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Abstract: Genome-wide association studies (GWAS) provi-
ded fundamental insight into the genetic determinants of
complex allergic diseases. For eczema, 58 susceptibility loci
were reported. Protein-changing variants were associated
with eczema at genome-wide significance at 12 loci. The ma-
jority of risk variants were, however, located in non-coding,
regulatory regions of the genome. Prioritized target genes
were enriched in pathways of the immune response and of
epithelial barrier function. Interestingly, a large overlap in
the genetic architecture underlying different allergic disea-
ses was identified pointing to common pathomechanisms
for eczema, asthma, hay fever, and food allergy. Here, we
review the most recent findings from GWAS for eczema in-
cluding the role of rare variants and genetic heterogeneity
in ethnically diverse populations. In addition, we provide
an overview of genes underlying Mendelian disorders fea-
turing eczematous skin inflammation.
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Introduction

Eczema (atopic dermatitis) is a chronic inflammatory skin
disease with a lifetime prevalence of up to 20 % in westerni-
zed countries. It usually develops in infancy and often pre-
cedes or co-occurs with other allergic phenotypes, such as
food allergy, asthma, and hay fever. Eczema is characterized
by chronic relapsing skin inflammation of flexural areas of
the body, severe itch, and an aberrant immune response to
environmental allergens. A defective skin barrier is a hall-
mark of eczema, manifesting clinically as marked dryness,
sensitivity to physical/chemical irritation, and increased
sensitivity to bacterial and viral infections.

Eczema is a multifactorial, complex disease. The increa-
sing prevalence over the last decades clearly pointed to en-
vironmental factors as important modifiers of disease risk.
On the other hand, family and twin studies indicated that
up to 80 % of eczema susceptibility can be attributed to he-
ritable factors, making the genome the target of interest for
deciphering the molecular mechanisms underlying eczema.
While loss-of-function (LOF) mutations in the epidermal
barrier gene filaggrin (FLG) identified 16 years ago are still
the strongest genetic risk factors for eczema, genome-wide
approaches unraveled a number of involved pathways and
contributed a plethora of candidate genes including some
promising targets for therapeutic approaches.

In this article, we summarize the latest findings on the
genetics of eczema. We review studies investigating the role
of common and rare variants and of genetic determinants
shared between different allergic diseases. Finally, we discuss
the influence of the ethnic background which may contribute
to differences in eczema phenotype and prevalence.

Searching for the causal eczema
variants

In order to identify susceptibility genes in complex diseases
such as eczema, different genome-wide strategies were
applied. Whole genome linkage studies investigated allele
sharing among affected relatives. However, their require-
ment for either extended pedigrees or large numbers of
nuclear families or affected sib pairs as well as the lack of
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precision in mapping complex disease genes limited their
feasibility and wide-spread use.

The advent of array technology enabled the genotyping
of up to several million single nucleotide polymorphisms
(SNPs) per individual in a single experiment and quickly re-
placed linkage studies with genome-wide association studies
(GWAS). GWAS compare the allele frequencies of SNPs in
affected cases and unaffected control individuals. Due to
the case-control design, study participants are much easier
to recruit. Moreover, the high density of markers and the
linkage disequilibrium between them enabled the mapping
of susceptibility loci to much smaller chromosomal intervals.

Genome-wide association studies
identify common variants—impor-
tance of the eczema definition

Since 2009, over 15 GWAS were conducted reporting 58
eczema susceptibility loci (Tables 1 and 2). The majority of
studies was performed in populations of European [1-9]
and East Asian ancestry [10-15]. Three studies included po-
pulations of diverse ancestries (Table 1). To gain statistical
power, several meta-analyses were conducted which com-
bined the summary results of individual GWAS in a single
study [2, 7-9, 15]. The largest meta-GWAS on eczema com-
prised 22,474 cases and 774,187 controls from the Estonian
Biobank, FinnGen, and the UK Biobank (UKB) [8]. Many of
the reported susceptibility loci were found in more than
one GWAS (Table 2). It should, however, be noted that due to
the meta-analysis design study populations partially over-
lapped between different studies (Table 1). Hence, replica-
tion was not always independent.

Large study populations recruited in nationwide efforts,
such as the UKB, FinnGen, Estonian Biobank, or BioBank
Japan (BBJ), are of great value for genetic studies, but the
quality of the phenotype information on eczema may vary.
While in FinnGen, Estonian Biobank, or BBJ codes of the
International Statistical Classification of Diseases, 10th Re-
vision (ICD-10) were available for eczema, the UKB provided
this information only for a small subset of individuals. In
the UKB, two data fields were related to eczema; a questi-
onnaire-based report of a diagnosis of “rhinitis/hay fever or
eczema ever” and a self-report of “eczema or dermatitis”.
However, both data fields did not capture eczema with the
required accuracy; asking adults for “rhinitis/hay fever
or eczema” would preferentially identify individuals with
allergic rhinitis since it is a much more common disorder.
Moreover, the trait “eczema or dermatitis” would include
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a large number of individuals with unspecified dermati-
tis. An acceptable solution to this problem was to use the
overlap of both definitions which would yield fewer cases
but enrich for eczema [9, 16]. Accordingly, the multi-ethnic
eczema GWAS, meta-analyzing results from BBJ (n= 2,597
cases) with data on “rhinitis/hay fever or eczema” from UKB
(n= 25,685 cases), should be regarded as a study on allergic
disease rather than eczema. All susceptibility loci reported
as newly associated with eczema in this meta-analysis [14]
were found in a previous GWAS on any allergic disease [16]
and were therefore excluded from Table 2. Likewise, two
GWAS reporting results on eczema but using either the
“rhinitis/hay fever or eczema” or the “eczema or dermatitis”
definition in the UKB were not included here [17, 18].

Studying rare variants in eczema—
explaining the missing heritability?

