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Background: The response to innate immune stimuli seems to be critical to conditioning adaptive immunity. Early exposure
to endotoxin initiates immune responses that have been shown to alter the risk of asthma and allergic diseases. The toll-like
receptor 4 (TLR4) gene encodes the principal innate immunity receptor in humans for bacterial endotoxin. Polymorphisms in the
TLR4 gene may regulate the effects of endotoxin exposure and could play a role in the development of asthma and atopy-related
phenotypes.

Objective: To investigate the association between TLR4 polymorphisms and allergic phenotypes in nonsmokers.
Methods: The data from 915 nonsmoking students were available for the study. The TLR4 299 and 399 polymorphisms were

genotyped using mouthwash samples. The TLR4 299 and 399 polymorphisms were grouped together to define the TLR4
polymorphic group. Skin prick tests were conducted in a subgroup of healthy participants. A brief questionnaire was administered
to determine demographic characteristics and chronic health conditions.

Results: The prevalence of hay fever was 0% in the TLR4 polymorphic group and 7.5% in the wild-type group (P � .01).
After controlling for age group and sex using logistic regression, the odds of having hay fever were reduced by 88% (P � .009)
in the TLR4 polymorphic group compared with the wild-type group. In a subgroup analysis, the association between TLR4
polymorphisms and atopy was only observed among females.

Conclusions: To our knowledge, this study is the first to report an association between TLR4 polymorphisms and
atopy-related phenotypes in a nonsmoking population. Further investigation of the role of TLR4 polymorphisms in asthma and
atopy-related phenotypes is warranted.
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INTRODUCTION
The toll-like receptor 4 (TLR4) gene encodes the principal
innate immunity receptor in humans for lipopolysaccharide
(LPS), also known as endotoxin. Recognition of LPS by this
receptor and other receptors, including CD14, leads to release
of proinflammatory cytokines, including tumor necrosis fac-
tor (TNF) �, interleukin (IL) 1�, and IL-6.1 In addition, TLR4
provides an innate immune response to respiratory syncytial
virus.2 Two cosegregating single-nucleotide polymorphisms
at amino acid positions 299 (Asp299Gly or A896G) and 399
(Thr399Ile or C11996T) of the TLR4 gene have been asso-

ciated with reduction in the inflammatory responses to LPS in
humans.3 The prevalence of the Asp299Gly polymorphism in
the human TLR4 gene has been reported to be approximately
10% in white populations.4

Several studies5–13 have investigated the association be-
tween the TLR4 299 polymorphism and asthma and allergy
during the past decade. In a recent study14 to quantify mes-
senger RNA (mRNA) and protein expression of TLR2,
TLR3, and TLR4 in nasal mucosa of patients with seasonal
allergic rhinitis before and after challenges with relevant
pollens identified from skin prick test results, protein expres-
sion for all 3 TLRs was demonstrated to increase in patients
with rhinitis after the challenge. This study raises the possi-
bility that TLR polymorphisms may have a role in the devel-
opment of allergic airway inflammation.14 Furthermore, mu-
rine studies have recently highlighted the important role of
innate immune stimulation through TLR4 and the develop-
ment of an allergic airway response.15 To further explore this
possibility, we investigated the association between TLR4
299 and 399 polymorphisms and self-reported hay fever in a
cohort of nonsmoking university students and also investi-
gated the association between TLR4 299 and/or 399 poly-
morphisms and atopy as measured by skin prick testing in a
subgroup of nonsmoking healthy subjects with and without
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TLR4 299 or 399 polymorphisms, chosen for a future swine
exposure study from the larger group of students.

METHODS

Recruitment
Study participants were volunteers from the University of
Saskatchewan, Saskatoon, student body. Advertisements
were placed in campus buildings to recruit interested students
who were nonsmokers and willing to provide a mouthwash
sample for genetic material and complete a brief screening
questionnaire. Students were informed that based on the
responses to the questionnaire, they might be invited back to
undergo a series of supplementary pulmonary function and
allergy skin prick tests. These clinical results were used to
determine if they would be invited to participate in a subse-
quent study involving exposure in a swine-rearing facility,
the results of which will be published separately from this
report. Students were paid an honorarium for participation in
each portion of the study. The study was approved by the
Biomedical Research Ethics Board of the University of
Saskatchewan.

