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Background: The mechanisms underlying the association
between filaggrin (FLG) deficiency and asthma are not known.
It has been hypothesized that FLG deficiency leads to enhanced
percutaneous exposure to environmental substances that might
trigger immune responses. We hypothesized that interactions
between FLG deficiency and environmental exposures play a
role in asthma development.

Objective: We sought to investigate possible interactions
between FLG null mutations and tobacco smoking in relation to
asthma.

Methods: A total of 3471 adults from a general population
sample participated in a health examination. Lung function and
serum specific IgE levels to inhalant allergens were measured,
and information on asthma and smoking was obtained by
means of questionnaire. Participants were genotyped for the 2
most common FLG null mutations in white subjects: R501X
and 2282del4. Another Danish population was used for
replication.

Results: The FLG null mutation genotype was significantly
associated with a higher prevalence of asthma and decreased
FEV,/forced vital capacity ratio. In logistic regression analyses
with asthma as the outcome, a significant interaction was found
between FLG null mutations and smoking status (P = .02). This
interaction was confirmed, although it was not statistically
significant, in another Danish population study. Interactions

From “the Research Centre for Prevention and Health, Glostrup University Hospital, the
Capital Region of Denmark, and "the Danish Research Centre for Chemical Sensitiv-
ities; “the National Allergy Research Centre, Department of Dermato-Allergology;
4COPSAC, Danish Paediatric Asthma Centre, Department of Paediatrics; and °the
Department of Clinical Biochemistry, Gentofte University Hospital, University of
Copenhagen.

Supported by the Health Insurance Foundation and the philanthropic foundation
TrygFonden.

Supported by the Danish Board of Health; the Danish Environmental Protection Agency;
the Copenhagen County Research Foundation; the Aase and Einar Danielsens
Foundation; the Velux Foundation, ALK-Abell6 A/S, Denmark; and the Danish
Scientific Research Council.

Disclosure of potential conflict of interest: The authors declare that they have no relevant
conflicts of interest.

Received for publication April 1,2011; revised August 25, 2011; accepted for publication
August 31, 2011.

Corresponding author: Allan Linneberg, MD, PhD, Research Centre for Prevention and
Health, Glostrup University Hospital, Nordre Ringvej 57, Building 84/85, DK-2600
Glostrup, Denmark. E-mail: alllin01 @regionh.dk.

0091-6749/$36.00

© 2011 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2011.08.045

Glostrup

between FLG genotype and cumulated smoking exposure were
found in relation to asthma (P = .03) and decreased FEV,/
forced vital capacity ratio (P =.03). A 3-way interaction was
found among FLG genotype, smoking, and asthma, suggesting
that the FLG-smoking interaction mainly played a role in
nonatopic subjects.

Conclusion: FLG null mutations modified the effects of smoking
on the risk of asthma. This finding might have implications for
risk stratification of the population. (J Allergy Clin Immunol
201]1;EEN:EEN-NEN,)

Key words: Asthma, filaggrin, R501X, 2282del4, tobacco smoking,
gene-environment interaction, genotype, population based, health
examination, Health2006

The main function of the skin is to form a protective barrier
between the organism and its external environment, thereby
preventing entrance of pathogens, irritants, and allergens, as well
as minimizing transepidermal water loss. In the epidermis
terminal differentiation of keratinocytes into corneocytes leads
to the formation of the stratum corneum, an impenetrable physical
barrier consisting of the flat anucleated corneocytes imbedded in
an intercellular matrix rich in nonpolar lipids." The cross-linking
of filaggrin (FLG) monomers derived from profilaggrin produced
in the keratinocytes with keratin filaments causes an aggregation
of the keratin filaments into tight bundles, which promotes the
collapse of the cell into the flat shape characteristic of the corne-
ocyte.” The FLG gene is located on chromosome 1g21 residing in
the epidermal differentiation complex.> A 4-base deletion,
2282del4, and a nonsense mutation, R501X, result in complete
loss of FLG production and are thus functional null alleles for
FLG* causing a dysfunctional skin barrier.””” In combination,
2282del4 and R501X account for the majority of null mutations
in white populations.®

FLG deficiency has been shown to be a causative factor for ich-
thyosis vulgaris,4 as well as a predisposing factor for atopic der-
matitis.” In recent meta-analyses FLG deficiency has been
confirmed as a risk factor for atopic eczema, IgE sensitization, al-
lergic rhinitis with or without atopic eczema, and asthma in pa-
tients with atopic eczema but not for asthma in patients without
atopic eczema.'®'! In children and young adults, however, it
has been found to be associated with asthma severity independent
of eczema status.'?