In recent years, more and more studies indicated a sub-
stantial role of rare variants in complex diseases [19, 20].
Their identification on the genome-wide level is however
challenging. Since the penetrance of individual variants in
complex diseases is incomplete, large numbers of samples
need to be genotyped in order to find statistically significant
differences between cases and controls. In addition, most
rare variants are not covered by the commercially available
genotyping arrays. Therefore whole exome sequencing
(WES) or whole genome sequencing (WGS) are the methods
of choice for rare variant detection. Since genome-wide
sequencing studies are cost-intensive, they were applied
to a limited number of severely affected individuals or
family members. WES performed in eczema patients with
ichthyosis vulgaris from Ethiopia [21], in individuals with
eczema and high IgE levels from Japan [22], and in adult-
onset eczema patients from Korea [23] identified rare non-
sense and missense mutations in a number of epidermal
differentiation complex (EDC) genes, in ADAM33, DSG4,
GTF2H5, EVPL, NLRP1, SPINKS5, and CYP27A1. However, due
to limited sample size and power (n < 50 cases), none of the
associations were statistically significant. To understand the
genetics underlying human traits more completely, there
are increasing efforts for sequencing large study populati-
ons: The UKB recently released whole exomes of 454,787 UK
individuals. The analyses of rare coding variants in “rhini-
tis/hay fever or eczema” and “eczema or dermatitis”, both
identified 2 LOF mutations in FLG at genome-wide signifi-
cance [24]. Apart from larger study populations, the use of a
strict definition of a severe phenotype or severely affected
families may improve the power of rare variant studies.
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Recently, an alternative, imputation-based approach for
studying rare variants in eczema was successfully applied.
Since genotyping arrays contain a restricted number of
SNPs, imputation is used to estimate missing variants not in-
cluded on the array from known haplotypes of a reference
population. With the Haplotype Reference Consortium
panel (HRC) comprising almost 65,000 haplotypes of 32,488
sequenced individuals [25], for the first time a reference set
of decent size was available to impute rare variants with
high accuracy. In a meta-analysis of 21 study populations in-
cluding 20,016 eczema patients and 380,433 controls, overall
48 independent variants from 38 loci were associated with
eczema of which 11 contained low frequency/rare variants
[9]. A similar approach using large population-specific
reference panels for imputation was used in a meta-ana-
lysis of Estonian Biobank, FinnGen, and UKB reporting 30
loci including 4 rare variants [8]. Finally, genotyping 2,000
eczema patients and 15,000 controls with the Immunochip,
a custom genotyping array that was specifically designed
for studying chronic inflammatory, immune-related disea-
ses and that included 200,000 common and rare variants
from 186 candidate loci, identified low frequency variants
in the docking protein 2 gene (DOK2) [26].

Imputation-based studies require a minimum number
of the rare allele in the reference data set; they cannot iden-
tify individual mutations involved in the disease. Future
WES and WGS studies will close this gap in the detection
of disease causing rare variants. In eczema, variants with a
minor allele frequency below 5 % were estimated to account
for 23 % of the SNP-based heritability (77 % was explained
by common variants), supporting a substantial role for rare
and low-frequency variants in eczema risk [9].

Functional assessment of eczema-
associated variants

The majority of variants associated with eczema in GWAS
are located in intergenic regions for which a functional link
to eczema is often difficult to obtain. Pinpointing the culprit
variant(s) at a risk locus, identifying their target gene(s) and
experimentally elucidating their role in the disease process
remain major challenges. By integrating functional evidence
from transcriptomic, proteomic and epigenomic data, inclu-
ding systematic disease-disease and disease-molecular trait
colocalization results across 92 cell types and tissues, Mount-
joy et al. have recently finemapped >133,000 GWAS loci and
made the prioritized target genes publically available [27].
To identify variants with a potential functional impact
we screened the GWAS catalog for eczema-associated va-
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riants altering the protein sequence or having a high de-
leteriousness score (Table 3). Apart from the well-establis-
hed FLG LOF mutations, missense variants were reported
at genome-wide significance in RUNX3, SLC9A4, IL6R,
IL13, DUSP1, NOTCH4, DOK2, NLRP10, TESPA, NFILZ, and
TNFRSF6B. Non-coding variants with a high deleteriousness
score were located in KIAA0391, TNXB, EGR2, and AFF1 and
between PBX2/GPSM3, CCD80/RP11-572C15.3, and ZNF365/
ADO. Interestingly, 14 out of 23 variants likely to be harmful
had a minor allele frequency < 5% (Table 3) supporting a
role for low frequency and rare variants in eczema.

In eczema, we and others have found a significant en-
richment of immune-related pathways involved in cytokine
signaling, T-cell differentiation and activation as well as
enrichment of genes related to the cornified cell envelope
in keratinocytes. Interestingly, stratifying the eczema asso-
ciated variants according to allele frequency revealed that
rare/low-frequency SNPs were more involved in epidermal
barrier function whereas common SNPs pointed to immune
functions [9].

Eczema genes from monogenic
diseases

A number of eczema-associated genes were identified
through rare monogenic diseases, in which eczematous
skin inflammation occurs as a symptom of a more complex
syndrome. The most prominent discovery was the iden-
tification of LOF mutations in the epidermal barrier gene
filaggrin (FLG). They were first identified as causal variants
in families with ichthyosis vulgaris [28], an autosomal-domi-
nant skin disease characterized by dry, scaly skin and often
accompanied by eczema. Shortly after, the same mutations
were reported to be associated with eczema [29]. Additional
eczema risk genes were previously reported for monogenic
diseases, including SPINKS5 underlying autosomal-dominant
Netherton syndrome, CARD11 for autosomal-dominant im-
munodeficiency 11B, and STAT3 for autosomal-dominant
hyper-IgE recurrent infection syndrome. A systematic search
for “eczema” or “atopic dermatitis” in OMIM yielded 18 genes
mutated in Mendelian disorders commonly presenting with
eczema-like skin lesions. Recurrent additional features were
immunodeficiency, inflammation, other allergic disorders,
and elevated total IgE as well as cutaneous and skeletal ab-
normalities (Table 4). Some of the underlying genes, such as
FLG, IL6R, CARD11, and IL2RA, were also reported in GWAS
on eczema, others were located in or near eczema susceptibi-
lity loci (Table 2). Future studies may identify additional over-
laps in the genetics of eczema and rare monogenic diseases.
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Filaggrin—are there more eczema
risk genes in the epidermal diffe-
rentiation complex?