Preexisting respiratory health conditions were ascertained
from responses to a questionnaire. Students were asked:
“Have you ever had the following (please circle as many as
apply)?” Chronic bronchitis, pneumonia, hay fever, and
known allergy were listed as possible responses. Asthma and
wheeze apart from the common cold were evaluated from the
response to the questions: “Has a doctor told you that you
have asthma?” and “Does your chest sound wheezy or whis-
tling occasionally apart from colds?” In total, 972 subjects
completed the brief questionnaire and provided a mouthwash
sample for genetic analysis. Of these subjects, 57 either
reported that they currently smoked or did not complete the
question on smoking and were excluded.

Study Sample for the Initial Analysis
Of the 915 remaining subjects, TLR4 299 genotypes were
determined in 846 subjects and TLR4 399 genotypes were
determined in 879 subjects. Our study was restricted to 842
subjects who had genotyping for both TLR4 299 and TLR4
399. There were no significant differences in age (P � .30),
sex (P � .40), allergy (P � .30), hay fever (P � .10), asthma
(P � .40), ever wheeze (P � .60), bronchitis (P � .90), and
pneumonia (P � .70) between subjects who were included
(n � 842) and excluded (n � 73) in the analysis.

Study Sample for the Subgroup Analysis
After excluding the subjects with a self-report of hay fever,
allergy, current wheeze, or asthma and without any history of
visiting a swine barn for more than a few hours, 41 subjects
with TLR4 299 and/or TLR4 399 polymorphisms were iden-
tified for skin prick tests. In addition, a group of 67 subjects
without either of these polymorphisms who were matched on
exact age and sex to the 41 subjects with the polymorphism
were also invited for skin prick tests. This selection was
performed to ensure that there would be an equal number of

healthy nonatopic subjects available from the wild-type and
polymorphic groups for a future swine barn exposure study.
A single isolated polymorphism each was observed in TLR4
299 and TLR4 399 polymorphisms.

DNA Isolation and Genotyping
Study participants were instructed to swish 20 mL of mouth-
wash (Scope; Proctor & Gamble Inc, Toronto, Ontario) vig-
orously around their mouth for 30 seconds before spitting into
a sterile 50-mL bar-coded tube. Genomic DNA was extracted
from oral epithelial cells in the mouthwash sample using a
robot (Gentra Autopure; Gentra Systems, Minneapolis, Min-
nesota). Working dilutions of DNA at a concentration of 10
ng per microtiter in RNase- or DNase-free purified water
were prepared for subsequent genotyping assays and se-
quencing. Allelic discrimination assays (TaqMan; Applied
Biosystems, Foster City, California) for the human TLR4
A299G and T399I polymorphisms were designed using soft-
ware (Primer Express; Applied Biosystems), and polymerase
chain reactions (PCRs) were run on thermal cyclers (MJ
Tetrad; Bio-Rad Laboratories, Hercules, California). Geno-
types (TaqMan; Applied Biosystems) were determined by
postamplification plate reading on a detection system (ABI
Prism 7900 Sequence Detection System; Applied Biosys-
tems). Human subject DNA samples that did not genotype
well in 2 of the assays were submitted for direct sequencing
of the amplicon by fluorescent dye termination sequencing on
a capillary sequencer (ABI 3730). Plasmids containing inserts
with the human TLR4 299 and 399 polymorphisms serve as
“known genotype” positive control DNA. Plasmids diluted to
a concentration of 20 fg/�L serve as excellent genotyping
controls and substitute well for genomic DNA at the standard
working dilution of 10 ng/�L in most PCR-based assays.
These plasmids are a renewable and consistent assay stan-
dard. No template control wells are included on each plate as
negative controls. Once optimized, each new assay is vali-
dated by direct DNA sequencing of PCR products. At least
10% of the samples from each cohort are regenotyped as an
ongoing quality control measure.

