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Background: 15% of atopic dermatitis liability-scale heritability could be attributed to

31 susceptibility loci identified by genome-wide a&®ciation studies, with only three of
them (IL13, IL6R, and FLG) resolved to protein-coding variants.

Objective: We examined whether a significant portia of unexplained atopic dermatitis
heritability is further explained by low-frequency and rare variants in gene coding
sequence.

Methods: We evaluated common, low-frequency and ra& protein-coding variants using
exome chip and replication genotype data of 15,57gatients and 377,839 controls
combined with whole transcriptome data on lesionalnon-lesional and healthy skin
samples of 27 patients and 38 controls.

Results: Additional 12.56% (s.e. 0.74%) of atopic @matitis heritability is explained by

rare protein-coding variation. We identified Docking protein 2 (DOK2) and CD200

Receptor 1 (CD200R1) as novel genome-wide significant susceptibilityegmes. Rare coding
variants associated with atopic dermatitis are furher enriched in five genesi(4R, 1L13,

JAK1, JAK2, TYK2) of the IL13 pathway, all of which are targets for novel system

atopic dermatitis therapeutics. Multiomics-based n&vork and RNA-Sequencing
analysis revealeddOK2 as a central hub interacting, among others, wittCD200R1, IL6R

and STAT3. Multi-tissue gene expression grofile analysis fo$3 tissue types from GTEXx
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showed that disease-associated protein-coding vanmig exert their greatest effect in skin
tissues.

Conclusion: Our discoveries highlight a major roleof rare coding variants in atopic
dermatitis acting independently of common variants. Further extensive functional
studies are required to detect all potential causalariants and to specify the contribution

of novel susceptibility gene®OK2 and CD200R1 to overall disease susceptibility.

Key Messages:

» This exome chip analysis for atopic dermatitis idntified two novel susceptibility
genes DOK2, CD200R1), and signalling through CD200/CD200R1/DOK2 couldbe an
important new regulatory signalling pathway in AD.

» Disease-associated rare coding variants aeariched in five genes of the I1L13
pathway, which are targets for novel systemic atopi dermatitis therapeutics in
advanced stages of clinical investigations.

* In total 12% of atopic dermatitis heritability is further explained by rare
genetic variation thus highlighting the importanceto study the impact of rare protein-

coding variants for atopic dermatitis.

Capsule summary:

Protein coding variants inDOK2, CD200R1 and genes of théL 13 pathway contribute to

disease risk in atopic dermatitis and have the poteial to target treatment decisions in

atopic dermatitis.
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155 Abbreviations

156 Al : Minor allele

157 A2 : Major allele

158 AA : Amino acid

159 AD : Atopic dermatitis

160 AF : Allele frequency

161 BC : Betweenness centrality

162 Bp : Basepair

163 CC : Closeness centrality

164 Chr: Chromosome

165 CI: 95 % confidence interval

166 CIC : Clustering coefficient

167 D : Node degree

168 E.S.S: Essential splice site

169 EAGLE : Early Genetics and Lifecourse Epidemiology
170 EDTA : Ethylenediaminetetraacetic acid

171 eQTL : Expression quantitative trait loci

172 GANI_MED : Greifswald Approach to Individualized Mine

173 GCTA : Genome-wide complex trait analysis
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174 GENUFAD : Genetic Studies in Nuclear Families wAiD
175 GEO : Gene Expression Omnibus

176 GTEX : Genotype-Tissue Expression

177 GWAS : Genome-wide association study

178 HNR : Heinz-Nixdorf Recall

179 HPRD : Human Protein Reference Database

180 HRC : Haplotype Reference Consortium

181 KORA : Kooperative Gesundheitsforschung in der Redgiugsburg”
182 LD : Linkage disequilibrium

183 MAF : Minor allele frequency

184 MAGMA : Tool for gene analysis and generalizedeset analysis of GWAS data
185 MS : Multiple sclerosis

186 OR : Odds ratio

187 PBWT : Positional Burrows-Wheeler Transform

188 PCA : Principal component analysis

189 Pfam : Protein Families database

190 PH : Pleckstrin homology domain

191 PIP : Posterior inclusion probability

192 pos : Amino acid position

193 PP : PolyPhen

194 PRRL1: Prolin-rich region 1

195 PRR2: Prolin-rich region 2

196 PTB : Phosphotyrosine-binding domain

197 PWNMs : Position weight matrices

198 QC : Quality control

199 REML : Restricted maximum-likelihood



200

201

202

203

204

205

206

207

SHIP : Study of Health in Pomerania
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Introduction

