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Abstract:

This review focuses on genome-wide associationestuGWASSs) of asthma and allergic
diseases published between January 1, 2018 and80u@819. During this time period there
were 38 GWASSs reported in 19 papers, includingdhgest performed to date for many of these
conditions. Overall, we learned that childhood éor@sthma is associated with the most
independent loci compared to other defined grodipsihma and allergic disease cases; adult
onset asthma and moderate-to-severe asthma amatsdavith fewer genes, which are largely a
subset of those associated with childhood onskiestThere is significant genetic overlap
between asthma and allergic diseases, particuattyrespect to childhood onset asthma, which
harbors genes that reflect the importance of bafiuigction biology, and to HLA region genes,
which are the most frequently associated genesbwerboth groups of diseases. Although the
largest GWASSs in African American and Latino/Hisfgapopulations were reported during this
period, they are still significantly underpowerexpared to studies reported in European
ancestry populations, highlighting the need fogéarstudies, particularly in childhood onset
asthma and allergic diseases, in these importgnilations that carry the greatest burden of

disease.
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The past 18 months have witnessed tremendoussstndrir understanding of the genetic
architecture of asthma and allergic diseases. Téehgances are primarily the result of
increasingly larger GWASSs that have facilitated discovery of more risk loci overall and, for
the first time, the ability to perform large GWAStwn both ethnically diverse populations and
phenotypic subgroups of these conditions. The abditly of publicly available sources of large
data sets, such as the UK Biobjrdnd the many large-scale collaborations that coech
smaller data sets for meta-analyses have resultgidnificant gains of power to detect disease-
associated loci and allowed us to begin to digsecgenetics of clinical heterogeneity and of
racial disparities, two cardinal features of théseases. This review highlights the GWASs
published on asthma and allergic diseases —withsfoa atopic dermatitis, allergic rhinitis and
food allergy— between January 1, 2018 and Jun2@®, drawing from them the novel insights

and discoveries made during this time period.

Overview of Lessons Learned: Bigger is Not AlwaystBr

The common dogma about sample sizes for genetigestthat “bigger is better” is based on the
realization early on that genetic variants contifiyto risk for asthma and allergic diseases
have small effects and, therefore, will be detecialg in very large samples. Moreover, because
of the substantial multiple testing burden in geremide studies, large samples sizes are needed
to obtain p-values that meet criteria for genongmiicance (typically aP < 5x10%). While it is
generally true that bigger is better, the questdayer and larger samples is a double-edged
sword, with trade-offs between gain of power dutatger samples and loss of power due to

increased clinical, environmental, and genetic riogeneity among cases, an inherent feature of
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very large samples. These trade-offs are welltiusd by the GWASSs of asthma and allergic

diseases published over the period covered irreisw.

The relationship between sample size and numblecbdliscovered by GWAS or
genome-wide admixture mapping for asthma and adleligeases, or their sub-phenotypes,
performed over the last 18 months provide genesaghts that can inform the design of future
studies. First, GWASs in samples with fewer th&086,cases (indicated by a dashed horizontal
line in Figure 1) are unlikely to yield more than one or two genemide significant loci, at
best, indicating that sample sizes in this rangk ppower to detect most disease-associated
variants. Second, studies in admixed or multi-amgg®pulation$ 3 reveal fewer genome-wide
significant loci than those in similarly sized sdagpcomprised solely of European ancestry
populations, likely reflecting increased genetid anvironmental heterogeneity in these
samples. Third, studies in well-defined subgroupassthma, such as childhood oriseor
moderate-to-sevetasthma, yield more significant loci compared to &3\bf “asthma” with
similar numbers of cases, presumably due to desteasical heterogeneity in those subgroups.
Other considerations, such as the number of cantiied true contribution of genetics to
phenotypic variation (i.e., heritability), and theecision of phenotyping, also contribute to the
relative successes of GWASSs. Lastly, variants enHhA region are the most frequently
associated with both asthma and allergic phenotffigsre 2), In fact this was the very first
genetic locus linked to and associated with astanthallergic diseadé® These early studies
demonstrated the specificity of those associatatisindividual allergens and between asthma

and allergy, findings that are supported by theenirstudies discussed below.

In the following sections, we will overview the 8NVASs published in 19 papers over

the past 18 months, highlighting their unique cbutions to our understanding of the genetic
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basis for asthma and allergic disease. Summarigegedbci reported in these 38 GWAS are

shown as a word cloud Figure 2 and the genes at those loci listedable 1

GWAS:Ss of “Asthma” in Ethnically Diverse Populations

Four GWAS of asthma were published during the pecimvered by this review, and all included
ethnically diverse subject&igure 1). The definition of asthma in these studies waetan a