Skin Prick Testing
Allergy skin prick tests consisting of a battery of 25 allergens
and control saline and histamine were conducted. The items
included in the skin prick tests in addition to saline and
histamine were aspergillus, Helminthosporium, Cladospo-
rium, Alternaria, egg, milk, peanut, shellfish, house dust
mite, house dust, grain dust, wheat dust, feathers, cat dander,
dog dander, cattle dander, horse dander, box elder, birch,
poplar, willow, mixed tree, mixed grass, mixed weeds, and
ragweed (Western Allergy Services Ltd, Burnaby, British
Columbia). Subjects were considered to have a positive test
result for atopy if there was 1 or more skin prick test results
with a raised wheal of greater than 3 mm compared with the
saline control.16 The nurse-technician conducting the skin
prick tests was blind to the TLR4 genotype of the subjects.
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None of the subjects in this subgroup had a positive response
to nonallergic triggers in the skin tests.

Statistical Analysis
The linkage disequilibrium coefficients D� and r2 were cal-
culated to determine cosegregation using a linkage disequi-
librium analyzer.17 Differences in continuous and categorical
variables were examined by 2 independent-sample t tests and
�2 tests, respectively. Standard logistic regression analysis
was conducted to determine the association between atopy
and TLR4 polymorphisms. Because the frequency of hay
fever was 0 or smaller for the TLR4 polymorphic groups,
exact logistic regression analysis was used to determine the
odds ratio and 95% confidence interval.18,19

RESULTS
For TLR4 299, the frequency of the wild type (Asp299) was
762 of 842 (90.5%) and the frequencies of Asp299Gly vari-
ants were 76 of 842 (9.0%) for heterozygous and 4 of 842
(0.5%) for homozygous subjects. For TLR4 399, the fre-
quency of the wild type (Thr399) was 766 of 842 (91.0%) and
the frequencies of Thr399Ile variants were 73 of 842 (8.7%)
for heterozygous and 3 of 842 (0.4%) for homozygous sub-
jects (percentages do not total 100 because of rounding). The
Hardy-Weinberg equilibrium was met for distributions of
TLR4 299 (�2

1 � 1.92, P � .17) and TLR4 399 (�2
1 � 0.78,

P � .38) wild type and variants. A strong cosegregation was
observed between the 2 polymorphisms (D� � 0.97, r2 �
0.89, P � .001). The heterozygous and homozygous variants
were combined to define TLR4 299 and TLR4 399 polymor-
phisms. Noncosegregating polymorphisms were observed in
6 subjects for TLR4 299 and in 2 subjects for TLR4 399. The
mean age for the TLR4 polymorphic group (TLR4 299 and/or
TLR4 399) was slightly lower than that for the wild-type
group (Table 1). Reflecting the higher prevalence of male
participants, there were more males than females in the
wild-type and polymorphic groups (Table 1).

The self-reported prevalence of current and chronic health
conditions is given in Table 2 for the TLR4 wild-type and
polymorphic groups. There were no significant differences
between wild-type and polymorphic groups in all the health
conditions, except for self-reported hay fever.

Hay fever was significantly (P � .001) more prevalent
among subjects with asthma (16.0%) than among those with-
out asthma (5.1%). Similar differences were also observed in
the prevalence of hay fever in subjects with and without
current wheeze (20.0% vs 6.4%; P � .01), wheeze apart from
cold (17.1% vs 5.3%; P � .001), bronchitis (15.2% vs 6.4%;
P � .07), and self-reported allergy (15.1% vs 4.4%; P �
.001). However, the TLR4 polymorphism was not associated
with either wheezing or asthma (Table 2).

After controlling for age and sex using exact logistic re-
gression, the TLR4 polymorphic group demonstrated a sig-
nificant reduction in the odds of having hay fever (Table 3).
The odds of having hay fever were reduced by 88% in the
TLR4 polymorphic group compared with the wild-type
group.