In eczema, LOF mutations in FLG show semi-dominant in-
heritance with incomplete penetrance. With an odds ratio
of 3 they are the strongest known risk factor for eczema.
Almost all GWAS replicated the FLG locus within the EDC
[30], a 1.6-Mb region on chromosome 1q21.3 that contains
over 60 genes, most of which are expressed during diffe-
rentiation of the skin or of mucosal tissues. GWAS usually
detect multiple common variants significantly associated
with eczema in that region and it is tempting to assume that
additional susceptibility genes for eczema reside within the
EDC. However, a recent GWAS with data on low frequency
and rare variants was able to condition the results on the 3
main LOF variants in Europeans; all significant association
signals within the EDC were eliminated [9] indicating that
they were due to FLG mutations. The effect of FLG mutations
on eczema might be even larger. A systematic evaluation of
all FLG LOF mutations reported in the gnomAD sequence
database, which includes the sequences of 141,456 indivi-
duals from populations world-wide [31], revealed that the
4 most common European mutations covered 80 % of the
LOF alleles in that population [32]. A total of 276 different
mutations accounted for the remaining 20 % of LOF alleles,
which could not be imputed due to their very low allele
frequencies. In non-European populations, an additional
320 LOF variants in FLG, most of them rare, were reported.
Thus, sequencing in populations of diverse ancestries will
be required to uncover additional rare eczema risk variants
not only in the EDC.

Susceptibility loci shared between
eczema and other allergic diseases

Eczema patients often suffer from additional allergic disea-
ses, such as asthma, hay fever, or food allergy, pointing to a
common genetic background underlying different allergic
disorders. To identify shared risk variants, GWAS on any
allergic disease were performed enabling large increases
in sample size [16, 33-35]. The largest meta-GWAS on aller-
gic disease compared 180,129 cases with asthma and/or hay
fever and/or eczema with 180,709 non-allergic controls from
13 study population of European ancestry [16]. A total of 99
genomic loci with 136 independently associated genetic
variants were identified. Among them, only 5 genomic loci
showed evidence for a disease-specific effect in patients
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with only eczema, only asthma, or only hay fever. Interes-
tingly at all 5 loci, allele frequencies of the risk alleles were
significantly higher (FLG, IL2RA) or lower (LIRL2[IL18R1,
WDR36/CAMK4, GSDMB) in eczema, distinguishing this al-
lergic disorder of the skin from the allergic airways diseases
asthma and hay fever. On the other hand, eczema and food
allergy which often co-occur in infancy seem to share the
majority of susceptibility loci. All variants identified in a
GWAS on childhood food allergy [36] were located in loci
which were also associated with eczema.

Summarizing the results, the majority of eczema loci
were also involved in other allergic diseases. The eczema
definition as well as the inclusion or exclusion of other aller-
gic traits are important factors influencing GWAS results.
Eczema-specific loci exist and the corresponding genes might
be involved in epidermal barrier-specific functions.

The role of the ethnic background—
similarities and differences

Heterogeneity of eczema bhetween ethnicities has been
described [37]. In East Asian populations, eczema is cha-
racterized by immune-dysregulation and epidermal barrier
features resembling a phenotype between eczema and pso-
riasis in patients of European ancestry. African Americans
seem to have a greater lesional infiltration of dendritic cells
and decreased expression of Th1- and Th17-related markers
compared with European Americans. In addition, a higher
prevalence of eczema and a less prominent role of FLG LOF
mutations were observed. GWAS pointed to similarities of
the genetic architecture underlying eczema in different
ethnic groups but also identified differences which may
explain phenotypic heterogeneity.

Of the 58 loci reported here (Table 2), 35 were detected
only in studies of European ancestry, 8 were specific for East
Asian populations, and 15 were reported in both ethnicities
or only in multi-ethnic studies. The excess of European-spe-
cific loci may however be attributed to the increased power
of these studies due to much larger sample sizes of the re-
spective GWAS; the maximum number of cases was 22,474
in European studies vs. 4,296 in East Asian studies. Apart
from ancestry-specific susceptibility loci, genetic diversity
is evident on the variant level. Since allele frequencies as
well as haplotype structure can vary between populations,
different lead SNPs identified at a susceptibility locus in
Europeans and Asians, respectively, may be in linkage dis-
equilibrium with the same causal variant. Moreover, also
the causal variants may be population-specific. In this
regard, a comprehensive analysis of all 600 FLG LOF muta-
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tions present in the gnomAD database [31] yielded valuable
insights [32]. While the mutation spectrum was similar
among related populations (e. g. Finnish and non-Finnish
European), there was a significant difference between more
distant populations. The most common LOF variants in the
East Asian population were almost absent in Europeans and
vice versa. Interestingly, there was no overlap of the most
common LOF mutations between the South Asian popula-
tion and the East Asian population. The allele frequency of
all FLG mutations combined ranged from 1.4 % in the Latino/
Admixed American to 7.6 % in the East Asian population [32]
which indicated an ancestry-dependent contribution of FLG
LOF mutations in the development of eczema.

To date, genetic research on eczema has mainly been
conducted in populations of European and East Asian an-
cestry. Since ethnic heterogeneity in terms of the eczema
phenotype and the underlying genotypes exists, lack of
studies on ethnically diverse populations, such as African,
South Asian, and Latino populations, is a major drawback as
emphasized recently in an article on polygenic risk scores
[38]. Future efforts therefore need to be more inclusive re-
garding ethnicities. This will increase our global knowledge
of eczema genetics and may provide benefit to a large pro-
portion of the world population which is not adequately
represented in research yet.