Atopic dermatitis (AD; MIM: 603165) is the mostrammon chronic inflammatory skin
disorder affecting 15-20 % of children and 5-10 % amlults (~280 million people
worldwide), and the leading cause of the non-fatmlease burden conferred by skin
conditions(1). Given its high genetic heritabilifyl-84 % in Europeans)(2), finding causal
genes is a crucial step for developing effectivevpntive and therapeutic approaches for AD.
GWAS so far have identified 31 specific genomic ioeg associated with AD
susceptibility(3-9). The reported susceptibilityiaats are common (n = 31 with MAF5 %)
and mostly located in non-coding DNA regions of gamome, have rather small effect sizes
(odds ratio (OR) < 1.15) and a largely unclear fiomal significance(9). Notable exceptions
are low-frequency null mutations in the gene enegdihe epidermal structural protein
filaggrin (FLG), which lead to a reduction in biologically actifitaggrin peptides, and a
complex perturbation of skin barrier function(183, well as common missense variants in the
genes encoding the T helper 2.2Y signature cytokine IL13I(13; rs20541)(11) as well as
the IL6 receptorl[6R; rs2228145)(12). Recently, an exome chip based ad®ocstudy of
low-frequency variation across all autosomal exonsnultiple sclerosis (MS) cohorts of
European ancestry led to the detection of low-feeqy MS-associated coding variants for
four genes that were missed by previous large-sgEeconsortium GWAS(13) and that
explain another 5% of MS heritability, thus reopenthe debate on the contribution of low-
frequency and rare variants to disease risk in ¢exgiseases.

To systematically evaluate the contribution of een variation to the genetic
architecture of AD on the exome-wide scale, paldidy protein-altering variants of low or
rare-frequency, we profiled 1,913 AD patients adg295 controls in two German cohorts
using the Illumina HumanExomeBeadchip (exome clgee Supplementary Table E1 in
Online Repository). The exome chip captures approximately 88 % offi@guency and rare-

coding variants (non-synonymous, splice-site aig stitering, MAFs between 0.01 % and
10
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247

5 %) present in Europeans(14). Suggestive sigmfioavel associations dRmechip< 1x10°)
were taken forward to replication genotyping irhied German cohort of 1,789 AD cases and
3,272 controls, a Danish exome chip case-contualysbf 292 severe AD cases and 650
controls, GWAS association statistics of the EAGIlgEzema consortium of 2,298
independent AD cases and 7,802 contradee(Supplementary Table E1 in Online
Repository) as well as association summary statistics of 321,ihdividuals from UK
Biobank with self-reported informatiosdeSupplementary Table E1 in Online Repository).
Gene-based tests and Bayesian fine-mapping anagsigell as whole transcriptome RNA-
seq, immunohistochemistry and variant protein asesdywere conducted to elucidate potential
functional consequences of coding variation assediavith AD. Finally, we performed
multiomics-based network, pathway gene set and gepeession tissue profile analyses, and

we quantified the overall contribution of exomepchariation to AD risk.

11



248 Methods

249 The Methods section in this article’s Online Repmgi provides details on the methods used
250 in this study.

251

252  Study samples and genotyping

253 All cases had been diagnosed with AD by a dermgisicexcept for UK Biobank
254 cases. All participants provided written informezhsent and the study was approved by the
255 ethics boards of the participating institutions agreement with the Declaration of Helsinki
256 principles.

257 German discovery cohort. Xerman AD patientsn(= 1,056) were recruited at the
258 Department of Dermatology at Christian-Albrechtsidnsity Kiel, Department of
259 Dermatology and Allergy at the Technical Universidly Munich, and the Department of
260 Dermatology and Allergy at the University of Boribata from healthy control individuals
261 (n=7,026) were obtained from the PopGen biobank(1b® KORA S4 survey (an
262 independent population-based sample from the geperaulation living in the region of
263 Augsburg, southern Germany)(16) and the Heinz-Nik&ecall (HNR) cohort(17), Bonn.
264 AD cases as well as controls were genotyped usllgmiha HumanExome-12 v1.0
265 BeadChipsgeeSupplementary Table E1 in Online Repository).

266 German discovery cohort. Zserman AD patientsn(= 1,051) were recruited from
267 dermatology clinics in Kiel or Hannover (the Unisgy of Kiel and Medizinische
268 Hochschule of Hannover). The AD cases were gendtyseng lllumina HumanCoreExome-
269 24 v1.0 A or HumanCoreExome-24 v1.1 A BeadChipdaDa@m healthy control individuals
270 (n=28,135) were obtained from the SHIP and SHIP-TRE®bhorts (from the Study of
271 Health in Pomerania, a prospective longitudinal ysaton-based cohort study in West
272 Pomerania)(18). All German controls were genotypsitig lllumina HumanExome-12 v1.0

273 BeadChipsgeeSupplementary TableElin Cirzlline Repository).
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299

German replication cohortGerman AD patients (n =1,789) were recruitednfro
dermatology clinics in Kiel or Berlin (University Hildren’s Hospital, Charité
Universitatsmedizin Berlin, as part of the Genediudies in Nuclear Families with AD
(GENUFAD) study). Data from healthy control indivials (n = 3,272) were obtained from
University Hospital in Kiel and Libeck at the Itste of Transfusional Medicine (see
Supplementary Table E1 in Online Repository).

