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ABSTRACT

Background

Polymorphisms in the serine protease inhibitor gene SPINK5 and the serine protease
KLK7 appear to confer risk to eczema in some cohorts but these findings have not
been widely replicated. These genes encode proteins thought to be involved in
regulation of post-translation processing of filaggrin, the strongest identified genetic risk
factor for eczema to date.

Objectives

To clarify the individual risk of eczema conferred by the SPINK5 polymorphism-
rs2303067 (Lys420Ser) and a previously described insertion in the 3’'UTR of KLK7 and
to examine potential epistatic effects.between these variants and FLG mutations.
Methods

Initially we examined the effects of these polymorphisms and FLG in 486 unrelated
cases from a German family-based study, an additional 287 German cases, and 418
unrelated Irish/English eczema cases (n for 3 genes studied = 1191 vs. 4544 controls).
We then additionally studied the SPINK5 polymorphism and FLG mutations in 1583
eczema patients from the ALSPAC cohort (n for 2 genes studied = 2774 vs. 10607
controls).

Results

No association was seen with the SPINKS5 or KLK7 variants in the case-control
analysis; however, a weaker effect was observed for the SPINK5 variant with maternal
transmission in the family-based study. No interactions were seen between the
polymorphisms in KLK7, SPINK5 and FLG.

Conclusion

The SPINK5 420LysSer mutation confers a risk of eczema when maternally inherited,

but is not a major eczema risk factor. The KLK7 insertion appears to confer no risk of
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eczema. We found no interaction between the SPINKS5 risk allele or the putative KLK7
risk allele and FLG mutations.

Abstract word count: 254

Key Messages

e The SPINKS5 Lys420Ser polymorphism confers a risk of eczema when maternally
inherited, but is not a major genetic contributor to eczema risk

e A previously reported association of a KLK7 insertion and eczema could not be
confirmed

e There is no evidence for epistatic effects between KLK7 or SPINK5 variants and

FLG mutations

Capsule Summary

Previously reported polymorphisms in SPINK5, KLK7 and FLG were studied in 2774
eczema cases and 10607 controls. No association with eczema was seen with the
KLK7 insertion, a weak maternal effect was seen with the SPINK5 Lys420Ser

polymorphism; neither polymorphism had an epistatic effect with FLG.

Key words: Eczema, atopy, skin barrier, stratum corneum, epistasis
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Abbreviations:

AIC

ALSPAC

Cl

FLG

KLK7

KORA

LEKTI

LRM

MAF

MNM

OR

RF

SE

SNP

SPINKS

SSCE

DT

Akaike Information Criterion

Avon Longitudinal Study of Parents and Children
Confidence Interval

Filaggrin

Logistic regression model with an interaction score
Kallikrein-related peptidase 7

Co-operative Health Research in the Region of Augsburg
Lympho-epithelial Kazal type inhibitor

Logistic regression model with product interaction terms
Minor Allele Frequency

Multinomial regression model

Odds Ratio

Random forest

Standard error

Single nucleotide polymorphism

Serine peptidase inhibitor, Kazal type 5

Stratum corneum chymotryptic enzyme

Transmission disequilibrium test
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Introduction

Eczema is a common chronic inflammatory skin disease with a complex, multifactorial
aetiology and a strong genetic component’ 2. Like other complex diseases eczema is
hypothesized to be determined by many genetic factors interacting with environmental
components?. In the most commonly accepted paradigm for complex diseases, single
genetic factors are considered to contribute only a modest amount to the total variation
in the trait, but are likely to exert additive or synergistic effects known as epistatic
interactions®.

The identification of two common (R501X and 2282del4) and several rare mutations
within the filaggrin (FLG) gene causing a deficiency of this key protein involved in skin
barrier function delineated a major genetic risk for eczema*®. Subsequently an
impressive series of replication studies®?' confirmed that these polymorphisms confer
an exceptionally strong risk for eczema and subsequent allergen sensitization and that
FLG is one of the strongest known genes for complex diseases in general®*°.

These observations suggest that the breakdown of the epidermal barrier represents
one of the primary events in the development of eczema. This breach might then allow
increased penetration of antigens, allergens and irritants from the environment and
thereby predispose to allergic sensitization and aberrant responses to microbial
infection®®28,

Filaggrin is initially synthesized as biologically inactive profilaggrin, which is expressed
as a highly phosphorylated insoluble protein in the granular layer of the epidermis.
During the transition from granular cells to flattened squames, profilaggrin is processed
to biologically active filaggrin monomers by several dephosphorylation and proteolytic
steps®® *°, the impairment of which might also impair skin barrier function. One of the
proteases that has been suggested to be implicated in profilaggrin processing is the

