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An interaction between filaggrin mutations and early food
sensitization improves the prediction of childhood asthma
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Background: Asthma prediction in early infancy is essential for
the development of new preventive strategies. Loss-of-function
mutations in the filaggrin gene (FLG) were identified as risk
factors for eczema and associated asthma.

Objective: We evaluated the utility of the FLG mutations for the
prediction of asthma.

Methods: Eight hundred seventy-one individuals of the
prospective German Multicenter Allergy Study cohort were
genotyped for 3 FLG mutations. Information on asthma,
eczema, and food sensitization was available from birth to 13
years of age. Pulmonary function was measured from 7 to 13
years of age. The predictive value of the FLG mutations and of
atopic phenotypes in infancy was assessed for asthma.

Results: In infants with eczema and sensitization to food
allergens, the FLG mutations predicted childhood asthma with a
positive predictive value of 100% (95% CI, 65.5% to 100%).
This subgroup was characterized by a significant decrease in
pulmonary function until puberty and represented 8.1% of all
asthmatic children and 19.1% of patients with asthma after
infantile eczema. We found a strong synergistic interaction
between the FLG-null alleles and early food sensitization in the
disease transition from eczema to asthma (relative excess risk
due to interaction, 2.64; 95% CI, 1.70-3.98; P = .00040).
Conclusion: FLG mutations and food sensitization represent 2
distinct mechanisms interacting in the pathogenesis of asthma.
In infants with eczema and food sensitization, genotyping of
the FLG mutations allows the prediction of asthma before

the onset of symptoms. Our findings might facilitate the
development of early subgroup-specific interventions to
prevent the progression from eczema to asthma. (J Allergy
Clin Immunol 2009;123:911-6.)
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Asthma is a chronic inflammatory lung disease featuring
intermittent airway obstruction triggered by environmental aller-
gens, exercise, or viral infections. The increasing prevalence of
asthma and the lack of curative therapy underscores the need for
effective disease prediction and prevention.' Epidemiologic stud-
ies indicate that early childhood is a vulnerable phase when envi-
ronmental exposures modify the disease risk in genetically
susceptible individuals.” In addition, prospective studies revealed
that a decrease in pulmonary function occurs during childhood
and often persists into adulthood in these patients,3’6 indicating
that airway remodeling is an early and irreversible event. There-
fore the availability of prediction markers in infancy is important
to prevent or reduce the burden of asthma and its long-term
sequelae.

To date, prediction markers for asthma are lacking. Genetic
testing, which is now routine for the diagnosis of single-gene
disorders,’” could have enormous potential for predicting common
complex diseases, such as asthma. However, although gene dis-
coveries regarding asthma and other allergic conditions are
emerging, their application for disease prediction is unexplored.
A question often raised about genetic association findings of com-
plex diseases is whether the information is useful for disease
prediction because multiple genes and environmental factors con-
tribute to disease development. Loss-of-function mutations in the
gene encoding filaggrin (FLG), which is important for skin barrier
function, were identified to be strong genetic risk factors for ec-
zema and eczema-associated asthma.® Furthermore, FLG muta-
tions participate in the transition from infantile eczema to
asthma, which is known as the “atopic march.”” This process re-
fers to the natural history of allergic disease, which often begins
with eczema and food allergy in the young infant and continues
with the development of respiratory airways disease later in child-
hood and adulthood."’

We evaluated FLG mutations as asthma predictors in the Ger-
man Multicenter Allergy Study (MAS) birth cohort. For the iden-
tification of risk factors for asthma, a multifactorial approach has
been proposed, combining information on genetic variations, spe-
cific phenotypes, and environmental influences.'' We therefore
investigated whether the predictive value of the FLG mutations
for asthma was related to infantile eczema. Furthermore, we in-
vestigated the role of allergic sensitization to food allergens,
which represents the earliest serologic marker for atopy'? and is
a recognized risk factor for chronic asthma.'>!*

911


mailto:yolee@mdc-berlin.de

912 MARENHOLZ ET AL

Abbreviations used
FLG: Filaggrin gene
FVC: Forced vital capacity
MAS: Multicenter Allergy Study
RERI: Relative excess risk due to interaction

METHODS

Study population

The German MAS cohort has previously been described in detail.'>'® The
cohort consists of 1,314 children born in 1990. Children were followed at the
agesof 1,3,6,12, 18, and 24 months and at yearly intervals thereafter until age
13 years. Clinical assessment included standardized interviews, question-
naires, and physical examinations. Specific IgE antibodies to hen’s egg,
cow’s milk, wheat, and soy were determined at the ages of 1, 2, 3, 5, 7, and
10 years. DNA samples of 871 children were available for genotyping. The in-
stitutional review boards of all centers approved the study, and written in-
formed consent was obtained.