The mechanism by which a dysfunctional skin barrier
is associated with the development of these diseases is
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Abbreviations used
FeNno: Fraction of exhaled nitric oxide
FLG: Filaggrin
FVC: Forced vital capacity
OR: Odds ratio

unknown. In murine models of FLG-deficient skin, an increased
penetration of allergens has been shown to cause a secondary lo-
cal and systemic inflammatory response.>® Considering atopic
dermatitis, it has been shown in mice that FLG deficiency in itself
confers a reduced inflammatory threshold for irritants and
haptens.7 With respect to asthma, dermal exposure to chemical
allergens in animal models can result in sensitization of the
respiratory tract and airway inflammation on subsequent inhala-
tion of the allergen.'*'* Studies in human subjects investigating
the effect of dermal exposure to allergens on the development
of asthma are limited in number. However, questionnaire-
determined exposure to methylene diphenyl diisocyanate has
been found to be associated with asthma-like respiratory symp-
toms in wood product plant workers,"> and in tannery workers
asthma has been found to be associated with not wearing protec-
tive gloves.'®

These results could suggest that interactions between FLG
deficiency and environmental exposures might play a role in the
development of atopic diseases. An interaction between FLG de-
ficiency and cat ownership has been found for the development of
eczema in early life, as well as for sensitization to cat,'”'® but not
for asthma.'® To the best of our knowledge, there is no previous
report on interactions between FLG deficiency and other environ-
mental exposures in relation to asthma. In a recent review smok-
ing was found to be associated with the reporting of asthma, as
well as several markers of asthma severity, including mortality
and exacerbations, and temporal associations between smoking
and asthma suggested that the former is a possible risk factor
for the latter."® Furthermore, FLG expression has been found to
be upregulated in oral keratinocytes in current smokers compared
with that seen in nonsmokers, and in addition, nicotine increased
FLG expression in oral keratinocytes from nonsmokers.” The
purpose of the present study was to investigate possible interac-
tions between FLG null mutations and smoking in relation to
asthma.

METHODS
Study population

A sample of 7931 Danish citizens 18 to 69 years of age, born in Denmark,
and living in one of 11 municipalities of Copenhagen, the capital of Denmark,
was randomly drawn from the Danish Civil Registration System, and all were
invited to participate in a general health examination, Health2006. A total of
3471 (43.8%) subjects were included in the study and were examined between
June 2006 and June 2008. Young age and male sex were associated with
nonparticipation (P <.001).%!

Assessment of lung function

Spirometry was performed according to international standards®? with the
Spiro USB Spirometer (MicroMedical Limited, Rochester, Kent, United
Kingdom), and measures of FEV, and forced vital capacity (FVC) were ob-
tained. Throughout the data collection, the spirometers were checked every
morning with a 3-L syringe, and every 6 months, they were checked with a
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decompression flow simulator.>® Percent predicted FEV, was calculated
from sex, age, and measured standing height®* and dichotomized for analyses
into 80% or less and greater than 80%. The FEV/FVC ratio was calculated
from the actual measurements and dichotomized into 70% or less and greater
than 70% in some analyses.

Fraction of exhaled nitric oxide measurement

Fraction of exhaled nitric oxide (FENO) is a noninvasive marker of airway
inflammation. Measurements of FENO were performed with the NIOX MINO
(Aerocrine AB, Stockholm, Sweden). Participants were tested in a standing
upright position without a nose clip. Participants inhaled to total lung capac-
ity through a mouthpiece and subsequently exhaled at a constant pressure
guided by visual and auditory cues to stabilize flow rate. A dynamic flow
restrictor yielded a constant flow rate of 50 mL/s, which is in accordance
with recommendations of the American Thoracic Society and European
Respiratory Society guidelines for FENo measurement.”® The device mea-
sured nitric oxide concentrations between 5 and 300 ppb. Measurements
less than the detection limit of 5 ppb were automatically set to 0, and all
measurements were dichotomized into 20 ppb or less and greater than
20 ppb.

Measurements of allergen-specific IgE

Blood samples from all participants were analyzed for serum specific
IgE against the 4 most clinically important inhalation allergens in Denmark
(ie, birch, grass, cat, and the house dust mite Dermatophagoides pteronys-
sinus) by using the ADVIA Centaur Specific IgE assay (Siemens, Deerfield,
111).%® Atopy was defined as at least 1 positive test result (>0.35 kU/L) for
specific IgE.

