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A B S T R A C T

Background: The influence of genetic predictors of inflammation and atopy on occupational asthma in
apprentices is not known.
Objectives: To assess the influence of genetic polymorphisms of IL4RA, IL13, TNFA, IL1A, and IL5 on the
decline of lung function and bronchial hyperresponsiveness in a prospective follow-up study of baker/pastry
maker and hairdresser apprentices.
Methods: A total of 351 apprentices were included in the study. We performed skin testing, spirometry,
fractional exhaled nitric oxide measurement, and methacholine hyperreactivity testing at the initial visit and
during and at the end of the 18-month training period. Gene variants of IL4RA, IL13, TNFA, IL1A, and IL5 were
determined in DNA from nasal lavage.
Results: IL13 R130Q/IL4RA S478P or IL13 R130Q//IL4RA Q551R were significant predictors of the decrease of
forced expiratory volume and forced vital capacity (P ! .006). Genotype GG of TNFAG308A was associated
with bronchial hyperresponsiveness in the whole population and in nonatopic individuals (90.63% vs 9.38%;
odds ratio, 3.78; 95% confidence interval, 1.10-12.83). TNFA GA and IL5 CC and TNFA GA and IL1A CC were 2
epistatic predictors of exhaled nitrogen monoxide decrease during follow-up (P ¼ .02 and P ¼ .004, respec-
tively). The association with TNFA GA and IL1A CC was the most significant in nonatopic bakers (P < .001).
Conclusion: We evidenced a predicting influence of IL13/IL4RA and TNFA in the early exposure to allergens
and irritants that precedes occupational asthma. The significance of the associations in the absence of atopy
suggests an influence of the genetics predictors related to inflammatory pathways.
! 2013 American College of Allergy, Asthma & Immunology. Published by Elsevier Inc. All rights reserved.

Introduction

Apprentices represent a good model for studying the natu-
ral history of adult-onset occupational asthma (OA) and for
describing themechanisms associatedwith the incidence of airways

inflammation and bronchial hyperresponsiveness (BHR). Several
longitudinal studies have contributed to a better understanding of
the clinical determinants of sensitization and inflammation in OA
of apprentices exposed either to low-molecular-weight (LMW)1 or
high-molecular-weight (HMW)2 agents. However, to date, none
of these studies have evaluated the influence of gene poly-
morphisms, which may potentially predict airway inflammation.

The development of inflammation in response to early stage of
exposure may enhance our understanding of the genetic factors that
are involved in the mechanisms specifically related to the suscepti-
bility of OA.3 Moreover, there is a growing interest for taking into
consideration a level of complexity that includes gene-gene and
gene-environment interactions.3 Among the high number of candi-
date genes, which have been evaluated as predictors of general
asthma, some of them, IL13, IL4RA, IL5, IL1A, and TNF have been
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related to atopy and/or inflammation.4 Beside their influence on
atopy and inflammation, these candidate genes are also potent
predictors of nonspecific BHR (NSBHR) in pediatric populations from
Western Europe.5 Some of these candidate genes have been previ-
ously studied in patients with OA caused by diisocyanates.6 However,
the association of these polymorphisms with the subsequent
development of NSBHR has been scarcely investigated in apprentices.

In the present study, we aimed to assess the association between
polymorphisms of IL13 (R130Q rs20541), IL4RA (S478P rs1805015,
and Q551R rs180275 variants), IL-5 (C705T rs2069807), IL1A (C889T
rs1800587), and TNF (G308A rs1800629) and the alteration of the
lung function, incidence of NSBHR, and increase of fractional ex-
haled nitric oxide (FeNO). These lung parameters were chosen as
indicators of airway inflammation in young bakery and hairdressing
apprentices at high risk of OA. These two study groups of par-
ticipants were exposed to contrasted types of occupational agents
(HMW vs LMW).7

Methods

Study Participants and Design

Our ancillary study is based on a prospective follow-up study of
441 apprentices, including 209 baker/pastry maker apprentices and
142 hairdresser apprentices, in the Lorraine region, Northeastern
France. The complete design has been described elsewhere.8 The
e-Methods provide additional detail. The study participants were
visited in the beginning, during, and at the end of their 2-year
training period. The participants included in our ancillary study
were those seen at enrollment and at the last visit (n ¼ 351, 80% of
inclusions).

Examinations startedwithin the 3months of the beginning of the
apprenticeship and were repeated every 6 months. Three follow-up
visits were scheduled at 6, 12, and 15 months and a last visit after
2 years. All participants provided written consent, and the local ethic
committee approved the study protocol. Participants were included
provided they had not beenpreviously exposed to substances known
to induce OA, did not have physician-diagnosed asthma, and did not
have a family history of atopy.

The research program has been authorized by the ethical com-
mittee of the University Hospital of Nancy (comité consultatif de
protection des personnes dans la recherche biomédicale No. 02 09
02). Written consents were obtained from all participants or from
their parents if the participants were minors. The database created
for this project was declared to and approved by the French National
Commission for Data Protection (commission nationale de l’infor-
matique et des libertés No. 902 129).

Clinical Examination and Skin Prick Tests

A standardized questionnairewas used for personal, demographic
information and for smoking habits. Personal history of atopy was
assessed at the beginning and end of the study. It was defined by at
least 1 positive skin prick test reaction to prevalent common aero-
allergens. Briefly, the diameter of the wheal was considered positive
when it was greater than 3 mm than the negative control (saline) in
patients with a normal skin reactivity to histamine.