Phenotypes

Eczema was defined by the presence of either (1) the reported physician’s
diagnosis, (2) parental report of eczema symptoms, or (3) visible eczema at the
time of follow-up.'” Asthma was defined as the presence of 1 or more wheez-
ing episodes during the previous 12 months at the ages of 7, 10, and/or 13
years.'® Lung function was assessed by using body plethysmography (Master-
lab; Jaeger, Wiirzburg, Germany). The initial measurement was performed at
age 7 years in 731 individuals. The final measurement was performed at age 13
years in 642 individuals. For 79 children who did not participate in the final
follow-up, we used pulmonary function measurements obtained at 10 years.
FEV; and forced vital capacity (FVC) values were determined, and the
FEV,/FVC ratio was calculated to assess airway obstruction.

Allergic sensitization was defined as the presence of a specific IgE level of
0.70kU/L or greater (CAP class II) to at least 1 tested allergen. The absence of
specific sensitization was declared only if measurements from at least 2 time
points were available. IgE levels to food allergens were available for 618
individuals.

FLG genotyping

Genomic DNA was prepared from whole blood by using standard methods.
In all individuals the FLG mutations R501X, 2282del4, and R2447X were
genotyped by using TagMan allelic discrimination, fluorescence-based semi-
automated allele-sizing technology, and restriction enzyme digestion, respec-
tively, as described previously.”'® Two additional mutations, 3702delG and
S$3247X, which have previously been found at low frequency in an Irish pop-
ulation,'® were determined in 189 individuals with eczema and 30 unaffected
control individuals by sequencing with the BigDye Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems, Foster City, Calif). Primer pairs used
for amplification of genomic DNA by means of PCR were 3702-forward
(5'-gtcaggacaccattcgtge)/3702-reverse (5'-agacaacctetcggagteg) and 3247-
forward (5'-tctagacactcacaggcagt)/3247-reverse (5'-tgcctgattgtctggageg),
and primers for sequencing were 3702-forward and 3247-forward, respec-
tively. Both mutations were absent in the 189 patients with eczema and 30
healthy control subjects and were therefore disregarded.

Statistical analysis

We evaluated selection bias in the study population by comparing study
participants with those individuals who did not participate with respect to eczema,
asthma, FLG carrier status, sex, parental history of allergy, parental smoking, the
presence of older siblings, cord blood IgE levels, specific IgE levels, and asthma
age of onset. Significance was obtained from the x> test and the Wilcoxon rank
sum statistic for qualitative and quantitative traits, respectively. Heterogeneity
of odds ratios was evaluated with the Cochran Q test.>”
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The predictive value of risk factors was evaluated by calculating specificity,
sensitivity, positive predictive value, and negative predictive value according
to the Standards for Reporting of Diagnostic Accuracy.?' Logistic regression
was used to measure the strength of the association (odds ratio) between risk
factors and asthma. Sex, parental history of allergy, parental smoking, the
presence of older siblings, and cord blood IgE levels were tested as potential
cofactors by using the x> test and the Wilcoxon rank sum statistic for
qualitative and quantitative traits, respectively. Marginally significant cofac-
tors (P <.1) were included in the model. The significance of the logistic model
was expressed as the P value of the likelihood ratio test for the full model (with
single or multiple risk factors and cofactors included) versus the null model
(cofactors only).

Children with eczema were divided into 3 groups, 2 of which carried either
risk factor in the absence of the other factor and the third of which jointly
carried both factors, to analyze the combined effect of the FLG mutations and
sensitization to food allergens in eczema-associated asthma. The relative risk
and its 95% CI were calculated by comparing each of the risk groups with the
reference group, which lacked both factors. Association analysis was per-
formed in a 2 X 2 contingency table by using the X2 statistic. For small cell
counts (<5), the Fisher exact test was used instead. A 2-sided P value of
less than .05 was considered statistically significant.

The relative excess risk due to interaction (RERI) was calculated as follows
to establish whether an interaction between the 2 risk factors A (FLG muta-
tions) and B (allergic sensitization to food allergens) existed:

RERI=Relative risk (A and B)
— Relative risk (A without B) — Relative risk (B without A) + 1.

Interaction was defined as departure from the additive model.?* There is evi-

dence of interaction at a P value of less than .05 if the RERI 95% CI excludes
zero. An RERI of greater or less than zero indicates a superadditive or subad-
ditive effect, respectively. Synergism was said to be present if the combined
effect of the 2 factors was greater than the sum of their solitary effects. The
95% CI of RERI was calculated by using a bootstrap percentile method, as
suggested by Assmann et al.>* We chose (with replacement) 100,000 bootstrap
samples from the original sample, each of which was the same size as the orig-
inal sample. We then estimated the CI from the sampling distribution of RERI
and obtained a significance level.