Danish replication cohortAll Danish AD cases (n = 292) are hospitalizedese
cases from the COPSAC eczema REGISTRY. Healthyraomtdividuals (n = 650) were
obtained from the COPSAC2000 and COPSAC2010 bighorts(19) in Copenhagen,
Denmark. Both, cases and controls were genotyped tlom Illlumina Infinium
OmniExpressExome-8 v1.4 BeadChip (Seeplementary Table E1 in Online Repository).

EAGLE GWAS replication cohortdVe used imputed summary statistics of the
EAGLE Eczema Consortium for the discovery cohortexcluding 23andMe).
(https://data.bris.ac.uk/data/dataset/28uchsdpniExP6ylacqm) comprising 11,294,660
SNP markers with MAE 1 % and 10,788 AD cases and 30,047 controlsSspglementary
Table E1 in Online Repository).(9) For replication analysis, we used only Euapstudies
independent from our German discovery cohorts amer&AD diagnosis was ascertained by
a dermatologist.

UK Biobank Since only 33 (primary diagnosis; field 41203)daB0 patients
(secondary diagnosis; field 41204) have been disgphavith “atopic dermatitis” (ICD10 code
L30) in UK Biobank, we used questionnaire inforraatfrom UK Biobank (release of March
2018). Key words “atopic dermatitis” and/or “eczénaae contained in self-reported data-
fields“ Non-cancer illness code; self-reported: esna/dermatitis” (data-field 20002) and
“Age hay fever, rhinitis or eczema diagnosed” (efegll 3761) and three others (data-fields
6152, 41202, 41203). For the three lead varidd@K2: rs34215892; rs56094006D200R1

rs9865242), we downloaded imputed summary assopiati statistics
13
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325

(http://www.nealelab.is/uk-biobank/; http://www.helab.is/uk-biobank/faq; release March
2018; seesupplementary Table E1 in Online Repository) for (a) 83,407 cases with eczema,
allergic rhinitis or/and hayfever (data-field 2000&rsus 277,120 controls and (b) 9,312
cases with eczema or dermatitis (data-field 37@t3ws 351,820 controls.

An overview of the study design is shownSapplementary Figure E1 in Online
Repository, and detailed characteristics of the discovery r@piication case-control cohorts

are provided irBupplementary Tables E1 in Online Repository.

Results
[Exome chip single-variant association analysis]

In our exome chip discovery search for common,-fl@guency and rare variant
associations, two German AD discovery cohorts werabined via a meta-analysis resulting
in single variant association analysis score stegisof 143,884 genotyped and 1,357,289
single nucleotide variants after imputation witloirscore> 0.5 ceeSupplementary Figure
E1-2, Supplementary Table E2 in Online Repository, seeMethods in Online Repository).
438 and 1,331 SNPs within 7 and 25 loci were idiestiwith genome-wide significance
(Pexomechip< 5x10°% and suggestive associatioNexghechip< 1x10°), respectively (see also
Supplementary Figure E3, Supplementary Table E3 in Online Repository). To identify
novel susceptibility variants outside of establsi#d GWAS loci (se€supplementary Table
E4 in Online Repository) eleven suggestively associated SNPg,ofRchip< 10° with
MAF > 1 %) were selected based on LD clumping methsee Methods in Online
Repository) and carried forward for replicationSpplementary Table E5 in Online
Repository). Using the genome-wide threshold ok 1?® for the combined analysis of
discovery and replicationsée Methods in Online Repository), we identified a novel low
frequency missense variant in exon 3 of the gBoeking protein 2(DOK2 at 8p21.3;

rs34215892 (p.P274L); emechip= 9.83«10"; genotyped variant) which consistently and
14
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343

344

345

346

347

348

349

350

351

robustly replicated in three independent cohortsefn= 3.7510% poenmak= 7.60x10°%;
PeacLe = 4.35¢10% Peombined= 2.15¢10™% ORcombinea= 0.64; Table 1; see Supplementary
Table E5 in Online Repository). Further, we detected a novel association betwd2m@and a
common missense variant at 3ql3.2 (rs9865242; R®31 pombined= 1.17x10';
ORcombined= 1.16; genotyped variangsee Supplementary Table E5 in Online Repository)
located in exon 7 o£D200 Receptor {ICD200R) and 266.51 kb upstream of the previously
reported intergenic locus 3913.2QGDC8Q rs12634229) described only in a Japanese AD
cohort(6) so far (f2ogesz42-rs12634228 0.005). A look-up of association results from UK
Biobank for the self-reported broad allergic digepsenotype “AD (eczema), allergic rhinitis
and/or hayfever’(20) see Methods in Online Repository) further confirmed association
signals for DOK2 (rs34215892; k-giobank = 3.35%1(F) and CD200R1 (rs9865242; p«.

Biobank = 1.35x1C) (Table 1).