31, 32

stratum corneum chymotryptic enzyme (SSCE) , Which is possibly regulated by the

6
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serine protease inhibitor LETKI, encoded by SPINK5%*>*. Interestingly, an insertion in
the 3’ untranslated region of the kallikrein 7 gene (KLK7) encoding SCCE>® has been
reported to be associated with eczema. Early genome wide linkage analysis of eczema
family studies suggested a potential locus on 5931 and, after identification of 6 common
polymorphisms in SPINK5, the variant Lys420Ser, was associated with eczema in a
cohort of British children,® this association has been replicated in 2 small Japanese
studies, *” *® but other studies have failed to replicate this association.{REFS HERE}

However, whereas FLG has been firmly established as a major gene for eczema, the
reported effects of KLK7 and SPINKS5 variants are rather weak and so far lack robust
confirmation in replication cohort studies. Therefore, the aim of the present study was
to address the existing literature and to clarify the role of these previously reported
polymorphisms in SPINK5 or KLK7 in eczema. In addition, given their potential effects
on post translational modification of filaggrin, we also sought to examine gene-gene

interactions between FLG, KLK7 and SPINKS5.

Methods:

Study populations

SPINK5, KLK7 and FLG variants were typed in a cohort of 486 German parent-
offspring trios for eczema, a collection of 418 English and Irish eczema cases, and 552
Irish blood donor controls, an additional series of 287 eczema cases from Germany and
the population-based cross-sectional KORA S4 cohort (n=3992). In addition, the
population-based ALSPAC cohort (n=7646) was typed for the Lys420Ser SPINK5
polymorphism and the two most common FLG mutations R501X and 2282del4. Finally,
to increase power, we performed a pooled analysis on all available data from all

cohorts (for details on study populations see supplementary table 1).
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The study designs have been described in detail elsewhere® '® 3. Briefly, KORA S4
represents a sample of the general adult population of German nationality in the region
of Augsburg recruited from October 1999 to April 2001. The survey comprised 4261
unrelated men and women between 25 and 74 years of age. All subjects had to
complete a standardised questionnaire, that, in addition to demographic data included
the basic allergy questions of the European Community Respiratory Health Survey
(ECRHS) on respiratory health*®. All individuals received a skin examination by
experienced senior dermatologists, who had been additionally trained before the start
of the study, according to the criteria of Hanifin & Rajka*' and the UK diagnostic criteria
for eczema®.

All German eczema cases were unrelated and of white origin with eczema diagnosed
on the basis of a skin examination by experienced dermatologists using the UK
diagnostic criteria®®. In the family collection, 10.4% of the parents suffered from eczema
(9.3% affected fathers and 11.1% affected mothers).

Eczema cases from Ireland were recruited through attendance at a hospital-based
clinic in Our Lady’s Children’s Hospital Crumlin and the diagnosis was made according
to the UK diagnostic guidelines by an experienced paediatric dermatologist (ADI, GO'R
or RW). The English eczema cohort was recruited from hospital-based clinics in
London and Newcastle and has been described previously''. A summary of the
demographics for all eczema study populations examined is presented in table E1 in
the online repository.

The Avon Longitudinal Study of Parents and Children (ALSPAC) is a longitudinal,
population-based birth cohort study that recruited 14541 unrelated pregnant women
resident in Avon, UK with expected dates of delivery between 1% April 1991 and 31%
December 1992. There were 14,062 liveborn children. The study protocol has been

described previously*> ** and further details are on the ALSPAC website:
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http://www.alspac.bris.ac.uk. At 6, 18, 30 and 42 months of age the mothers were

asked whether their child had skin rashes in the joints or creases of the body. As in
previous studies, we defined individuals with eczema as those with reports of flexural
dermatitis at 2 time points between 6 and 42 months® 4> 44

All study methods were approved by the relevant local authorities and a written and

informed consent that complies with all the Declaration of Helsinki Principles was

obtained from all participants.

Genotyping:

Genotyping in German samples was performed using the MassARRAY system
(Sequenom, San Diego, USA) as described previously °. Genotyping calls were made
in real time with MASSARRAY RT software (Sequenom). Primers as well as allele
frequencies in the population-based KORA S4 cohort (n=4198) are shown in the online
repository table E2.

The Lys420Ser polymorphism in SPINK5 (rs2303067) was typed in the Irish and
English eczema cohorts and controls using a predesigned SNP Tagman Genotyping
Assay from Applied Biosystems (product C_2000249 10) and run on a 7900HT Fast
Real-Time PCR system using the manufacturers recommended protocol. The 4bp
insertion in the 3’UTR of KLK7 was typed in Irish and English eczema cohorts and
controls by sizing of fluorescently labelled PCR products on an Applied Biosystems
3130xI Genetic Analyser. 10ml PCR reactions were performed using 25ng of genomic
DNA with 400nM forward primer (5’ gtt tct tca agt gtg caa gtt cac caa 3’) and 400nM
FAM-labelled reverse primer (5’ gat tgg ttt atc aac agg gc 3’) in AmpliTaq Gold Buffer
containing 1.5mM MgCI2, 10nmol of each dNTP, 4% v/v DMSO and 0.25U AmpliTaq

Gold polymerase (Applied Biosystems). PCR reactions were amplified using an
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annealing temperature of 58°C. Diluted PCR products were sized against ROX-500
size standards (Applied Biosystems). Allele sizes were 201bp and 205bp (insertion).