Fraction Exhaled Nitric Oxide

Immediately after the clinical examination, FeNO was measured
in adherence with the American Thoracic Society and European
Respiratory Society recommendations9 and expressed in parts per
billion. Measurements were performed using a chemiluminescence
analyzer (NIOX 2.0 system; Aerocrine AB, Solna, Sweden). Evolution
of FeNO was calculated as the difference between log FeNO values
at the last visit and log FeNO values at first visit vs the duration of
the follow up.

Spirometry Measurements and Airway Responsiveness to
Methacholine

Spirometry was recorded for all study participants, and results
were expressed as percentages of the predicted values given by the
European Steel and Coal Community Working Party.10 Forced vital
capacity (FVC), forced expiratory volume in 1 second (FEV1), and
maximal expiratory flow at various lung volumes were obtained by
a forceful expiration after a maximum inspiratory maneuver. Three
forced expiratory maneuvers, satisfying the recommended criteria,3

were recorded as baseline measurement. The largest FVC and FEV1
values were retained for analysis.

Apprentices also underwentmethacholine challenge tests (MCTs),
the results of which were considered positive if the FEV1 decreased
by at least 20% below the baseline value. The corresponding pro-
vocative concentration of methacholine (PC20) was recorded. NSBHR
incidencewas defined according to the occurrence or aggravation of a
positiveMCT result11 as follows: (1) occurrence of a positive response
to the MTC at any visit in patients with a negative MCT result at
inclusion; (2) decrease in the PC20 by at least one dose (using 3
cumulative successive doses of 0.5, 3.0, and 8.0mmoL) in participants
with a positive MCT result at the first visit; and (3) decrease of the
normal dose response slope by 0.100 or more at any visit compared
with the NDRSmeasured at the first visit in participants with at least
a decrease of 15% of FEV1. The 0.100 cutoff point corresponded to the
mean decrease in all participants with positive MCT results. More
details are given in the article by Tossa et al.11

DNA Extraction and Genotyping of Polymorphisms

DNA was extracted from 200 mL of nasal lavage using the
QuiAmp mini kit (Quiagen, Courtaboeuf, France). The genotypes of
the 4 polymorphisms were determined by real-time polymerase
chain reaction (Roche Molecular Biochemicals, Lyon, France), as
described (eMethods).12,13

Statistical Analysis

The statistical analyses were designed to explore the association
between the selected polymorphisms and the variation of the in-
dicators of airways inflammation during the study period, according
to the apprenticeship training tracks. All analyses were performed
with the STATA-11.1 SE statistical software package (StataCorp,
College Station, Texas). Continuous variables were expressed as
mean # SD. FeNO was logarithmically transformed to normalize its
skewed distribution. Polymorphisms were tested for Hardy-
Weinberg equilibrium by using the c2 goodness-of-fit test. The
genotype distribution among groups was compared by the Fisher
exact test. The influence of genetic variants on functional parameters
was evaluated at the different times of examination. Variation of the
lung functions parameterswas calculated by a variation index during
the 2-year study period for each lung function parameter or FeNO.
This variation index was defined as the difference between last
determination and determination at enrollment vs follow-up dura-
tion. A 1-way analysis of variance was used to analyze the associa-
tion of genotypes with independent variables. Only genotypes with
association P < .10 were included in the multivariate analyses.
These genotypes were adjusted for smoking status, training track,
and atopy. Corrections for multiple testing among genotypes
were made using the Bonferroni test. The follow-up of NSBHR
according to exposure delay was analyzed by Kaplan-Meier analysis.

Results

Description of the Study Population

The demographic, clinical, and functional variables are sum-
marized in Table 1; 47% of all apprentices were smokers, with no
differences according to the exposure (P ¼ .35). Incident NSBHR
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was evidenced in 17.2% (n¼ 71) of the study participants during the
follow-up period. NSBHR incidence was not different between the
two groups of apprentices (P ¼ .59). We quantified the exposure of
apprentices to the main inhaled irritants and allergens, ammonia,
hydrogen peroxide, persulfates. and flour dust (eTable 1 and
eTable 2).

We observed a decrease of the lung function parameters related
to NSBHR during the follow-up. The variation indexes of FVC, FEV1,
and FEV1/FVC were reduced in 60.1%, 64.7%, and 58.5% of study
participants, respectively. The index of FeNO increased in 53.4%
of participants. The variation index of FVC was lower in the hair-
dresser apprentices compared with the pastry makers ($0.45
and $0.09, respectively, P ¼ .002).

Influence of Polymorphisms on Variation of the Parameters of
Airways Obstruction

The polymorphisms were in Hardy-Weinberg equilibrium.
No significant difference was found in the distribution of poly-
morphisms and allele frequency according to the training tracks
and NSBHR (eTable 3 and eTable 4).

A significant association was observed between TH2-related
polymorphisms (IL13 R130Q, IL4RA S478P, and IL4RA Q551R)
and the variation index of FEV1 after 2 years of occupational
exposure in univariate analysis (Table 2) and adjusted multivar-
iate analysis (Table 3). Compared with the RQQQ genotype, the RR
genotype of IL13 rs20541 polymorphism predicted a lower FVC
index ($0.36, P ¼ .02) and a lower FEV1 index ($0.34, P ¼ .008) in
all apprentices. The RR genotype predicted also a lower FVC index
(eFig 1A) and a lower FEV1 index (eFig 1B) in nonatopic bakers
and pastry makers apprentices when compared with the RQ and
QQ genotypes.

IL4RA S478P and IL4RA Q551P polymorphisms were predictors
of lower FEV1 among all apprentices (Table 2). The SPPP genotype
predicted a lower FVC index in hairdressers (Table 3). The com-
bination of IL13 RR with either IL4RA 478 SPPP or IL4RA 551 QRRR
predicted significantly a lower FVC index and a lower FEV1 index,
independently of training track, among all the epistatic interac-
tions tested. The combination of IL13 RR with IL4R 551 QRRR
genotypes was the most significant epistatic predictor of lower
FVC index and FEV1 index in nonatopic apprentices (eFig 1C and
D, and Table 3).