[Exome chip gene-based association analysis]

Due to insufficient statistical power to perforrmgle marker tests for rare variants, we
performed gene-based association analysis, in whilevaluated the cumulative effects of
low-frequency and rare variants (non-synonymousp-gain and essential splice site;
n=118,816 exome chip variants excluding imputadants) for each gene from autosomes
(seeMethods in Online Repository). Only DOK2 met the exome-wide significance threshold
(see Methods in Online Repository) and exhibited a stronger association signal than
compared to single variant analysisofined-noko= 4.23x10"; Table 2; seeSupplementary
Table E6 in Online Repository) comprising twelve protein-altering variants of iahn two
were of low-frequency and LD-independent (rs3422589and rs56094005;

1 %< MAF <5 %) and ten were rare (MAF <1 %jigure 1). We genotyped the second
low-frequency variant rs56094005 (p.L138S;s5dd94005-exomechip 4.31x10% genotyped

variant) in our replication set, in addition to 4235892, and successfully confirmed the
15
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single SNP  (Rs6094005-replicatior 5.96x10% see Supplementary Table E5 in Online
Repository) and the aggregate®OK2 association signal (@ko-repiication= 1.54x1C; see

Supplementary Table E6 in Online Repository).

[Bayesian fine-mapping and functional annotation]

As a next step towards understanding the fundtioaasality of the identified AD-
associated variants, we carried out Bayesian fiappimg and functional annotation analysis
for loci CD200R1and DOK2 using imputed exome chip data of our discovery dsh@ee
Methods in Online Repository). Fine-mapping strengthened our hypothesis tlzat l@riants
rs9865242 CD200R) and rs34215892D00K?2) as being most likely causal (in the context of
fine-mapping), with posterior probabilities of 922 and 44.3 %, respectivelysge
Supplementary FigureE4 in Online Repository). rs34215892 overlaps enhancer histone
marks and DNase peaks in 15 and 12 different tsseegpectively, in each case including the
skin, and is predicted to affect protein bindingl aegulatory motifs gee Supplementary
Table E7 in Online Repository). The secondDOK?2 lead variant rs56094009-igure 1)
overlaps promoter histone marks and DNase pealenitissues, in each case including T and
B cells, and is in perfect LD (r2=1) with an ioiic variant rs118162691 ({psi62691-
exomechip= 4.17x10%; MAF = 3.9 %) which overlaps enhancer histone mmarknine different
tissues including the skinsd€e Supplementary Table E7 in Online Repository). The
CD200R1missense variant rs9865242 has been suggestedciase®TL for GTPBP8in
whole blood(21). Ten variants in perfect LD witl9865242, further overlapping enhancer
histone marks in blood predicted to alter regulataotifs, are located in a conserved region
or are found as eQTLs fo€D200R122) (see Supplementary Table E7 in Online

Repository).

[Immunohistochemistry and whole transcriptome mR&&& data analysis]
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Immunohistochemistry was used to determine thatioc of DOK2 in skin tissuesée
Methods in Online Repository). It showed strong epidermal staining with cledfedences
among AD lesional, AD non-lesional and healthy s{see Supplementary Figure E5 in
Online Repository). DOK2 is predominantly expressed in lymphocytesl ¢he increased
abundance of DOK2 in lesional AD skin correlatethvihe degree of lymphocyte infiltration
(seeSupplementary Figure E5 in Online Repository). Moreover, we observed a significantly
increasedOK2 and CD200R1ImRNA expression in whole transcriptome mRNA-setpda
(seeMethods in Online Repository) on lesional as compared to non-lesional skin $asngf
27 AD patients (pokz = 4.2x10°, Pepzoori= 2.2x10°) and as compared to skin from 38
healthy individuals (goxz = 8.8%10™, pepzoori= 2.2%10°), as well as in AD non-lesional
skin compared to healthy skinpgx. = 4.5%10°, pepaoori= 2.0x10°) (see Supplementary
Figure E6a-b in Online Repository). We also observed a trend of increased expression
DOK1, whose protein is a heterodimeric partner for DOIKZesional skin compared to non-
lesional (poxi = 1.1x10% or healthy skin (gox: = 3.1x10%, as well as non-lesional skin
compared to healthy skin g« = 4.0x10%) (see Supplementary Figure E6¢c-d in Online

Repository).

[In silico variant protein analysis]

To construct a first hypothetical model of whetB&®200R1andDOK2 missense lead
variants are likely to interfere with functionalpctive domains on the protein level, we
performed extensive literature search and furtherdacted protein domain analyses of
DOK2 and the CD200/CD200R1 receptor complere(Methods in Online Repository)
(Figure 2). Members of the DOK adapter protein family actegulators of cell stimulatory
signals by serving as substrates for diverse recetd cytoplasmic kinases, and the highly
similar and interacting members DOK1 and DOK2 aelved in the down-regulation of