“doctor’s diagnosis”, either by physician or seport® 3 3

or by electronic medical record
searche¥. Three included children and adéifs'? but with predominantly childhood onset
asthma cases, and one included only adultsX&jeyears) with unspecified ages of asthma
onset®. Three performed meta-analyses both within andiden ethnic/racial groups' **and

one performed GWASs separately within each sathplevo included ethnically-matched

replication samplés*® and one performed genome-wide admixture magping

Demenaist al** published meta-analyses of GWASs in ethnically mwihlly diverse
populations included in the Trans-National Asthnen&ic Consortium (TAGC). This
represented the largest GWAS of asthma at thedints publication, including 23,948 subjects
with European, African, Japanese or Latino ance€toynbining individual GWASs within and
then across the four groups by meta-analysis eddbédiscovery of 18 genome-wide
significant loci in a multi-ethnic analysis, douidithe number of loci identified in previous
large meta-analys&s*and including nearly all previously reported asthioci. The five most
significant loci in both the multi-ancestry and Bpean ancestry meta-analyses were at well-
replicated asthma loci on chromosomes 17q12-21P@AP3 andERBB2, 6p21.32 nearLA-

DRB1/-DQAL, 5g22.1 neafSLP, 2q12 neaftL1RLY/IL18R, and 9p24.1 nedk 33. Sub-setting
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on subjects with reported onset of asthh8 years of age revealed the same five most
significant loci, although the most significant ieants at the 17g12-21 locus in the early onset
cases were nearest&DMB andORMDL3, consistent with earlier GWAES'. Thus, most of
the loci identified in this study were robust tbr@tity and age of asthma onset. Among the 18
loci, five had not been reported in previous GWASd were considered novel asthma-
susceptibility loci whereas two were new loci fethtana at regions that were previously
associated with asthma + hay fé\’el® The latter reflects potential shared genetic bistveen

asthma and hay fev@r which is discussed below in more détaf?

Several novel insights were made by the TAGC ingasirs. First, the majority of the
associated variants, which were in non-coding megaf the genome (as in all GWASSs of
asthma and other complex phenotypes), were enriahegjions of the genome that are
annotated as enhancers, particularly in lymphoamesmonocytes. This suggests that a
substantial portion of the genetic risk for asthsmediated by regulation of gene expression in
immune cells. Second, there was significant oveofdpe novel asthma loci with regions
identified in GWASSs of allergic, lung function, anther immune-related disease phenotypes,
suggesting a shared genetic architecture among tlweslitions. Third, the investigators tested
more broadly for evidence of pleiotropy betweemamst and all diseases in the GWAS
Catalogué®. After accounting for linkage disequilibrium (LDgtween variants, they showed
that asthma-associated variants overlapped witlde rnge of diseases beyond those typically
considered to be allergic or immune-mediated, idg conditions as disparate as
cardiovascular disease, neuropsychiatric disor@eid cancers, possibly reflecting the
omnigenic nature of most common dised5dsastly, although the TAGC investigators studied

diverse populations, there was not sufficient potwatetect ancestry-specific associations.
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Rather, all groups contributed to most of the GWsighals, although with varying effect sizes

between groups at some loci.

The Genetic Epidemiology Research in Adult Healttd Aging (GERA) investigators
conducted four separate GWAS in non-Hispanic wiitacan American, Hispanic, and Asian
adults. In this study, Dahlin, Sordil al** used medical records from Kaiser Permanente
Northern California health care system to classifiividuals as asthma cases or controls. The
only GWAS that included more than 5,000 cases Waisih the non-Hispanic white subjects
(n=16,275 cases), which nonetheless revealed aolygenome-wide significant loci, one at the
ILIRLY/IL18R locus on chromosome 2g12.1 and one atthA-DQAL/-DQBL1 locus on
chromosome 6p21.32, two well-known and highly egiked asthma loci. One other genome-
wide significant locus at chromosome 2g32.2 neaCBL3AL1 gene was reported in the African
American GWAS (n=1,320), but this finding was neplicated in independent samples from the
GABRIEL"" and EVE® consortia, both component studies of the TAGC raetlysis®
discussed above. The paucity of significant fingdingarticularly in the non-Hispanic white
GWAS, may be due to the clinical heterogeneityhis sample of adults, which used a broad
case definition to include physician-diagnosedmastiself-reported asthma, or report of an
asthma exacerbation. This sample likely includestsavith both childhood onset and adult
onset asthma, although the lack of associationeal 7q12-21 locus suggests that this sample
was comprised mostly of adult onset asthma, whashéhsmaller genetic component and more
shared genetic architecture with other co-morladithan childhood onset asthma, as discussed

below* >,

Two meta-analyses of asthma GWASs were conductadrmxed populations that have

been significantly underrepresented in large GWARs/aet al® published the largest GWAS to

9
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date in African ancestry populations from the Catism on Asthma among African Ancestry
Populations (CAAPA) study. Variants in two regioh3q12-21 and 8p23, were genome-wide
significant in a meta-analysis of 7,009 cases gfd>/controls. Thus, this study in admixed
individuals replicated the childhood onset asthotai$ at 17q12-21, as well as highlighted
differences in the genetic architecture and LDgratt at this important locus in populations with
varying amounts of African ancestry. In particutaey reported an inverse association between
proportion of African ancestry and evidence foroagstion at this locus among their samples,
and therefore concluded that the association at2-24 in their study was largely driven by the
European ancestry present at this locus in theipkss. The associated variants at a novel locus
on 8p23 were within an intron of a long non-codRIgA gene but the association could not be
replicated in an independent sample of African Aoaars. Whether lack of replication was due
to insufficient power in the smaller sample usedréplication or to type 1 error in the CAAPA

meta-analysis remains to be determined.

