Endotoxin Exposure, CD14, and Allergic Disease
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Rationale: High endotoxin exposure may reduce the risk of allergic
sensitization.

Objective: To determine the relationship between a promoter poly-
morphism in the CD74 gene (CD14/—-159 C to T) and endotoxin
exposure in relation to the development of allergic sensitization,
eczema, and wheeze within the setting of a birth cohort.
Methods: We genotyped 442 children (CD14/-159 C to T;
rs2569190). We assessed children for allergic sensitization (IgE >
0.2 kU/L to at least one of seven allergens), eczema (physical exami-
nation), and parentally reported wheeze. Endotoxin was measured
in house dust.

Main Results: Genotype frequencies were consistent with other pop-
ulations (TT, 25%; CT, 47%; CC, 28%). Sensitization (present in
33% of children) was not associated with genotype. For children
with TT and CT genotypes, there was no association between endo-
toxin and sensitization (odds ratio [OR], 0.95; 95% confidence inter-
val [Cl], 0.71-1.23; p = 0.7; and OR, 0.90; 95% Cl, 0.77-1.04; p =
0.16, respectively) or endotoxin and eczema (OR, 0.99; 95% Cl,
0.81-1.20; p = 0.89; and OR, 1.38; 95% Cl, 0.83-2.30; p = 0.22,
respectively). In children with the genotype CC, increasing endo-
toxin load was associated with a marked and significant reduction
in the risk of sensitization (OR, 0.70; 95% Cl, 0.55-0.89; p = 0.004)
and eczema (OR, 0.73; 95% Cl, 0.56-0.95; p = 0.02). However, we
observed an increased risk of nonatopic wheeze with increasing
endotoxin exposure in children with the CC genotype (OR, 1.42;
95% Cl, 1.01-1.99; p = 0.04) but not other genotypes. No effect
was seen for atopic wheeze.

Conclusions: Increasing endotoxin exposure is associated with re-
duced risk of allergic sensitization and eczema but with increased
risk of nonatopic wheeze in children with the CC genotype at —159
of the CD14 gene. The impact of environmental endotoxin may be
enhanced in individuals with this genotype.
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Allergic sensitization is neither necessary nor sufficient for asthma
development, but the association between the two is strong (1).
Twin and family studies have confirmed a strong genetic compo-
nent of both conditions (2). The increase in prevalence of asthma
and sensitization suggests an important environmental compo-
nent. Until recently, genetic and environmental factors have gen-
erally been studied independently. To increase the probability
of identifying causative factors for complex diseases, it is neces-
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sary to study the genes and the environment to determine their
interactions (3, 4).

A locus on chromosome 5q31.1 is linked to atopy and asthma
(5). One gene mapping to this region is CD14, part of the recep-
tor complex for lipopolysaccharide, the major component of
endotoxin (6, 7). Activation of this pathway results in strong
interleukin (IL)-12 expression in early life, which favors Thl
differentiation of naive T cells, reducing the probability of an
IgE response to allergens (8, 9). Although a promoter single
nucleotide polymorphism (SNP) in this gene (CD14/—159 Cto T,
rs2569190) was not associated with the frequency of sensitization,
among sensitized children, C-allele homozygotes had higher total
IgE levels and more positive skin tests (10). Similar results were
reported in studies of Dutch adults with asthma (11), in Austra-
lian (12) and Chinese children (13), and in northern Indian
populations (14). No association was found between CD14/—159
polymorphism and atopy or total IgE in two German populations
(15,16) or among Japanese subjects (17). In contrast, in a founder
population in the United States (the Hutterites), the T allele
was associated with sensitization (18). This allele has recently
been identified as a risk for eczema at 2 yr of age in high-risk
children (19). However, a study of a high-risk, 1-yr-old children
(including 14% ethnic minorities) found that T-allele homozy-
gotes had a reduced risk of eczema but only if they were dog
owners (20). The results of previous studies that investigated the
association between CD14 polymorphisms and clinical outcomes
are presented in Table E1 of the online supplement.

The T allele was also associated with higher soluble CD14
levels. In vivo (10) and in vitro studies showed that the T allele
was transcribed more efficiently in monocytes (21), suggesting
that this polymorphism is functional.

Conflicting results of the association between CD14 polymor-
phisms and sensitization may be due to differing environmental
exposures in the populations studied. Endotoxin exposure may
be a plausible candidate and has been associated with allergic
disease. Lower early-life endotoxin load was reported in sensitized
compared with nonsensitized, high-risk children (22). Higher ex-
posure reduced the risk of eczema at 6 mo (23) and 12 mo of age
(24) and of sensitization and atopic asthma among school-
children (25). However, this association was not reproduced in
all populations (26, 27).

Endotoxin exposure and the CD14 polymorphism have been
associated with allergy in some populations but not in others.
Because the effect of endotoxin is mediated through CD14,
we aimed to investigate the relationship between a promoter
polymorphism in the CD14 gene (CD14/—159 C to T) and endo-
toxin exposure with allergic sensitization, eczema, and wheeze
in a population-based birth cohort study. Some of the results of
this study were reported in the form of an abstract (28, 29).