Definition of variables from the questionnaire

All participants completed a mailed questionnaire before the health
examination. Questions on asthma were adopted from the stage 1 ques-
tionnaire of the European Community Respiratory Health Study.?” Asthma
was defined according to the method of Sunyer et al*® as an affirmative
answer to at least 1 of the following 3 questions: (1) Have you been woken
by an attack of shortness of breath at any time in the last 12 months? (2)
Have you had an attack of asthma in the last 12 months? (3) Are you cur-
rently taking any medicine (including inhalers, aerosols, or tablets) for
asthma?

Wheezing without a cold was defined as affirmative answers to both of the
following questions: (1) Have you had wheezing or whistling in your chest at
any time during the last 12 months? (2) If yes, have you had this wheezing or
whistling when you did not have a cold?

Chronic cough was defined as confirmative answers to both of the following
questions: (1) Have you had coughing most days or nights? (2) Do you cough
this way for a minimum of 3 months a year and for at last 2 successive years?

Atopic dermatitis was defined according to the UK Working Party’s crite-
ria®® as a history of an itchy skin condition plus a minimum of 2 of 4 minor
criteria: (1) onset of rash before the age of 2 years, (2) a history of flexural in-
volvement, (3) a history of generalized dry skin, and (4) a history of asthma/
hay fever.*

Smoking status was reported as current, occasional, former, or never
smoking. For current and former smokers, daily or former daily tobacco
consumption was calculated in grams, equating 1 cigarette or 1 g of pipe
tobacco to 1 g, 1 cheroot to 3 g, and 1 cigar to 5 g, and cumulated smoking
exposure was calculated in pack years as daily tobacco consumption in
grams times years of smoking divided by 20, as previously described.?' For
analyses, smoking status was entered as current (dichotomized into <15 g/d
and >15 g/d of tobacco), former, or never smoking, whereas occasional
smokers were omitted from all analyses because of their low number
(n = 113 [3.3%]). In stratified analyses 2 of the smoking categories (former
smokers and current smokers, <15 g) were merged to obtain sufficient sub-
jects in all cells. Cumulated smoking exposure was analyzed as a continuous
variable.
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Social status was reported as very high, high, average, below average, or
low, whereas education beyond primary and secondary school was classified
into 6 categories: (1) none, (2) less than 1 year, (3) skilled worker, or higher
education of (4) less than 3 years, (5) 3 to 4 years, or (6) more than 4 years.
Finally, participants were divided into 5 groups (<30, 31-40, 41-50, 51-60, and
>60 years).

Genotyping of FLG null mutations

Regions covering the 2 most common null mutations, R501X and
2282del4, of the FLG gene were amplified from genomic DNA from 3366
(97.0%) subjects by means of PCR, and the obtained PCR products were
hybridized to microbeads carrying DNA probes for mutations and for the
wild-type (Luminex, Austin, Tex). Microbeads were subsequently ana-
lyzed on a BioPlex 200 (Bio-Rad Laboratories, Hercules, Calif). The
genotyping success rates were 99.4% and 99.5% for the R501X and
2282del4 mutations, respectively, and a total of 3346 subjects (96.4%
of the total study population) were genotyped successfully for both muta-
tions. Neither of the observed genotype frequencies of the genotyped
polymorphisms deviated significantly (P > .05) from the expected fre-
quencies under assumption of Hardy-Weinberg equilibrium. Subjects
were dichotomized into homozygote wild-types or carriers of at least
1 FLG null mutation.

Replication population

Replication of the main findings was sought in another population that
was examined between June 1993 and December 1994: the MonicalO
cohort.** The MonicalO population included 2556 subjects aged 41, 51,
61, and 71 years. Extracted DNA was genotyped for the same 2 FLG
null mutations by using the same method at the same laboratory as in
the Health2006 study, and neither of the genotyped polymorphisms
deviated significantly (P > .4) from the expected frequencies under as-
sumption of Hardy-Weinberg equilibrium. The questionnaire differed
from the one used in the Health2006 study, but the questions on asthma
attacks within the last 12 months and smoking status were similar in the
2 studies.

Statistical analysis

Hardy-Weinberg equilibrium was calculated by using exact tests with
GENEPOP version 4.0.10.>*3* All other statistical analyses were generated
with SAS software, version 9.2, of the SAS System for Windows (SAS Insti-
tute, Inc, Cary, NC).