immune receptor signalling in CDZ cells as well as myeloid cells such as macrogsamd
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neutrophils(23). It is assumed that the inhibitoole of DOK2 is accomplished by recruiting
and activating RasGAP to inhibit Ras and thus fapsess pro-inflammatory ERK, JNK and
MAPK pathways for the DOK2 response to CD200R1umbn myeloid cells(24). Activated
RasGAP inhibits mitogen-activated kinase (MAPK)nsilljng and subsequently reduces
production of pro-inflammatory cytokines such asFaNINFy, IL1, IL17, IL6, IL8(25, 26).
By means of our protein sequence and structurgsemive observed that variant rs56094005
(p.L138S) locates within a linker sequence betwkenPH and the PTB domain adjacent the
Y139 phosphorylation-dependent DOK1 interactione siand may interfere with
heterodimerization of DOK1 and DOK2 required foll ffhosphorylation of the two proteins
and signalling(27). Variant rs34215892 (p.P274logaked in the invariant RasGAP-SH2
binding consensus motif YxxPxD(27), is likely affieg local protein structure conformation
due to the unique structural rigidity of the preliside chain and therefore predicted to
interfere with RasGAP signalling. Assuming an intpat stabilizing structural role of the
proline within the binding motif, the variant p.RR7 is likely to disturb the RasGAP
activation by DOK2. The amino acid substitutiontofo Q of variant rs9865242 (p.E312Q)
causes a loss of negative charge in proximity efNiPLY motif and protein interaction site

and may therefore modify protein-protein contacis signalling(28).

[AD core network construction and differential gengression analysis of core genes]

In order to assess possible interactions of g&@i@200R1andDOK?2 with candidate
genes from AD GWAS loci(3-9), we generated an ABedateraction network using network
prioritization algorithms which make use of protgimtein, protein-gene, co-expression, and
shared protein domains data from public repossor@ee Supplementary Figure E7;
Supplementary Table E8 in Online Repository;, see Methods in Online Repository). We
identified DOK2 as a central hub node interacting witB200R1and functionally established

AD susceptibility geneSTAT39), MICB(29), CLEC16A8) andIL6R(12) (Figure 3a). We
18
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used our aforementioned whole transcriptome mRNf-Gata $ee Methods in Online
Repository) to assess whether expression levels from genesuiofAD core network are
differentially expressed in lesional, non-lesiomald healthy skin from AD patients and
healthy individuals. 22 out of the 30 AD core gerfEggure 3a) are significantly up or
downregulated dee Supplementary Table E9; Supplementary Figure E8 in Online
Repository), with 17 out of 22 directly interacting witbhOK2 (Figure 3b), thus indicating the

biological importance odDOK2 in AD pathogenesis.

[Pathway and gene expression tissue specificitlyaisefor exome chip variants]

To reveal potential differences in terms of biotad) pathways and involved tissues
for exome chip variant (exome chip) and commonards investigated in AD GWAS meta-
analysis studies (GWAS) from the EAGLE consortiune performed gene-set pathway
enrichment analysis for curated gene sets and getwogy (GO) terms as well as tissue-
specific gene expression profile analysis(30) f8rtissue types and 11,688 samples from
GTEXx release 7sge Methods in Online Repository). The pathway enrichment analysis
identified one significant gene set including figenes (Bonferroni< 0.05;IL4R, IL13, JAK],
JAK2 TYK2 of the IL13 pathway for the exome chip in comparison to eigloiod-cell
related gene sets (including regulation of immuabglin production, B cell activation and B
cell mediated immunity) for the EAGLE GWAS data.ceetly, AD was characterized as an
IL13-dominant disease based on high-depth RNA+satstriptome data of 147 samples from
cohorts of AD patients, psoriasis patients, andthgaontrols, with IL13 being the most
distinctive marker for AD(31). We hypothesize tlat-frequency and rare coding variants in
genes of thél.13 pathway are further likely to be associated wii. An the tissue specificity
analysis, we tested for relationships between dispecific gene expression profiles and
variant association statistics from exome chip &WAS, respectively. For the exome-chip

data, we observed a Bonferroni-corrected signifiassociation (P < 9.430%) with two
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skin tissue types (sun exposed and non-sun expsldadFigure 4a). In comparison the
EAGLE GWAS data revealed a significant associatioth tissues whole blood and spleen
(Figure 4b). Thus, exome chips variants cumulatively may havstronger effect on skin

tissue gene expression than common variants igf@ted in AD consortium GWAS analyses.

[Estimation of liability-heritability from exome gh variants]

To quantify the overall contribution of exome cligriation to AD risk, i.e. estimating
the exome-wide contribution of (mainly rare) prateoding variants to the liability-scale
heritability for AD, we used a restricted maximuikelihood approach to model heritability
attributable to genotypic variation across genatypely exome chip variants¢eMethods
in Online Repository). We found that common variants from exome chif® (hruned,
MAF > 5 %; see Methods in Online Repository) explain 1.04 % of heritability on the
observed scale (corresponding to 2.93 % on thditiabcale assuming a prevalence of 0.14).
By lowering the MAF threshold to 1%, exome chipitaility increased to 1.27 % (3.60 %).
Dividing variants into low-frequency (1 %¥MAF<5%) and rare (MAF <1 %),
heritability was found to be 0.37 % for low-freqegrvariants (0.94 %) and 4.47 % for rare
variants (12.56 %). Furthermore, we estimated tkeatdbility explained by the newly
identified lead variants oDOK2 (rs3215892, rs56094005) ar@D200R1 (rs9865242).
Variants rs3215892, rs56094005 and rs9865242 exjalpproximately 0.015 % (0.041 %),
0.004 % (0.012%) and 0.013% (0.035%) on the rokse scale (liability scale),

respectively.