For the ALSPAC cohort the 2 commonest FLG mutations were typed as previously
described ?° and the SPINK5 Lys420Ser polymorphism was typed by Tagman assay.
As we discovered three negative associations for KLK7 in the eczema cohorts we did

not perform KLK7 analysis in this very large population cohort.

Statistical analyses:

Descriptive statistics for quantitative and qualitative values are given by mean +
standard deviation (SD) and relative frequencies or absolute numbers, respectively.
Deviation from Hardy-Weinberg equilibrium was tested in parents for the family-
analyses and in controls for the case-control analyses. In the family-setting we
analysed association of single SNPs with eczema using the classical transmission
disequilibrium test (TDT). Parent-of-origin effects were investigated with the method
proposed by Weinberg®.

Case-control analyses for single SNPs was performed using logistic regression models
adjusted for age and gender. In order not to constrain the analyses to a specific genetic

model we modelled the three categorical genotypes by two dummy variables.

Gene-gene interaction analyses was performed after excluding individuals with two
mutant FLG alleles since these individuals do not express the filaggrin protein and
therefore a biological interaction with post-translational modifications by SSCE and
LEKTI is not plausible.

In order to estimate interaction effects between the single polymorphisms in FLG,
SSCE and LEKTI, four different approaches were carried out. In any of these

approaches we adjusted the models for the common covariates age and gender. Firstly,
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interaction was evaluated using the logistic regression model with product interaction
terms (LRM). The Akaike Information Criterion (AIC) was used to select the appropriate
model*®Secondly, we defined an interaction score (IC) which counts the number of
copies of the potentially disease-associated alleles*’, which we used as a covariate in
the logistic model. Thirdly, we modelled maternal effects observed for SPINK5 using
affected offspring from families only and estimated ORs for two different affection
status.. compared with controls in a multinomial regression model (MRM), which was
carried out with BayesX 1.50%. An elaborate description of the statistical methods are
given in the online repository.

For any of these regression approaches the quantitative covariate age was modelled
non-parametrically in a general additive model framework (GAM)

Finally, for further exploration, variable importance measures were computed by means
of the random forest method. Random forests provide variable importance measures
that can be employed to detect variables relevant for predicting the response. The most
commonly used variable importance measure is the permutation importance®.

High positive values of the importance measure obtained indicate a high variable
importance. Small positive or negative values indicate that a variable is irrelevant for
predicting the response.

Additionally, we pooled all three study cohorts to increase the power of detecting any
single SNP and interaction effect. As British and German populations might be slightly
different with regard to ethnicity'” we accounted for a population effect in every analysis
approach by introducing a binary independent variable which codes 1="British/Irish
origin” and 0=“German origin”. Thus we corrected the estimated genetic effect for
potential population differences.

Power calculations®® for the pooled single SNP analyses were performed with

nQuery7.0 assuming a dominant model.

11
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All statistical analyses were carried out with R 2.6.051, unless otherwise stated.
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Results:

Single gene analyses

First we examined the effect of the individual polymorphisms in predisposition to
eczema in our samples. Allele frequencies are presented in supplementary table 1. The
SPINK5 and KLK7 polymorphisms showed comparable allele frequencies across all
study populations. FLG polymorphism results have been published for the German

family study previously® °2

, although for this study further families and cases were
tested to increase statistical power, in particular when looking for interaction between
alleles. In the German family cohort, FLG polymorphisms greatly increased the risk for
eczema (OR=2.75, 95%CI|=1.93-3.98, p=1.8 x10®), whereas the SPINK5 polymorphism
rs2303067 showed only a slight over-transmission to eczema-affected offspring
(OR=1.25, 95%CI=1.04-1.50, p=0.018). No associations were seen for the KLK7 3’'UTR
insertion (Table 1). In this family cohort, the power to detect a proportion of 1.2 between
transmission of the risk allele vs. non transmission (which corresponds to a difference
in the proportions of 5% given the observed number of discordant pairs) was 35% for
the SPINKS5 polymorphism and 44% for the KLK7 insertion. The power to detect a
difference in the proportion of 9% for SPINKS5 and of 8% for KLK7 was 80%.