The significance of the difference in means of the FEV,/FVC ratio between
2 groups was assessed by using the 7 test. All statistical analyses were per-
formed with the software R.

RESULTS
Characterization of the study population

To evaluate the utility of FLG loss-of-function mutations in the
prediction of asthma, we examined 871 of 1,314 individuals of the
MAS birth cohort who contributed DNA samples. These 871 study
participants were compared with those individuals who did not
participate to assess potential selection bias. No significant differ-
ences were found with respect to asthma, asthma age of onset, cord
blood IgE levels, specific IgE levels, or FLG carrier status, as well
as sex, parental history of allergy, parental smoking, or the pres-
ence of older siblings (Table I). However, children in the study pop-
ulation were more likely to have eczema (27.6% vs 22.8%).
Likewise, the determination of specific IgE levels in a subset of
the study population did not introduce a bias (data not shown),
with the exception of eczema, which was slightly more frequent
among the children with data on IgE levels (30.5% vs 27.6%). Dif-
ferences in the distribution between each of the 2 subgroups were
further tested for heterogeneity of the effect on asthma. The Co-
chran Q test revealed no evidence for significant heterogeneity.

Of the study population, 236 (27.2%) children had eczema
before the age of 3 years, and 168 (20.1%) had asthma up to the
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TABLE I. Comparison between the study population and the
entire MAS cohort

MAS cohort Study population
(n =1,314) (n = 871)
Male sex 52.1%  (684/1,314) 52.2% (455/871)
Increased cord blood IgE 183%  (241/1,314) 17.6% (153/871)
level (>0.9 kU/L)
Older sibling 41.1%  (540/1,314) 42.3% (368/871)
Parental smoking 48.5% (407/839) 47.3% (315/666)
Parental history of allergy =~ 48.4%  (627/1,295) 50.5% (435/862)
Increased specific IgE 25.1%  (185/736) 24.9% (155/622)
level (>0.7 kKU/L; 3 y)
Eczema (3 y) 22.8%  (290/1,272) 27.2%* (236/867)
Asthma (13 y) 19.8%  (192/970) 20.1% (168/834)
Mean asthma age of onset 7.3 £ 3.1 7.1 £ 3.1

*Significant difference (P < .05) comparing the study participants with those
individuals who did not participate.

TABLE Il. Single risk factor and multiple risk factor analysis for
asthma in the MAS cohort

Single risk factors
n OR* 95% CI

Multiple risk factors
n ORft 95% ClI

Risk factor P value P value

FLG mutation 826 2.1% 1.2-3.5 .0068 584 1.5 0.7-2.8 27

Eczema 822 221 1.5-32 32 X 107° 584 1.8 1.2-2.8  .0087
Food 585 3.7 2.3-6.0 1.4 X 1077 584 3.21 1.9-5.2 6.7 X 10°°
sensitization

OR, Odds ratio.

*Adjusted for family history of allergy.

TAdjusted for family history of allergy and mutually adjusted for the other risk factors
analyzed.

iStatistically significant effect.

age of 13 years. Within the first 3 years of life, sensitization to
food allergens was detected in 104 (16.8%) of 618 children. Three
loss-of-function mutations in FLG (R501X, 2282del4, and
R2447X) were identified within the MAS cohort and analyzed.
The carrier frequencies were 4.8% for 2282del4, 4.1% for
R501X, 0.7% for R2447X, and 9.4% for any of the FLG
mutations.

Asthma risk attributable to the FLG mutations

The presence of an FLG mutation significantly increased the
odds for asthma in the MAS cohort. In a logistic regression anal-
ysis adjusting for the cofactor of parental history of allergy, the
effect of the FLG mutations on asthma susceptibility was similar
to the effect of infantile eczema. However, adjustment for the
effects of food sensitization and eczema revealed that the FLG
mutations alone had a marginal effect on asthma susceptibility,
which was no longer significant (Table II). In contrast, the odds
ratios for food sensitization and eczema remained significant,
even after adjustment for the other risk factors. Because filaggrin,
which is not expressed in human lung, is mainly expressed in the
skin, where it is involved in epidermal barrier function, we ana-
lyzed whether the onset of eczema was a prerequisite for the en-
hanced asthma risk attributed to the FLG mutations. Indeed,
stratifying for eczema yielded a significant effect of the FLG mu-
tations on asthma susceptibility only in the subgroup of children
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TABLE lll. Asthma risk dependent on eczema status

Children without eczema
n OR* 95% Cl P value

Children with eczema
n OR* 95% CI

Risk factor P value

FLG mutation 226 2.21 1.0-4.5 .040 596 1.5 0.7-33 31
Food sensitization 177 3.6% 1.8-7.4 2.5 X 10~* 407 2.9 1.4-5.9 .0041

OR, Odds ratio.
*Adjusted for family history of allergy.
FStatistically significant effect.

with eczema (Table III), whereas food sensitization had a substan-
tial effect in both groups.