Gignoux, Torgersoet al® used admixture mapping meta-analyses to idensifyraa-
associated variants in 3,902 Hispanic/Latino, Anidmerican, and African Caribbean
individuals from the EVE consortiurin their primary analysis, and used 3,774 Latinojects
from the Genes, Environments and Ancestry in Lafineericans (GALA) Il study as replication
cohorts. A single locus at 18921 was genome-wigeifscant in the primary analysis and
replicated in the GALA 1l sample. Interestinglyigtocus was associated with increased risk of
asthma in Latinos with Native American ancestryt,with reduced risk of asthma in Latinos
with European ancestry. Proportion of African amgeger se was not associated with risk. This
finding raises the possibility that the effectssafiation at some loci can be ethnic-specific and

potentially modified by genetic background, whitdelf differs between populations with

10
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different ancestry. Fine mapping at the 18921 mediother suggested that variation near the
SMAD2 gene was underlying the risk observed in Mexictresgroup with the largest
proportion of Native American ancestry. Althoughyoone locus was significantly associated
with asthma, this study highlights the importantstadies in non-European populations and of
using admixture mapping as a complementary apprma@GWAS. The ancestry-specific effects
of alleles at this locus resulting in opposite efifeon risk in different ancestral groups may be
why this locus has not been identified in other G8¢Aand raises the possibility that other loci

with ancestry-specific effects may be identifieduture, larger studies of admixed populations.

Together, these four studies highlight the chaksngf discovering asthma loci in
admixed populations, which harbor a disproportiermtrden of asthma and its complicatfohs
28 Larger samples with more refined phenotypingyel as creative approaches for utilizing the
unique features of these populations, will be rexguto fully characterize the genetic

architectures of asthma and related phenotypdsesetgroups.

GWASSs of Asthma Age of Onset

Childhood onset asthma and adult onset asthma diffe regard to severity, remission,
comorbidities and sex ratios*® While the lead variants at the most highly regiic asthma

locus at chromosome 17q12-21 have been robusthiased with early-life asthma'’, other

loci with age of onset effects had not been deedribwo recent studies used genotype and
phenotype data from the UK Biobank to expand osdhearlier observations and dissect genetic
risk factors for asthma onset at various age$he Pividori, Schoettleat al study performed

three GWASSs: one for asthma onset before age 12 yelsldhood onset, n=9,433), one for

11
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asthma onset between ages 26 and 65 years (adett o0r21,564); and one in the cases only
considering asthma age-of-onset as a quantitatitgn=37,846). The 318,237 controls for the
first two GWASSs were adults without a diagnosise@\wf asthma. Individuals with COPD,
chronic bronchitis, or emphysema were excluded footh the adult onset asthma cases and the
shared controls. The Ferregal® study included 13,962 subjects with asthma diagadefore

the age of 19 years in a childhood onset GWAS #&)882 subjects between ages 20 and 60
years in an adult onset asthma GWAS, excluding/iddals with diagnoses of COPD or other
respiratory disease. They also used a shared 880¢671 controls that included individuals

without a diagnosis of any allergic disease (astima# fever, eczema, or other allergies).

Overall, the Pividori, Schoettlet al* study revealed 61 independent asthma loci, 56en th
childhood onset GWAS, 19 in the adult onset GWAT8l &9 in the age-of-onset GWAS. The 19
age-of-onset loci were a subset of the childhoakbloci. Twenty-eight of the 61 loci had not
been previously reported to be associated withastAmong the 61 loci, 23 were specific to
childhood onset asthma, one was specific to achdébasthma, and 37 were shared. The Ferreira
et al® study reported 142 genome-wide significant loara¥, with 123 loci associated with
childhood onset asthma and 56 associated with ada#t asthma. Of these, 132 replicated at a
P < 0.05 with the same direction of effect in a poer large GWAS of asthrifa28 of the 132
replicated variants loci were not reported as gextanae significant in previous asthma
GWASs.Using publicly available expression quantitatiagtttoci (eQTL) dataor a
transcriptome-wide gene-based associatiof, testh studies linked asthma-associated variants
to the genes they potentially regulate, providingch catalog of asthma candidate genes, some

specific to childhood onset or adult onset asthiorafuture functional studies.
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The greater number of loci reported for childhoodet asthma in Ferreighal is likely
due to using a broader definition of childhood arasthma (up to age 18 vs. 12 years in
Pividori, Schoettleet al) and the resulting larger sample size, and pgssibleased power due
to exclusion of subjects with allergic diseasesftbe controls. The differences between the two
studies for variants at the 17q12-21 locus witlpeesto both the absoluRevaluesand the
relative significance compared to other loci in thddhood onset GWAS likely resulted from
the inclusion of older (post-puberty) children e tFerreiraet al study because this locus has
been shown to be most relevant in very early%ifé' ** Moreover, the variant with the greatest
effect size on childhood asthma in the Pividorh&attleret al study at thd-LG (filaggrin) locus
(odds ratio [OR] = 1.97, 95% CI 1.82, 2.83= 1.88x10°) was not identified in the Ferreiea
al study. Although the effect size of this associatias reduced after excluding 3,205 childhood
onset asthma cases and 5,785 controls with repalterdic rhinitis, atopic dermatitis, or food
allergy, the effect size of tHe.G locus remained the largest overall (OR = 1.61, 99%.49,
1.74;P = 2.45x10") in the Pividori, Schoettlest al study, suggesting that the inclusion of older

ages of onset in the Ferregtaal study may have diluted the effects of this locus/al.