Since parent-of-origin effects have been reported for SPINK5 variants®, we also tested
for differences between maternal and paternal allele sharing and we confirmed a
stronger association for the maternally inherited rs23030067 A-allele and a relative risk
of transmission of maternal alleles compared to paternal alleles of 2.18 (95% CI 1.38-
3.43, p=0.0008). The observed power to detect parent-of-origin effects as described in
4 was greater than 90%. In the pooled German case-control cohort the presence of at
least one FLG variant greatly increased the risk for eczema (OR=4.56, 95%CI=3.44-

6.05, p=5.9x10%°). In contrast, neither the SPINK5 nor the KLK7 variant were

associated with eczema (Table 2).
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In the Irish case-control cohort comparable results could be seen: presence of a FLG
null allele increased the risk for eczema about 5.88 fold (95%CI1=3.85-8.99, p=2.8x10"
'8). No association between SPINK5 or KLK7 and eczema was detected (Table 2).

The analyses of ALSPAC also showed a strong FLG effect (OR=2.23, 95%CI|=1.87-
2.67, 1.2x10'18). Consistent with our other cohorts, no association between the
Lys420Ser SPINK5 polymorphism and eczema was found (Table 2).

For the pooled study in all models a population effect was estimated as a confounder
with p-values<10™. An exceptionally strong FLG effect on eczema was seen for the
pooled analyses (OR=3.36, 95%CI|=2.97-3.79, p=1.3x10"%) with a power of >99% for
the observed proportion of FLG variants of 0.21 in the cases. No association was
observed for the SPINKS5 variant. The power to detect an increased risk in OR=1.2 for
carriers of the SPINKS5 rare allele compared to non-carriers with an observed proportion
of 0.73 in the cases was 95% assuming a dominant genetic model. For KLK7, we had
78% power to detect an OR of 1.2 in the pooled analyses with an observed MAF in the

cases of 0.56.

Gene-gene interaction analyses:

Gene-gene interactions were examined in all three cohorts separately and together in a
pooled analysis.

The LRM approach in the German case-control cohort was the best fitting model on the
basis of minimization of AIC with main effects of FLG and rs2303067 (SPINK5) and
their product interaction terms. In this model only FLG showed a significant genetic
effect. In the Irish case-control cohort only FLG along with the covariates age and
gender remained in the model according to the AIC (Table 3).

In the IC approach, in addition to one mutant FLG allele the A allele of rs2303067

(SPINK5) as well as the KLK7 insertion were defined as “risk” variants. By deriving a

14



356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

score from the numbers of variant copies in the German case-control cohort we
observed a tendency for an increasing risk with the number of risk alleles an individual
carried. The fall in OR in the last category can probably be attributed to the low number
of observations, as reflected by the wide CI. Interestingly, the effect size increases with
the number of risk alleles probably because of the increased chance of risk FLG alleles
in these cells.

For the Irish/British case-control cohort similar results were observed, but the OR in the
four variant group was more than twice as high as in the German case-control analyses.
Using the MNM approach,we tried to account for the maternal parent-of-origin effect
reported by Walley et al. 2001%. In our family collection we observed a tendency for an
increasing risk of development of eczema caused by FLG mutations (regardless of
inheritance of these FLG mutations), if the SPINK5 SNP rs2303067 was inherited from
the mother. There was an increased risk of eczema compared with paternal inheritance.
However, the null hypothesis for equal FLG risk in both response categories could not
be rejected.

In the RF approach (Table 4), in the German sample only age and FLG status showed
positive variable importance values. The average out-of-bag prediction accuracy was
between 87.7% for the random forests and 88.3% for bagging. However, this is due to
the fact that the average specificity was close to 100%, while the sensitivity was around
43% in the sample with approximately 21% cases. In the Irish case-control cohort only
age and to some extent FLG and gender were suitable for predicting eczema. The
average out-of-bag prediction accuracy was between 83.2% for the random forests and
84.4% for bagging.

The pooled analyses revealed consistent results to the previously estimated effects. In

all models we estimated a population effect as a confounder with p-values<10™.
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Discussion

This large-scale study examined variants in three candidate genes, which have
previously been reported to be associated with eczema. All genes encode proteins that
are involved in the highly organized process of epidermal differentiation and are
important for the maintenance of the skin barrier function. In addition, due to their
biological interactions we hypothesized that there might also be gene-gene-interactions.
Filaggrin is a key protein for the development of the cornified envelope and the process
of cornification®®. Two common null mutations in the FLG gene (R501X, 2282del4) have
been firmly established as strong risk factors for eczema® ?°. KLK7 encodes the
protease SSCE, which has been suggested to be involved in the complex proteolytic
processing of filaggrin. An insertion in the 3’UTR of the KLK7 gene possibly influencing
SSCE activity has been reported to be associated with eczema in a UK case-control
study, but this association has not been replicated so far'* *. SPINK5 is the gene
defective in Netherton syndrome and encodes the serine proteinase inhibitor LEKTI,
which has been implicated in the regulation of SSCE activity. An association of a
SPINK5 SNP with eczema has previously been reported>®, but was not confirmed in a
recent study®”.