Table 1
Characteristics of study participants at the first and last visits

Characteristic No. (frequency) [95% CI] or mean # SD P valuea

All apprentices (n ¼ 351) Hairdressers (n ¼ 142) Bakers and pastry makers (n ¼ 209)

Age, y 16.9 # 0.07 16.9 # 0.11 16.9 # 0.08 .79
Male sex 191 (0.54) [0.49-0.58] 10 (0.07, 0.03-0.11) 181 (0.87) [0.84-0.92] <.001
Atopic status 115 (0.33) [0.28-0.38] 38 (0.27) [0.20-0.33] 77 (0.36) [0.30-0.41] .02
Current smokers 64 (0.47) [0.41-0.51] 64 (0.45) [0.36-0.51] 100 (0.48) [0.42-0.54] .35
FVC, % of predicted value
First visit 91.27 # 0.54 91.67 # 0.83 91.01 # 0.73 .13
Last visit 92.95 # 0.87 90.54 # 1.38 94.57 # 0.73 .02
Variation indexb $0.24 # 0.06 $0.45 # 0.07 $0.09 # 0.09 .007

FEV1, % of predicted value
First visit 92.37 # 0.50 92.97 # 0.69 92.00 # 0.69 .35
Last visit 92.81 # 0.81 91.32 # 1.18 93.82 # 1.08 .13
Variation index $0.36 # 0.05 $0.44 # 0.06 $0.30 # 0.07 .18

FEV1/FVC, % of predicted value
First visit 101.65 # 0.40 101.87 # 0.55 101.51 # 0.50 .65
Last visit 100.24 # 0.57 101.35 # 0.88 99.49 # 0.73 .08
Variation index $3.56.10$5 # 7.06.10$6 $1.03.10$5 # 9.06.10$6 $5.25.10$5 # 9.96.10$6 .003

FeNO, % of predicted value
First visit 18.36 # 0.9 15.07 # 1.19 20.24 # 1.26 .007
Last visit 19.03 # 1.1 14.62 # 1.04 22.23 # 1.71 .003
Variation index 1.33.10$4 # 1.17.10$4 1.25.10$5 # 1.47.10$4 2.12.10$3 # 1.64.10$4 .40

Incidence of NSBHR 71 (0.17) [0.14-0.21] 26 (0.16) [0.10-0.21] 45 (0.18) [0.13-0.22] .59

Abbreviations: CI, confidence interval; FeNO, fractional exhaled nitric oxide; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; NSBHR, nonspecific
bronchial hyperresponsiveness.
aFisher exact test for categorical and analysis of variance for continuous variables.
bThe variation index was calculated as the difference between log values at the last visit and log values at first visit divided by the duration of the follow-up.

Table 2
Association of gene variants and significant gene-gene combination of variants with the variation of the parameters of airway inflammation during the study period (univariate
analysis) in all 351 apprentices

Gene Polymorphisms Genotype FVC index,a mean # SD P valueb FEV1 index,a mean # SD P valueb

With genotype Without genotype With genotype Without genotype

IL4RA S478P rs1805015 SS (n ¼ 333) $0.24 # 1.13 0.53 # 1.16 .06 $0.34 # 0.94 $0.61 # 0.94 .03
IL4RA Q551R rs180275 QQ (n ¼ 338) $0.24 # 1.15 $0.41 # 1.21 .22 $0.31 # 0.92 $0.56 # 0.99 .03
IL13 R130Q rs20541 RR (n ¼ 284) $0.44 # 1.16 $0.09 # 1.09 .02 $0.52 # 0.89 $0.20 # 1.06 .01
TNFA -308 rs1800629 GG (n ¼ 351) $0.32 # 1.25 $0.24 # 0.97 .56 $0.42 # 1.02 $0.31 # 0.75 .37
IL1A -889 rs1800587 CC (n ¼ 351) $0.36 # 1.13 $0.29 # 1.24 .60 $0.45 # 1.01 $0.37 # 0.91 .47
IL5 -703 rs2069821 CC (n ¼ 351) $0.37 # 1.09 $0.24 # 1.25 .32 $0.44 # 0.93 $0.35 # 0.99 .44
IL13 RQQQ IL4RA 478 SS rs20541/rs1805015 RQQQ/SS 0.04 # 1.07 $0.46 # 1.15 .006 $0.10 # 0.95 $0.53 # 0.93 .003
IL13 RQQQ/IL4RA 551 QQ rs20541/rs180275 RQQQ/QQ 0.06 # 1.09 $0.44 # 1.14 .005 $0.10 # 0.95 $0.50 # 0.94 .006
TNFA GA/ IL5 TT rs1800629/rs2069821 GA/TT $0.51 # 0.70 $0.29 # 1.23 .23 $0.38 # 0.60 0.39 # 1.01 .96

Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
aThe variation index of parameters of airway inflammationmeasures the variation of each parameter between the inclusion time and the last determination using the formula
(last determination e determination at enrollment) vs (follow-up duration).
bOne-way analysis of variance.
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Polymorphisms Involved in NSBHR and FeNO

The genotype TNFA GG was more frequent in participants with
NSBHR (18.8% vs 10.9%, P ¼ .05). The association remained signifi-
cant in nonatopic participants but not in those with atopy (Table 4).
We observed no association of genetic determinants with the
variation of FeNO levels during follow-up in the whole population
(eTable 5). After stratification according to atopic status, 2 epistatic
interactions, TNFA GA and IL5 CC and TNFA GA and IL1A CC were
associated with decrease of FeNO in all nonatopic apprentices
(Table 4). TNFAGA and IL1A CCwere predictors of reduction of FeNO
in nonatopic bakers (P< .001). On the other hand, TNFAGG and IL1A
CC were associated with an increase of FeNO among hairdressers
(P ¼ .04).

