VIC label), TACGGtCCCCCTCC; and Allele 2

Probe (FAM label), TACGGcCCCCCTC. All oligonucleotides were

synthesized by Applied Biosystems. Probe synthesis included a

minor groove binder moiety.

Statistical analyses

The allele frequencies of CD14/2260 in the study population

were calculated and compared with a population in Hardy-Weinberg

equilibrium by using the x2 test with 1 df. Total IgE levels were log10

transformed. Endotoxin levels were divided in tertiles to explore the

relationship between exposure to endotoxin, CD14/2260, and IgE

level.

Study area (Germany, Austria), age in years, and sex were

considered as potential confounders and included in the statistical

models. Linear regression was used to estimate adjusted mean values

and SEs of total IgE for the CD14/2260 genotypes in different

categories of exposure and to test for interaction between the

polymorphisms and exposures. Logistic regression was used to

analyze the relationship of CD14/2260 variants and exposure on

atopic sensitization, to adjust for confounders, and to test for

interaction. The likelihood ratio test was performed to test the

models, including the interaction term of interest, against the model

without the interaction term.

All analyses were carried out with Stata/SE 8.0 (Stata Corp,

College Station, Tex), and 2-sided P values of less than .05 were

considered significant.

The Institutional Review Board of the University of Arizona and

the local Ethics Committee for Human Studies in Austria and Bavaria

(Germany) approved the study, and informed written consent was

obtained from the parents of the children.

RESULTS

A total of 624 children were genotyped for CD14/
2260. The allele frequency in the population was 0.51 for
CD14/2260 C, similar to the European-American refer-
ence population (proportion of the C allele 0.48; http://
innateimmunity.net), and the genotype frequencies
showed no significant deviation from a population in
Hardy-Weinberg equilibrium (x2 = 0.5, P > .5). Endo-
toxin levels from mattress samples were available for
544 children. Further characteristics of the study popula-
tion and their association to endotoxin levels are given in
Table I.

No association was found between CD14/2260 and
either total or specific serum IgE levels for the population

http://innateimmunity.net
http://innateimmunity.net
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TABLE I. Characteristics of the study population in relation to exposure to endotoxin (n = 624)

Endotoxin units/m2 mattress

First tertile

(98-12,494), n = 182

Second tertile

(12,495-30,046), n = 181

Third tertile

(30,047-530,074), n = 181

Missing,

n = 80

P value,

x2 test

Study area is

Germany

65.4% 77.9% 82.3% 11.3% <.001

Male sex 53.3% 50.8% 50.8% 57.5% >.5

Mean age, y (SD) 9.3 (1.48) 9.4 (1.53) 9.3 (1.50) 9.3 (1.17) >.5*

Exposure to animals .004

None 19.8% 13.8% 8.8% 11.3%

Dog-cats only 23.1% 18.8% 11.6% 16.3%

Stable animals 50.0% 59.7% 71.3% 60.0%

Missing information 7.1% 7.7% 8.3% 12.5%

CD14/2260 >.5

CC 25.3% 26.0% 25.4% 26.3%

CT 55.0% 50.3% 48.6% 52.5%

TT 19.8% 23.8% 26.0% 21.3%

Total serum IgE (IU/mL)� 73.0 (58.6-90.9) 74.6 (61.0-91.2) 64.7 (52.5-79.7) 68.9 (49.3-96.2) >.5*

Specific IgE �3.5 IU/mL� 25.8% 20.4% 15.5% 27.5% .051

*P value estimated by using ANOVA.

�Geometric mean (95% CI).

�See the Methods section.
as a whole (Table II), and no association between total IgE
level and the polymorphism in different levels of endo-
toxin exposure was seen (Fig 1). However, different levels
of endotoxin significantly modified the association be-
tween specific IgE levels andCD14/2260 variants (Fig 2).
The C allele of CD14/2260 was protective against atopy
in the highest tertile of endotoxin but not in the 2 lower
tertiles. Because contact to animals, particularly stable
animals, is a major determinant for house dust endo-
toxin,18,19 we next explored whether the differential
effects of endotoxin exposures on the association between
specific IgE levels and CD14/2260 are explained by
exposure to animals. Including regular contact to various
animals in the model did not explain the protective effect
of the C allele against atopy in children with high exposure
to endotoxin (Table III).

Moreover, regular contact with various animals itself
significantly modified the association between total and
specific serum IgE levels and CD14/2260 (Figs 3 and 4).
Among children who had contacts with stable animals, the
C allele for CD14/2260 was associated with less specific
and less total IgE levels, whereas an association in the
opposite direction was found among children with regular
contact with pets only (Figs 3 and 4). In children with no
contact with animals, no clear association between CD14/
2260 variants and IgE levels was detected. The interac-
tion between CD14/2260 and exposure to animals on
total IgE and specific IgE levels remained significant after
adjusting for age, sex, and endotoxin exposure (Table III).