FLG mutations in the prediction of asthma

We used the longitudinal character of the MAS birth cohort to
evaluate whether FLG mutations can be used as a genetic predic-
tor for the development of childhood asthma. Because our and
other studies® have consistently demonstrated an association of
the FLG mutations with asthma only in children with eczema
and because eczema typically predates asthma in the atopic
march, we additionally analyzed whether the predictive value of
the FLG mutations was related to infantile eczema. Furthermore,
we included allergic sensitization to food allergens in our predic-
tion model because it represents the earliest serologic marker for
atopy12 and is a recognized risk factor for chronic asthma.'>'*
The positive predictive value of the FLG mutations for asthma
in the MAS cohort was 32.5% (95% CI, 22.7% to 44.0%), indicat-
ing that nearly one third of the children who carried an FLG mu-
tation had asthma. Similarly, early sensitization to food allergens
was a modestly strong predictor for the future development of
asthma, with a positive predictive value of 43.0% (95% CI,
33.3% to 53.3%). Interestingly, the combination of the FLG mu-
tations and increased IgE levels to food allergens, which was pre-
sent in 8.9% of all children with asthma, yielded a strong increase
of the positive predictive value to 73.3% (95% CI, 44.8% to
91.1%), exceeding all prediction models for asthma reported pre-
viously (Table IV).

We then investigated the utility of the FLG mutations in the pre-
diction of the atopic march from infantile eczema to asthma. The
subgroup of children with infantile eczema accounted for 42.3%
(71/168) of all children having asthma. Although the FLG muta-
tions or increased IgE levels to food allergens alone yielded pos-
itive predictive values of approximately 50% in this subgroup,
again the combination of the 2 risk factors resulted in a strong im-
provement in performance and predicted future asthma, with a
specificity of 100% (95% Cl, 96.4% to 100%) and a positive pre-
dictive value of 100% (95% CI, 65.5% to 100%; Table V). This
specific combination of risk factors defined 8.1% of all asthmatic
subjects and 17.2% of children with infantile eczema who had
asthma later in childhood.

Interaction between FLG mutations and
sensitization to food allergens

FLG mutations, as well as food sensitization, enhanced the risk
for asthma in children with eczema (Table III). Because in this
subgroup the combination of the 2 factors yielded a very high pos-
itive predictive value for future asthma, we analyzed whether an
interaction between the FLG mutations and food sensitization
was involved in the disease progression from eczema to asthma.
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TABLE IV. Early predictors for asthma in the MAS cohort
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Predictor Frequency TP FP TN FN

Sensitivity, % (95% Cl)

Specificity, % (95% Cl) PPV, % (95% Cl) NPV, % (95% Cl)

27.6% 71 158 504 97
9.6% 26 54 612 142

16.9% 43 57 411 81
2.5% 11 4 464 113

Eczema

FLG mutation

Food sensitization

FLG mutation and food
sensitization

42.3 (34.8-50.1)
15.5 (10.5-22.0)

34.7 (26.5-43.8)
8.9 (4.7-15.7)

76.1 (72.7-79.3)
91.9 (89.5-93.8)
87.8 (84.4-90.6)
99.1 (97.7-99.7)

31.0 (25.2-37.5)
32.5 (22.7-44.0)
43.0 (33.3-53.3)
73.3 (44.8-91.1)

83.9 (80.6-86.7)
81.2 (78.2-83.9)
83.5 (79.9-86.6)
80.4 (76.9-83.5)

TP, True-positive; FP, false-positive; TN, true-negative; FN, false-negative; PPV, positive predictive value; NPV, negative predictive value.

TABLE V. The prediction of asthma in children with eczema

Sensitivity, % (95% Cl)

Specificity, % (95% ClI) PPV, % (95% Cl) NPV, % (95% Cl)

Predictor Frequency TP FP TN FN
FLG mutation 16.2% 17 20 138 54
Food sensitization 28.3% 28 23 99 30
FLG mutation and food 5.6% 10 0 122 48

sensitization

23.9 (14.9-35.8)
48.3 (35.1-61.7)
17.2 (9.0-29.9)

87.3 (80.9-91.9)
81.1 (72.8-87.4)
100 (96.2-100)

45.9 (29.8-62.9)
54.9 (40.5-68.6)
100 (65.5-100)

71.9 (64.9-78.0)
76.7 (68.3-83.5)
71.8 (64.3-78.3)

TP, True-positive; FP, false-positive; TN, true-negative; FN, false-negative; PPV, positive predictive value; NPV, negative predictive value.