METHODS

Additional details on study population, environmental exposures, and
genotyping are available in the online supplement.
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Study Population

The Manchester Asthma and Allergy Study is a population-based birth
cohort study (30-32) set in Greater Manchester, United Kingdom (pop-
ulation, 6 million). Participants were recruited prenatally (30) and re-
viewed at 5 yr (= 4 wk) of age. We collected domestic dust samples
for measurement of environmental exposures at this time. The study
was approved by the local research ethics committee. We obtained
informed consent from all parents.

Outcomes

Allergic sensitization. We measured specific serum IgE (mite, cat, dog,
grass, milk, egg, and peanut; ImmunoCAP; Pharmacia, Uppsala, Sweden)
and defined sensitization as specific IgE greater than 0.2 kU/L to any
allergen. We used a skin-prick test for Dermatophagoides pteronyssinus,
cat, dog, grasses, molds, milk, and egg (Bayer, Elkahrt, IN) and defined
sensitization as a weal diameter 3 mm greater than negative control.

Clinical assessment. A validated questionnaire (33) was interviewer
administered to collect information on parentally reported symptoms,
physician-diagnosed illnesses, and treatments received. Children were
defined as having recent wheeze if they had wheezed within the previous
12 mo. Wheeze was defined as atopic if it occurred within the context
of allergic sensitization and nonatopic if it was reported in children
who were not sensitized.

Physical examination was conducted in a standardized manner.
Eczema was defined using the U.K. diagnostic criteria (34).

Environmental Exposures

We collected two living-room floor dust samples by vacuuming 1-m?
areas for 2 min (32). Endotoxin content was measured by a kinetic
limulus assay (35). Results were expressed as endotoxin load (EU/m?)
and level (EU/mg). Dust mite allergen Der p 1 was measured using
ELISA (32). Results were expressed as allergen concentration (ug/g).

Genotyping

We genotyped an SNP in the promoter region of CD14 (=159 T > C
1s2569190) using a fluorescence-based primer extension method
(SNaPshot; ABI, Warrington, UK). Polymerase chain reactions were
performed in 10-ul reaction volumes containing 10 ng genomic DNA
(isolated from whole blood) per reaction. Three positive controls of
each genotype and negative water controls were included on each plate.

Soluble CD14

Soluble CD14 (sCD14) was measured in plasma collected at 5 yr of
age (R&D Systems, Abingdon, UK). Results were expressed as pg/ml.

Statistical Analysis

Statistical analysis was performed using SPSS for Windows (version
11.0). Endotoxin and mite allergen data followed a log-normal distribu-
tion; results are presented as geometric means (GM) and 95% confi-
dence intervals (CI). Deviation from Hardy-Weinberg equilibrium was
tested for using a x* test. Logistic regression was used to ascertain the
effect of endotoxin load on sensitization, eczema, wheeze, and sCD14
in the whole population and within different genotype groups. The
results are presented as odds ratios (OR) and 95% CIL.

RESULTS

The study profile is shown in Figure 1. We reviewed 1,025 chil-
dren; 122 children randomized to an environmental control
regime (36) were excluded from this analysis. A full dataset was
available in 442 children of mixed European ancestry. Where
genotyping was not performed, this was generally because the
child refused venipuncture. Children excluded from the analysis
did not differ from those included in terms of family history,
parental smoking, maternal age, socioeconomic status, gesta-
tional age, history of wheeze, allergic sensitization, and endo-
toxin exposure (data available on request).

Demographic data of the subjects are presented in Table 1;
33% were sensitized by IgE (17% to mite) and 25% by skin

1211 couples recruited
antenatally

1025 children attended 5
year follow up

122 intervention study

400 not genotyped

26 not Caucasian

477 children genotyped

27 no
endotoxin

8 no IgE
results

442 children
with full data set

Figure 1. Schematic representation of trial profile.

tests (14% to mite), 38% reported wheeze ever, 21% reported
current wheeze, and 14% had eczema on clinical examination.
Endotoxin exposure covered a large range (~ 200,000-fold; load
GM, 2,856 EU/m* 95% ClI, 2,420-3,370, and level GM, 16.1
EU/mg; 95% CI, 14.3-18.1) and was not associated with family
history of allergic disease, socioeconomic status, position in the
sibship, or parental smoking (p > 0.2). sCD14 was detectable
in all children (mean, 1.77 pg/ml; 95% CI, 1.73-1.80 pg/ml).
Genotype frequencies were in Hardy-Weinberg equilibrium and
consistent with other populations (TT, 25%; CT, 47%; CC, 28%)
(10).