The relationship between TLR4 polymorphisms and atopy
was investigated in a subgroup of 108 healthy subjects on
whom skin prick tests were conducted. The prevalence of
atopy was lower in the polymorphic group compared with the
wild-type group, but the difference was not statistically sig-
nificant (Table 4). The prevalence of atopy for the TLR4
polymorphic and wild-type groups is shown for males and
females in Figure 1. In females, significant differences were
observed in the prevalence of atopy between wild-type and
polymorphic groups (P � .02). These significant differences
were not observed among males (Fig 1). After controlling for
age group, the TLR4 polymorphic group gave a 79% reduc-
tion in the odds of having atopy in females, whereas no
significant association was observed in males (Table 5).

Table 1. Demographic and Lifestyle Characteristics of the TLR4
Wild-Type and Polymorphic Groupsa

Characteristic
Wild-type group

(n � 760)
Polymorphic group

(n � 82)

Age, yb

�20.3 49.4 51.9
�20.3 50.5 48.1

Sex
Male 55.1 52.4
Female 44.9 47.6

Abbreviation: TLR, toll-like receptor.
a Data are given as percentage of subjects in each group. Percent-
ages may not total 100 because of rounding.
b Data were missing for 10 subjects. For computational feasibility in
exact logistic regression, age was categorized into a binary variable at
the median (20.3 years). The mean (SD) age was 21.3 (3.3) years for
the wild-type group and 20.4 (2.1) years for the polymorphic group
(P � .02).

Table 2. Prevalence of Chronic Conditions in the TLR4 Wild-Type
and Polymorphic Groups

Symptom or disease
Wild-type

group
(n � 760)a

Polymorphic
group

(n � 82)a
P valueb

Current wheeze 21 (2.8) 4 (4.0) .28
Ever wheezec 104 (14.2) 13 (16.5) .59
Ever asthma 115 (15.2) 16 (19.5) .30
Chronic bronchitis 31 (4.1) 2 (2.4) .47
Pneumonia 75 (9.9) 7 (8.5) .70
Hay fever 57 (7.5) 0 .01
Self-reported allergy 164 (21.6) 16 (19.5) .66

Abbreviation: TLR, toll-like receptor.
a Data are given as number (percentage) of each group. Some per-
centages are �off� because the denominators used are different from
those given at the top of the columns because of missing data.
b �2 Tests for comparison between the wild-type and polymorphic
groups.
c Wheeze apart from cold.
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DISCUSSION
In this study of nonsmoking female and male university
students, significant reductions in the risk of hay fever were

found in the TLR4 polymorphic group. In a subgroup anal-
ysis of nonsmoking healthy subjects who underwent skin
prick tests, female subjects with TLR4 polymorphisms had a
significant reduction in the risk for atopy compared with
those in the TLR4 wild-type group. Furthermore, our results
provide further evidence of the relationship between the
innate and adaptive immune systems and their contribution to
human health and disease.

In a study14 investigating the role of TLR2, TLR3, and
TLR4 in allergic rhinitis, mRNA and protein expression were
examined in healthy controls and in patients with seasonal
rhinitis before and after the pollen seasons and before and
after challenges with birch and/or grass pollens. Significant
increases in protein expression were observed after allergen
challenge in all 3 receptors, but a significant increase in
mRNA was observed in TLR4 during the pollen season,
raising the possibility that a TLR4 polymorphism may be
associated with rhinitis. In a study10 conducted in Sweden
among 115 children aged 8 to 14 years, no significant asso-
ciation was observed between the TLR4 299 polymorphism
and allergic conjunctivitis, which was defined as rhinitis and
conjunctivitis appearing at least twice after repeated exposure
to a particular allergen. In this study, 11 (9.6%) of 115
children carried a TLR4 polymorphism, and allergic conjunc-
tivitis was present only in 4 of the 11 children. Thus, the
reported lack of association between the TLR4 299 polymor-
phism and allergic conjunctivitis might have been because of
the small sample size in the study.10 In contrast, our study
considered only hay fever (or rhinitis), which was based on a
self-report to the question, “Have you ever had hay fever?,”
and did not consider conjunctivitis. In a family-based study13

of parents and offspring investigating the association between
TLR polymorphism and atopic eczema, no association was
found between the TLR4 299 polymorphism and rhinitis;
however, the sample size was too small to select children
based on rhinitis.