Conclusion

In recent years, GWAS significantly contributed to the
identification of genetic loci involved in the development
of eczema and shed light on a remarkable overlap of the
genetic architecture underlying different allergic diseases.
However, the functional impact of the majority of eczema-
associated regulatory variants still needs to be resolved. In-
tegration of growing sets of tissue-specific or single-cell-spe-
cific transcriptomic, proteomic, and epigenomic data will
facilitate the elucidation of underlying disease mechanisms.
Moreover, genome-wide sequencing studies will yield new
insights into more rare and potentially functional variants.
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Appendix
Table 1: Study chracteristics of the genome-wide association studies on eczema.
Studies’ Year PUBMEDID Ancestry Discovery Replication Main studies Comment
sample size? sample size included
Esparza-Gordillo 2009 19349984  European 939 /975 1,097 (270 families) Partially over-
etal. lapping?
Sunetal. 2011 21666691  East Asian (Han Chinese) 1,012 /1,362 3,624 /12,197
Paternoster 2011 22197932  European 5,606 /20,565 5,419 /19,833 Partially over-
etal. lapping?
Hirota et al. 2012 23042114 East Asian (Japanese) 1,472 /7,971 1,856 /7,021
Ellinghausetal. 2013 23727859 European 2,425 /5,449 1,951 /4,599 Partially
overlapping?,
Immunochip*
Weidinger etal. 2013 23886662  European 1,563 /4,054 2,286 /3,160 Partially over-
lapping®
Baurechtetal. 2015 25574825  European 2,079/11,899 NA Partially over-
lapping?
Kim et al. 2015 25935106 East Asian (Korean) 246 /551 NA
Schaarschmidt 2015 25865352  European 870 /5,293 1,383/1,728 Partially over-
etal. lapping?
Paternoster 2015 26482879  European and multi-ethnic 18,900 /84,166 (E) 30,588 /226,537 (E) EAGLE consor-
etal. 2,499 /11,298 (NE)1,471 /2,091 (NE)  tium,23andme
(replication)
Ishigaki et al. 2020 32514122 East Asian (Japanese) 2,385/209,651 NA BBJ
Tanaka et al. 2021 34116867 East Asian (Japanese) and 2,597 /110,504 (A) NA BBJ, UKB Hay fever/eczema
multi-ethnic® 25,685 /76,768 (E) in UKB®
Sliz et al. 2021 34454985 European 22,474 /774,187 NA Estonian Biobank,
FinnGen, UKB
Sakaue et al. 2021 34594039 East Asian (Japanese) and 4,296 /163,807 (A) NA BBJ, FinnGen, UKB
multi-ethnic 6,224 /475,075 (E)
Grosche et al. 2021 34785669  European 20,016 /380,433 NA EAGLE consortium,

FinnGen, UKB

BBJ, Biobank Japan; UKB, UK Biobank
' Studies from the GWAS catalog (December 2022) reporting associations with the traits eczema, atopic eczema or atopic dermatitis are shown.
2 For multi-ethnic studies, the sample size of each population is indicated; E, European; NE, non-European; A, East Asian.
3 The study populations participating in these studies were partially overlapping. The majority of cases was subsequently included in the EAGLE con-

sortium.

4 The Immunochip contains 200,000 common and rare variants from 186 candidate loci involved in inflammatory, immune-related diseases.
5 In UKB, cases were defined based on the life-time presence of rhinitis/hay fever or eczema. Accordingly, results from the multi-ethnic analysis were
excluded from Table 2.



DE GRUYTER

Ingo Marenholz et al., New insights from genetic studies of eczema

40

0198180L1
LdL4Y1D8/9¢VS2D1S [6]'[e 30 3Yyas049 “[pL]'|e 32 UNS ER/ 0G/ES8ESI ‘06810L/S4  -0ZLEZSOLL S L'zzbs €z
7€9€885€
1SdYD—4/11/243dS [6]'|e 33 ayasoun ‘[/]'|e 10 J31soulaled 19 LETYLTOLSI ‘9E6E9VPESS  -LF00S8SE G zelds 44
[eTe a4 YAY44)
LZTI—60LLYYDI/dSEETSZNG - 33 sneybuyj3 ‘[6]'[e 38 aydsoln [g]'e 18 IS 139 ¥P968ELLSI TTSYO6LS) ‘€¥8999/S4 -98yLLLTZL ¥ LTby 1z
144y [SL]'[e 10 anexes ‘[i7L]'|e 19 exeue] vy LV€66108S ‘LYE66L08S)  79E6E698 ¥ €1by 0z
vd/d¥YT—prLdSSYNY [8]'1e 19 z1IS 3 VL16/60S1S)  986L0VIYL € 74%3 6l
14002a) [6]'1e 32 3yYdsoun [GL]'[e 32 aneyes [yL]'|e £5089865. ‘906097 1S4 ‘9L6EV6TLS)  LL6T6TLL
—ZH0Z0ONIT/0820D) 33 exeuel [e1]'(e 32 Kebiyst ‘L 1] 19 erouy IVYYY 699%720S/S4 ‘62TFEITLSS  -L9VLS9TLL € zelbe 8l
[S1]e 19 anexes [eL]|e 07208L9s!  80LSPOEE
1979 12 Mebiys ‘[yL]e 19 exeue] ‘[L1][e 18 eI0MIH VVVY ‘6CLL6V6LSI ‘6TLLE6V6LSI LSOELILSI  -LVBETOEE € €'zede Ll
LSY-LE1YS [6]'|e 33 3Ydsoun E| 8LySeEPS!  9097€98L € €yede 9l
0rIHTHE [SL]|e 19 anexes N GLZOELLLSS €ev8ey € L'9zde Sl
HavHZa [6]'|e 39 3Ydsoun E| G8706TVESI  STTBSLLYT T €'Lebg vl
aSddNI [SL]'|e 39 anexes v 868761795/  [6SS0CEET € L'Lebz €l
Zd¥IX/LSY-ZdYIX [9]'|e 33 Ip1wiydsieeyds E| €9/02L9S)  9LLSELLIL T €yebe 4"
dv20S [S1]]e 19 anexes v €2£9991S)  960€VSLLL T €1bz L
[€]'1e3a sney
-Bunia ‘[5111e 39 anexes [eL]'|e 30 ebiys 78€65/S1 ‘GL0£E8SS
‘[yL]'1e 1 exeue] ‘[/]e 13 Ja1soualed 1VY ‘GLOECESSS) ‘L6LYTL89ES) ‘€LS6LY9SI  ¥SLLLYTOL
PY6IIS—LU8LTI/LINLTI Tel'lewaydsoin ‘[LLle@LIONH 2SS VIDIVD  ‘PLTSSLESI VLLSLOELSI OpTL98LS) -€TE0SETOL T L'zLbz ol
[£]'|e 18 43150U 8SYLLLTLLS  S/67/80L
ELLOONIT—£020D -191ed ‘[y1]'1e 39 exeue] [5L]'|e 10 anexes ERA ‘€0VEYS00TS! ‘679€7L9S4  -€TLOVBOL T €eldg 6
L96V5€8
66200JNIT [£]'|e 38 J2150UIRIRY ‘[6]'[€ 39 BYISOID 19 6096610151 ‘85016854 -LL¥Z0E8 T 1'szdz 8
¥4SINL/ZdZ10D L68T8LELL
—ZdLdNIV/Ld8EYSTITS [6]'1e 32 3ydsolo ‘[gl' e W 2IIS 13 8E/1699S) ‘EELLLELLS) -OVE6S8TLL L L'Sz-€vebl L
(¥971) G-dwoapuks uon [£]'|e 18 43150UIR1Ed ‘[8]'|€ SPL8TTTS!  Y6VPSIYSL
-D3jul Jua.nd34 361-13dAH 4971 19 2115 ‘[6]'|e 32 3Yds04D ‘[GL]'|e 12 anexes 399N ‘TWLITLTLSI ‘86GTL8LISI ‘GG99/GYSI  -ELT9WPYSL L €lzby 9
[€]'|e 32 sneybuy3 ‘[z]'1e €1820£2/S1‘G/8€1819S4
19 Jarsoulaled ‘[y]'|e 19 4abuipiam ‘(9] 39 19619995/ ‘6v0¥¥LZLSI ‘6¥0rYL LS
Ipluydseeyds ‘[slje 38 ydaineg [yLle 19 ‘869€9168154 ‘58097 L €SI
eyeue] ‘[0L]'|e 18 uns []'|e 33 3ydsoun ‘[g]'|e 33999 19/9181954 L€169785GS!  8LE8TITSL
(974) sebina sisoAyayd] vdID1/VEIDT—LLY00LS 192115 ‘[SL]1e 18 anexes ‘[gL]e 19 Mebiysl Vv I13VY ‘60£890/8154 ‘08¥7168/S4 -LGGEE0TSL L Il ¥4l S
¥Z900ONIT [8]'e18 1S E| LL6LTLSEOLS)  GLT90SLVL L zizhy 14
d/14dgN [8]'e 8 z1IS E| GLE690881S!  9€6G6GEVL L L'1zby €
EXNNY [6]'1e 39 3Yds04D E| 0Zyz/99sd  6LSY96VT L L19gd) 14
NI [SL]e 19 anexes N 6LEEYTISSI  8€S886LL L zz9gdl L
(auab) Jaquinu
aseasip Jluabouopy ;Sauab paddepy JApms Ansaouy «dNS peal ,UORISOd JYD) ,SNIO|SYMD  Sndo7