Allergic Sensitization

There was no association between CD14/—159 genotype and
sensitization defined by IgE (p = 0.4). For the whole population,
increasing endotoxin load was significantly associated with a
decreased risk of sensitization (OR, 0.85; 95% CI, 0.76-0.95;
p = 0.005). However, when this analysis was repeated by genotype,
there was no association between endotoxin load and sensitiza-
tion for the TT and CT genotypes (OR, 0.95; 95% CI, 0.71-1.3;
p = 0.7;and OR, 0.90; 95% CI, 0.77-1.04; p = 0.16, respectively).
In contrast, in children with the CC genotype, increasing endo-
toxin load was associated with a marked and significant decrease
in the risk of sensitization (OR, 0.70; 95% CI, 0.55-0.89; p =
0.004; Figure 2). For the CC genotype group only, for each log
unit increase in endotoxin exposure in the home, there was a
30% decrease (95% CI, 11-45) in the odds of being sensitized
to one or more allergen. We found some limited evidence of a
statistical interaction between genotype and endotoxin load in
their relationship with allergic sensitization when an interaction
term was included in the logistic regression model (overall inter-
action, p = 0.09).

None of these relationships was significantly altered when
sensitization was defined as one or more specific IgE greater
than 0.35 kU/L. Similarly, defining allergic sensitization by skin
tests or expressing endotoxin exposure as level or quartiles of
load (Table 2) or inclusion of the environmental tobacco smoke
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TABLE 1. DEMOGRAPHIC DATA OF THE STUDY POPULATION

Genotype (%)

Variable Whole Group* TT (n = 109) CT (n= 207) CC(n=126) p Value
Male 56 62 52 56 0.2
Maternal asthma 18.3 18.3 18.4 18.3 11
Paternal asthma 11.5 15.6 9.7 1.1 0.3f
Maternal smoking 14.3 11.9 15 15.1 0.7
Paternal smoking 25.1 21 27 25 0.5°
Maternal atopy 52.8 46.8 54.9 54.8 0.3"
Paternal atopy 56.8 63.9 53.4 56.3 0.2
Cat owner 25.6 31.2 23.8 238 0.3f
Dog owner 19.5 18.3 19.4 20.6 0.9
Older siblings 56.3 56 57 55.6 0.9
Attended nursery 68 68.9 66.1 70.1 0.7
Breast fed > 16 wk 39.2 42.9 39.3 35.7 0.17
Wheeze ever 38.2 34.9 39.1 39.7 0.7
Current wheeze 20.6 15.6 24.2 19.0 0.2
Eczema 14.1 8.3 16.4 15.2 0.141
Sensitization (IgE) 32.8 28.4 35.7 31.7 0.41
Sensitization (SPT) 253 22.2 28.6 22.7 0.3f
Mite sensitization (IgE) 17 16.5 17.4 16.7 11
Mite sensitization (SPT) 14 13 14 14 1t
sCD14, mg/ml 1.77 1.83 1.78 1.70 0.02¢
Total IgE, kU/L 26.99 24.79 24.67 33.67 0.18*
Endotoxin load, EU/m? 2856 2885 2974 2647 0.84¢

Definition of abbreviation: SPT = skin prick test.
* Values are percentages unless otherwise noted.
* p Value for x? by genotype.

# p value by analysis of variance.

exposure at 5 yr of age or maternal smoking during pregnancy
did not materially alter the results.

To further explore this association with sensitization to indi-
vidual allergens, we investigated the relationship between the
CD14 polymorphism, exposure to mite allergen, and endotoxin-
and mite-specific IgE. There was no association between CD14
genotype and mite sensitization (p = 1; see Table 1). In a multi-
variate logistic regression analysis, for the whole population

1.0

Predicted probability for sensitization

0.0 - x . - - -
1.0 7.4 54.6 4034 2981 22000 162755 1.2x10°

Endotoxin Load (EU/m?)

Figure 2. Fitted predicted probability curves for allergic sensitization at
5 yr of age in relation to environmental endotoxin load in children with
CC, CT, and TT genotypes in the promoter region of the CD14 gene
(CD14/-159 C to T) derived from the logistic regression analysis.

there was a trend toward an increase in the risk of sensitization
to mite with increasing mite allergen exposure (OR, 1.14; 95%
CI, 1.00-1.30; p = 0.06) and a significant decrease in the risk with
increasing endotoxin exposure (OR, 0.84; 95% CI, 0.73-0.98,;
p = 0.02). In children with the CC genotype, an increase in the risk
of mite sensitization was significantly associated with increasing
mite allergen exposure and decreasing endotoxin exposure (OR,
1.34; 95% CI, 1.03-1.75; p = 0.03; and OR, 0.67; 95% CI, 0.50-
0.90; p = 0.007, respectively; Figure 3). No such effect was seen
in children with the CT and TT genotypes (p > 0.4). Defining
mite sensitization by skin tests or using early-life or cumulative
exposure did not alter the results (data not shown).

Eczema

For the whole population, there was no association between
eczema and CDI14 genotype (p = 0.14) or endotoxin exposure
(p = 0.28). However, in children with the CC genotype, increasing
endotoxin load was associated with a decreased risk of eczema
(OR, 0.73;95% CI, 0.56-0.95; p = 0.02), which was not seen for
the CT or TT genotypes (OR, 0.99; 95% CI, 0.81-1.20; p = 0.89;
and OR, 1.38; 95% CI, 0.83-2.30; p = 0.22, respectively; Figure
4a). For the CC genotype group only, for each log unit increase
in endotoxin exposure in the home there was a 27% decrease
(95% CI, 5-44) in the odds of having eczema. We found a
statistically significant interaction between genotype and endo-
toxin load, with evidence of a difference between the genotypes
with respect to the relationship between eczema and endotoxin
load (overall interaction, p = 0.05).