Using a large cohort of German families and an Irish/English case-control series as well
as a pooled and enlarged German case-control collection and the longitudinal ALSPAC
cohort, we first examined the individual SNPs. Results from these analyses suggest
that, of the tested polymorphisms, only the FLG mutations represent important and
replicable genetic determinants for eczema, whereas the SPINK5 variant Lys420Ser
appears to have a weaker effect, and only when maternally inherited, and the KLK7
insertion does not exert an effect. However, our data does not preclude that there are

other variants in SPINK5 and/or KLK7 of importance for eczema.
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In a second step we aimed at elucidating potential gene-gene-interaction. Using several
statistical approaches we found no evidence for an interaction between variants in
these three genes. The fact that the random forests permutation importance is
essentially zero for the SPINK5 and KLK7 variants confirms that these variants are not
relevant for predicting eczema, neither individually nor in interactions with each other,
as interactions would be captured by the random forest variable importance®. Since
there was a considerable difference in age between cases and controls, we considered
age as a covariate in all analyses and modelled it non-parametrically. However, this
leads to little variability in the response data explained by FLG mutations in the RF

approach.

It is widely hypothesized that complex human diseases such as eczema result from an
unknown number of genetic factors, each of which influences susceptibility through
interactions with other genes and with environmental factors®® *. With whole-genome
association studies with hundreds of thousands of measured genetic variations
emerging, analyses of the complex molecular interactions on the DNA level is of utmost
importance and it will be necessary to develop innovative statistical methods. For
eczema, this is the first study that directly addresses this issue by exploring the effect of
potential interactions among genes encoding proteins in the filaggrin expression and
processing pathways. Using diverse and complementary statistical approaches in this
large sample we did not find evidence for epistatic effects between FLG and KLK7
variants that significantly predict eczema risk. Thus, while our data underlines the
exceptional importance of filaggrin deficiency for eczema risk, it does not support the
hypothesis that its effect is dependent on or modified by KLK7. The results of the
pooled analyses and the family analyses give a hint that SPINK5 may be a potential

player (when maternally inherited) within the filaggrin cascade but this association
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requires further exploration. However, it cannot be excluded that acquired alterations in
filaggrin processing or variations in other genes in the same pathway such as KLK5
might contribute to eczema susceptibility. Functional studies are needed to explore the
individual roles of products of genes within the filaggrin pathway and their biologic
interactions, and future large-scale studies using powerful statistical methods will aid in
elucidating the relationship between combinations of polymorphisms for eczema

susceptibility.
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Table 1: ORs and 95%Cls for associations between polymorphisms and eczema in the
family-based analysis. T, transmitted; U, untransmitted; comb., combined.

German
families

(A)

Gene Polymorphism T:U OR 95% CI P-value
FLG r501x 41: 12 342 1.84 6.70 1.2 x10™
2282del4 72: 31 2.32| 154 357| 8.1x10°

comb. genotype 110: 40 275] 1.93 3.98] 1.8x10°

SPINK5  |rs2303067 259: 207 1.25] 1.04 1.50 0.01815
KLK7 AACC ins 183: 177 1.03] 0.84 1.27 0.79215
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Table 2: Associations between polymorphisms and eczema in the case-control
approaches. All logistic regression models are adjusted for age and gender. Every block
refers to a single model where only estimates of the genetic variables are displayed. No
specific genetic model was assumed and estimates are given for every genotype
compared to the wildtype. comb., combined; het, heterozygous; hom, homozygous.
Populations as designated in table 1 are indicated in brackets.