TABLE VL. Interaction between FLG mutations and sensitization
to food allergens in eczema-associated asthma

Eczema

No

Asthma asthma RR* 95% Cl P value

FLG mutation (—) Food (=) 27 83 1.00

FLG mutation (+) Food (=) 3 16 0.64 0.22-191 .56
FLG mutation (—) Food (+) 18 23 1.79%1 1.11-2.88 .035
FLG mutation (+) Food (+) 10 0  4.07f 2.94-565 3.0 X 107°

RR, Relative risk.

*The risk ratio indicates the fold risk of asthma compared with that seen in children
having eczema only, who have a 1.78-fold risk of asthma compared with the children
lacking all risk factors.

TStatistically significant effect.

Children with eczema who carried neither risk factor served as the
control group. Notably, the control children already carried a sig-
nificant 1.78-fold risk (95% CI, 1.16-2.71; P = .00080) to have
asthma compared with children who were not affected by any
of the analyzed factors (data not shown). Interestingly, FLG mu-
tations provided no additional risk of asthma in children with ec-
zema (Table VI) when sensitization to food allergens was absent.
In contrast, early sensitization to food allergens alone yielded a
significantly increased asthma risk for children with eczema.
The presence of both risk factors, FLG mutation and early sensi-
tization to food, strongly enhanced the asthma risk. The RERI of
2.64 (95% CI, 1.70-3.98; P = 4.0 X 10~*) indicated that the risk
conferred by the combination of both risk factors was higher than
the sum of the independent effects. This finding pointed to a
strong synergistic interaction between the skin barrier defect
caused by FLG-null mutations and early allergic sensitization to
food in the cause of asthma. Comparing this high-risk group
with the children who carried none of the risk factors analyzed re-
sulted in a 7.23-fold increased risk of asthma (95% CI, 5.55-9.43;
P=65x107").

We next determined whether the FLG mutations were associ-
ated with increased IgE levels against food allergens within the
eczema group. Among the FLG mutation carriers, 34.5% (10/
29) were sensitized, whereas 28.2% (44/156) of the noncarriers
had increased IgE levels to food allergens (relative risk, 1.22;

100.0

30 92.7+6.0

90.5+6.8
89.9 +N No asthma

°
S 900 ~

= 87.6+8.1

c 89.3+44 Asthma
T 850

-

= Asthma/
-

m 80.0 s eczema/
E= 79594 food/

FLG mut

Age (years)

FIG 1. Pulmonary function analysis. Mean FEV:/FVC values with SDs for
children without asthma (n = 583 at age 7 years and n = 567 at age 13
years); for children with asthma, eczema, food sensitization (food), and
FLG mutations (FLG mut; n = 8 and n = 6, respectively); and for all other
children with asthma (n = 140 and n = 148, respectively). *Significantly dif-
ferent from the “No asthma” group. 8Significantly different from the
“asthma” group.

95% CI, 0.70-2.14; P = .49). Thus we found no evidence for an
effect of the FLG mutations on food sensitization in children
with eczema.

Lung function measurement

To further characterize the subgroup of asthmatic subjects that
has been predicted by the analyzed risk factors, we compared
the pulmonary function of children with asthma belonging to the
high-risk subgroup with the lung function parameters of the
remaining children with asthma on the one hand and those of
the children without asthma on the other hand. Pulmonary
function measurements at 7 years showed that the FEV,/FVC ra-
tio was significantly less in children with asthma compared with
that seen in unaffected children (Fig 1). The pulmonary function
in the subgroup of children with eczema and the 2 risk factors,
FLG mutations and early allergic sensitization to foods, was sim-
ilar to that of the other asthmatic children at that age. However, the
prospective re-evaluation of pulmonary function revealed a sig-
nificant decrease in this subgroup until puberty compared with
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the other asthmatic children and the unaffected children whose
lung function remained stable at values set at age 7 years (Fig 1).

DISCUSSION

The aim of this study was to investigate the utility of FLG mu-
tations in the prediction of asthma. We have analyzed the MAS
because it allowed us to assess the predictive power of FLG ge-
netic testing in a prospectively evaluated, population-based sam-
ple. Furthermore, the MAS cohort enabled us to investigate food
sensitization in infancy as a biomarker. Because sensitization to
food allergens is usually observed transiently and does not persist
until the development of asthma,12 determination of the sensitiza-
tion status early in life is required to assess the utility of this factor
for disease prediction.

We found that in infants with eczema and sensitization to food
allergens within the first 3 years of life, the presence of an FLG
loss-of-function mutation predicts the future development of
asthma with a specificity and a positive predictive value of
100%. The high positive predictive value was attributed to an in-
teraction between the FLG-null alleles and sensitization to food
allergens, which substantially increased the risk of disease pro-
gression from eczema to asthma. These novel findings might fa-
cilitate the development of strategies to combat the atopic
march. Earlier asthma predictors included a family history of al-
lergic disease, a personal history of eczema, and allergic sensiti-
zation. Bergmann et al** used eczema and a positive atopic family
history to predict allergic airways disease with a positive predic-
tive value of 50.2%. In the Tucson Children’s Respiratory Study,
Halonen and Stern® identified a positive predictive value of 60%
for a combination of eczema and sensitization to the fungus Alter-
naria species, which was present in 12% of children with asthma.