Wheeze

For the whole population, we found no association between wheeze
and CD14 genotype (wheeze ever, p = 0.7; recent wheeze, p =
0.2) or between wheeze and endotoxin exposure (wheeze ever,
p = 0.1; recent wheeze, p = 0.3). However, in the CC genotype
subgroup, increasing endotoxin load was associated with a
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TABLE 2. EVIDENCE FOR ASSOCIATION AMONG THREE DIFFERENT DEFINITIONS OF ALLERGIC
SENSITIZATION AND THREE DIFFERENT MEASURES OF ENDOTOXIN EXPOSURE IN CHILDREN

WITH THE CC GENOTYPE (n = 126)

IgE > 0.2 kU/L (n = 37 with
allergic sensitization)

IgE > 0.35 kU/L (n = 27 with

Skin Prick Test (n = 24 with

allergic sensitization) allergic sensitization)

OR (95% CI) p Value

OR (95% CI) p Value OR (95% CI) p Value

Endotoxin load, EU/m?
Endotoxin level, EU/mg
Endotoxin load, quartiles

0.70 (0.55-0.89)  0.004
0.61 (0.43-0.87)  0.006
0.60 (0.42-0.87)  0.007

0.77 (0.61-0.96)  0.023
0.70 (0.51-0.97)  0.032
0.62 (0.43-0.91)  0.015

0.81 (0.64-1.02)  0.067
0.76 (0.55-1.05)  0.093
0.63 (0.42-0.94)  0.023

Definition of abbreviations: Cl = confidence interval; OR = odds ratio.

significant increase in the risk of recent wheeze (OR, 1.31; 95%
CI, 1.00-1.73; p = 0.05), which was not seen in the CT or TT
genotypes (OR, 1.00; 95% CI, 0.84-1.18; p = 1.0; and OR, 1.04;
95% CI, 0.72-1.50; p = 0.8, respectively). Children with recent
wheeze were divided into atopic (n = 42) and nonatopic
(n = 49) groups. Using nonwheezers as the reference group,
there was no association between atopic wheeze and endotoxin
exposure for the whole population (p = 0.8) or for individual
genotypes (p > 0.4). For nonatopic wheeze, there was no associa-
tion between endotoxin exposure and wheeze for the whole
population (p = 0.2), but in children with CC genotype, increas-
ing endotoxin was associated with an increase in wheeze (OR,
1.42;95% CI, 1.01-1.99; p = 0.04; Figure 4b). This was not seen
for the CT (OR, 1.05; 95% CI, 0.81-1.34; p = 0.7) or TT geno-
types (OR, 0.97; 95% CI, 0.62-1.52; p = 0.9). We found no
association between endotoxin exposure and wheeze ever for
individual genotypes.

Potential Confounders

We found no association between CD14 genotypes and factors
previously shown to be associated with allergic sensitization and
wheeze (see Table 1).

sCD14

sCD14 was lower among children with the CC genotype (p =
0.02; see Table 1). There was no linear association between
endotoxin exposure and sCD14 level for the whole group (p =
0.6) or within genotype groups (p > 0.2). There was no associa-
tion between sCD14 level and allergic sensitization or current
wheeze (p > 0.14). Children with eczema had lower sCD14
(mean, 1.67 pg/ml; 95% CI, 1.59-1.74, vs. mean, 1.78; 95% ClI,
1.74-1.82; p = 0.02).

DISCUSSION

This study provides clear evidence of the differing effect of
domestic endotoxin exposure on allergic sensitization, eczema,
and wheeze in children with different CD14 genotypes. Children
homozygous for the C allele at position —159 in the promoter
region of the CDI14 gene showed a dose-dependent response to
endotoxin: high exposures were associated with a decreased risk
of allergic sensitization and eczema, and low exposures were
associated with an increased risk relative to the rest of the popu-
lation. However, in the same children, high endotoxin was associ-
ated with an increase in nonatopic wheeze. Among the remaining
children, there was no effect of endotoxin on sensitization,
wheeze, or eczema.

Limitations

One potential limitation is that endotoxin was measured once
at age 5 yr, raising a question whether this single level is an
appropriate index of early-life exposure (arguably the most criti-
cal time). In 70 homes, we also measured early-life endotoxin

load and demonstrated a good correlation between the two mea-
sures (r = 0.54), similar to that reported by others over a 6-yr
period (r = 0.51) (37). We also measured mite allergen at birth
and at 3 and 5 yr of age and demonstrated the same relationship
between exposure and mite sensitization when we used allergen
levels at the individual time points or cumulative level. Thus,
when assigning “index of exposure” to an environmental factor
with huge between-individual variability within a population
(~ 200,000-fold for endotoxin in our study), comparatively small
within-individual variability due to timing of the measurement
is outweighed by large between-individual differences. We there-
fore argue that endotoxin exposure measured at age 5 yr is a
good estimate of early-life exposure. The levels of endotoxin in
our study were similar to those in the nonfarming households
but lower compared with the farming households in the ALEX
(ALlergy and EndotoXin) study (25). The reported relationships
seemed to be specific for endotoxin and were not observed when
we repeated the analysis using total weight of dust.