Gene | Polymorphism OR 95% Cl | P-value_
FLG comb. genotype (het. vs. wt) 4.15| 3.10 5.56| 1.3x10°
German (A.B.E) comb. genotype (hom. vs. wt) 2311| 723 73.89| 1.2x107
cases: 773 SPINK5 | rs2303067(het. vs. wt) 114] 087 1.49| 0.34285
controls: 3992 rs2303067(hom. vs. wt) 122| 089 167| 0.21252
total: 4765 KLK7 | AACC ins (het. vs. wt) 111] 0.89 1.40| 0.35472
AACC ins (hom. vs. wt) 0.95| 064 1.42| 0.81033
Irish/English FLG comb. genotype (het. vs. wt) 434 277 6.79] 1.3x10™
(C,F) comb. genotype (hom. vs. wt) | 2.6x10°° 0 o0 1.0
SPINKS5 | rs2303067(het. vs. wt) 078 052 1.18] 0.23945
cases: 418 rs2303067(hom. vs. wt) 1.15| 071 1.87| 0.57398
controls: 552  |KLK7 [(het.vs. wt) 129 089 1.86| 0.17756
total: 970 (hom. vs. wt) 091| 047 1.76| 0.76988
ALSPAC (D,G) |FLG  |comb. genotype (het. vs. wt) 2171 181 2.60 3.5x10™"
cases: 1583 comb. genotype (hom. vs. wt) | 3.3x10 0 00 0.94524
controls: 6063 SPINKS5 | rs2303067(het. vs. wt) 0.96| 0.84 1.09| 0.52176
total: 7646 rs2303067(hom. vs. wt) 1.14| 0.98 1.34| 0.09156
Pooled* FLG comb. genotype (het. vs. wt) 3.04] 268 3.44] 85x10™°
(A,B,C,D,E,F,G) comb. genotype (hom. vs. wt) | 49.38| 19.72 123.61| 8.2x10"
cases. 2774 I'SPINK5 | rs2303067(het. vs. wi) 097| 087 1.07| 0.50850
controls: 10607
total: 13381 rs2303067(hom. vs. wt) 1.13| 1.00 1.27| 0.04545

* for the pooled analyses we estimated in all models a population effect as confounder with p-values<10'4
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Table 3: Associations between polymorphisms or gene-gene interaction terms and
eczema. All models are adjusted for age and gender. Every block refers to a single
model. LRM, logistic regression model with product interaction terms; IC, logistic
regression model with interaction score; MNM, multinomial logistic model considering
maternal inheritance. Populations as designated in table 1 are indicated in brackets.

German
gene-gene interaction term OR 95% CI P-value
LRM FLG comb. genotype (het. vs. wt.) 6.11 4.09 9.12 3.3x10™°
(A,B,E) |[rs2303067 (het. vs. wt.) 1.28 0.87 1.90 0.11862
rs2303067 (hom. vs. wt.) 1.28 0.83 1.97 0.18638
FLG comb. genotype (het.) rs2303067 (het.) 0.62 0.34 1.11 0.17805
FLG comb. genotype (het.) rs2303067 (hom.) 0.61 0.06 6.20 0.23915
IC interaction score* 1vs.0 1.08 0.72 1.61 0.71881
(A,B,E) 2vs. 0 1.18 0.80 1.76 0.39974
3vs.0 1.67 1.08 2.57 0.01982
4vs. 0 2.75 1.53 4.92 0.00067
5vs.0 1.45 0.14 14.70 0.75107
MNM Multinomial logit trait | covariates OR 95% ClI P-value
(AE) 0: controls 1:genderfvs. m 1.69 1.12 2.56 0.01338
1: eczema & SPINK5 1: FLG comb. genotype | 5.22 3.12 8.73 4.9x10”
(not maternal) 2:gender fvs. m 1.32 0.87 2.00 0.18653
2:eczema & SPINK5S | 2: FLG comb. genotype 7
(maternal) 9enoype 1 616 | 3.70 1026 | 1.1x10
test rs1:<:ombGeno=B2:combGeno 0.80071
Irish
gene-gene interaction term OR 95% CI P-value
I(_CRE/I) FLG comb. genotype (het. vs. wt.) 434 277 6.79 13x1071
IC interaction score* 1vs.0 1.32 0.64 2.75 0.45470
(C,F) 2vs. 0 1.18 0.56 2.46 0.66276
3vs.0 1.96 0.92 4.20 0.08175
4vs.0 5.17 1.88 14.24 0.00148
5vs. 0 0.01 ~0 2.6x10" | 0.74599
ALSPAC
gene-gene interaction term OR 95% CI P-value
LRM FLG comb. genotype (het. vs. wt.) 2.26 1.63 3.14 1.2x10°
(D,G) rs2303067 (het. vs. wt.) 1.02 | 0.87 1.19 0.83390
rs2303067 (hom. vs. wt.) 1.18 0.98 1.41 0.07389
FLG comb. genotype (het.) rs2303067 (het.) 0.90 0.59 1.38 0.63859
FLG comb. genotype (het.) rs2303067 (hom.) 1.04 0.62 1.74 0.87865
IC interaction score* 1vs.0 1.06 0.92 1.23 0.39907
(D,G) 2vs.0 1.29 | 1.09 1.51 0.00245
3vs.0 2.72 1.84 4.02 54x107
pooled**
LRM gene-gene interaction term OR 95% CI P-value
(A,B,C,D | FLG comb. genotype (het. vs. wt.) 343 | 271 4.35 1.7 x 10
,E.F,G) | rs2303067 (het. vs. wt.) 1.03 0.92 1.16 0.58801
rs2303067 (hom. vs. wt.) 1.15 1.00 1.32 0.04914
FLG comb. genotype (het.) rs2303067 (het.) 0.81 0.60 1.09 0.16864
FLG comb. genotype (het.) rs2303067 (hom.) 0.96 0.67 1.37 0.82037
IC interaction score* 1vs.0 1.10 0.99 1.23 0.08116
(A,B,C,.D 2vs. 0 137 | 1.21 1.55 6.5x 107
E,F,G) 3vs. 0 3.66 | 283 475 |1.2x10%