Follow-up of NSBHR

The cumulative incidences of NSBHR according to TNFA GG vs
GAAA genotypes at 24 months were 19.6% and 6.4%, respectively, in
atopic participants (Fig 1A) and 28.5% and 8.5%, respectively, in
nonatopic participants (Fig 1B).

Discussion

The decrease in lung function depends on complex mechanisms
that involve age, genetic predictors, smoking habits, and environ-
mental exposure.14 Several longitudinal studies on apprentices ex-
posed either to LMW1 or HMW15 agents have contributed to a better
understanding of the clinical determinants of occupational sensiti-
zation and inflammation in OA. However, to date none of these
studies have considered the influence of gene polymorphisms on
lung function and airway inflammation assessed by NSBHR and
measurement of FeNO.

Previous population studies had reported their association of
IL13 and IL4 RA with atopy and asthma in children.16 Consistently,
IL4RA S478P and Q551R were associated with a decrease in FEV1
and FVC after 2 years of exposure (Table 2 and Table 3). The receptor
of IL4 triggers the effects of interleukin (IL) 13 and IL-14 in allergy-
related inflammation by promoting TH2 cell differentiation and IgE
synthesis.17 In our study, both IL4RA S478P and IL4RA Q551R pre-
dicted the risk of decreased lung function. The associations may
depended on the type of exposure.18 The Q551R polymorphism is
located in a region that encodes a STAT6 recruiting domain of IL4RA,
making its influence possible through this pathway.19

In our study, IL13 R130Q was significantly associated with FVC
index and FEV1 index (Table 3). The most frequent homozygous

genotype predicted a faster decline of lung function (eFig 1A and B).
This polymorphism encodes an amino acid residue, which is
located within the D helix, close to the C-terminal region of IL-13.20

IL-13 is a cytokine secreted by many cell types, including TH2
cells.21 It has effects that are related with OA, including airway
hyperresponsiveness, goblet cell metaplasia, and mucous hyper-
secretion, which all contribute to airway obstruction.22 Because
IL-13 is a ligand of the IL4RA subunit, it is thus possible that the
R130Q polymorphism influences the interaction between D helix
and the IL4RA subunit. We previously found a gene-gene interac-
tion of IL13 and IL4RA polymorphisms on the risk of b-lactam
allergy.19 Currently, the combination of IL13 RR and IL4RA 551 QRRR
genotypes predicted a faster decrease in lung function, regardless of
the type of occupational exposure (eFig 1C and D). The underlying
molecular mechanisms of this association need to be clarified
because the computer modeling of the IL13/IL4Ra interaction
suggests that the arginine of the 130RR variant, but not the gluta-
mic acid of the less frequent variant, repulses the histidine 131 of
IL4RA.16 The association remained significant in nonatopic ap-
prentices after stratification. This finding suggests that the under-
lying mechanism is related to downstream signaling pathways of
inflammation rather than to IgE production. Similarly, these com-
bined genotypes were significantly associated with diisocyanate-
induced asthma in a previous study on exposed workers.21 These
genes are associated with asthma susceptibility by regulating the
differentiation of naive CD41-TH cells into a TH2 cell phenotype.18

Regarding phenotypes of asthma, we found that the TNFA
-G308A polymorphism was associated with NSBHR in nonatopic
apprentices (Table 4 and Fig 1B). The TNFA -G308GA polymorphism
is located in the promoter region of TNFA and has been associated
with increased secretion and promoter activity of TNFA.22 In the
European Community Health Respiratory Survey, Castro-Giner
et al23 reported a mild association of the TNFA -G308A poly-
morphism with asthma and NSBHR. Another study found no
association between TNFA -G308A and asthma in atopic individ-
uals.24 The role of TNFA polymorphism in airway inflammation of
asthmatic patients is supported by its influence on increased
expression of tumor necrosis factor.25 Moreover, TNFA enhances
NSBHR in healthy indivdiuals26 and asthmatic patients.25 The
relation between TNFA and OA has been clearly evidenced in
animal models of by toluene diisocyanateeinduced asthma.27 In
contrast to these experimental-based findings, little is known about
the influence of TNFA polymorphisms in OA, with one case-control
study reporting no association between the TNFA -G308A

Table 3
Association between polymorphisms and the variation of lung function during the study period, according to the training track and the atopic status (multivariate analysis)

Variable FVC indexa FEV1 indexa FEV1/FVC indexa

b (SE)b P valuec b (SE)b P valuec b (SE)b P valuec

All Apprentices
IL4RA 478 SPPP vs SS (n ¼ 333) $0.26 (0.15) .10 $0.26 (0.13) .04 $6.72.10$6 (1.85.10$5) .72
IL4R576 QRRR vs QQ (n ¼ 338) $0.15 (0.14) .21 $0.21 (0.11) .06 $2.03.10$5 (1.68.10$5) .23
IL13 RR vs RQQQ (n ¼ 284) $0.36 (0.15) .02 $0.34 (0.13) .008 $3.33.10$5 (1.45.10$4) .60
IL13 RR/IL4RA 478 SPPP $0.51 (0.16) .002 $0.44 (0.13) .001 $6.41.10$6 (2.10.10$5) .75
IL13 RR/IL4RA 551 QRRR $0.50 (0.17) .004 $0.42 (0.14) .004 1.14.10$6 (2.20.10$5) .95