"eWAZ23 U0 SYMD Ul paiodal 10| Juediubis apim-awouan) :g ajqer



1

Ingo Marenholz et al., New insights from genetic studies of eczema

DE GRUYTER

YNY A [INREERNIL) E| G/T06L0LSI G/LSG/88LL LI ceeblL 6€
[71]'e 33 exeue] ‘[L]'|e 13 o|jipioD-ezieds]
‘[S111e 30 anexes ‘[g]'1e 10 z1S ‘[6]'[e 32 6089€ZLLSI V68£76/S] ‘TLOSSYYES
ayasoun ‘e]'|e 32 sneybul|3 ‘[£1'1e 38 Jaisou VIV ‘TL0SSYYES! ‘YEVIE6LSI LBOLLLSI 9911799/
[S/ZODNIT/ASWT  -191ed ‘[S]'|e 19 1ydauneg ‘[p]'le 10 uabuiplam 339339 ‘PEYTLTTSI ‘PEPTLTTSI ‘88S0ELLS)  -6£96S59L LI gelbry 8¢
VAR ERCPEIN IR ¥Z816L01S4
‘I6]'|e 39 3Yds04D ‘[gL]'|e 12 anexes [g]'|e 12 ‘Y28L6L0LSI ‘YT8L6LOLSI  S6L16L59
L10A0—1L85dY/92d814) 215 ‘[¢l'|e 10 Joasousdled ‘[Flle 1o eXeuel 3I'WIIY  VY86LYSI ‘Vi86/YSI ‘TL68YB6YVLS!  -78S9E€/S9 LI L'eLbry LE
[8]'e €09€E0LLSS  T66CLY9E
159¥d 38 21IS ‘[€l'1e 38 sneybuiy3 [e]'e 12 3ydsolD 1939 ‘GEGG6TTLSI ‘BESIEBOLSS  -E0LEVEIE LI Z1-€LdiL o€
[51]e 19 aneyes [gL]|e €0V6£065S4 688096/
0LdYIN/EVOLYO 33 DebiysT ‘[¥1]'1e 19 exeue] ‘[L1]'|e 38 eI04IH VVYVYY ‘E0¥6£065S! ‘€0V6E065S) ‘0988/8S)  -TL8IV6L Ll ysidiL GE
[SL]'1e 38 anexes ‘[e1]1e 38 Mebiys] TyL]'|e 7698€YS1 ‘9G2G6601S4  LZ6VCLT9
pdLY/HATY/S964NZ 19 eeuel [ L] 19 eyoaiH [6l'e 318 3Yds0ID V'V V¥V ‘T ‘G57S6601S] ‘LSTS6601S) ‘STETLESI  -060£6529 0L  €'1z-T'Lzbol 143
(vyz71) Aunwwioine
pue uoneJayijosdoyduwi| LINGY 9/9€/09
Yum Ly Kouspispounwwl  /£2dZE TdY—YYZTI/VHS LTI [6]'|e 32 3YIs0ID ‘[/]'|e 33 Ja3soulied ERE| 27€97979S) Y9€C099s)  -0689665 0L 1'51doL €€
€788ELLEL
LINHI—1DaYdY [1]'1e 30 eYRUR] ‘[6]'|E 30 3YdS0ID v 88/GCLES) ‘GESLELLLLSS -L66S09LEL 6 £vebe 43
LYIYNG [9]'|e 33 Ip1wiydsieeyds E| 9798€/0LS)  8SYELETT 6 €1zd6 Le
9%/5095¢1
L9800ONIT/L 8141 [6]'1e 32 aydsouD ‘[g]'[e W ZIIS 19 GEGVEETLSI V199669S)  -¥79/6557L 8 €1yebg 0€
[£]']e 13 Js3souuaied ‘[6]'|e LTTELYIS)  [S9ELE08
dELZL-9NNY—80LSHIN 12 3Ydsoun ‘[g1]'[e 12 aneyes [8]'|e 19 zI|S IIWT ‘92ZELYISI ‘8L6L5601S) ‘G8998/LLSI  -009€9£08 8 €1'1zbg 6C
€/€12502
84911 [1]'e 19 BYRURL v €0S19Y9S) ‘€TLLSLES)  -L¥TTSE0T L L'1zds 8¢
(1L@yvD) snnewuap didoje
yum g1 Auapyspounwiwg HYOY—LLaYVD [L1]'1e 13 BIOUIH v YovzzLys GSL680E L zeeds Vi
[8]'1e39
21IS ‘[6]'[2 39 BYIs0ID ‘[£]'|e 3 Ja3soulled €7EE8ERTSI 169807ELSI
‘[S111e 32 anexes ‘[yL]|e 1o exeuel TLL]e 19 339 ‘SGSELLYSI ‘8LYSLTLLSI ‘TOEYI8ESS  79T9T9TE
LYOQ-YIH/L84a-VIH—EXNL  BY0IH ‘[p]'|e 13 Jsbuipiam ‘[SI'e 19 1ydauneg VvV ‘I]  ‘G609/1S) ‘GS8ESLTLSI ‘968897 LYSI  -26T20LZE 9  TELz-€€'Ledy 9
1dSNa/qL1¥NIN [INREERNSL) E| 9PEEOSYLLS)  [PESOLTLL & L'sebg Y4
[£]'1e 18 Js1sou
-19)ed ‘[6]'|e 32 aydsouD ‘[g]'|e 32 zIIS ‘[ L]|e
19 eyeue] ‘[g]'|e 38 sneybuy3 5Ll 19 YL68TS) VL8LYLLLS) [18S)
anexes ‘[eL]'1e 10 pebiyst [S]'[e 38 3ydaineq 139V ‘L¥8S) ‘8¥8S) ‘G89G6TLSI ‘9895671LSS  GEEELLTEL
VEIDI—Y4DTZHL ‘[p]'1e 13 J9buIpIam ‘[£]'e 10 Jo1s0uzled TV VITT ‘989567 LS4 ‘989567 LS) ‘L1688LTLSI -£6£S59TEL S L'1ebg 144
(auab) Jaquinu
aseasip sluabouoly ;sauab paddepy JApnis Ansaduy «dNS pea1  .uoiNsod J4y) ,SNIO|SYMD Sndo]