Pividori, Schoettleet al also tested for tissue-specific enrichment of gahat mapped to
childhood onset loci, and separately, for aduledhsci. Genes at childhood onset loci were
more highly expressed in skin, whole blood and smtdstines compared with other tissues, and
genes at adult onset loci were more highly expessting, whole blood, small intestines and
spleen. Therefore, while there was overlappingcanment of highly expressed genes in whole
blood and small intestines, genes at adult onsetlere more highly expressed in the lung and
spleen, an immune organ rich in lymphocytes, sugggethat adult onset asthma is more lung-

centered and immune-mediated disease. In contissie-specific enrichments for expression of
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genes at childhood onset asthma point to the akimpithelial barrier, indicating that onset of

asthma in childhood results from barrier functi@fiedts that alter innate immune responses.

Ferreiraet al showed genetic correlations between childhoodtars# adult onset
asthma with many other traits with publicly aval&aBWAS results, similar to the TAGC
study but here addressing differences with respect éoodgnset. For example, similar
negative genetic correlations were observed fog function traits with both childhood onset
and adult onset asthma, whereas a positive gecwetielation with eczema was present in
childhood onset asthma only. In contrast, geneticetations were significantly greater for six
sets of traits with adult onset asthma comparethildhood onset asthma. Positive correlations
were observed between adult onset asthma and phbelsited traits, smoking (ever), rheumatoid
arthritis, insomnia, and depressive symptoms; atnegcorrelation was observed between adult
onset asthma and age when first child was borns@ hesults further suggest that adult onset
asthma may be a more heterogeneous condition thiaihgod onset asthma, with the former

sharing genetic risk with a number of differentroorbidities.

Despite some differences, both studies using theBidkank data showed that the overall
contributions of genetic variation and the effezes at individual loci are larger for childhood
onset asthma compared to adult onset asthma. ikéig fteflects a more important role for
environmental factors, increased clinical hetereggnand more co-morbidities associated with
asthma diagnosed at later ages. Importantly, thiesites demonstrated that stratifying on
relevant clinical characteristics, i.e., onsetsthana in childhood or adulthood, increased power
to detect novel loci that are both shared betwhese groups as well as specific to age of onset,
and provided novel insights into shared and distimechanisms in the etiology of asthma with

onset in childhood and adulthood.

14



282

283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

GWAS of Moderate-to-Severe Asthma

The underlying reasons for why certain patientsetigysevere asthma while the majority of
patients with asthma respond to modest intervestoomtinues to be an important, unanswered
question. Earlier studies of severe or difficultteat asthm# and moderate-to-severe asttifa
identified associations with known asthma loci, bathew asthma loci were identified. Shrine,
Portelli, Johret al® recently reported the largest GWAS of moderatseieere asthma using a
two-stage case-control design. In the first stagdiscovery GWAS was conducted in 5,135
moderate-to-severe asthma cases from three UK isplireluding the UK Biobank. This was
followed by analysis of the associated loci in pasate cohort of 5,414 moderate-to-severe

asthma cases.

Twenty-one independent loci were genome-wide sicanit in stage 1 and an additional
11 loci were considered suggestive significéh&(x10°%). These 32 loci were carried forward to
stage 2, where 25 independent loci were replicategnty-two loci were previously associated
with asthma, including three independent associatai the HLA locus. The ORs in the meta-
analysis were relatively modest, with the largeRt©1.21 at both thelLA-DQB1 locus on
chromosome 6p21.32 and the33 locus on chromosome 9p24.1. All significant lodi@tthan
the MUCS5AC locus on chromosome 11p15.5 were associated gfittmen in a previous large
GWAS of self-reported doctor diagnosed astfiraad were considered to be shared between
mild and moderate-to-severe asthma. WRgC5AC locus was considered to possibly be specific
to severe asthma. Subsequent studies of gene sixpresvealed that an associated variant at the

MUCS5AC locus (rs11603634) was associated with expresgidiiC5AC in bronchial
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epithelial cells, with increased expression of fese associated with the asthma risk allele.
Moreover, MUCSAC expression was higher in bronchial epithelial&ibm subjects with

severe asthma compared to cells from non-asthmmatitcols.

Overall, this study suggests that the geneticiss&rgely shared between moderate-to-
severe asthma and mild asthma. Variants REHC5AC were suggested to be specific to
moderate-to-severe asthma because it was not eegara previous large GWAS. However, the
recent study by Pividori, Schoettletral reported associations with variants at this Idouse
associated with adult onset asthma. In fact, tlasis @ne of very few loci that had a smaker
value and larger odds ratio in the adult onsetragt@ WAS compared to the childhood onset
GWAS. Taken together, these combined results stgjgasvariants neavlUC5AC may

contribute to the generally more severe presemati@dult onset asthma.