Hairdressers
IL4RA 478 SPPP vs SS (n ¼ 131) $0.40 (0.18) .03 $0.30 (0.15) .05 9.14.10$6 (2.112.10$5) .67

Bakers and Pastry Makers
IL4R576 QRRR vs QQ (n ¼ 203) $0.15 (0.21) .47 $0.32 (0.17) .06 $1.94.658.10$5 (2.51.10$5) .07

All Nonatopic Apprentices
IL13 RR vs RQQQ (n ¼ 189) $0.35 (0.17) .04 $0.28 (0.15) .06 $2.27.10$6 (2.21.10$5) .92
IL13 RR/IL4RA 478 SPPP $0.52 (0.18) <.001 $0.40 (0.16) .01 3.33.10$6 (2.39.10$5) .89
IL13 RR/IL4RA 551 QRRR $0.54 (0.19) <.001 $0.38 (0.17) .02 1.58.10$5 (2.54.10$5) .54

aThe variation index of parameters of airway inflammationmeasures the variation of each parameter between the inclusion time and the last determination using the formula
(last determination e determination at enrollment) vs (follow-up duration).
bAdjusted for smoking status, training track, and atopic status.
cP indicates the significance of the contribution of the genotype to the model (see e-Table 5 for univariate analysis).
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polymorphism and toluene diisocyanateeinduced asthma in 142
patients and 45 controls.28 However, the atopic status was not
considered in this study. Interestingly, we reported an association
between the TNFAGG polymorphism and the incidence of NSBHR in

a cohort of young apprentices (n ¼ 351), which remained signifi-
cant in nonatopic individuals (n ¼ 281). A similar result was found
in a case-control study conducted in the general Chinese pop-
ulation.29 Currently, our cohort allowed us to explore the incidence
of NSBHR in apprentices since the very beginning of exposure to
occupational allergens. This study design is more accurate to
evaluate the predictive value of TNFA in OA than comparing asth-
matic patients with the general population.

IL-1 seems to play a significant role in OA in regards to experi-
mental models.30,31 Antibody neutralization of IL1A prevented the
production of IgG1 after toluene diisocyanate challenge in mice,31

whereas toluene diisocyanate challenge in sensitized mice failed
to increase IL4 expression in IL11R knockout mice. In contrast,
population-based evidence is lacking. This association could be
related to atopy, as previously reported in nonasthmatic individ-
uals.32 We have previously shown that the incidence of NSBHR is
associated with the sensitization to flour.10 In contrast, we observed
an epistatic influence of IL1A and TNFA polymorphisms on variation
of lung function, NSBHR incidence, and variation of FeNO during
the study period in nonatopic individuals (Tables 3 and 4). This
finding suggests that the 2 cytokines act synergistically, a hypoth-
esis that needs to be studied at the experimental level.

We also observed that some polymorphisms were associated
with the variation of FeNO levels among nonatopic apprentices
(Table 4). TNFA GA and IL5 CC and TNFA GA and IL1A CC were 2
epistatic predictors of a FeNO decrease during follow-up, an asso-
ciation stronger among nonatopic bakers and pastry makers. The
TNFA GG and IL1A CC genotype showed an increase of FeNO during
the follow-up of nonatopic hairdressers (P ¼ .04). This finding is
consistent with the influence of inflammatory cytokines, such as
tumor necrosis factor and TH1 cytokines, on FeNO through ex-
pression of inducible nitric oxide synthase.33

Our study has some limitations. First, the number of participants
agrees with the study power estimate, but a replication is needed to
reach a definitive conclusion. Second, interpretation of our results
was limited by the impossibility of evaluating qualitatively and
quantitatively the exposure and IgE response against allergens.34

The strength of our study was to evaluate the occurrence of
NSBHR and airway inflammation in 2 young adult groups since the
very beginning of exposure to occupational allergens. Each partic-
ipant was considered his/her own control, comparing the basal and
final characteristics after a definite period of exposure. Our findings
support the hypothesis of the existence of gene-environment and
gene-gene interactions in occupational NSBHR, in agreement with
the available knowledge on nonoccupational settings.

This study evidenced the predicting influence of variants of IL4RA,
IL13, TNFA, IL1A, and IL5 on NSBHR and airway inflammation since
the very beginning of exposure to an occupational environment in
young adult apprentices. Most of the associations remained signifi-
cant in absence of atopy, suggesting that inflammatory downstream
signaling pathways of these genetic predictors are involved in the
early step that precedes OA.
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Figure 1. Cumulative incidence proportion of nonspecific bronchial hyper-
responsiveness (NSBHR) according to the TNFA GG and GAAA genotypes at 24
months (log-rank test) among atopic (A) and nonatopic (B) apprentices. TNFA GG
predicted a higher cumulative incidence of NSBHR at 24 months compared with the
GAAA genotype in nonatopic apprentices.

Table 4
Association between genetic polymorphisms and/or gene-gene interactions with
the incidence of NSBHR and the variation of FeNO during the study period (multi-
variate analysis)

Variable NSBHR FeNO index

OR (95% CI)a P valueb b (SE)c P valueb

All Nonatopic Apprentices (N ¼ 236)
TNFA -308 GG 3.74 (1.10-12.82) .04 3.99.10$4 (5.14.10$4) .27
TNF GG / IL1A CC 2.25 (1.01-5.01) .05 3.02.10$4 (3.55.10$4) .40
TNFA GA/IL5 CC 2.49 (0.14-43.45) .53 $2.61.10$3 (1.09.10$3) .02
TNFA GA/IL1A CC 0.46 (0.10-2.07) .32 $1.42.10$3 (4.89.10$3) .004