DISCUSSION

The results of our study suggest that both levels of
endotoxin in house dust and contact with various animals
modify the association between CD14/2260 and serum
IgE levels in children. We found the C allele of CD14/
2260 to be associated with less serum IgE in children
exposed to stable animals, whereas an association in the
opposite direction was found in children with regular
contact with pets. A similar association between the C
allele of CD14/2260 and specific IgE levels, but not with
total IgE levels, was found in children exposed to high
levels of house dust endotoxin.

This is the first study that confirms in a single popula-
tion apparently contradicting results reported in previous
genetic studies in which environmental exposures were
not measured. Baldini et al7 first reported the CD14/2260
single nucleotide polymorphism and its association with
total serum IgE levels in children from the Tucson
Children’s Respiratory Study. In that study children with
positive skin test responses carrying the CD14/2260 C
allele had higher total IgE levels compared with homozy-
gotes for the T allele. Children from this unselected birth
cohort were similar with respect to ethnicity and age to
those enrolled in our study population, but their urban

TABLE II. Total serum IgE level and frequency of atopy

in CD14/2260 polymorphisms

Total IgE (IU/mL),

geometric

mean (95% CI)

Atopy,*

% (95% CI)

CD14/2260

CC, n = 160 66.4 (54.1-81.5) 21.3 (0.15-0.28)

CT, n = 321 68.0 (58.1-79.6) 20.9 (0.16-0.25)

TT, n = 143 81.2 (62.3-105.6) 23.1 (0.16-0.30)

P value >.2 (ANOVA, 1 df) >.2 (x2 test, 2 df)

*See the Methods section.
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FIG 1. Total serum IgE levels in CD14/2260 genotypes in 3 levels of endotoxin (endotoxin units per square

meter of mattress).

FIG 2. Specific IgE levels in CD14/2260 genotypes in 3 levels of endotoxin (endotoxin units per squaremeter of

mattress).
home environment excludes regular contact with stable
animals. The direction of the association between total IgE
levels and CD14/2260 was the same as in our population
when children with stable animal contacts were excluded.
A very similar association was reported in adults living in
The Netherlands8 and in children living in Hong Kong9

and the United Kingdom.20 Conversely, no association
was reported in 2 studies performed in Germany,21,22 and
only a weak and nonsignificant association was found in a
large and phenotypically well-defined Australian popula-
tion.23 Kedda et al23 also carried out a meta-analysis
including data from more than 10 populations and con-
cluded that overall there was no association between
CD14/2260 variants and atopy. However, the authors
reported significant heterogeneity between the studies in
the association of CD14/2260 and atopy.23 Although
differences in study design, such as the definition used to
define phenotypes, ethnicity, and the age distribution of
the target population, are well-known sources of hetero-
geneity, the effect of exposure to microbial products might
be particularly important when studying innate immunity
genes. In none of the studies mentioned above was a
distinction made between subjects living with or without
pets or according to exposure to microbial products.

A recent report showed a significant interaction be-
tween dog ownership and CD14/2260 genotypes on the
risk for atopic dermatitis at age 1 year.24 In these infants
homozygotes for the T allele were significantly less likely
to have atopic dermatitis but only when a dog was kept at
home, whereas no association between CD14/2260 and
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TABLE III. Adjusted odds ratios (95% CI) for the association between CD14/2260 variants and specific serum IgE levels

of 3.5 IU/mL or greater in relation to endotoxin levels in house dust and exposure to animals

CD14/2260

CC CT TT

Endotoxin* First tertile 1 (reference) 0.61 (0.27-1.38) 0.64 (0.22-1.88)

Second tertile 1 (reference) 0.74 (0.29-1.86) 0.70 (0.22-2.19)

Third tertile 1 (reference) 4.31 (0.89-20.88)� 7.00 (1.36-36.02)§

Animal contact� None 1 (reference) 0.52 (0.15-1.84) 0.69 (0.15-3.11)

Dogs-cat only 1 (reference) 0.23 (0.07-0.80)§ 0.25 (0.05-1.15)�
Stable animals 1 (reference) 1.92 (0.88-4.19)� 2.56 (1.07-6.15)§

*Adjusted for study area, age, sex, and animal contact; P value for the interaction endotoxin and CD14/2260 variants = .070.

�Adjusted for study area, age, sex, and endotoxin; P value for the interaction animal contact and CD14/2260 variants = .018.

�P = .05-.10.

§P < .05.
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atopic dermatitis was observed among children without
exposure to dogs. This finding is very similar to our
observation: the negative association between the T allele
of CD14/2260 and serum IgE levels, which, like atopic
dermatitis, are also markers of the atopic status, became
only apparent among children with regular contact with
pets.