(panunuod) :z ajqeL



DE GRUYTER

Ingo Marenholz et al., New insights from genetic studies of eczema

42

*paisl| aJe sauab burinoqybiau sy sdNS d1uabiaiul Jo4 'SNJo| e 18 NS Pe3| ISe| pue 1s4ij 3y} 1o} pariodal ale NS e jo uonisod [edisAyd sy buisn bojeied syamo sy 03 buipiodde ssusb padde ¢
*g)N 40} pasn UOKHIUP BWIZID 3Y) 03 SNP PIPN|IXD 3JaM °|e 19 BYeue] JO SisAjeue Jjuyla-1jnw ayj JO S}NSaJ UOIBIDOSSY ,
'suoiisod d1wouab J13yy 03 buipiodde paiaplo ale
SANS pea7 "paiedlpul st dNS Pe3| 3y ‘Apnis e Ul palyiauapl snJoj Yaea 104 "umoys aJe siyizewsap didole Jo ewazds didole ‘ewazds syedl ayy 4oy (zz0z 4aquwiadaq) bojeied SymD sy ul paliodal SUOIIRIDOSSY ¢

"paredIpUl dJE dNS PE3| ISB| AU JO pUB 1SJ1} 3Y1 Jo suonisod ayl ‘Snaoj e Je uofeosse dNs pariodal saipnis adinw I ,
*60o[eIRY SYMD 3Y1 Ul SINS JuedIIubIs apim-awouab burinogqybisu usamiaq AL < 3IUBISIP B UO PISEJ PaUIdP 343M 120] SYMD ,

ueisy 1seg ‘y ‘ueadoung 3 Diuyis-pnw ‘W

(g¥z71) Aunwuwione
pue uonesajijoidoydwA

£962769¢

ynm g9 Aouspyapounww] gY4z4%) [8]'[e 19 z1IS ‘[6]'[ 30 BYIS0ID 39 €76GL07S) Y9SLT8YSI  -8¥T8L69E  TT ¢zibzez 85
[€]']e 38 sneybuy3 ‘[S]'|e 39 3ydaineg L¥€606S4
‘TotI'le e uns ‘[gL]1e 1o anexes ‘[/]e 10 193 ‘17€606S4 ‘079010954 0290L09S!  68EL69€9
§94S44NL-L 131 Jarsousdred ‘[8le 19 zlS ‘[6]'e 19 AYISOID  VVIIT  ‘6LT608YSI ‘699878ESI ‘699878ES!  -857699€9 0T eeeLboz LS
[L1]1e 313 e3ouH [6]'[R 30 G9166691S4  78906L¥S
YNAG4d—LV¥ZdAD  3Ydsosn ‘[GL]'[e 18 aneyes ‘[yL]'|e 1o exeue] VIVY ‘VL6S8TELSI ‘SEL6GTTSI ‘SEL6STTS)  -SLLLLLYS 0T zeLboz 95
[8]'1e 19 21IS “[£]'|e 18 Js1s0uIRIRd ‘[SL]0 38 [YV8SESESI ‘L0E8L6TS 61£1898
611OV—Z1HN anexes [y]'|e 1 Jaisouldled ‘[plle1@8ydxsosn  IIN‘I ‘L600VOESI ‘€86¥9LTS! ‘6678L6TSI  -8EVLL98 61 zeldel 19
ASWH/0LENIdYIS [8]'le 10 2115 E| 86807/881S!  €£76SV6E9 8l rdd -]} ¥S
20E4IN/d80-9NNY [8l'le 10 2115 E| GLEGGELOELS)  SOL6YS6T 8L 1'zibgl €5
[6]'1e 39 3yYdsoun [GLT'|e ¥9€90¥87SJ ‘8v087691S)  SYLLLE6Y
gHd—259INZ 13 aneyjes ‘[¢]'|e 38 sneybul||3 ‘[81'1e 12 2IIS ERARERE ‘808769154 ‘6¥9€L05€S)  -8vLShE6y Ll eeLebrL 43
£1d4950/12X41 [6]'|e 39 3Ydsoun E| LLYEEBTLS)  €89S6LLY L1 zeLebrL LS
LZdYDHYY/EbEdSSYNY [6]'|e 3 3ydsoun E| 9E¥S686S!  0TS08ESY Ll LeLzbsy 0S
(€1v1S) L dwoipuks uon
-D3ju1 Jua.Ind34 361-13dAH LIDHYNS/LYDD [6]'|e 33 3Ydsoun E| LE9LOVZLLS:  2/T8090% Ll [alxdJA? (3%
[£]'|e 38 4a350uIR1ed ‘[6]'|0 €ELLY0TS)  TELSELLL
¥912370 33 3ydsodo ‘[g]'|e 39 sneybuyi3 Tgle 18 21IS 1993 ‘€E€LLY0TSI ‘€ELLYOTSI ‘69198€SS  -€CC00LLL 9L gleLday 8y
&4Vl [6]'|e 39 3Ydsoun E| G59688871SI  0¥S06L70L ¥l zeTEbyL Ly
14197 [6]'|e 33 3ydsoun E| G97SZ9LLSS  €090LSY9 ¥l ceebyl 9%
d¥0¥d [8]'e 10 1975815€
—LY/LLNVH/DEHZddd 2115 ‘[6]1'1e 39 3Yds0.D ‘[£]'|e 33 J3IS0UIRled 339 S0£98STLSI 69TSLYTSI ‘0G6EVLTS!  -LGLEOLSE ¥l zelbyl 9%
LANWOT [Z1]1e 19 wiy v ¥620756S4  668686V9 €l LeLebel 24
[8I'e 61£85789
LNaGW—2ZZT1 19 211S ‘[S1]'|e 313 anexes ‘[g]'[e 18 ayasoin ENRE| LTLLY6ES) ‘TUYLTTTSI ‘L6YVLTTTS)  -LyLTST89 Tl slbzy 9%
L1dd/vD2Yd [8l'e 10 2115 E| 8TT6GLYS!  STOVLLIS 7L g€l-TelbzL w
LVdSiL [8]'le 10 2115 E| 96£788€81S!  $S0€96VS Tl zelbzy Ly
[SL]'1e 10 anexes ‘[/]'|e 080S¥Zys!  1691558Z1
1S13—860Z0ONIT 19 Ja1soulaied ‘[6]'|e 18 aydsouo ‘[g]'|e 18 z1IS N33 ‘LOELTLLSI LOELTLLS) ‘[YOS6YEESSS -897€678CL LI eyebLl ov
(auab) Jquinu
aseasip sluabouoly ;sauab paddepy JApnis Ansaouy «dNS peal ,UOIISOd JYD) ,SNJ0|SYMD  Sndo7