Nonatopic Bakers and Pastry Makers (n ¼ 132)
TNFA GG/IL5 TT 3.76 (1.11-12.74) .06 1.69.10$4 (5.73.10$4) .77
TNFA GA/IL5 CC NA $0.02 (2.54.10$3) <.001
TNFA GA / IL1A CC 0.48 (0.06-4.21) .51 $1.95.10$3 (8.44.10$4) .02

Nonatopic Hairdressers (n ¼ 104)
TNFA GG/IL1A TT 5.75 (1.03-32.08) .05 $7.10.10$4 (6.39.10$4) .27
TNFA GG/IL1A CC 2.40 (0.78-7.33) .12 6.61.10$4 (3.09.10$4) .04

Abbreviations: CI, confidence interval; FeNO, fractional exhaled nitric oxide; NSBHR,
nonspecific bronchial hyperresponsiveness; OR, odds ratio.
aAdjusted ORs using logistic regression models.
bP indicates the significance of the contribution of the genotype to the model.
cAdjusted for smoking status, training track, and atopic status.
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eMethods

Skin Prick Tests (SPTs)

Atopy assessed at entry and the end of the study was defined by
positive skin reaction to common aeroallergens including dust
mites (Dermatophagoides pteronyssinus and Dermatophagoides far-
inae), animal danders (cat, dog), pollens (mixtures of the following
pollens: grass, weed, Fagacae, Betulaceae, cereals) and molds
(Alternaria tenius and Aspergillus fumigatus). All extracts were com-
mercialized by Allerbio-ALK laboratory (Varennes en Argonnes,
France). Prick tests were performed on the forearm. The diameter of
the wheal was measured at 20 minutes then compared with those
of negative (saline) and positive (histamine) controls. It was
considered positive when the diameter was equal or more than
those of the negative control and if the patient had normal skin
reactivity to histamine. The diameter of the wheal was considered
as positive when it was greater than 3 mm that of negative controls
(saline) in patients with a normal skin reactivity to histamine.

Fraction Exhaled Nitric Oxide (FeNO)

Measurements were taken by a trained technician using a
chemiluminescence analyzer (NIOX 2.0 system; Aerocrine AB, Solna,
Sweden). Three correctly performed exhalations were recorded
during each session. Any exhalation not meeting American Thoracic
Society and European Respiratory Society requirements was rejected
by the NIOX system. In particular, subjects with a recent respiratory
infection were excluded from the FeNO tests.

Airways Responsiveness to Methacholine

Nonspecific airway responsiveness was evaluated using the
methacholine challenge test (MCT) using 3 cumulative successive
doses (0.5, 3.0, and 8.0 mmoL) and bronchial hyperresponsiveness
incidence, defined according of the occurrence or aggravation of
a positive MTC result as follows 1,5: (1) occurrence of a positive
response to the MCT at any visit in patients with a negative MCT
result at inclusion; (2) aggravation of the provocative concentration
of inhaled methacholine (PC20) required to reduce forced expira-
tory volume in 1 second (FEV1) by 20%, at least for one lower dose in
subjects with positive MCT results at the first visit. 3. Aggravation of

the coefficient of the normal dose response slope with a decrease
by 0.100 or more at any visit compared with the normal dose
response slope measured at the first visit in subjects with at least
a decrease of 15% of FEV1 whatever the visit, (the 0.100 cutoff point
corresponding to the mean decrease in all patients with positive
MCT results with a significant PC20).

Nasal Lavage Technique and DNA Extraction From Collected Nasal
Cells

The nasal lavage (NL) was adapted from the Hilding procedure
and performed with the subject in a sitting position.1 DNA was
extracted from 200 mL of NL using the QuiAmp mini kit (Quiagen,
Courtaboeuf, France). The genotypes of the 4 polymorphisms were
determined by real-time polymerase chain reaction (PCR) (Roche
Molecular Biochemicals, Lyon, France). The anchor (Flu) and
detection probes (LC) were labeled at the 30 ends with fluorescein
and at the 50 ends with LC-Red-640. They covered the mutation
sites and were modified at the 30 ends by phosphorylation to avoid
extension (Tib MolBiol Syntheselabor GmbH, Berlin, Germany). The
pair of probes hybridized template DNA with a 1-bp gap between
them. PCR was performed in a 10-mL mixture in the Light-Cycler
glass capillaries. The PCR primers, Flu, and LC primers were as
follows, respectively: 50AGCATGTCCGAGACAC3’, 50CTTCCCGCCTAC
CCAA30, 50CCTGTCTCTCTGCAAATAATGTGCTTTCGT30, and 50GTTTCA
GTTGACCGTC CCT30 for IL13 gene (rs20541); 50GAGCCAAGTCC
TCCTG30, 50CTCGGGTTCTACTTCCT30, 50AGCTTCAGCAACCCCCT30,
and 50GCCAGTCACCGTGTCCCAG30 for the rs1805015 variant of the
IL4RA gene; and 50AGCTCTCTGAGCCAAC30, 50CTTGTAACCAGCCT
CTCC30, 50ACCCTGCTCCACCGCAT30, and 50ACAAACTCCCGATAGCCA
CTG30 for the rs180275 variant of the IL4RA gene; 50TGTGACCCTTGT
CAGAAAGAG30, 50TGAGGTCTCAAGATGATGTXTCAG30, and 50GAAC
AGAATACATACAGATCCAGGAGT30 for the rs2069807 variant of IL5;
50CCTGCATCCTGTCTGGAAGTTA30, 50CTGCACCTTCTGTCTCGGTTT30,
and 50AACCCCGTCCCCATGCCCC30, 50CAAAACCTATTGCCTCCATTTC
TTTTGGGGAC30 for the rs1800629 variant of TNFA gene; 50TGTT
CTACCACCTGAACTAGGC30, 50TGGCTAAGTTTGGGAATGGAGAT30, and
50GGAAGGCATGGATTTTTACATATGAGCC30, 50TTATTATCATTAGTCCGT
TGTAGTAACT30 for the rs1800587 variant of IL1A. The details of
determinations are described previously.2,3
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eTable 1
Exposure of hairdresser apprentices for inhalated irritants, ammonia, hydrogen
peroxide, and persulfatesa