Contrary to what we observed in children exposed
to pets, we found that the association between CD14/
2260C and total and specific serum IgE levels was in the
opposite direction among children exposed to stable
animals. This finding is concordant with reports from
other studies that showed a positive association between
IgE responses and the T allele of CD14/2260 in subjects
heavily exposed to animals. Among the Hutterites, for
example, a population living on communal farms in South
Dakota, the T allele was more often transmitted in atopic
subjects than the C allele,10 and the T allele inCD14/2260
was associated with increased total serum IgE levels in
allergic subjects working at the Jackson Laboratories in
Maine.11

The molecular mechanisms that explain these differen-
tial effects of environmental exposure on the association
between CD14/2260 and markers of atopy remain to be
elucidated. CD14/2260 has been demonstrated in vitro
to increase transcription activity in the presence of the
T allele in a monocytic cell line.25 This is in concordance
with the finding of a positive association between the
T allele and serum-soluble CD14 found in different
populations7,26,27 and has led to the hypothesis that
carriers of the T allele, having higher CD14 expression,
might be more sensitive to the putative protective effect of
exposures to CD14 ligands compared with carriers of the
C allele. Therefore if the development of the atopic status
would vary linearly and negatively with exposure to
microbial products, one would expect the T allele to be
invariably protective against the development of atopy,
and this is not the case. Interestingly, Eisenbarth et al28

recently described a nonlinear association between expo-
sure to endotoxin and the likelihood of development of
IgE responses in an animal model of atopy. At very low
levels of endotoxin exposure, mice did not have IgE
responses to a standard protocol of allergen challenge; at
intermediate levels, strong responses were elicited; and at
high levels of exposure, IgE responses were again sup-
pressed. It is tempting to speculate that CD14/2260
shows similar and nonlinear effects on these responses
depending on the genetic variation and the concentrations
of endotoxin in the environment.

There is another possible and not mutually exclusive
explanation for our findings. Recent reports indicate that
CD14 is part of a pattern recognition receptor complex that
not only interacts with endotoxin but also with other
microbial components, such as lipopeptides, lipoteichoic
acid, and peptidoglycan, and with a variety of lipid-
containing molecules, such as ceramid, gangliosides, and
glycosphingolipids.29 It is possible that molecules other
than endotoxin but also associated with exposure to
animals contribute to the observed association between
CD14/2260 and IgE levels in our population. Children
with contact to pets could be exposed to microbial
products quite different from those to which children
with contact to stable animals are exposed. The lack of any
modification of the association between total serum IgE
levels and CD14/2260 by levels of endotoxin, in contrast
to the strong effect modification by exposure to various
animals, supports this point of view. Furthermore, the
interaction between animal contact and CD14/2260 as
determinants of either total IgE or specific IgE levels was
not explained by levels of endotoxin. One other putative
CD14 ligand apart from endotoxin is peptidoglycan, and a
major component of this molecule, muramic acid, has
been measured in a subsample of the Allergy and
Endotoxin Study population.30 However, levels of mu-
ramic acid are available for only 377 of 624 children
genotyped for CD14/2260 and are highly correlated with
levels of endotoxin (r = 0.7), as previously reported.30 The
sample size of this study population therefore does not
allow disentangling the observed associations between
IgE levels andCD14/2260 by levels of endotoxin to those
by levels of muramic acid, and further studies will be
needed to address this issue.

Contrary to total IgE, both high levels of house dust
endotoxin and regular contact with stable animals modified
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FIG 3. Total serum IgE levels in CD14/2260 genotypes in relation to exposure to animals.

FIG 4. Specific IgE levels in CD14/2260 genotypes in relation to exposure to animals.
the direction of the association between CD14/2260 and
specific IgE levels. It thus appears that in carriers of the C
allele, stable animal contact prevents IgE production
regardless of its nature, whereas exposure to high endo-
toxin levels suppresses the production of specific IgE to
aeroallergens only. The underlying mechanisms by which
endotoxin and exposure to animals influence IgE produc-
tion in relation to CD14/2260 are therefore likely to be
different.

Our findings might have important implications for
genetic studies of complex diseases because the genetic
component only became apparent when the environmental
exposures were considered. It is plausible to surmise that a
genetic component of atopic phenotypes in relation to
CD14/2260 should be found in some studies but not in
others depending on the level of environmental exposure
present in the population under study. In this situation only
studies with similar exposures will appear to replicate each
other’s results. If the pattern of marked phenotypic
plasticity observed for IgE responses is also present for
other phenotypes, such plasticity might be an important
determinant of genetic heterogeneity in human subjects
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and thus a major cause underlying lack of replication
between genetic studies.
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