(panunuod) :z ajqeL



DE GRUYTER Ingo Marenholz et al., New insights from genetic studies of eczema =— 43

Table 3: Eczema-associated variants with potential functional impact.

Gene SNP ID’ Chr Position Alleles AF SNP localization/ CADD* Reference
(EUR)?  effect

RUNX3 rs6672420 1 24964519 T>A 0,521 exonic/missense 25,2 Grosche et al.[9]

FLG rs138726443 1 152307547 G>A 0,997 exonic/stop gained NA Grosche et al.[9]

FLG rs558269137 1 152312601 C>CACTG 0,986 exonic/frameshift 18,8 Sliz et al.[8], Sakaue et al.[15]

FLG rs61816761 1 152313385 G>A 0,99 exonic/stop gained NA Grosche et al.[9]

IL6R rs2228145 1 154454494  A>C 0,64 exonic/missense 16,0 Paternoster et al.[7]

SLC9A4 rs61731289 2 102525124 G>A 0,967 exonic/missense 15,2 Grosche et al.[9]

CCD80/RP11- rs12637953 3 112676994 C>T 0,991 intergenic 12,2 Sakaue et al.[15]

572C15.3

AFF1 rs79243012 4 86939360 T>C 0,994 intronic 21,3 Sakaue et al.[15]

AFF1 rs80199341 4 86939362 T>C 0,995 intronic 21,2 Tanaka et al.[14], Sakaue et al.[15]

113 rs20541 5 132660272 G>A 0,793 exonic/missense 0,02 Sakaue et al.[15]

DUSP1 rs34471628 5 172769749 A>G 0,957 exonic/missense 23,2 Grosche et al.[9]

DUSP1 rs34013988 5 172770787 C>T 0,957 exonic/missense 25,1 Grosche et al.[9]

TNXB rs12153855 6 32107027 T>C 0,876 intronic 12,5 Weidinger et al.[4]

PBX2/GPSM3 rs176095 6 32190542 A>G 0,796 intergenic 22,4 Hirota et al.[11]

NOTCH4 rs8192591 6 32218019 T 0,962 exonic/missense 15,8 Grosche et al.[9]

DOK2 rs34215892 8 21909729 G>A 0,968 exonic/missense 20,3 Mucha et al. [26]

ZNF365/ADO rs16917691 10 62751018 A>C 0,995 intergenic 15,0 Sakaue et al.[15]

EGR2 rs61865882 10 62812333 T>C 0,922 3UTR 18,6 Tanaka et al.[14]

NLRP10 rs59039403 11 7960885 G>A 0,999 exonic/missense 23,1 Tanaka et al.[14], Ishigaki et al.[13],
Sakaue et al.[15]

TESPA1 rs183884396 12 54963054 G>A 0,995 exonic/missense 29,9 Sliz et al.[8]

KIAA0391 rs2415269 14 35169731 G>A 0,73 intronic 14,8 Grosche et al.[9]

NFILZ rs2918299 19 8677438 T 0,827 exonic/missense 9,3 Grosche et al.[9]

RTEL-TNFRSF6B  rs909341 20 63697389 G 0,798 exonic/missense 20,5 Baurecht et al.[5], Ellinghaus et al.[3]

SNP, single nucleotide polymorphism; Chr, chromosome; NA, not available

' Genome-wide significant nonsense/missense variants and variants with a high CADD score (>12) from the GWAS catalog are listed. Rare variants
identified in the studies of Grosche et al.[9] and Mucha et al.[26] were added.

2 Allele frequency (AF) of the major allele in the European population of 1000 Genomes is reported.

3 Combined Annotation Dependent Depletion (CADD) score from model GRCh37-v1.4.

Table 4: Monogenic diseases with eczema-like symptoms.