Hydrogen
peroxide

Ammonia Persulfates

Personal exposure
No. of samples 39 53 52
Arithmetic mean # SD 0.05 # 0.04 0.90 # 0.76 0.02 # 0.02
Range, mg/m3 0.003-0.18 0.02-4.49 0.001-0.12

Technical area in the customer
salon (permanenting, dyeing,
bleaching with the customers)

No. of samples 53 52 52
Arithmetic mean # SD 0.04 # 0.03 0.72 # 0.49 0.02 # 0,02
Range, mg/m3 0.003-0.18 0.13-3.03 0.00025-0.1

Shampoo area
No. of samples 51 51 51
Arithmetic mean # SD 0.03 # 0.03 0.65 # 0.40 0.02 # 0,02
Range, mg/m3 0.003-0.13 0.09-2.39 0.00025-0.13

Technical room (mixing the
chemicals for permanenting,
dyeing, and bleaching)

No. of samples 52 52 52
Arithmetic mean # SD 0.04 # 0.05 0.66 # 0.45 0.02 # 0,02
Range, mg/m3 0.003-0.34 0.13-2.64 0.002-0.08

Mean ambient air concentrations
in each salon

53 52 52

No. of samples 53 52 52
Arithmetic mean # SD 0.04 # 0.03 0.68 # 0.42 0.02 # 0,02
Range, mg/m3 0.003-0.15 0.13-2.69 0.002-0.08

aAdapted from Mounier-Geyssant et al.4

eTable 2
Exposure of baker and pastry maker apprentices to flour dusta

PM2.5 PM10

Summer Winter Summer Winter

Baker apprentices
No. of samples 17 21 15 20
Arithmetic mean # SD 0.50 # 0.37 0.71 # 0.37 0.63 # 0.36 1.10 # 0.83
Range, mg/m3 0.17-1.52 0.19-1.42 0.17-1.73 0.28-4.04

Pastry apprentices
No. of samples 4 13 3 13
Arithmetic mean # SD 0.29 # 0.06 0.35 # 0.17 0.47 # 0.13 0.44 # 0.16
Range, mg/m3 0.22-0.36 0.20-0.70 0.33-0.58 0.22-0.82

Abbreviation: PM, particulate matter.
aAdapted from Mounier-Geyssant et al.5
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eTable 3
Distribution of TH2 genetics polymorphisms and allele frequencies among patients with BHR in the study population according to the training track

Bakers and pastry makers with BHR Hairdressers with BHR P valuea All apprentices with BHR P valuea

No. % [95% CI] No. % [95% CI] No. % [95% CI]

IL4RA S478P (rs1805015)
SS 156 78.0 [72.1-83.8] 97 74.4 [67.0-81.9] .75 38 74.5 [59.7-83.2] .79
SP 31 15.5 [10.4-20.5] 24 18.0 [11.5-24.6] 10 19.6 [10.8-32.0]
PP 13 06.5 [03.1-10.0] 10 07.5 [03.0-12.0] 3 05.9 [02.1-15.7]
Allele S 343 85.8 [82.0-89.0] 222 83.3 [78.5-87.4] .42 86 84.3 [76.0-90.1] .87
Allele P 57 14.2 [11.2-18.0] 44 16.5 [12.6-21.5] 16 15.7 [09.9-24.0]

IL4RA Q551R (rs180275)
QQ 133 65.5 [58.9-72.1] 86 63.7 [55.5-71.9] .61 36 66.67 [53.3-77.8] .65
QR 57 28.1 [21.8-34.3] 43 31.9 [23.9-39.8] 14 25.93 [16.1-39.0]
RR 13 06.4 [03.0-09.8] 6 04.4 [00.9-07.9] 4 07.41 [03.0-17.6]
Allele Q 266 91.1 [75.4-83.2] 172 93.5 [74.4-84.0] .35 72 90.00 [81.5-94.8] .47
Allele R 26 08.9 [16.8-24.6] 12 06.5 [16.0-25.6] 8 10.00 [05.2-18.5]

IL13 R130Q (rs20541)
RR 110 65.5 [58.2-72.7] 84 72.4 [64.2-80.6] .47 31 68.89 [54.3-80.5] .92
RQ 47 28.0 [21.1-34.8] 26 22.4 [14.8-30.1] 11 24.44 [14.3-38.8]
QQ 11 06.5 [2.8-10.31] 6 05.2 [11.1-09.2] 3 06.67 [02.4-17.9]
Allele R 267 79.5 [74.8-83.4] 194 83.6 [78.3-87.8] .21 73 81.11 [71.8-87.8] .99
Allele Q 69 20.5 [16.6-25.2] 38 16.4 [12.2-21.7] 17 18.89 [12.8-28.2]

IL5 -703 (rs2069821)
CC 102 46.4 [39.7-53.0] 73 48.7 [40.6-56.7] .69 28 44.4 [32.8-56.7] .48
CT 97 44.1 [37.5-50.7] 60 40.0 [32.1-47.9] 26 41.3 [29.9-53.6]
TT 22 09.5 [05.6-13.4] 17 11.3 [06.2-16.4] 9 14.3 [05.5-23.0]
Allele C 301 68.9 [64.4-73.0] 206 68.9 [63.4-73.9] .10 82 65.6 [56.9-73.4] .38
Allele T 136 31.1 [27.0-35.6] 93 31.1 [26.1-36.6] 43 34.4 [26.7-43.1]