Crude associations between FLG genotype and asthma phenotypes, at-
opy, atopic dermatitis, smoking status, cumulated smoking exposure, sex,
age, social status, and education were examined by using the x* test. The
possible confounding effects of sex and age on the associations between
FLG genotype and asthma phenotypes, atopy, and atopic dermatitis were
examined with multivariate logistic regression analyses. Odds ratios
(ORs) with 95% CIs adjusted for possible confounding effects of sex and
age were calculated. Interactions between FLG null mutations and smoking
status (or cumulated smoking exposure) in relation to asthma or an asthma
attack within the last 12 months were tested in logistic regression models
including an interaction term between smoking status (or cumulated smok-
ing exposure) and FLG genotype by using the likelihood ratio test. Further-
more, interactions between FLG genotype and smoking status (or
cumulated smoking exposure) with the FEV/FVC ratio as the outcome
were tested in linear regression models including an interaction term be-
tween FLG genotype and smoking status (or cumulated smoking exposure).
The interaction between FLG genotype, smoking status, and atopy in rela-
tion to asthma was tested in a logistic regression model also including all 3
main effects and all 3 two-way interactions. ORs with 95% CIs for report-
ing asthma in subjects with FLG null mutations compared with subjects
with wild-type FLG were obtained from logistic regression analysis for
each combination of atopy and smoking status. P values of less than .05
were considered significant.

BERGETAL 3

Ethics
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RESULTS

Of the 3346 subjects genotyped successfully for both FLG null
mutations, 270 (8.1%) carried at least 1 FLG null mutation, and of
these, 9 were homozygous or compound heterozygous (ie, carried
>1 of the 2 null allele mutations). Having at least 1 FLG null mu-
tation was not associated with sex, age, social status, education,
smoking status, or cumulated smoking exposure (all P > 0.3,
data not shown).

The FLG null mutation genotype was significantly associated
with a higher prevalence of asthma, an asthma attack within the
last 12 months, and atopic dermatitis, as well as a decreased
FEV,/FVC ratio (Table I). These associations remained signifi-
cant after adjustment for sex and age (data not shown). Smoking
status and cumulated smoking exposure were significantly associ-
ated with a higher prevalence of asthma and wheeze without a
cold, as well as decreased FEV;, FEV,/FVC ratio, and FENo
levels and a lower prevalence of atopy (Table I).

In logistic regression analyses with asthma as the outcome,
significant interactions were found between FLG genotype and
smoking status (P = .02, Table II), as well as cumulated smoking
exposure (P =.03, see Table E1 in this article’s Online Repository
at www.jacionline.org). Although statistically insignificant, sim-
ilar interactions were seen in logistic regression models with an
asthma attack within the last 12 months as the outcome between
FLG genotype and smoking status in both the Health2006 and
MonicalO populations (P = .09 and .11, respectively; Table
III). However, in both populations the association between FLG
null mutation and an asthma attack within the last 12 months
was strong and highly statistically significant in moderate-to-
heavy smokers (Table III). Furthermore, in the Health2006 popu-
lation a similar but statistically insignificant interaction was seen
between FLG genotype and cumulated smoking exposure with an
asthma attack within the last 12 months as the outcome (P = .08,
see Table E1).

In a linear regression model a significant interaction was found
between FLG genotype and cumulated smoking exposure with
FEV,/FVC ratio as the continuous outcome (P = .03, see Table
E1), whereas the relationship between FLG genotype and smok-
ing status in relation to FEV/FVC ratio was less clear (P = .54,
see Table E2 in this article’s Online Repository at www.
jacionline.org).

No significant interactions were found in relation to the
different asthma phenotypes between FLG null mutations and ei-
ther atopic dermatitis or atopy (all P >.1).

When investigating the relationship between FLG null muta-
tions, smoking, and atopy, we found a significant 3-way interac-
tion among FLG genotype, smoking status, and atopy in
relation to asthma (P = .011) in a logistic regression model also
including all 3 main effects and all 3 two-way interactions with
asthma as the outcome (Table IV). In subjects without atopy,
the OR of having asthma associated with FLG null mutations in-
creased from 0.53 (95% CI, 0.16-1.72) in the group of never
smokers to 1.65 (95% CI, 0.86-3.20) for former smokers and
2.89(95% CI, 1.08-7.73) and 5.78 (95% CI, 2.17-15.4) for current
smokers smoking 15 or less or greater than 15 g/d tobacco, respec-
tively. (Please note that in Table IV the former smokers and
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TABLE I. Relationship between FLG genotype, smoking status, cumulated smoking exposure, and phenotypes of asthma, atopy, and

atopic dermatitis

FEV.* <80%, %

FEV./FVCt <70%, %

Feno >20 ppb, %

(n/total n)

(n/total n)

(n/total n)

Asthma,i % (n/total n)

FLG genotype
Wild-type

1 null mutation#
>1 null mutation**

P valuett
Smoking status

Never

Former

Current, <15 g/d
Current, >15 g/d

P valueff

Cumulated smoking exposure

Never smokers
<20 pack years
>20 pack years
P valueff

10.0 (305/3061)
13.1 (34/259)
0.0 (0/9)