CD14 contributes not only to TLR4-mediated recognition of
endotoxin (more generally, Toll-like receptor-4 [TLR4] ligands)
but is also involved in the detection of gram-positive and other
products through TLR2 (38). Thus, endotoxin may act as a surro-
gate marker for a loosely related ligand rather than the CD14
ligand itself, which may be an alternative explanation for the
lack of consistency between studies.

We have investigated the effect of a single SNP in the pro-
moter region of the CD14 gene (CD14/—159 C to T; rs2569190).
It is possible that the effects seen are a result of linkage disequi-
librium between this and other SNPs in this gene or in the
surrounding region. A further line of investigation might be to
study the effects of maternal CD14 genotype, endotoxin expo-
sure during pregnancy, and allergic outcomes in offspring.

Although retention in this population-based observational
birth cohort is excellent, we analyzed data from approximately
half of the subjects (mostly because some children refused veni-
puncture). There was no difference between children excluded
or included in the analysis in any relevant parameter. Further-
more, the prevalence of allergic sensitization among the parents
of the children is similar to that of young adults in the United
Kingdom (39), suggesting the subjects are representative of the
general population.

“Endotoxin Switch”

In 2003, Vercelli proposed the “endotoxin switch,” suggesting
a bimodal relationship between environmental exposures to bac-
terial products and immune responses (being Th2-like at low
and Thl-like at high exposures) (4). Our data support this hy-
pothesis. We identified an endotoxin load above which children
with CC genotype were at a reduced risk of sensitization relative
to the remainder of the population. Immune responses to endo-
toxin in different CD14/—159 genotypes may be represented as
a series of parallel curves positioned at different points along
the bacterial load axis, implying that the dose of endotoxin at
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Figure 3. Fitted predicted probability for sensitization to mite at 5 yr of age in relation to environmental endotoxin load and Der p 1 exposure in
children with CC genotype in the promoter region of the CD14 gene (CD14/—159 C to T) derived from the logistic regression analysis.

which they switch from a Th2 to a Thl response is shifted in
different genotypes (4). Rather than identifying the parallel re-
sponse curves at differing endotoxin loads for the three CD14/
—159 genotypes, our data suggest that the difference between
genotypes in the relationship between endotoxin load and im-
mune response is the gradient (not the position) of the dose—
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response curve. This may suggest that individuals with TT and
CT genotypes are much less susceptible to the effect of endotoxin
compared with C-allele homozygotes.

In most studies that reported an association between CD14/
—159 genotype and severity of sensitization, the increase in se-
verity was associated with the C allele (10, 11). In contrast, a
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Figure 4. (a) Fitted predicted probability curves for eczema at 5 yr of age in relation to environmental endotoxin load in children with CC, CT,
and TT genotypes in the promoter region of the CD14 gene (CD14/—159 C to T) derived from the logistic regression analysis. (b) Fitted predicted
probability curves for current nonatopic wheeze at 5 yr of age in relation to environmental endotoxin load in children with CC, CT, and TT
genotypes in the promoter region of the CD14 gene (CD14/—159 C to T) derived from the logistic regression analysis.
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study in the Hutterites of a farming community likely to be
exposed to high endotoxin levels (40) suggested that the T allele
was associated with sensitization (18). Extrapolating from our
results, in populations with high endotoxin exposure, CC homo-
zygotes would be at reduced risk of sensitization relative to the
T-allele carriers, making this the risk genotype. In studies where
the C allele conferred increased risk, it is likely that the popula-
tion exposures to endotoxin were generally lower. Our data can
explain how, in cross-sectional studies, the same genotype may
confer an increase, a decrease, or no effect on sensitization, depen-
dent on the population endotoxin exposure. A recent family-
based study of adults with asthma from Barbados suggested that
T-allele homozygotes were less likely to have asthma as a group.
However, when stratified by endotoxin exposure (highest quartile
vs. rest), T-allele homozygotes with high exposure were at in-
creased risk compared with the CC genotype group (albeit in a
small number of subjects) (41). This finding is in agreement
with our data. Further confirmation of this important effect was
reported in children of the ALEX study, where carriers of the
C allele exposed to the highest tertile of endotoxin had less
allergic sensitization (42). Although the studies are of different
design, there are important similarities replicating the findings.