GWASSs of Asthma Drug Response

Inhaled corticosteroids are the cornerstone ofnaatmanagement and are highly effective in
controlling asthma symptoms in most patients. Whikious GWASSs identified more than 15
loci associated with inhaled corticosteroid respersess in mostly European populatiths,

two groups recently focused on this phenotype mBoropean populations. Hernandez-
Pachecat al** conducted a meta-analysis of asthma exacerbaiiing 1,347 admixed children
with asthma while being treated with inhaled carsteroids. No genome-wide significant loci
were identified, but a locus neAPOBEC3B andAPOBEC3C on chromosome 22g13.1 was
suggestively significant and replicated in a metalgsis of studies conducted on Europé&ans

In the second study, Levin, Getial assessed corticosteroid responsiveness in 24daffri

16
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341
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348

American subjects 12 years of age and older whe wemitored while on inhaled corticosteroid
therapy®. Two variants surpassed the genome-wide signifitarshold. One variant,
rs3827907, on chromosome 14q11.2 was associateexacerbations in three of four
independent cohorts (African Americans in the Statixsthma Phenotypes and
Pharmacogenetic Interactions by Race-Ethnicity [BARRE] and Study of African Americans,
Genes and Environment [SAGE] Il and Latino subjattSALA Il), validating their effect on
asthma control. The associated allele at this mawias also associated with lower expression of

RNASE2 and lower eosinophilic inflammation in blood frakfrican American$’,

Bronchodilators are used for immediate reliefsthena symptoms due to their effects on
smooth muscle relaxation and decreased airflowottsdn, and bronchodilator responsiveness
is variable and differs between ethnic gréip&enetic associations with bronchodilator
responsiveness were previously identitied but African American subjects were
underrepresented in these studies, despite tha@mdaigher than average asthma morbidity and
mortality”>?® A genome-wide association and admixture mappfriganchodilator

| ! identified a

responsiveness in 2,779 African Americans was tecegported. Speaat al
single variant, rs73650726, on chromosome 9g2h&0Pwas associated with decreased airflow
obstructiorafter inhalation of albuterol, a bronchodilator eTdlele associated with
bronchodilator responsiveness was very rare inAfoican ancestry populations. Variants in
high LD with the lead variant were located in endearhistone marks in lung tissue, suggesting
that this is a region important in regulating txpression of a distant gene. A second locus on
chromosome 10g21.1 was associated with bronchodi@sponsiveness in the combined

African-American and Latino analysis, with the asated variants located PRKG1. The lead

variant, rs7903366, was also associated with exjme®f this gene in lung tisstfe
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349 In a second study of bronchodilator responsiveriag, White, Eckalbar, Szpieah

350 al®included subjects from three admixed populatihgrto Ricans, Mexicans and African
351  Americans. As part of the NHLBI TOPMED (Trans-Omios Precision MEDicine) program,
352 they performed whole genome sequencing of 1,44fessubjects at the tails of the

353  distributions of FEY responses to albuterol. A trans-ethnic meta-aizatgsealed a genome-
354  wide significant region nearlNCO1194 andDNAH5 on chromosome 5p15.2, and eight other
355  regions that were of suggestive significarlee7.06x10°). Two of the five regions were

356  significant only in Mexicans and one region wasigigant only in African Americans; none of

357 the regions were significant in Puerto Ricans.

358 Collectively, GWASSs of corticosteroid and broncHatbr responsiveness in non-
359 European admixed populations highlighted both tethsic and ancestry-specific genetic loci
360 contributing to drug response. Notably, none ofabgociated loci overlap with loci associated
361  with asthmaer se, indicating that different mechanistic pathwayslentie risk for asthma

362 inception and response to asthma therapeutics.
363

364 GWAS of Asthma Remission

365 The trajectory of asthma symptoms is highly vaeaklith many individuals diagnosed with

366 asthma in childhood undergoing remission. Remissates are higher in children diagnosed
367  with asthma than in adults diagnosed with astimaVonket al performed GWASs of clinical
368 remission and complete remission of asthma in hiB5® subjects, respectively, after a median
369 follow-up of 15.5 years among a cohort of 790 astluase¥. No loci in either GWAS were

370 genome-wide significant, likely due to the smalinher of cases and limited power to detect
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associations. However, three variants among thea@§ significant independent variants from
both GWASSs replicated in two cohorts (n=81 and %ih wlinical remission; n=7 and 14 with
complete remission), which required the same doeaif effect and a 1-siddel< 0.05 in both
GWAS). These three variants were also associattdtiae expression in lung tissue of genes at
each locus (i.e., inis), highlighting three gene®OL1 in clinical remission an#RS2/CCT2 and
ILIRLY/IL18R in complete remission, as potentially associatet vamission. Future larger
studies are needed to confirm these associatiahtoadentify additional variants relevant to

clinical remission.