.16

5.5 (78/1430)
11.0 (122/1108)
13.4 (59/439)
26.6 (88/331)

<.001

5.5 (78/1430)
8.0 (75/943)
23.9 (177/741)
<.001

10.8 (332/3063)
16.2 (42/259)
0.0 (0/9)

.018

6.0 (86/1430)
13.1 (145/1110)
15.3 (67/439)
23.3 (77/331)

<.001

6.0 (86/1430)
10.2 (96/944)
23.3 (173/742)

<.001

31.0 (871/2810)
24.1 (56/232)
25.0 (2/8)

.088

37.6 (492/1309)
35.7 (366/1026)
14.4 (57/397)
8.4 (25/299)
<.001

37.6 (492/1309)

27.3 (238/872)

22.1 (149/673)
<.001

10.6 (322/3027)
16.0 (41/257)
33.3 (3/9)

.004

9.5 (136/1425)
13.1 (145/1103)
9.4 (41/436)
15.2 (50/329)

.002

9.5 (136/1425)
11.4 (107/940)
14.0 (103/736)

.008

*Percent predicted FEV .
TThe FEV,/FVC ratio was calculated from the actual measurements obtained.

fAsthma was defined according to the European Community Respiratory Health Study as an affirmative answer to at least 1 of the following 3 questions: (1) Have you been woken by
an attack of shortness of breath at any time in the last 12 months? (2) Have you had an attack of asthma in the last 12 months? (3) Are you currently taking any medicine (including

inhalers, aerosols, or tablets) for asthma?

§Chronic cough was defined as confirmative answers to both of the following questions: (1) Have you had coughing most days or nights? (2) Do you cough this way for a minimum of 3

months a year and for at last 2 successive years?

HAlopy was defined as at least 1 positive test result (>0.35 kU/L) for serum specific IgE against birch, grass, cat, or house dust mite (Dermatophagoides pteronyssinus).
9 Atopic dermatitis was defined according to the UK Working Party’s criteria as a history of an itchy skin condition plus a minimum of 2 of 4 minor criteria: (1) a history of flexural
involvement, (2) a history of generalized dry skin, (3) onset of rash before the age of 2 years, and (4) a history of asthma/hay fever.

#Defined as exactly 1 of the following mutations: R501X or 2282del4.

*#*Defined as 2 or more of the following mutations: R501X or 2282del4 (homozygous or compound heterozygous).

+1x° Test.

current smokers smoking <15 g have been merged.) This increase
in ORs was not found in subjects with atopy (Table IV).

The association between FLG genotype and asthma or the in-
teraction between FLG genotype and smoking status in relation
to asthma were not confounded by either sex or social status,
and no interactions were found between FLG genotype and sex
or social status in relation to asthma (P = .45 and .31,
respectively).

DISCUSSION

We found that carriers of FLG null mutations had a signifi-
cantly higher prevalence of asthma and lower FEV /FVC ratios.
Importantly, carriers of FLG null mutations were more suscepti-
ble to the effects of smoking on the risk of asthma.

In accordance with our results, most previous studies have
found a significant association between FLG null mutations and
asthma. In recent meta-analyses this association was mainly
present in persons with atopic dermatitis.'®'" In the present
study we did not find any differential effect of FLG null muta-
tions on asthma between persons with and without atopic
dermatitis.

At present, the biological mechanism underlying the associ-
ation between FLG mutations and asthma is not known, al-
though the hypothesis that the skin barrier disruption might
facilitate allergen entry and subsequently promote Ty2-like sen-
sitization and asthma has been proposed.'*"'**> To the best of
our knowledge, there are no published data on interactions

between FLG null mutations and environmental risk factors in
relation to asthma risk, apart from one study on cat ownership,
in which no interaction was found.'® Our data raise the hypoth-
esis that smoking increases the risk of asthma in carriers of FLG
null mutations. The biological mechanism could involve sys-
temic inflammation and immunologic alterations that might be
common to both patients with atopic dermatitis and those with
asthma but could also be local because FLG has been found
to be expressed in the trachea,®® as well as in the nasal and
oral mucosa, where it is presumably involved in epithelial bar-
rier function.’’ Importantly, the observed interaction between
FLG null mutations and smoking was only seen in relation to
nonatopic (without IgE sensitization) asthma. This suggests
that smoking exerts its FLG-dependent effects through nona-
topic pathways. Such nonatopic pathway from FLG deficiency
to asthma is supported by a previous study in infants showing
increased risk of wheezing in the very first years of life before
development of atopy.*® It might be relevant to note that smok-
ing has been shown to have suppressive effects on eosinophilic
inflammatory conditions, such as respiratory allergy39 and coli-
tis ulcerosa, as well as on FeNo levels.*® These effects could ex-
plain the lack of effect of smoking on asthma in atopic subjects
in this study. The biological mechanism might involve a
smoking-induced suppression of the eosinophilic immune re-
sponse, a concept that has been used as in the treatment of co-
litis ulcerosa with nicotine patches.41