Although we confirmed previous reports of lower sCD14 in
the CC genotype subgroup (10), we found no effect of endotoxin
on sCD14, suggesting that the mechanism by which endotoxin
exposure affects sensitization is not by altering sCD14 levels. As
well as sCD14, in humans CD14 is expressed on the membrane
of monocytes and macrophages (mCD14). Studies of the effect
of mutations on the function of CD14 protein as an LPS receptor
suggest that the critical regions may be different for the mem-
brane and the soluble form of CD14 (43). The relationship be-
tween the density of mCD14 on monocytes and CD14 genotype
is also variable (44-46). Therefore, our findings of an effect of
endotoxin on allergic sensitization in the CC genotype group
may be mediated by complex effects on the function of mem-
brane-bound CD14.

Environmental Exposures and Mite-specific Sensitization

A dose-response relationship between mite allergen exposure
and specific sensitization has been shown for some populations
(47) but not others (48). In our study, increasing allergen expo-
sure was associated with increased risk of sensitization, but the
size of this effect was dampened at higher endotoxin exposure.
When the analysis was repeated by genotype, this complex rela-
tionship was seen only among children with CC genotype at
CD14/—159. Thus, the development of allergen-specific sensiti-
zation is influenced not only by allergen exposure, but also by
other environmental exposures (e.g., endotoxin) and genetic
predisposition. We found no such effect for cat and dog sensitiza-
tion and exposure to the respective allergens (data not shown).
This may be a consequence of lower rates of sensitization to pet
allergens (cat, 9%; dog, 5.9%).

Symptomatic Disease

Similar to the relationship between endotoxin and sensitization,
eczema was decreased in children with the CC genotype exposed
to high endotoxin levels. We confirmed eczema by clinical exami-
nation rather than by relying only on parental reports of itchy
rash.

In marked contrast to the findings for eczema, nonatopic
wheeze was increased in children with the CC genotype with
increasing endotoxin exposure. No such association was seen
for atopic wheeze. Others have also reported an increase in
nonatopic wheeze with increasing endotoxin exposure (25). The
hygiene hypothesis implicates reduced exposure to microbials
as a cause for the increase in prevalence of allergy (49). The

results of the current study may help explain why this hypothesis
is more consistent in its association with allergic sensitization
than with wheeze and asthma (50).

CONCLUSIONS

One aim of epidemiologic studies is to identify potentially modi-
fiable risk factors and to design primary prevention strategies
for asthma and allergic diseases. Success in the identification
of genetic polymorphisms that confer an increase in risk for
sensitization and asthma has been limited. This reflects the diffi-
culties in phenotype definition and the fact that the relevant
environmental exposures have rarely been taken into account.
We have shown that exposure to a specific environmental factor
(endotoxin) may be relevant only in individuals with a particular
genetic polymorphism (CC genotype for CD14/—159). There-
fore, within the context of primary prevention strategies, only
individuals with particular genotypes may benefit from an inter-
vention directed at an increase in endotoxin (or microbial) expo-
sure. Primary prevention requires the development of tailor-
made measures targeting subjects with specific susceptibilities
who will benefit from a particular intervention rather than blan-
ket advice aimed at the whole population. Thus, in assessing the
impact of genetic factors on complex disease, it is imperative
not to investigate genetic factors in isolation but to consider
potential gene—environment interactions.
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INTRODUCTION

The published studies investigating the relationship between CD14/-159 CtoT SNP and
asthma and allergy outcomes are summarised in Table E1. Those suggesting the C allele
is the risk allele are listed first, followed by those suggesting no association, then those
suggesting the T allele is the risk allele. Finally are the studies that have looked for
interactions.

METHODS

The Manchester Asthma and Allergy Study is a prospective study which follows the
development of asthma and other atopic disorders in a cohort of infants. The setting is
the maternity catchment area of Wythenshawe and Stepping Hill Hospitals, comprising of
50 square miles of South Manchester and Cheshire, UK, a stable mixed urban-rural
population. Study was approved by the Local Research Ethics Committee. Informed
consent was obtained from all parents.

Screening & Recruitment

All pregnant women were screened for eligibility at 'Booking' antenatal visits (8"-10™
week of pregnancy). The study was explained to the parents, and informed consent for
initial questionnaires and skin prick testing 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 at Wythenshawe Hospital for
skin prick testing and questionnaire. Once both parents had completed questionnaires

and skin prick testing, 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 gestation) and gave consent to a further
follow-up. Of those, 128 were prenatally randomized into an environmental control
group (see below), and 957 were followed as an observational arm of the cohort.
Allocation to study groups

Children were assigned to risk groups according to parental sensitisation status. Nested
within the cohort is a primary prevention study in which a subgroup of children at high
risk (both parents atopic) without pets in home was randomised to either stringent
environmental control (allergen impermeable covers for the parental and infant bed, hot
washing of bedding weekly, HEPA vacuum cleaner, hard floor for the nursery) or a
normal regime. Children randomized to the environmental control group were excluded
from this analysis.

Follow-up

The children have been followed prospectively, and attended review clinics at age 3 and 5
years (=4 weeks). We completed assessment at age 5 years in April 2003. The overall
follow-up rate during the first five years of life in the observational part of the cohort was
exceptionally high (874/957 [91.3%] age 3 years; 840/957 [87.8%] age 5 years).
Outcomes

Clinical assessment: A validated questionnaire™ was interviewer-administered to collect
information on parentally-reported symptoms, physician-diagnosed illnesses and

treatments received. Children were defined as having recent wheeze if they had wheezed



within the previous 12 months. Physical examination was conducted in a standardized
manner and eczema defined using the UK diagnostic criteria™.