GWAS of Asthma and Allergic Diseases

Clinical observations, epidemiologic studies and &% 2 >" *have suggested shared
etiologies between asthma and allergic diseasesgydarly for childhood onset asththa zhu

et al®? recently published a study on the shared genethitacture between asthma and allergic
diseases (hay fever/allergic rhinitis and eczeropiatdermatitis) using UK Biobank data. They
first showed significant genetic correlations besaw@6,685 cases with allergic disease * doctor
diagnosed asthma and 14,085 cases with doctoraBagrasthma, using a shared set of 76,768
controls (all European ancestry). In contrast,alations between asthma and three non-allergic
immune-mediated diseases (rheumatoid arthritishi€sodisease, and ulcerative colitis, also
from the UK Biobank) were not significant, demoasitrg specificity of the genetic correlation

between asthma and allergic disease.

They performed two separate GWAS, one for alledggease + asthma and one for

doctor diagnosed asthma. In the primary analyse&¥WASSs revealed 33 loci associated with
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allergic diseases and 32 loci associated with as#tngenome-wide levels of significance. Most
were at loci previously reported for these trathough they report discovery of eight novel
allergic disease loci and six novel asthma locridfas at six loci were significant in both
GWASSs and 22 additional loci harbored significanit(different) variants in each GWAS. Thus,
overall 28 loci showed genome-wide significant evide of associations with both allergic

disease + asthma and with asthma.

To more rigorously assess genetic correlations éatvphenotypes and to improve
power, they performed a cross-trait analysis uttiegsame set of contréfs This analysis
indicated that most loci are significant for bathits, identifying 38 independent loci that
contributed to both allergic disease * asthma atiohaa. This included many known asthma and
allergy loci, such as those in thieA-DQ region, which included the most significant crosstt
associations, an@11orf30, IL1R1, SMIAD3, TLR1, IL7R, GATA3, andFLG, among others. Most
of the loci considered to be novel in this studyevsubsequently reported in the studies of
childhood and adult onset asthma, also using UK&ik daté >. The cross-trait correlations
were replicated in a European ancestry cohort, GIEBK, and in the multi-ancestry Early
Genetics and Lifecourse Epidemiology (EAGLE) coffoitilost of the same loci were also

associated with both traits, at least at sugge&tivels of significanceR <1.5x10").

The 38 significant loci were most enriched for eased expression in skin, followed by
esophagus, vagina, lung and whole blood, highlnghtine importance of epithelial cells (skin,
esophagus and vagina), immune cells (blood), anthpartant target organ (lung). These results
are similar to those reported for genes at childhmaset asthma loci (skin and blood) and adult
onset asthma loci (lung and blodd)kely reflecting the inclusion of both childhoasset and

adult onset asthma cases in this study.
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Although overlapping genetic architecture betwesthraa and allergic diseases is not
surprising, the inclusion of individuals with astammmong the allergic disease cases may have
increased the evidence for correlations betweéts tiad for some of the loci. The relatively
small number of genome-wide significant loci disexd in this study compared to those in the
GWASs of childhood onset and adult onset asthntiadrUK BiobanK > may be due to
combining cases with varying ages of onsiibnetheless, this comprehensive analysis of the
shared genetic architecture of asthma and alleliggases identified many candidate pathways
and mechanisms for the observed co-occurrencéesé tdiseases in the same individuals.
Future studies will be needed to address whetleedhariants regulate the same genes and
whether shared genes are regulated by the samgoyesmeants, and why perturbations of these

genes or pathways lead to only allergic diseadg,asthma, or both in different individuals.

GWASSs of Allergic Rhinitis

Allergic rhinitis is the most prevalent atopic dise, with a strong genetic component, as
evidenced by heritability estimates over 6’68 In 2018, Waaget al*! reported the largest
GWAS of allergic rhinitis and identified 41 riskdip including 20 loci that had not previously
been related to the disease. This study was a ametigsis of 18 independent studies of
European ancestry, including more than 59,000 cas#4.52,000 controls in a discovery phase,
followed by replication of 25 novel loci in a secbset of 10 independent studies comprised of
more than 60,000 cases and 618,000 controls. Thedtected for replication included 16 that
were genome-wide significant and 9 that were suiygeg significant (p-values between 5x30

and 1x1@ based on a gene set enrichment with focus on imtogital signaling). The novel
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loci mainly included genes with annotated functionsinate and adaptive immune response
processes, such as toll-like receptor signalintyrabkiller cell formation, components of the
high affinity IgE receptor and the NF-kappaB complentigen-induced B and T cell
development and V(D)J receptor recombination, Bro&ration and interaction of T and B
cells with the lymphatic system. Many of the prexgly known risk loci that were reported in
this study, such as the HLA-D@,13, IL21/IL2, C110rf30, IL1R1, SMAD3, TLR1, andGATA3

loci, have been associated with a broad spectrummiine-mediated diseases, including
allergic diseases (e.g., asthma, atopic dermaditid)autoimmune/inflammatory diseases (e.g.,
psoriasis, type 1 diabetes, Crohn’s disease). Alhaeplicated within European ancestry
populations, none of the novel loci replicated amfEuropean cohorts (n = ~6,000 cases).
Nonetheless, the observation of overlapping gemistidfor immune-mediated diseases is
consistent with results of previous studies shoveingred risk loci between asthma and allergic
disease?® ??and between asthma and autoimmune dis&aSefunctional consequences were
suggested for the majority of the 41 risk loci lwhea informatics inferences. In particular,
regulatory effects for many loci were supportedbplicly available data on eQTLSs,
methylation QTLs, and enhancer-promoter interastiém addition, 17 associated variants were
predicted to lead to amino acid changes in encpdeteins, including predicted deleterious
changes in the gendJSAP1, SULT1A1 andPLCL, using the Variant Effect Predictor

databas¥ and SIFf".