Abbreviations: CI, confidence interval; BHR, bronchial hyperresponsiveness.
aFisher exact test for categorical variables, with Bonferroni correction for multiple testing.

eTable 4
Distribution of TH1 genetics polymorphisms and allele frequencies among patients with BHR in the study population according to the training track

Bakers and pastry makers with BHR Hairdressers with BHR P valuea All apprentices with BHR P valuea

No. % [95% CI] No. % [95% CI] No. % [95% CI]

TNFA -308 (rs1800629)
GG 159 74.0 [68.0-80.0] 113 75.8 [69.0-82.8] .74 51 83.6 [72.3-90.8] .24
GA 47 21.9 [16.3-27.4] 32 21.5 [14.8-28.1] 9 14.6 [8.02-25.78]
AA 9 04.2 [01.5-06.9] 4 02.6 [0.7-05.2] 1 01.6 [0.4-08.7]
Allele G 365 84.9 [81.2-88.0] 258 86.6 [82.0-89.0] .52 111 91.0 [84.7-94.9] .06
Allele A 65 15.1 [12.0-18.8] 40 09.3 [06.9-12.4] 11 09.0 [05.1-15.4]

IL1A -889 (rs1800587)
CC 97 45.1 [38.4-51.8] 71 50.4 [42.0-56.7] .32 30 51.7 [39.1-64.1] .35
CT 95 44.2 [37.5-50.9] 61 43.2 [35.0-51.5] 21 36.2 [25.0-49.1]
TT 23 10.7 [06.5-14.9] 9 06.4 [02.3-10.4] 7 12.1 [06.0-22.3]
Allele C 289 67.2 [62.5-71.3] 203 71.7 [66.5-76.9] .18 81 69.8 [60.9-77.4] .85
Allele T 141 32.8 [28.5-37.4] 79 28.0 [23.1-33.5] 35 30.2 [22.6-39.1]

Abbreviations: CI, confidence interval; BHR, bronchial hyperresponsiveness.
aFisher exact test for categorical variables, with Bonferroni correction for multiple testing.
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eTable 5
Association of gene variants and significant gene-gene combination of variants with the variation of the FEV1/FVC ratio and FeNO during the study period (univariate analysis)

Gene Polymorphism Genotype FEV1/FVC index,a mean # SD P valueb FeNO index,a mean # SD P valueb

With genotype Without genotype With genotype Without genotype

IL4RA S478P rs1805015 (n ¼ 333) SS $3.16.10$5 # 1.35.10$4 $3.47.10$5 # 1.49.10$4 .87 1.99.10$4 # 1.61.10$4 $1.27.10$4 # 1.97.10$3 .30
IL4RA Q551R rs180275 (n ¼ 338) QQ $2.65.10$5 # 1.31.10$4 $4.75.10$5 # 1.60.10$4 .22 1.05.10$4 # 1.66.10$4 1.25.10$4 # 2.39.10$3 .94
IL13 R130Q rs20541 (n ¼ 284) RR $3.33.10$5 # 1.45.10$4 $2.52.10$4 # 1.34.10$4 .67 4.96.10$5 # 1.58.10$4 2.16.10$4 # 3.11.10$3 .61
TNFA -308 rs1800629 (n ¼ 364) GG $3.33.10$5 # 1.45.10$4 $2.77.10$5# 1.24.10$4 .75 1.61.10$4 # 1.23.10$4 1.23.10$4 # 3.17.10$3 .32
IL1A -889 rs1800587 (n ¼ 356) CC $3.11.10$5# 1.24.10$4 $3.02.10$5# 1.54.10$4 .96 $5.61.10$6 # 2.06.10$4 2.73.10$4 # 2.08.10$3 .28
IL5 -703 rs2069821 (n ¼ 371) CC $2.52.10$5# 1.32.10$4 $3.86.10$5 # 1.45.10$4 .38 1.60.10-4 # 1.86.10-4 2.42.10$5 # 2.26.10$3 .59
IL13 RQQQ/IL4RA
478 SS

rs20541/rs1805015 RQQQ/SS $2.94.10$5# 1.24.10$4 3.24.10$5# 1.48.10$4 .93 2.96.10$4# 3.32.10$3 2.28.10$5 # 2.11.10$3 .58

IL13 RQQQ/IL4RA
551 QQ

rs20541/rs180275 RQQQ/QQ $3.42.10$5# 1.29.10$4 $2.99.10$5 # 1.45.10$4 .77 $3.77.10$5 # 2.91.10$3 1.41.10$4 # 2.35.10$3 .98

TNFA GA/IL5 TT rs1800629/rs2069821 GA/TT 1.67.10$5# 8.78.10$5 $3.52.10$5 # 1.44.10$4 .04 $4.39.10$5 # 3.15.10$3 8.41.10$5# 2.19.10$3 .76

Abbreviations: FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.
aThe evolution index of parameters of airway inflammationmeasures the variation of each parameter between the inclusion visit and the last determination using the formula
(last determination e determination at enrollment) vs (follow-up duration).
bOne-way analysis of variance.

eFigure 1. Variation of forced vital capacity (FVC) (A) and forced expiratory volume in 1 second (FEV1) (B) among nonatopic bakers and pastry maker apprentices according to
IL13 R130Q shows that RR genotype predicted a lower decrease of FVC (A) and FEV1 compared with RQ and QQ genotypes. The association between the IL13R 130Q and IL4RA
Q551R and the variation index of FVC (C) and FEV1 (D) among nonatopic apprentices shows that the combination Il13 RR with Il4R 551 QRRR was a significant predictor of
a lower decrease of FVC and FEV1.
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