Discussion
In conclusion, we analysed the association of ABhwommon, low-frequency and
rare protein-coding variants and implicate two nogenes DPOK2 and CD200R)

contributing to AD risk. So far, 14.91 % (6.95 %ckiding FLG mutations) of AD liability-
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scale heritability could be attributed to commoadevariants of 31 GWAS loci, estimated
from a set of 5,775 clinically diagnosed AD patgeahd assuming a population prevalence of
0.15(3-9). Recently, Ferreir@t al(20) further reported a genome-wide liability-gcal
heritability estimate of 9.04 % from 1.2 million pldap SNPs (assuming a population
prevalence of 0.14) and on the basis of self-re@omformation from questionnaires. Our
newly identified variants (rs3215892, rs56094089865242) explain another 0.088 % of the
variance in liability. Interestingly, approximate2.56 % (s.e. 0.74 %) of liability-scale
heritability is estimated to be explained by raret@n-coding variants (MAF < 1 %), thus
highlighting the importance to study rare codingiaton in AD. Since these heritability
estimates originate from predominantly Europeadsfaopulations, performing GWAS and
exome chip studies in more diverse populationgusial to optimize heritability estimation
for AD in the future. Our results encourage futatedies along the same path and highlight
the importance to study the impact of protein-cgdrmariants for phenotypically well-defined
clinically diagnosed cohorts.

Pathway enrichment analysis of exome chip dataatedethat association signals of
low-frequency and rare coding variants are enridhdd/e genes of thé_13 pathway, all of
which are targets for novel systemic AD therapeutin advanced stages of clinical
investigations(32), supporting the pivotal roletyge 2 inflammation in AD pathogenesis(1).
Gene expression tissue profile analysis showedekaine chip variants associated with AD
cumulatively have a stronger effect on skin tisge@e expression than common GWAS
variants associated with AD, as identified in comation with whole transcriptome RNA-
sequencing data on lesional, non-lesional and eakin tissue as well as tissue samples
from GTEX. In accordance with results from the erorhip study for multiple sclerosis(13),
we observed that the minor allele of low-frequelead missense variants DHOK2 is mostly

protective (in context of the odds ratitable 2).
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The newly discovered geneBOK2 and CD200R1 have clear immunological
functions, confirming that AD pathogenesis is ptityadriven by immune dysregulation.
Structural protein domain analysis, topologicalwwk and differential gene expression
analyses suggest that missense varianBB0K2 (rs34215892; rs56094005) in combination
with the missense AD risk variant @D200R1(rs9865242) together may affect tyrosine
phosphorylation sites in DOK2 and CD200REidure 2). DOK2 belongs to the DOK gene
family encoding for seven different DOK proteins R1-7) being involved in signal
transduction(27, 33-35). DOK1-2 are adaptor preteiand mainly expressed in
hematopoietic/immune cells(36) and have been irafdat to negatively regulate proliferation
and constitutive expression of DOK2(37). Furthardstds showed that both DOK1-2 are
essential negative regulators of ERK signalling dstream of Toll-like receptor 4(38). Mice
lacking DOK1-3 showed significant defects in immuwed development and in immune
responses(39). Furthermore, DOK1-2 play a rolehenrhaturation of NK cells(40), which
have been shown to be reduced in AD. In line witesé observations, we observed a
significantly increasedOK2 and CD200R1mRNA expression in lesional as compared to
non-lesional skin samples of AD patients, and aspared to skin from healthy individuals.
Our AD core network Kigure 3) further showed thaDOK2 acts as a central hub gene
interacting withCD200R1as well as several candidate AD GWAS susceptilijgges on the
cellular level. Our AD core network revealed 21 gethat are directly functionally related to
DOK2 of which 16 are significantly upregulated (inclngiDOK1) and one RASGAP is
significantly downregulated in lesional skin sangptd AD patients. Taking into account the
reported inflammatory role of both DOK2 and CD200R& conclude that signalling through
CD200/CD200R1/DOK2 could be an important new retguiasignalling pathway in AD.
Extensive functional studies are required to detdicpotential causal variants and thus to