*score: number of copies of the “risk” allels in FLG comb. genotype, SPINK5 rs2303067 and KLK7, for
ALSPAC and pooled anaylsis the score is reduced to the number of copies of FLG and SPINKS5 allels
** for the pooled analyses in all models we estimated a population effect as confounder with p-values<10
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Table 4: Results for random forests with 2 randomly pre-selected variables in each split.
The average permutation importance +/- 2 standard errors of the mean over 100
iterations are displayed for each variable. Results for random forests with 5 randomly
preselected variables, i.e. for bagging, were almost identical. High positive values
indicate a high variable importance. Small positive or negative values indicate that a

variable is irrelevant for predicting the response. Populations as designated in table 1
are indicated in brackets.
German (A,B,E) Irish (C,F) ALSPAC (D,G) Pooled
Y ' ' (A,B,C,D,E,F,G)
RE mean - mean- | mean- mean+ | mean- mean + mean - | mean +
2se 2se 2se 2se 2se 2se 2se 2se
age 0.12179  0.12241 | 0.19797 0.19891 n.a. n.a. n.a. n.a.
gender -0.00037 -0.00032 | 0.01075 0.01106 | -0.00004 -0.00003 | -0.00022 -0.00021
Fg;‘;gg/ r;g' 0.00465 0.00473 | 0.05204 0.05253 | 0.00001  0.00002 0.00468  0.00474
SPINK5 -0.00021 -0.00016 | 0.00040 0.00059 | -0.00003 -0.00002 | -0.00024 -0.00022
KLK7 -0.00015 -0.00011 | -0.00112 -0.00097 n.a. n.a. n.a. n.a.
population n.a. n.a. n.a. n.a. n.a. n.a. -0.00008 -0.00006
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Figure 1:
Residual plot of age after fitting a general linear model for individual SNP
analyses. The anscombe residuals show a functional form and do not spread

randomly. Hence a general additive model is fitted for the data.

Figure 2:

Residual plot of age after fitting a general linear model for SNP-SNP interaction
analyses. The anscombe residuals show a functional form and do not spread
randomly. Hence a general additive model is fitted for the data. The upper row
reflects anscombe rediuals of the German case-control analyses; the lower row
shows the anscombe residuals for the same models in the Irish case-control

cohort.
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METHODS

Statistical methods:

Descriptive statistics for quantitative and qualitative values are given by mean +
standard deviation (SD) and relative frequencies or absolute numbers, respectively.
Deviation from Hardy-Weinberg equilibrium was tested in parents for the family-
analyses and in controls for the case-control analyses. In the family-setting we
analysed association of single SNPs with eczema using the classical transmission
disequilibrium test (TDT). Parent-of-origin effects were investigated with the method
proposed by Weinberg?.

Case-control analyses for single SNPs was performed using logistic regression
models adjusted for age and gender. In order not to constrain the analyses to a
specific genetic model we modelled the three categorical genotypes by two dummy
variables. Thus we estimated separate effects for heterozygotes and homozygotes
as compared to wildtype. As the English and Irish case series are ethnically related,
were shown to have highly similar genotypes for FLG* 3, and here had almost
identical MAFS for KLK7 and SPINK5 polymorphisms (supplementary table 3), we

analysed these cases together.

Gene-gene interaction analyses was performed after excluding individuals with two
mutant FLG alleles since these individuals do not express the filaggrin protein and
therefore a biological interaction with post-translational modifications by SSCE and
LEKTI is not plausible.

In order to estimate interaction effects between the single polymorphisms in FLG,
SSCE and LEKTI, four different approaches were carried out. In any of these
approaches we adjusted the models for the common covariates age and gender.

Firstly, interaction was evaluated using the logistic regression model with product



interaction terms (LRM). We started with a sparse model of the known covariates
age, gender and FLG. Incrementally we extended the model with additional SNPs in
SPINK5 and KLK7 and SNP-SNP-product-interaction terms. The Akaike Information
Criterion (AIC) was used to select the appropriate model®.