Disease Inheritance MIM Number Gene name (symbol) Locus  Symptoms
Autoinflammation, Autosomal  #618999 Janus kinase 1 (JAK7) ~ 1p31.3  Characterized by severe eczema and chronic gastrointesti-
immune dysregulation, dominant nal inflammation. Patients tend to have asthma and food
and eosinophilia allergies as well as poor overall growth.
Ichthyosis vulgaris Autosomal  #146700 Filaggrin (FLG) 1921.3  Palmar hyperlinearity, keratosis pilaris, and a fine scale
dominant that is most prominent over the lower abdomen, arms, and
legs. Large proportion of patients with eczema, hay fever,
or asthma.
Hyper-IgE recurrent Autosomal #618944 Interleukin 6 receptor  1921.3  Recurrent sinopulmonary and deep skin infections in early
infection syndrome-5 recessive (IL6R) childhood. Additional features include eczema, impaired
inflammatory responses during infection, increased serum
IgE and IL-6.
Hyper-IgE recurrent Autosomal #619752 Interleukin 6 cytokine  5g11.2  Recurrent sinopulmonary infections associated with
infection syndrome-4A  dominant family signal trans- increased serum IgE. Additional features include eczema,
ducer (IL6ST) asthma, respiratory allergies, and eosinophilia.
Netherton syndrome Autosomal  #256500 Serine peptidase 5932 Characterized by congenital erythroderma, a specific hair-
recessive inhibitor Kazal type 5 shaft abnormality, and atopic manifestations with high IgE

(SPINK5) levels, such as eczema and hayfever.
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Disease Inheritance MIM Number Gene name (symbol) Locus  Symptoms
Severe dermatitis, Desmoplakin (DSP) 6p24.3  Severe eczema with multiple food allergies, persistent
multiple allergies, and eosinophilia, and increased IgE levels.
metabolic wasting syn-
drome (SAM)
Immunodeficiency 23 Autosomal #615816 Phosphoglucomutase 6q14.1  Recurrent respiratory or cutaneous infections in early
recessive 3 (PGM3) childhood, neutropenia, lymphopenia, eosinophilia, and
increased serum IgE or IgA. Patients tend to develop atopic
dermatitis, eczema, and autoinflammation.
Phosphoglucomutase 3 Autosomal Phosphoglucomutase 6q14.1  Characterized by eczema, skin and lung infections, elevated
deficiency recessive 3 (PGM3) serum IgE as well as neurological and skeletal dysplasia.
Immunodeficiency 11B  Autosomal #617638 Caspase recruitment ~ 7p22.2  Characterized by onset of moderate to severe atopic der-
with atopic dermatitis ~ dominant domain family matitis in early childhood with defects in T-cell activation,
member 11 (CARD11) increased IgE, and eosinophilia. Some patients may have
recurrent infections.
Immunodeficiency Autosomal #617718 Actin related protein ~ 7922.1  Onset of recurrent infections and inflammatory features,
71 with inflammatory recessive 2/3 complex subunit such as vasculitis and eczema in infancy or early childhood,
disease and congenital 1B (ARPC1B) thrombocytopenia, increased serum IgE, IgA, or IgM,
thrombocytopenia leukocytosis, and increased eosinophils.
Hyper-IgE recurrent Autosomal  #243700 Dedicator of cytokine- 9p24.3  Hyper-IgE, eosinophilia, and recurrent Staphylococcal
infections syndrome 2 recessive sis 8 (DOCK8) infections, usually associated with eczema.
Immunodeficiency 41 Autosomal  #606367 Interleukin 2 receptor  10p15.1 Recurrent viral, fungal, and bacterial infections in infancy,
with lymphoprolifera- recessive subunit alpha (IL2RA) lymphadenopathy, and variable autoimmune features, such
tion and autoimmunity as autoimmune enteropathy and eczematous skin lesions.
Immunodeficiency 58 Autosomal #618131 Capping protein 16922.1 Early-onset skin lesions, including eczematous dermatitis,
recessive regulator and myosin infectious abscesses, and warts, recurrent respiratory
1 linker 2 (CARMIL2) infections or allergies, and chronic persistent bacterial and
viral infections. Some patients may have gastrointestinal
involvement, including inflammatory bowel disease, EBV+
smooth muscle tumors, and esophagitis.
Hyper-IgE recurrent Autosomal  #147060 Signal transducer and  17921.2 Characterized by chronic eczema, recurrent Staphylococcal
infections syndrome 1 dominant activator of trans- infections, increased serum IgE, and eosinophilia. Other
cription 3 (STAT3) immunologic abnormalities may include defective granulo-
cyte chemotaxis, abnormalities in T-lymphocyte subgroups,
impaired antibody production, and decreased production
of or response to certain cytokines.
Hyper-IgE recurrent Autosomal  #618282 Zinc finger protein 341 20q11.22 Childhood onset of atopic dermatitis, skin infections par-
infections syndrome 3 recessive (ZNF341) ticularly with Staphylococcus aureus, recurrent sinopulmo-
nary infections, and increased serum IgE and IgG.
Immunodeficiency 63 Autosomal  #618495 Interleukin 2 receptor 22q11.3 Abnormal activation of certain immune signaling pathways,
with lymphoprolifera- recessive subunit beta (IL2RB) resulting in lymphoid proliferation, dermatitis, enteropathy,
tion and autoimmunity and hypergammaglobulinemia as well as features of
immunodeficiency, such as recurrent infections and
increased susceptibility to viral infections. Patients often
develop eczema and food allergies.
Immunodeficiency 85 Autosomal  #619510 Target of myb1 22912.3 Characterized by onset of atopic eczema and recurrent
and autoimmunity dominant membrane trafficking respiratory infections in the first decade of life, auto-
protein 1 (TOM1) immune enteropathy with vomiting, diarrhea, and poor
overall growth.
Immunodysregulation,  X-linked #304790 Forkhead box P3 Xp11.23  Severe diarrhea due to enteropathy, type 1 diabetes melli-
polyendocrinopathy, recessive (FOXP3) tus, and dermatitis in infancy. Other features may include
and enteropathy hypothyroidism, autoimmune hemolytic anemia, thrombo-
cytopenia, lymphadenopathy, hepatitis, and nephritis. Most
patients with eczema and increased serum IgE.
Wiskott-Aldrich syn- X-linked #301000 WASP actin nucleation Xp11.23 Characterized by thrombocytopenia, eczema, and recurrent
drome recessive promoting factor infections.

(WAS)
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