The TLR4 receptor provides innate immune response to
LPSs1 and respiratory syncytial virus.2 The TLR4 299 and
399 polymorphisms have been shown to produce a blunted
respiratory response to low-level inhaled endotoxin expo-

Table 3. Data for the Association Between Hay Fever and TLR4
Polymorphismsa

Characteristic OR (95% CI) P valueb

Age, y
�21.3 1 (Reference) .02
�21.3 2.12 (1.13–4.11)

Sex
Male 1 (Reference) .71
Female 1.16 (0.63–2.13)

TLR4
Wild type 1 (Reference) .009
Polymorphic 0.12c

Abbreviations: CI, confidence interval; OR, odds ratio; TLR, toll-like
receptor.
a Results are from exact logistic regression.
b Value obtained from the exact logistic regression.
c Conditional maximum likelihood and 95% confidence intervals
could not be obtained because of 0 frequency. The median unbiased
estimate is reported for the OR.

Table 4. Demographic Characteristics of TLR4 Wild-Type and
Polymorphic Subgroupsa

Characteristic
Wild-type group

(n � 67)
Polymorphic group

(n � 41)

Age, mean (SD), y 21.5 (3.3) 20.3 (2.2)b

Sex
Male 37 (55.2) 23 (56.1)
Female 30 (44.8) 18 (43.9)

Atopy 31 (46.3) 13 (31.7)c

Abbreviation: TLR, toll-like receptor.
a Data are given as number (percentage) of each group unless other-
wise indicated.
b P � .03.
c P � .14.

Figure 1. The prevalence of atopy for toll-like receptor 4 polymorphic and
wild-type groups is shown for males and females. P values indicate the
significance for the difference between wild-type and polymorphic groups.

Table 5. Association Between Atopy and TLR4 Polymorphismsa

Characteristic OR (95% CI) P value

Age 1.05 (0.93–1.21) .38
Males

Wild type 1 (Reference) .70
Polymorphic 1.37 (0.51–3.62)

Females
Wild type 1 (Reference) .04
Polymorphic 0.21 (0.05–0.90)

Abbreviations: CI, confidence interval; OR, odds ratio; TLR, toll-like
receptor.
a Results are from logistic regression analysis. The interaction be-
tween sex and TLR4 polymorphism was borderline significant (P �
.07).
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sure.20 The TLR4 polymorphisms were associated with in-
creased risk of infections in a surgical setting.21 In this study,
CD14 polymorphisms were not associated with increased risk
of infections.21 Septic patients with the TLR4 299 polymor-
phism had a higher prevalence of gram-negative infections
compared with patients who had the wild type.22 These stud-
ies raise the possibility that subjects with TLR4 299 and 399
polymorphisms are at increased risk of developing gram-
negative and respiratory syncytial virus infections during
their early childhood. These infections may, in turn, increase
TH1 immune responses during the maturing period of the
immune system and could reduce TH2 immune response to
allergens, thereby reducing the risk of development of future
allergic diseases, including hay fever.23 Our data suggest that
an intact innate immune system is needed to trigger adaptive
immunity and that without an intact innate immune system,
one is at lower risk of adaptive immune conditions, such as
hay fever.

In our study, there was no significant association between
TLR4 polymorphisms and self-reported asthma. Similar re-
sults were observed in studies conducted in the United States
and Canada,7 Japan,8 and the United Kingdom,9 whereas
children with the TLR4 299 polymorphism had an increased
risk of asthma in studies conducted in Sweden.10 In a study
from Finland,12 only female subjects with the TLR4 299
polymorphism had an increased risk of asthma. In a study
from Turkey,11 the TLR4 299 polymorphism was signifi-
cantly associated with asthma in children with atopy.