In our study the combination of FLG mutations and early sen-
sitization to food allergens, which yielded very high positive and
negative predictive values, predicted a sizeable proportion
(17.2%) of the infants with eczema who made the transition to
asthma later in childhood. Although this group comprised only
10 individuals, they accounted for 8.1% of all asthmatic subjects
in the MAS cohort. Furthermore, longitudinal pulmonary func-
tion measurements demonstrated that this subgroup of asthmatic
children identified by the FLG mutations had a poor prognosis. In
contrast to previous studies on asthma that had reported reduced
lung function at school age but no further worsening thereaf-
ter,%° the predicted subgroup revealed a steady decrease in pul-
monary function until puberty. Hence this subgroup might
particularly benefit from early prediction of the disease. Our find-
ings indicate that assessment of the FLG carrier status could im-
prove the prediction of eczema-associated asthma considerably.
The magnitude of the predictive power surpasses the utility of mu-
tations in the breast cancer susceptibility genes BRCAI and
BRCA2 that account for only 2% to 4% of all breast cancer cases
and for 15% to 20% of cases among the high-risk group of women
with a strong family history and early onset of the disease®’ in
whom targeted genetic testing was recommended.?® Analogously,
in the high-risk group of children with eczema and early food sen-
sitization the genotyping of the FLG mutations would identify
35.7% of future asthmatic subjects. The impending risk of asthma
is a major concern of parents with children with eczema, and par-
ents of patients with other chronic inflammatory conditions have a
positive attitude toward genetic risk assessment.”’ Genetic testing
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for FLG mutations would require prospective genetic counseling
and critical risk factor assessment to meet current standards.

For asthma, it has been suggested that multifactorial ap-
proaches, which include both genetic and environmental factors,
could improve our understanding of the disease."! Accordingly,
there is growing evidence for gene-environment interactions in
asthma and allergic disease.’®* An interaction of FLG mutations
with cat exposure has recently been reported to increase the risk of
eczema in infancy.>* The identification of a synergistic interaction
between FLG mutations and sensitization to food allergens
stresses the importance of such interactions in the development
of asthma. It should be noted that statistical interaction does not
necessarily imply the biologic mode of action, and therefore fur-
ther studies are required to resolve the molecular basis underlying
this effect. Nevertheless, the strongly increased asthma risk in
children with eczema, increased IgE levels to food allergens,
and FLG mutations might point to key events in disease transition
from eczema to asthma. Although the FLG mutations cause a mo-
lecularly well-characterized skin barrier defect, the mechanisms
leading to early sensitization to food allergens are imperfectly un-
derstood. Early sensitization to food allergens might indicate an
immunologic deviation toward atopy (IgE formation) in general.
It might also be due to enhanced penetration of allergens through
a defective gastrointestinal barrier, where FLG is not expressed.
As a consequence, future disease prevention in children at risk
for eczema-associated asthma could use a 2-pronged approach fo-
cusing on the compensation of the epidermal barrier defect, as
well as on the mechanism underlying early sensitization to food
allergens.

Asthma is a heterogeneous disease in terms of the age of onset,
the severity and persistence of symptoms, and associated aller-
gies. Therefore the identification of asthma subphenotypes has
been proposed to improve our understanding of the different
mechanisms underlying the disease and to allow for better disease
management.35 A number of preventive treatment modalities
have been proposed, with inconsistent results in different patient
groups.*® It is well recognized that a patient’s genetic constitution
might determine the response to pharmacologic intervention.’
The response to preventive measures might likewise be affected
by genetic variation, and effects might only be detectable in spe-
cific genetically defined subgroups.

A few limitations of our study need to be mentioned. Because
of incomplete follow-up, our study population comprised only
two thirds of the entire MAS cohort and was slightly enriched
with children with infantile eczema. This might be attributable to
an increased motivation of parents of affected infants to partic-
ipate in the follow-up period. However, this overrepresentation
should not have an effect on the validity of our results because the
main outcomes rely on the subgroup of children with eczema.
Furthermore, we have shown that the children with eczema
among study participants and nonparticipants did not differ
significantly with respect to asthma risk. The results presented
here were obtained from a large, prospectively evaluated German
birth cohort that provided comprehensive data on infantile
eczema and childhood asthma (up to 13 years) and repeated
measurements of specific serum IgE levels during the first 3 years
of life, which allowed a reliable classification of early food
sensitization. This was particularly important for prediction
purposes because allergic sensitization to food is often a transient
phenomenon that does not persist beyond the first few years of
life."? However, although the effects of the FLG mutations on
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asthma prediction, as well as in the interaction analysis, were re-
markably strong, further studies in different populations need to
be initiated to confirm these results.