The identification of gene-environment interactions might
provide more insight into pathologic mechanisms. Moreover,
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TABLE I. (Continued)
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Asthma attack within last
12 mo, % (n/total n)

Chronic Cough,8 %
(n/total n)

Wheeze without a cold, %
(n/total n)

Atopic Dermatitis,§ %

Atopy,|| % (n/total n) (n/total n)

3.2 (97/3037)

6.2 (16/259)

11.1 (1/9)
.019

3.4 (48/1425)

3.5 (39/1108)

2.5 (11/439)

4.2 (14/331)
61

3.4 (48/1425)

3.4 (32/945)

3.6 (27/742)
94

15.2 (462/3042)
18.3 (47/257)
33.3 (3/9)

.14

9.2 (132/1428)
11.6 (129/1110)
24.4 (107/439)
45.0 (148/329)

<.001

9.2 (132/1428)

15.3 (145/946)

28.5 (211/740)
<.001

15.1 (458/3036)
15.7 (40/254)
11.1 (1/9)

91

9.7 (138/1422)
13.8 (153/1108)
21.2 (93/439)
36.7 (120/327)

<.001

9.7 (138/1422)
15.4 (144/938)
25.6 (190/743)

<.001

23.3 (718/3075)
21.5 (56/261)
44.4 (4/9)

25

26.8 (380/1420)
20.1 (224/1112)
19.2 (84/437)
18.7 (62/331)
<.001

26.8 (380/1420)

23.3 (219/944)

14.7 (109/744)
<.001

9.0 (263/2934)
19.7 (49/249)
66.7 (6/9)

<.001

9.7 (133/1367)

10.7 (115/1072)

10.8 (46/427)

9.5 (31/327)
80

9.7 (133/1367)

11.5 (105/912)

9.2 (67/726)
25

TABLE Il. Relationship between FLG null mutations and asthma
stratified by smoking status

Asthma*

Yes, % (no.) No, % (no.)

OR (95% CI)t

Smoking status
Never
FLG genotype

Null mutation} 9.8 (10) 90.2 (92) 1.02 (0.52-2.02)
Wild-type 9.5 (120) 90.5 (1149) 1.00 (reference)
Former
FLG genotype
Null mutation} 18.2 (16) 81.8 (72) 1.57 (0.88-2.80)
Wild-type 12.4 (121) 87.6 (855) 1.00 (reference)
Current, <15 g/d
FLG genotype
Null mutation§ 16.2 (6) 83.8 (31) 1.96 (0.76-5.08)
Wild-type 8.8 (34) 91.2 (352) 1.00 (reference)
Current, >15 g/d
FLG genotype
Null mutation§ 355 (11) 64.5 (20) 3.70 (1.64-8.36)
Wild-type 12.8 (37) 87.2 (252) 1.00 (reference)

= .02 for the FLG genotype—smoking status interaction in the logistic regression
model also including both main effects with asthma as the outcome.
*Defined according to the European Community Respiratory Health Study as an
affirmative answer to at least 2 of the following 3 questions: (1) Have you been woken
by an attack of shortness of breath at any time in the last 12 months? (2) Have you had
an attack of asthma in the last 12 months? (3) Are you currently taking any medicine
(including inhalers, aerosols, or tablets) for asthma?
TORs with 95% CIs were obtained from multivariate logistic regression models with
asthma as the outcome adjusted for sex and age.
$FLG null mutation was defined as at least 1 of the following mutations: R501X or
2282del4.

because of the high frequency of FLG null mutations and the fact
that they carry a considerably increased risk of atopic dermatitis
and asthma, these mutations might also potentially be used for
screening of the general population and risk stratification. In
this way FLG null mutations might identify a subgroup that re-
quires special attention and a personalized strategy for treatment
and prevention. Our finding that carriers of FLG null mutations
appear to be at high risk of asthma might emphasize a particular
need for smoking cessation/prevention in this subgroup of the
population. In line with these findings, subjects with FLG muta-
tions might also be more susceptible to related environmental
risk factors, such as air pollution, and this should be addressed
in future studies.