The most associated loci were within the HLA regbonchromosome 6g21. In order to
better characterize the number of independent ed&nts at this immunological important
locus, the investigators performed conditional gses and observed not only associations with a

number of classical HLA alleles, suchkisADQB1*02:02, HLA DQB1*03:01, HLA-

22



461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

DRB1*04:01, andHLAC*04:01, but also with specific amino acid variants. Miogérestingly,

the two most strongly associated amino acids withénclass | and class Il regions were HLA-B
Aspl116/His116-/Leull6 and HLA-DQB1 His30, respeslyv These changes were all within the
peptide-binding pockets and predicted to modifyahggen binding properties of these HLA
molecules. The investigators also conducted GWASdergic sensitization to inhaled allergens
(defined as the presence of allergen-specific &yie) of non-allergic rhinitis (defined as rhinitis
without evidence for allergic sensitization) in erdo identify overlapping or specific disease
mechanisms between these phenotypes and allergitsshThe most significant loci reported in

these GWAS largely overlapped with allergic rhiti

Fuijii et al ® performed a two-stage case-control GWAS on argaspecific and
cypress-specific pollinosis, another term for gierhinitis. In the genome-wide discovery stage
they analyzed 311, 229, and 134 cases, respectamtlyattempted replication in a cohort of 270
case®. The studies failed to discover any genome-widaifitant results, likely due to the
small number of cases, using trait definitions dam® self-administered questionnaires, and lack

of information on cedar- and cypress-specific poliis in the replication cohort.

GWAS of Food Allergies

Although genetic factors have been implicated edtiology of food allergies, genetic
dissection of this complex phenotype is hampereexgnsive heterogeneity resulting from the
large variety of food allergens, misclassificatafrdue to inappropriate assessment methods
(oral food challenge versus specific IgE measurefsign prick test versus patient’s self-

report), and the transient nature of some foodg#s early in life. Moreover, there is a

23



483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

considerable variability in the prevalence of f@dlérgy between ethnicities, geographical
regions, and to different food allergens. More th@0 foods have been reported to cause IgE-
mediated reactiofi§ which can be life-threatening, and genes assatiatth food allergy risk

can be specific to single foods or shared betwérent food allergies or even between food
allergies and other allergic diseases, such ascadepmatitis and asthma. Four studies published
within the time period covered by this review redpdrresults of 14GWAS on food allergy. All

of these studies were relatively small (all feweart 5,000 subjects), and identified few (0-2)

genome-wide significant loci.

The first GWAS of allergy to hydrolyzed wheat piiatedefined as an immediate-type |
allergic reaction after use of hydrolyzed wheatgirecontaining facial soaps or consumption of
wheat products, was performed in a primary cohb#t@ and a replication cohort of 45 female
Japanese cas8sDespite the small number of cases, the studytifiehtwo loci meeting
genome-wide levels of significance: one in HieA-DQAL region on chromosome 6p21 and one
in theRBFOX1 region on chromosome 16p13. Notably, the mostifssgnt SNP at thédLA-

DQAL (class Il) locus, rs9271588, corresponded to thA-BQA1 amino acid variant Glu34,
suggesting genetic effects on peptide binding amigien presentation, analogous to the
associations with amino acid variants reported @agéet al** in a GWAS of allergic rhinitis,

described above, and to earlier studies of allerperific HLA associatiofg? *2

Three additional studies performed GWAS of a rasfgeod allergies. One, performed
in the Chicago Food Allergy Study cohGrtwas comprised of 588 European ancestry child-
parent trios with one index offspring affected Imy &od allergy (defined as self-reported
allergic reaction to peanut, egg, cow’s milk, sefeat, walnut, fish, shellfish, and/or sesame

seed in combination with detection of specific lyitl/or a positive skin prick test). In this study,
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Liu et al considered two alternative models. The first cdai®d maternal genetics effects on the
child’s risk for food allergy, presumably due tetimtrauterine environment but not to the direct
transmission of risk alleles, and the second camsdtiparent of origin effects, in which the
associations in the child varied depending on wdrettine risk allele was inherited from the
mother or the father. Each model was evaluatedWAGSs for any food (n = 501), peanut (n =
301), egg white (n = 201), or cow’s milk (n = 2&lergy. In only one of the eight GWASs
performed, only one variant at a locus on chromasdq81.3 reached genome-wide significance
(P < 5x10°), with less significant support at this locus dssociation with individual foods. This
association, however, was not supported by evidénoenearby SNPs. The associated SNP
was located in a noncoding RNA@C101927947) with unknown function. Additional analyses

stratified by the affected offspring’s sex did pald significant associations.