In this study we demonstrate that the determination of the FLG
carrier status in infants with eczema and sensitization to food al-
lergens within the first 3 years of life would allow the early pre-
diction of asthma before the onset of symptoms and at a critical
time of immune development, when preventive interventions
are likely to be effective. We suggest our findings could be of di-
agnostic and subsequent therapeutic utility.
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Volker Wahn and Marketa Groeger (Dusseldorf); Fred Zepp and Imke Bieber
(Mainz); Johannes Forster and Uta Tacke (Freiburg); Carl-Peter Bauer
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ier, Jenny Pech, Monika Schwarz, and Inka Szangolies for providing technical
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Clinical implications: FLG mutations can be used for the pre-
diction of childhood asthma and for the definition of a severe

asthma subphenotype. This might facilitate the development
of early preventive subgroup-specific interventions.

REFERENCES

1. Asher MI, Montefort S, Bjorksten B, Lai CK, Strachan DP, Weiland SK, et al.
Worldwide time trends in the prevalence of symptoms of asthma, allergic rhino-
conjunctivitis, and eczema in childhood: ISAAC Phases One and Three repeat mul-
ticountry cross-sectional surveys. Lancet 2006;368:733-43.

2. Eder W, Ege MJ, von Mutius E. The asthma epidemic. N Engl ] Med 2006;355:
2226-35.

3. Phelan PD, Robertson CF, Olinsky A. The Melbourne Asthma Study: 1964-1999. J
Allergy Clin Immunol 2002;109:189-94.

4. Sears MR, Greene JM, Willan AR, Wiecek EM, Taylor DR, Flannery EM, et al. A
longitudinal, population-based, cohort study of childhood asthma followed to
adulthood. N Engl J Med 2003;349:1414-22.

5. Morgan WJ, Stern DA, Sherrill DL, Guerra S, Holberg CJ, Guilbert TW, et al. Out-
come of asthma and wheezing in the first 6 years of life: follow-up through ado-
lescence. Am J Respir Crit Care Med 2005;172:1253-8.

6. Vonk JM, Postma DS, Boezen HM, Grol MH, Schouten JP, Koeter GH, et al.
Childhood factors associated with asthma remission after 30 year follow up. Tho-
rax 2004;59:925-9.

7. Grody WW. Molecular genetic risk screening. Annu Rev Med 2003;54:473-90.

8. Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, et al.
Common loss-of-function variants of the epidermal barrier protein filaggrin are a
major predisposing factor for atopic dermatitis. Nat Genet 2006;38:441-6.

9. Marenholz I, Nickel R, Ruschendorf F, Schulz F, Esparza-Gordillo J, Kerscher T,
et al. Filaggrin loss-of-function mutations predispose to phenotypes involved in the
atopic march. J Allergy Clin Immunol 2006;118:866-71.

10. Wahn U, von Mutius E. Childhood risk factors for atopy and the importance of
early intervention. J Allergy Clin Immunol 2001;107:567-74.

11. Guerra S, Martinez FD. Asthma genetics: from linear to multifactorial approaches.
Annu Rev Med 2008;59:327-41.

12. Kulig M, Tacke U, Forster J, Edenharter G, Bergmann R, Lau S, et al. Serum IgE
levels during the first 6 years of life. J Pediatr 1999;134:453-8.

13. Kulig M, Bergmann R, Klettke U, Wahn V, Tacke U, Wahn U. Natural course of
sensitization to food and inhalant allergens during the first 6 years of life. J Allergy
Clin Immunol 1999;103:1173-9.

14. Lowe AJ, Hosking CS, Bennett CM, Carlin JB, Abramson MJ, Hill DJ, et al. Skin
prick test can identify eczematous infants at risk of asthma and allergic rhinitis.
Clin Exp Allergy 2007;37:1624-31.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

J ALLERGY CLIN IMMUNOL
APRIL 2009

. Lau S, Illi S, Sommerfeld C, Niggemann B, Bergmann R, von Mutius E, et al.

Early exposure to house-dust mite and cat allergens and development of childhood
asthma: a cohort study. Multicentre Allergy Study Group. Lancet 2000;356:
1392-7.

. Bergmann RL, Bergmann KE, Lau-Schadensdorf S, Luck W, Dannemann A, Bauer

CP, et al. Atopic diseases in infancy. The German multicenter atopy study (MAS-
90). Pediatr Allergy Immunol 1994;5(suppl):19-25.

. 1lli S, von Mutius E, Lau S, Nickel R, Gruber C, Niggemann B, et al. The natural

course of atopic dermatitis from birth to age 7 years and the association with
asthma. J Allergy Clin Immunol 2004;113:925-31.