Several methodological issues should be considered. First, type
1 errors and results that cannot be replicated have been the curse
of genetic association studies.**** However, we were able to rep-
licate the interaction, although it was not statistically significant,
between FLG null mutation and smoking in another population
(Table III). Nevertheless, more studies in other countries and
age groups are needed to further investigate the importance of
this gene-environment interaction.

Second, the participation rate was moderate, and this might
increase the risk of biased risk estimates. We were able to
compare the prevalence of smoking with that obtained from a
questionnaire study with a response rate of 71% (4242/6000)
conducted on another random sample of subjects drawn at the
same time and with the same inclusion criteria from the Danish
Civil Registration System.44 There were statistically significant
differences in the prevalence of smoking status between the 2
populations, with the Health2006 study having a lower prevalence
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TABLE lil. Relationship between FLG null mutations and an asthma attack within the last 12 months stratified by smoking status in 2

population samples

Asthma attack within last 12 mo

Health2006

Monica10

Yes, % (no.) No, % (no.)

OR (95% CI)*

Yes, % (no.) No, % (no.) OR (95% CI)*

Smoking status
Never
FLG genotype

Null mutationt 4.9 (5) 95.1 (97) 1.49 (0.57-3.86) 1.8 (1) 98.2 (55) 0.74 (0.10-5.73)
Wild-type 3.3 (42) 96.7 (1228) 1.00 (reference) 2.7 (17) 97.3 (606) 1.00 (reference)
Former/current, <15 g/d
FLG genotype
Null mutationt 5.6 (7) 94.4 (119) 1.82 (0.79-4.19) 4.9 (4) 95.1 (78) 1.05 (0.37-2.99)
Wild-type 3.0 (41) 97.0 (1328) 1.00 (reference) 4.6 (46) 95.4 (956) 1.00 (reference)
Current, >15 g/d
FLG genotype
Null mutationt 15.6 (5) 84.4 (27) 5.71 (1.76-18.49) 9.8 (4) 90.2 (37) 4.30 (1.32-14.03)
Wild-type 3.1 (09 96.9 (281) 1.00 (reference) 2.7 (15) 97.3 (541) 1.00 (reference)

P = .09 for the FLG genotype—smoking status interaction in the logistic regression model also including both main effects with an asthma attack within last 12 months as the
outcome in Health2006. P = 0.11 for the FLG genotype—smoking status interaction in the logistic regression model also including both main effects with an asthma attack within

the last 12 months as the outcome in MonicalO.

*ORs with 95% ClIs were obtained from multivariate logistic regression models with asthma as the outcome adjusted for sex and age.
TFLG null mutation was defined as at least 1 of the following mutations: R501X or 2282del4.

TABLE IV. Association between FLG genotype and asthma
stratified for atopy and smoking status

Atopy
Yes, OR (95% CI)*

No, OR (95% CI)*

Smoking status
Never
Former/current, <15 g/d
Current, >15 g/d

0.53 (0.16-1.72)
1.94 (1.12-3.35)
5.78 (2.17-15.4)

2.19 (0.87-5.54)
1.08 (0.35-3.34)
1.10 (0.25-4.87)

P = .011 for the FLG genotype—atopy—smoking status interaction in the logistic
regression model also including all 3 main effects and all 3 two-way interactions with
asthma as the outcome.

*ORs with 95% ClIs for reporting asthma in subjects with at least 1 of the mutations
R501X or 2282del4 in the FLG gene compared with subjects with wild-type FLG.

of current smokers and a higher prevalence of former and never
smokers (P <.001). Regarding asthma, no difference in preva-
lence was found between the 2 studies, 11.3 and 11.9%, respec-
tively (P = .44). The prevalences of FLG null mutations in the
2 populations described in the present article were also compara-
ble (ie, 8.1% and 7.6%; P = .51). Thus the observation that the
asthma phenotype and FLG genotype apparently had no effect
on the participation rate makes the concern for substantial bias
less serious.

Third, only the 2 most common FLG null mutations were gen-
otyped in this study. However, in combination, 2282del4 and
R501X account for approximately 70% of null mutations in white
populations,® and it is also imaginable that genotyping of addi-
tional FLG null mutations would strengthen the associations
reported.

In conclusion, we found evidence that FLG null mutations
modify the effects of smoking on the risk of asthma. If con-
firmed, this finding might have implications for risk stratifica-
tion of the population and the development of preventive
strategies, such as screening for FLG null mutations at an early
age and intensified measures to prevent these subjects from tak-
ing up smoking.

We thank the staff at the Research Centre for Prevention and Health at
Glostrup University Hospital for their work.