Allergic sensitization: We measured specific serum IgE (mite, cat, dog, grass, milk, egg
and peanut; ImmunoCAP™, Pharmacia, Uppsala, Sweden) and defined sensitization as
specific IgE >0.2 kU/L to any allergen. We also skin prick tested the children (D
pteronyssinus, cat, dog, grasses, moulds, milk, egg [Bayer, Elkahrt, IN, USA]) and
defined sensitization as a weal diameter 3mm greater than negative control.
Environmental exposures

We collected 2 living-room floor dust samples by vacuuming a 1m? area using a Medivac
dust sampler (airflow 45 1/s; Medivac Plc, Wilmslow, Cheshire, UK) for 2 minutes in a
standardised fashion. The sampling head was loaded with a stainless steel mesh filter, to
remove particles >300um diameter, allowing a sample of fine dust to be collected onto a
5 um pore size vinyl filter (Plastok Associates Ltd, Wirral, UK). Immediately after
collection, the dust sample was transferred into pre-weighed petri dishes and coded. The
filled petri dish was weighed to calculate the mass of fine dust collected and stored at 4°C
until extraction. After each sample collection the sampling head was cleaned using 70%
isopropyl alcohol.

Endotoxin content was measured by a kinetic limulus assayE3'4. Briefly, 50 mg of fine
dust were extracted by shaking in pyrogen-free tubes with 5-ml endotoxin-free water
(both Charles River Endosafe) for 1hr at room temperature. Following centrifugation
(3000 rpm, 30 min RT), aliquots (100 pl, 1:100-1:100,000) were transferred to a

microtiter plate (96 wells, Becton Dickinson Labware) and 100 pl LAL (Limulus

Amebocyte Lysate) were added. Optical densities were read every 30s at 405 nm for 1 hr



(BIO-TEK Instruments). Results were calculated from a standard curve run on each plate
using Biolise software (Charles River Endosafe). Results were expressed as endotoxin
load (EU/mZ) and level (EU/mg). Mite allergen was measured using enzyme-linked
immunoassay. Results were expressed as allergen concentration (pg/g).

For measurement of Der p 1 content, a 100 mg aliquot of the dust was extracted by
rotation with 2 ml borate-buffered saline with 0.1% Tween 20 pH 8.0, at room
temperature for 2 hours before being centrifuged for 20 minutes at 2500 rpm at 4°C. The
supernatant was stored at -20°C until analysed for allergen content.

Der p 1 level was measured using a two-site monoclonal antibody based ELISA (Indoor
Biotechnologies, Chester, UK). The standard used to establish the control curve for Der p
1 assay (UVA 93/02) was considered to contain 2500 ng Der p 1/ml (relative to
WHO/IUIS D. pteronyssinus standard NIBSC 82/518 which has been estimated to
contain 12.5 pug Der p 1 per ampoule). Doubling dilutions of this standard extract were
used to construct a control curve with each individual assay; the dilutions used were from
250-0.5 ng/ml. Results were then calculated as pug Der p 1 per gram of fine dust collected
(ng/g) — allergen concentration.

Genotyping methods

A SNP found in the promoter region of CD14 (-159 T>C RS2569190) was selected for
genotyping in the MAAS asthma cohort. A fluorescence-based primer extension method
(SNaPshot™ (ABI, Warrington, UK) was used to genotype the SNP on the ABI Prism®
3100 Genetic Analyser. A set of PCR primers and probes were selected for the assay
with 3' terminus of the probe terminating directly adjacent to the SNP and extended by a

single fluorescently labelled ddNTP. PCR’s were performed in Sul reaction volumes in



384 well plates and contained 10ng genomic DNA (isolated from whole blood) per
reaction. The forward probe was used for the post PCR extension step. Genotypes were

validated on a subset of the total cohort using the reverse probe.

SNAPSHOT
CD14F TTAGGCTCCCGAGTCAACAG
CD14R GATCACCTCCCCACCTCTC

CD14Fpro CCTGCAGAATCCTTCCTGTTACGG
CD14Rpro CAATGAAGGATGTTTCAGGGAGGGGG

The SNP is a T>C in its forward orientation.



RESULTS
Allergic sensitization

The analysis was repeated using quintiles of endotoxin and allergic sensitisation using chi
square test for each genotype group separately. For the TT and CT genotype group there
was no association between quintile of endotoxin exposure and sensitisation (p=0.68,
p=0.50 respectively). For the CC genotype group those exposed to higher quintiles of
endotoxin were less likely to be sensitised (p=0.005) as illustrated in Figure E1.
Eczema

The analysis was repeated using quintiles of endotoxin and eczema present in clinic
using chi square test for each genotype group separately. For the TT and CT genotype
group there was no association between quintile of endotoxin exposure and sensitisation
(p=0.44, p=0.71 respectively). For the CC genotype group those exposed to higher
quintiles of endotoxin were less likely to be sensitised (p=0.019) as illustrated in Figure
E2.