. Nickel R, Lau S, Niggemann B, Sommerfeld C, Wahn U. Comparison of bronchial

responsiveness to histamine in asthma, allergic rhinitis and allergic sensitization at
the age of 7 years. Clin Exp Allergy 2002;32:1274-7.

. Sandilands A, Terron-Kwiatkowski A, Hull PR, O’Regan GM, Clayton TH,

Watson RM, et al. Comprehensive analysis of the gene encoding filaggrin
uncovers prevalent and rare mutations in ichthyosis vulgaris and atopic eczema.
Nat Genet 2007;39:650-4.

Cochran WG. Some methods for strengthening the common chi-squared tests. Bio-
metrics 1954;10:417-51.

Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig LM, et al.
The STARD statement for reporting studies of diagnostic accuracy: explanation
and elaboration. Ann Intern Med 2003;138:W1-12.

Rothman KJ, Greenland S. Modern epidemiology. 2nd ed. Philadelphia: Lippincott
Williams & Wilkins; 1998.

Assmann SF, Hosmer DW, Lemeshow S, Mundt KA. Confidence intervals for mea-
sures of interaction. Epidemiology 1996;7:286-90.

Bergmann RL, Edenharter G, Bergmann KE, Forster J, Bauer CP, Wahn V, et al.
Atopic dermatitis in early infancy predicts allergic airway disease at 5 years.
Clin Exp Allergy 1998;28:965-70.

Halonen M, Stern DA. Predicting the course of asthma. Allergy Asthma Proc 2006;
27:328-31.

1lli S, von Mutius E, Lau S, Niggemann B, Gruber C, Wahn U. Perennial allergen
sensitisation early in life and chronic asthma in children: a birth cohort study. Lan-
cet 2006;368:763-70.

Thompson D, Easton D. The genetic epidemiology of breast cancer genes. J] Mam-
mary Gland Biol Neoplasia 2004;9:221-36.

Genetic risk assessment and BRCA mutation testing for breast and ovarian cancer
susceptibility: recommendation statement. Ann Intern Med 2005;143:355-61.

Lal S, Appelton J, Mascarenhas J, Stempak JM, Esplen MJ, Silverberg MS. Atti-
tudes toward genetic testing in patients with inflammatory bowel disease. Eur J
Gastroenterol Hepatol 2007;19:321-7.

Bieli C, Eder W, Frei R, Braun-Fahrlander C, Klimecki W, Waser M, et al. A
polymorphism in CD14 modifies the effect of farm milk consumption on aller-
gic diseases and CD14 gene expression. J Allergy Clin Immunol 2007;120:
1308-15.

Bottema RW, Reijmerink NE, Kerkhof M, Koppelman GH, Stelma FF, Gerritsen J,
et al. Interleukin 13, CD14, pet and tobacco smoke influence atopy in three Dutch
cohorts: the allergenic study. Eur Respir J 2008;32:593-602.

Hunninghake GM, Soto-Quiros ME, Lasky-Su J, Avila L, Ly NP, Liang C, et al.
Dust mite exposure modifies the effect of functional IL10 polymorphisms on al-
lergy and asthma exacerbations. J Allergy Clin Immunol 2008;122:93-8.

Melen E, Nyberg F, Lindgren CM, Berglind N, Zucchelli M, Nordling E, et al. In-
teractions between glutathione S-transferase P1, tumor necrosis factor, and traffic-
related air pollution for development of childhood allergic disease. Environ Health
Perspect 2008;116:1077-84.

Bisgaard H, Simpson A, Palmer CN, Bonnelykke K, McLean I, Mukhopadhyay S,
et al. Gene-environment interaction in the onset of eczema in infancy: filaggrin
loss-of-function mutations enhanced by neonatal cat exposure. PLoS Med 2008;
5:el31.

Stein RT, Martinez FD. Asthma phenotypes in childhood: lessons from an epide-
miological approach. Paediatr Respir Rev 2004;5:155-61.

Danov Z, Guilbert TW. Prevention of asthma in childhood. Curr Opin Allergy Clin
Immunol 2007;7:174-9.

. Drazen JM, Yandava CN, Dube L, Szczerback N, Hippensteel R, Pillari A, et al.

Pharmacogenetic association between ALOXS promoter genotype and the response
to anti-asthma treatment. Nat Genet 1999;22:168-70.



	An interaction between filaggrin mutations and early food sensitization improves the prediction of childhood asthma
	Methods
	Study population
	Phenotypes
	FLG genotyping
	Statistical analysis

	Results
	Characterization of the study population
	Asthma risk attributable to the FLG mutations
	FLG mutations in the prediction of asthma
	Interaction between FLG mutations and sensitization to food allergens
	Lung function measurement

	Discussion
	References