Secondly, we defined an interaction score (IC) which counts the number of copies of
the potentially disease-associated alleles®, which we used as a covariate in the
logistic model. Thirdly, we modelled maternal effects observed for SPINK5 using
affected offspring from families only. We constructed a three-categorical trait:
unaffected controls, affected offspring with no mutant allele inherited from the mother,
affected offspring with a mutant allele inherited from the mother. We then estimated
ORs for both affected status compared with controls in a multinomial regression
model (MRM).

For any of these regression approaches the quantitative covariate age was modelled
non-parametrically in a general additive model framework (GAM) due to the
functional structure of anscombe residuals after applying analyses in the general
linear model framework (GLM). For the multinomial model we used a REML-
approach® implemented in BayesX 1.507".

Finally, for further exploration, variable importance measures were computed by
means of the random forest method. Random forests, and the related method
bagging, are an ensemble method where a set of classification or regression trees is
aggregated for prediction® °. Random forests provide variable importance measures
that can be employed to detect variables relevant for predicting the response. The
most commonly used variable importance measure is the permutation importance™®.
For variable selection purposes the advantage of the random forest permutation
accuracy importance measure as compared to univariate screening methods is that it

covers the impact of each predictor variable individually as well as in multivariate



interactions with other predictor variables. For example, Lunetta et al.'* demonstrated
that genetic markers relevant in interactions with other markers or environmental
variables can be detected more efficiently by means of random forests than by
means of univariate screening methods like Fisher's exact test'*. Here the random

forest implementation cforest from the package party'* =

in the R system for
statistical computing™ is used, because it guarantees unbiased variable selection for
predictor variables of different scales of measurement'®. Predictor variables
considered here were age, gender and respective SNP variables.

To assess the stability of the results 100 random forests with 500 trees each were
fitted with the configuration guaranteeing unbiased variable selection suggested by
Strobl et al.’’. The random forests were built with either 2 randomly pre-selected
variables in each split (argument mtry=2) or 3 randomly pre-selected variables in
each split (mtry=3) for comparison. The latter approach is equivalent to bagging,
which is contained in random forests as the special case where the number of
randomly pre-selected variables is equal to the number of available variables. High
positive values of the importance measure obtained indicate a high variable
importance. Small positive or negative values indicate that a variable is irrelevant for
predicting the response.

Additionally, we pooled all three study cohorts to increase the power of detecting any
single SNP and interaction effect. As British and German populations might be
slightly different with regard to ethnicity®™ we accounted for a population effect in
every analysis approach by introducing a binary variable which codes 1="British/Irish
origin” and 0="German origin”. Thus we corrected the estimated genetic effect for
potential population differences. Power calculations™® for the pooled single SNP
analyses were performed with nQuery7.0 assuming a dominant model.

All statistical analyses were carried out with R 2.6.0™, unless otherwise stated.



Table E1: Descriptive characterization of cases and control populations. N.a., not

available

Mean age in .

n yrs. (std) Male gender | Mean IgE (std) | Country | Notation

German offspring 486| 22.04 (10.64)| 198 (40.7%)| 990.4 (2472.7) | Germany A
German cases 287| 35.55(16.15)| 112 (39.0%) | 1442.2 (2380.6) | Germany B
Irish/English cases | 418| 19.42(18.43)| 199 (51.4%)|3008.0 (6170.0) | Ireland C
ALSPAC cases* 1583 3.5| 849 (53.6%)| 286.0(539.0)|England D
Sum cases 2774
KORA S4 3992 | 49.51(13.90)| 1971 (49.9%)| 114.2 (1535.5) | Germany E
Irish controls 552 | 35.71(12.27)| 170 (30.8%) n.a. | Ireland F
ALSPAC controls 6063 3.5%| 3135 (51.7%)| 200.4 (462.7) |England G
Sum controls 10607

* Eczema status determined in all children at 42 months in ALSPAC cohort

Table E2: Genotyping details and minor allele frequencies in the KORA S4 population-
based cohort. MAF, minor allele frequency; DIR, direction

SNP ID MAF DIR PCR Primer Extension Primer
fwd ACGTTGGATGCTGGAGGAAGACAAGGATCG
RS01X 0.013 rev. ACGTTGGATGATGGTGTCCTGACCCTCTTG ATGCCTGGAGCTGTCTC
2282deld 0.025 fwd ACGTTGGATGTTGGTGGCTCTGCTGATGGT GAAGACTCAGACACACAGT

rev

ACGTTGGATGGTGAGGGACATTCAGAAGAC

rs2303067 0.479

fwd
rev

ACGTTGGATGCCATCCTTTTTTAGCCAAGC
ACGTTGGATGCCTCAAAGGAAGCTGTACTC

GATTGTCTTTTGTTTCTTGATT

AACCins 0.312

fwd
rev

ACGTTGGATGTGATTGGTTTATCAACAGG
ACGTTGGATGGACGCCGATGACCTATGAAG

TTTCCTCAAAGATATATTTAAACC
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