specify the contribution of theOK2 andCD200R1to overall disease susceptibility.
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666 Table 1 — Exome chip discovery and replication gemyping as well as UK Biobank replication (self-repated AD) single-marker association
667 analysis revealedDOK2 and CD200R1 as genome-wide significant AD susceptibility genesince exome chip discovery and replication
668 genotyping studies comprised only AD patients dacexd by a dermatologist in comparison to the UbBnk replication study with only self-
669 reported AD, association results were listed sepra
dbSNP ID Position Variant | Al/ Discovery pigsarery Replication Replication Combined
AA (chr:bp) Gene tvpe A2 AF cases | AF controls Nenead p-value/OR Nesend p-value/OR p-value/OR
substitution RYY yp cases! lcontrols (95 % C|) cases! lcontrols (95 % C|) (95 % C|)
9.83x10"; 1.35%x10", N
$34215892) ¢ 51767240| DOK2 | missensd A/G  0.025 0.039 1,913/14,2950.61 (0.34— | 3,962/10,076 0.68 (0.56— 2.15x10%
P274L 0.64 (0.53-0.76)
0.86) 0.79)
159865242 _ 5.80x10" 3.38x107 1.17x10";
3:112642568 CD200R1| missensg C/G  0.457 0.435 1,913/14,2951.18 (1.15— | 4,349/11,724  1.14 (1.09-
E312Q 1.16 (1.13-1.19)
1.22) 1.19)
UK Blo_banl_< ;gmmary statistics for UK Biobank summary statistics for
AD, allergic rhinitis and/or hayfever (self- .
AD or dermatitis (self-reported)
reported)
dbSNP ID
Position Variant | Al/ Phenotype 1 Phenotype 2
AA (Chl"b ) Gene tvpe A2 AFcases | AFcontrols Neaced yp p—value AFcases AF controls Neaced yp p-Va|ue
substitution -bp yp cases! Icontrols case$! Icontrols
rs34215892 . .
7L 8:21767240| DOK2 | missense A/G  0.027 0.029  83,407/277,120  3.38x10  0.025 0.029 | 9,312/351,820 2.50%1Q
rs9865242 . i ]
E3120 3:112642568 CD200R1| missensg C/G  0.474 0.46 83,407/277,120.35x10° 0.487 0.468 | 9,312/351,820 8.33%1(0
670
671 AA, amino acid; chr, chromosome of the marker; dgmnomic position from NCBI dbSNP build v150 (gendoudd hgl19); Gene, candidate gene;

672 Al, minor allele; A2, major allele; AF, allele fregncy of Al; OR, estimated odds ratio; P-values @R$ were calculated with respect to the
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673

674

675

676

677

678

679

minor allele; genome-wide significant p-values (p*10°) are indicated in bold. All AD cases from discovend replication panels had been
diagnosed with AD (eczema) by a dermatologist. 285892 and rs9865242 were genotyped (non-imputed)sicovery and replication panels

(except for the EAGLE GWAS replication data). Asation results of UK Biobank (self-reported pherpey;seeSupplementary Table E1 in

Online Repository) are listed separately.

Table 2 — Meta-analysis of gene-based aggregatiossts for DOK2 increased the genome-wide significant associati@gnal by more than

two orders of magnitude in comparison to single-mdeer analysis (Table 1), indicating that multiple rare variants (with 10 out of 12

variants predicted to be pathogenicfigure 1) contribute to the association signal.

Position Discovery Replication Combined
Gene dbSNP ID (Ch " bp) AF mean AA Prediction NeasetNcontrols NcaselNcontrols NeaselNcontrols
. pSKATdiscovery pSKATreplication pSKATcombined
rs2242241 | 8:21766881] 0.00028 S394A Tolerated, possibly dangagi
rs145725971| 8:21767033  0.00065 H343R Tolerated, possibly damgag
rs145405180| 8:21767148  0.00139 A305T| Tolerated, benign
(s3421589% | 8:21767240| 003708| p27a]  D2maging, probably
damaging
rs74909419 | 8:21767265 0.00019|  R266W Dangxgéf’r:gbab'y 1,013/14,295 | 3,932/10,076 | 5,845/24,371
DOK2 | rs141482665| 8:21767322]  0.00012 N2470  Tolerated, probably dantagi
rs200168233| 8:21767414 0.00015| R216H Damaging, probably 2.61x10’ 1.54x10° 4.23x10%
damaging
(s200503116| 8:21767417  0.00019| R215H  D2magding, probably
damaging
rs149080191| 8:21768370 0.00009 E.S.S
rs56094005 | 8:21769432]  0.04026 L138S Damaging, probably
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680
681

682

683

684

685

686

damaging
Damaging, probably

damaging
Damaging, probably

damaging

rs201025320| 8:21770011  0.00003 R25H

rs142660088| 8:21771080  0.00043 L11F

AA, amino acid substitution; E.S.S., essentialcgphite; Gene, candidate gene; Chr, chromosonteeahtrker; Bp, genomic position from NCBI
dbSNP build v150 (genome build hgl19); Ak mean allele frequency of minor allele from disexyvpanels feeSupplementary Table E5 in
Online Repository); Prediction, SIFT prediction, PolyPhen-2 predinti pSKAT, p of Sequence Kernel Association Tesinf@rroni-corrected
exome chip significant gene-based p-valugsng 0.05/15,998=3x1f) 15,998 genes) are indicated in bold. Cohort $jeem$sociation details are
given in Supplementary Table E6 in Online Repository. *, risk variant (in context of the odds ratio); ptotective variant. All 12 variants were

genotyped (non-imputed) in the discovery and reglbm panels (except for the EAGLE GWAS replicatiodata).
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Figure 1 — Exome chip association analysis ident#fd two low-frequency (rs34215892
and rs56094005; 1% MAF<5%) and ten rare (MAF <1 %) coding variants
contributing to the genome-wide significant assoctan signal at DOK2 (ppokz = 4.23%10