In addition we present the data for non-atopic wheeze (Figure E3)
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LEGEND FOR FIGURE

Figure E1

Bar chart showing percentage of children with allergic sensitisation within each quintile of endotoxin
exposure, by genotype group

Figure E2

Bar chart showing percentage of children with eczema present in clinic within each quintile of
endotoxin exposure, by genotype group

Figure E3

Bar chart showing percentage of children nonatopic wheeze within each quintile of endotoxin

exposure, by genotype group
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Table E1 Summary of Published Studies on the relationship between CD14/-159 C to T (rs2569190) and asthma and allergy outcome

measures
Study Population Outcome measure Association Comment
Baldini Tucson Children’s atopy No association TT children with allergies are
19995 Respiratory Study Total IgE in children Lower in TT group ‘less allergic’ and have higher
481 children from 4 with positive skin tests sCD14
ethnic groups Number of positive skin Fewer in TT group
tests in atopic children
Koppelman Dutch adults with Number of positive skin Higher in CC group
20015 asthma and their tests,
spouses as controls Total IgE in subjects
(n=317) with positive skin tests
Hay fever More common in CC group
MD asthma No association
Kabesch German children form | Total IgE, number of No association Higher sCD14 in TT group
2004 "7 ISAAC study n~2000 positive skin tests,
asthma, rhinitis, eczema
O’Donnell Cohort of Australian atopy Associated with CC genotype CC associated with atopy and
2004 " children, n=305, in childhood but some effect | AHR in childhood, with much
followed from age 8 lost in adulthood; CC have of the effect lost by adulthood
years to age 25 years increased risk of early onset of
atopy
AHR Associated with CC genotype
at age 8§ years, with trend at
other time points
Heinzmann Asthma case control asthma No association with CD14 Controls were not tested for
2003 ¥ sudy (n=452 children) genotype asthma. Found total linkage
disequilibrium between -159

and -1359 SNPs.




Woo 2003 F1°

Asthma (n=175
adults) and food
allergy (n=77
children) and controls
(n=61 adults)

Non atopic asthma, food
allergy

Higher frequency of T allele
relative to controls

Lower rate of T allele in
controls than in other published
studies (39%)

No association

Sengler 2003 | German children from Asthma, rhinitis,
Ell MAS90 study (n~600) eczema,
polysensitisation, IgE
Wang 2005 Taiwanese children high IgE in children T allele associated but only if
k12 with asthma (n=190) with asthma carried on haplotype with
microsatellite marker D5S2011
Sharma 2004 | Case control study of Atopic asthma, C allele was risk allele
EL3 adults with atopic total IgE Higher in carriers of C allele
asthma from India
(n=414)
Trios, n=106 Preferential transmission of C
(probands with allele to affected offspring
asthma or allergy)
Buckova Case control Czech Asthma, rhinitis, total No association Found SNP -1359 assoc with
2003 & adults with asthma or IgE, lung function number of positive skin prick
rhinitis (n=882) tests
Sensitisation to moulds Associated with C allele
Leung 2003 Chinese children Total IgE in atopic Higher in CC genotype
EL asthma case control children
(n=350) Asthma, allergic Not associated
sensitisation

Gao 1999 F1°

Japanese (n=200),
British (n=300)

Asthma, total IgE

No association

Amongst British skin test
negative children total IgE was
higher in those with CC

genotype




families of Mexican

Litonjua Birth cohorts, n=379 eczema Carriers of T allele more likely | SNP rs 256913 also associated
200557 to have eczema with eczema. No effect of dog
Total IgE Lower in CC group ownership
Zambelli- Barbados, cases asthma Increased risk with C allele
Weiner 2005 | (n=221) with family | asthma, asthma severity Increased in TT genotype Only 7 cases in this group, but
El8 members as controls group with high endotoxin could be interpreted as at high
(n=230) exposure exposure to endotoxin T allele at
increased risk relative to C allele
group
Gern 2004 ™" | High risk cohort of eczema CD14 genotype associated with | Do not state which genotype
children (COAST) eczema group is a risk for eczema. Only
N=285 TT with dog had lower risk 17 cases of TT with dogs
compared to TT without dogs
Allergic sensitisation, No association
total IgE
Ober 2000 “° |  Hutterites (n=693) Allergic sensitisation Transmission Disequilibrium | Hutterites practice a communal
Test showed T allele to be over agrarian lifestyle
transmitted
Eder 2005 "' | Children from Bavaria | Total and specific IgE No association The effects of endotoxin and
and Austria (n=624) Allergic sensitisation C allele protective at high pets were independent
endotoxin, C allele protective
in those exposed to stable
animals
T allele protective in those with
dogs/cats
Choudhry 684 children with Total IgE Lowest in TT genotype group SNP +1437 associated with
20055 asthma and their

exposed to Environmental
tobacco smoke

and Puerto Rican

origin

Asthma, total IgE

No association

asthma severity
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FIGURE E2
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Figure E3
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