Key Messages

o Genetically determined FLG deficiency is associated with
asthma, but the underlying mechanism is unknown.

o In this study the effect of tobacco smoking on the risk of
asthma was modified by FLG genotype. Thus FLG-
deficient subjects might be particularly susceptible to
the detrimental effects of tobacco smoking on asthma.

o This was especially true for subjects with nonatopic

asthma, suggesting that smoking exerts its FLG-

dependent effects through nonatopic pathways.
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TABLE E1. Relationship between FLG genotype and asthma, an asthma attack within the last 12 months, and FEV4/FVC ratio stratified
by cumulated smoking exposure

Asthma* Asthma attack within last 12 mo FEV./FVCt <70%
Yes, % Yes, % Yes, %
(no.) No, % (no.) OR (95% CI)i (no.) No, % (no.) OR (95% CI)i (no.) No, % (no.) OR (95% CI)t
Cumulated smoking exposure
Never
FLG genotype
Null mutation§ 9.8 (10)  90.2 (92) 1.02 (0.52-2.02) 4.9 (5) 95.1 (97) 1.49 (0.57-3.86) 4.9 (5) 95.1 (97) 0.80 (0.32-2.04)
Wild-type 9.5 (120) 90.5 (1149) 1.00 (reference) 3.3 (42) 96.7 (1228) 1.00 (reference) 6.1 (78) 93.9 (1196) 1.00 (reference)
<20 pack years
FLG genotype
Null mutation§ 17.0 (15)  83.0 (73) 1.72 (0.95-3.13) 5.6 (5) 944 (84) 1.82 (0.67-4.90) 16.9 (15) 83.1 (74) 2.02 (1.10-3.71)
Wild-type 10.7 (88)  89.3 (737) 1.00 (reference) 3.1 (26) 96.9 (803) 1.00 (reference) 9.3 (77) 90.7 (751)  1.00 (reference)
>20 pack years
FLG genotype
Null mutation§ 28.3 (17) 71.7 (43) 2.70 (1.46-498) 11.5(7) 88.5(54) 3.95 (1.57-991) 37.3 (22) 62.7 (37) 2.22 (1.25-3.95)
Wild-type 12.5 (81) 87.5(569) 1.00 (reference) 2.9 (19) 97.1 (636) 1.00 (reference) 21.8 (143) 78.2 (514) 1.00 (reference)

FLG genotype—cumulated smoking exposure interaction term in logistic regression models with asthma or an asthma attack within the last 12 months as the outcome: P = .03 or
.08, respectively. FLG genotype—cumulated smoking exposure interaction term in a linear regression model with the FEV/FVC ratio as continuous outcome: P = .03.

*Defined according to the European Community Respiratory Health Study as an affirmative answer to at least 1 of the following 3 questions: (1) Have you been woken by an attack
of shortness of breath at any time in the last 12 months? (2) Have you had an attack of asthma in the last 12 months? (3) Are you currently taking any medicine (including inhalers,

aerosols, or tablets) for asthma?

7The FEV,/FVC ratio was calculated from the actual measurements obtained.
1ORs with 95% CIs were obtained from multivariate logistic regression models adjusted for sex and age.

§FLG null mutation was defined as at least 1 of the following mutations: R501X or 2282del4.
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TABLE E2. Relationship between FLG null mutations and FEV,/
FVC ratio stratified by smoking status

FEV,/FVC* <70%
Yes, % (no.) No, % (no.) OR (95% CI)t

Smoking status

Never

FLG genotype
Null mutation} 4.9 (5) 95.1 (97) 0.80 (0.32-2.04)
Wild-type 6.1 (78) 93.9 (1196) 1.00 (reference)

Former

FLG genotype
Null mutation} 23.9 (21) 76.1 (67) 2.40 (1.41-4.09)
Wild-type 11.9 (117) 88.1 (866) 1.00 (reference)

Current, <15 g/d
FLG genotype
Null mutationf 16.2 (6) 83.8 (31) 1.28 (0.50-3.31)
Wild-type 15.2 (59) 84.8 (330) 1.00 (reference)
Current, >15 g/d
FLG genotype
Null mutation§ 32.3 (10) 67.7 (21) 1.80 (0.76-4.25)
Wild-type 22.0 (64) 78.0 (227) 1.00 (reference)

P = .54 for the FLG genotype—smoking status interaction in a linear regression model
with FEV/FVC ratio as the continuous outcome.

*The FEV/FVC ratio was calculated from the actual measurements obtained.

TORs with 95% ClIs were obtained from multivariate logistic regression models with
an FEV,/FVC ratio of 70% or less as the outcome adjusted for sex and age.

1FLG null mutation was defined as at least 1 of the following mutations: R501X or
2282del4.
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