13. Table 2). Minor allele frequency in AD cases (dark blue) amhtrols (light blue) are
shown from discovery exome chip meta-analysmseGupplementary Table E1 in Online
Repository). 10 out of 12 variants were predicted to be pgéinic 6eeMethods in Online
Repository), suggesting that multiple missense variants dmwute to the gene-based
association signal. Both low-frequency lead vasdamre LD-independent *sso94005-
rsaa215892= 0.0015). Variant effect predictions (by SIFT aRdlyPhen-2) depicted in red
(white or grey) represent amino acid substitutigmedicted to be potentially damaging
(probably not damaging or prediction not possib&)V — single nucleotide variant; ESS —
essential splice site; pos — amino acid positidh—PolyPhen-2. PH — Pleckstrin-homology
domain; PTB — Phosphotyrosine-binding domain; PRRProlin-rich region 1; PRR2 —
Prolin-rich region 2. A — Alanine; D — Aspatic aci@d — Phenylalanine; H — Histidine; L —
Leucin; N — Asparagine; P — Proline; R — Arginirte;— Serine; T — Threonine; W —

Tryptophan.

Figure 2 — Hypothetical model constructed from progin sequence and structural
domain analysis suggesting that missense lead vamta rs56094005, rs34215892
(p.L138S and p.P274L;DOK2) and rs9865242 (p.E312QCD200R1) are located near
functionally important tyrosine phosphorylation sites and may interfere with
CD200/CD200R1 receptor complex and DOK2 function.

We assume a simplified illustration of DOK2 functicn response to CD200R1 in human
myeloid cells(41) in which CD200/CD200R1 bindingdis to tyrosine phosphorylation of the
NPLY motif in the cytoplasmic tail of CD200R1 anldetrecruitment of the DOK2 adapter

protein(24). DOK2 interaction with CD200R1 leadsDOK2 tyrosine phosphorylation at
30
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719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

positions Y271/Y299 (activating RasGAP) and Y 13&titeating DOK1), which leads to the

recruitment of RasGAP and its subsequent activézi®)n

Interacting CD200 and CD200R1 extracellular domaires visualized as structural models
received from the Protein Databank (PDB ID 4bfihilw CD200R1 transmembrane and
cytoplasmic tail is shown as blue lines. Variants highlighted in red to indicate their

relative positions within protein domains. The stunal effect of protein variants cannot be
modelled in 3D due to the lack of structural tengsan the PDB for the concerned regions.
Interactions between proteins are visualized aisl $iokes, following events as dashed lines.
Cell membranes anchoring the receptors are illiestran orange-grey. DOK2 domains were
abbreviated as PH: Pleckstrin-homology domain, PPBosphotyrosine-binding domain,

PRR: Proline-rich region.

Figure 3 — Multiomics-based network interaction andysis unveiled topologically and
functionally important AD susceptibility genes anddetermined DOK2 as a central hub
node interacting with CD200R1 and candidate susceptibility genes (marked with wke
asterisk) identified by previous large AD consortitm GWAS. (A) The majority of core
genes (n = 22 out of 30; includiPK?2) shows significantly upregulated and downregulated
gene expression levels (depicted by black upwami$ @ownwards arrows) in whole
transcriptome mRNA-seq data (“AD-L”; “AD-NL” and #althy”; see als®upplementary
Table E9 in Online Repository). Grey-striped nodes (n = 10, includiB®K?2) represent the
most relevant genes from topological network anglywith two light grey-striped nodes
representing genes not interacting Wit®K?2 and seven dark grey-striped nodes representing
genes directly interacting withDOK2 Non-striped nodes (n=20) represent genes
additionally added by a functional similarity sdarwith six light grey non-striped nodes not

directly interacting withDOK2 and 14 dark grey non-striped nodes directly int@mgowith
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DOK2. (B) 17 out of the significantly up- or downregulatednge, depicted with log2-

transformed gene expression counts, are interaaiithgDOK?2.

Figure 4 — Tissue specificity analysis using 53 sge types from GTEXx identifies a
significant positive relationship between skin tisse gene expression profiles and exome
chip association statisticsExome chip single variant association score skegigexome chip
data set) and GWAS SNP association summary statisiom the EAGLE Eczema
Consortium (GWAS data set), respectively, were eo@d to AD-gene association Z scores
using a multiple linear principal components reg@s model as implemented in
MAGMA(30) thereby ensuring that LD between SNPsatxounted for geein Online
Repository Methods). We conducted tissue specificity analysis withMA[42) to test for a
positive relationship between tissue-specific gerpression profiles constructed from 53
tissue types and 11,688 samples from GTEXx v7 andy@&ie associations (either from exome
chip or GWAS data set) represented by gene-basesdores g¢eein Online Repository
Methods). We used Bonferroni correction p < 0.05/53 = 843" as significance cut-offal
The exome chip data set revealed a positive relatipnbkiween gene expression profiles
from skin tissues "sun exposed” and “non-sun exgiosed AD-gene associationf) In
comparison, the GWAS data set showed an associatitin tissues “whole blood” and

“spleen”.
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