In the subgroup analysis conducted in our study, reduced
risk of atopy, as measured by skin prick testing, was observed
only in female subjects with TLR4 polymorphisms. In a study
from the United States,24 venous blood samples from 56 men
and 26 women were incubated with LPS; women produced
fewer LPS-induced anti-inflammatory cytokines (TNF-� and
IL-1�) compared with men, and these differences persisted
when controlling for TLR4 299, TNF-�, IL-1�, and IL-6
polymorphisms. Improved outcomes after injury or infection
in female sex was observed in several studies based on animal
models of surgical trauma and hemorrhage.25 In these stud-
ies,26,27 male sex hormones, including testosterone, have been
shown to be associated with deleterious effects, whereas
estrogen, a female hormone, seemed to be protective. The
results from the subgroup analysis in our study are not gen-
eralizable but are useful for generating a hypothesis for future
studies.

There were some possible limitations in the study. In the
main study, the presence of hay fever was determined from a
self-report of participants and was not confirmed by a phy-
sician. In our study, 73 participants were not included in the
analysis. However, there were no significant differences ob-
served in health outcomes and independent variables between
those who underwent genotyping and those who did not
undergo genotyping.

In conclusion, to our knowledge, we are the first to report
an association between TLR4 polymorphisms and atopy-
related phenotypes in a nonsmoking population. Further in-

vestigation into the role of TLR4 polymorphisms in asthma
and atopy-related phenotypes is warranted in other study
populations.
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14. Fransson M, Adner M, Erjefält J, Jansson L, Uddman R, Cardell LO.
Up-regulation of toll-like receptors 2, 3 and 4 in allergic rhinitis. Respir
Res. 2005;6:100.

15. Eisenbarth SC, Zhadkevich A, Ranney P, Herrick CA, Bottomly K.
IL-4-dependent Th2 collateral priming to inhaled antigens independent
of toll-like receptor 4 and myeloid differentiation factor 88. J Immunol.
2004;172:4527–4534.

16. American Academy of Allergy, Asthma, and Immunology (AAAI). The
use of standardized allergen extracts. J Allergy Clin Immunol. 1997;99:
583–586.

17. Ding K, Zhou K, He F, Shen Y. LDA: a java-based linkage disequilib-
rium analyzer. Bioinformatics. 2003;19:2147–2148.

18. Mehta CR, Patel NR. Exact logistic regression: theory and examples.
Stat Med. 1995;14:2143–2160.

19. Derr RE. Performing Exact Logistic Regression With the SAS System.
Cary, NC: SAS Institute Inc; 2005. Technical paper P254–25.

20. Arbour NC, Lorenz E, Schutte BC, et al. TLR4 mutations are associated
with endotoxin hyporesponsiveness in humans. Nat Genet. 2000;25:
187–191.

21. Agnese DM, Calvano JE, Hahm SJ, et al. Human toll-like receptor 4
mutations but not CD14 polymorphisms are associated with an increased
risk of gram-negative infections. J Infect Dis. 2002;186:1522–1525.

22. Lorenz E, Mira JP, Frees KL, Schwartz DA. Relevance of mutations in
the TLR4 receptor in patients with gram-negative septic shock. Arch
Intern Med. 2002;162:1028–1032.

23. Chatila TA. Role of regulatory T cells in human diseases. J Allergy Clin
Immunol. 2005;116:949–960.

24. Imahara SD, Jelacic S, Junker CE, O’Keefe GE. The influence of gender
on human innate immunity. Surgery. 2005;138:275–282.

VOLUME 100, MAY, 2008 467



25. Angele MK, Ayala A, Monfils BA, Cioffi WG, Bland KI, Chaudry IH.
Testosterone and/or low estradiol: normally required but harmful immu-
nologically for males after trauma-hemorrhage. J Trauma. 1998;44:
78–85.

26. Angele MK, Schwacha MG, Ayala A, Chaudry IH. Effect of gender and
sex hormones on immune responses after shock. Shock. 2000;14:81–90.
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