A second study by Khaat al examined food allergy for seven different food$wio
Japanese female cohorts recruited as part of astiydinitiated women’s healthcare program
(“Luna Luna family”). Both cohorts were compriseidb@tween 252 and 563 cases (depending
on the specific food allergy, based on self-regbetergic food reactiod). Two loci reached
genome-wide significance, one in the shrimp all€ey¥ AS and one in the peach allergy
GWAS, both with SNPs in the HLA-DR/D@ene region. The investigators then used SNP
genotypes to impute HLA types and showed thatih&-DRB1* 04:05-HLA-DQB1*04:01 and
HLA-DRB1*09:01-HLA-DQB1*03:03 haplotypes were associated with shrimp and peach
allergy, respectivelyR(grinp) = 3.92x10", andPpeacry = 1.15x10). A third study by Asaét al
identified one risk locus for peanut allergy an@ éor any food allergy using a two-stage
analysis that first performed a GWAS in 850 peatlgrgy cases from the Canadian Peanut

Allergy Registry (CanPAR; defined by history of alfergic reaction against peanut in
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combination with a positive skin prick test andépecific IgE), and then conducted a meta-
analysis of CanPAR plus six independent studiesigirg a total of 1,582 and 7,267 cases for
peanut allergy and general food allergy, respelgtit€* Both the GWAS and meta-analysis of
peanut allergy identified an association with vatsaat theHLA-DQB1 locus. The associated
variants were independent of the known asthma G\BABs and the association remained
significant in an analysis stratified by asthmaisTinding supports the notion that the HLA-
associated risk alleles for peanut allergy arepeddent of the HLA-associated risk alleles for
asthma. Both the food allergy GWAS and meta-analg&ntified a risk locus on chromosome
11q15.3, near th€11orf30 andLRRC32 genes, which is a well-established genetic riskiofor
other atopic or inflammatory barrier diseases, aghtopic dermatitis, asthma, and

inflammatory bowel disease.

Taken together with the Waageal study on allergic rhinitis (described abcifejhese
results provide evidence for a strong role of HllA&ss genes in conferring risk for allergic
diseases. Importantly, they further support thegeation that HLA-associated risk for allergic
disease is distinct from the HLA-associated riskéfsthma'. Combined results from GWAS of
asthma and allergic diseases suggest that theitietentially mediated by genetic effects on
antigen presentation, while the former is potelytiaediated by genetic effects on gene
expression, a hypothesis that could be evaluatédune studies. The studies from the past 18
months further suggest that while the HLA regionfigeneral importance for allergic diseases,
HLA alleles may play an especially important roidood allergies, with high specificity to

distinct foods and food allergens.
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551 GWAS of Atopic Dermatitis

552  No GWASSs for atopic dermatitis were published witthie short time interval covered by this
553  review. The largest and most recent GWAS was puitisy Paternoster, Staratlial in 2015°,
554  This was a multi-ethnic meta-analysis of 26 studmsprised of 21,399 cases and 95,464

555 controls. They discovered 10 novel susceptibility for atopic dermatitis and comprehensively
556  discussed the 21 known risk loci reported in sguenious GWASSs. The detection of 23

557 genome-significant loci in a sample of 21,399 athlty diverse atopic dermatitis cases is

558  consistent with the data shownRigure 1, but the larger number of genome-wide significant
559 lociin the GWAS compared to similarly sized samspdé European adult onset asthma cases
560 (n=17 loci) and multi-ethnic asthma cases (n=18,lpotentially suggests a stronger genetic

561 component to atopic dermatitis.
562
563  Conclusions

564  The studies reviewed here both support and chalémgnotion that “bigger is better”. Clearly,

K® #and large meta-analysé$’

565 the availability of very large data sets such asUK Bioban
566  have significantly advanced our knowledge of theegie architecture of asthma and allergic

567 diseases in European ancestry populations. Thedeesthave further demonstrated that early
568 onset asthma has a stronger genetic componentgimet Ineritability than onset of asthma in

569 adulthood, with more than 2.5-times the numberasfagne-wide significant loci associated with
570 the former compared to the latter, despite at léasble the sample sizes for the latter compared

571  to the formet > Similarly, a relatively small study of asthmaipats selected to have moderate-

572 to-severe diseaSeevealed more associated loci than larger sturfiéssthma” in more
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heterogeneous populatidfis* Finally, studies of highly specific food allergié.e., hydrolyzed
wheat proteiff, shrimpg? peact?, peanu®) in relatively small samples provided genome-wide
significant associations with variants in the clAd3LA region. The trade-off between larger
sample sizes to increase power and focus on spedaifitypes to decrease clinical heterogeneity
has been referred to as a Faustian bafgaimich the studies reviewed here have illustrafed.
such, “bigger is not necessarily better” if hetenogus phenotypes with different genetic
architectures are combined, thereby reducing thigyaio detect loci associated with specific

subtypes of asthma.

However, while asthma and allergic disease gesaiiies in European ancestry
populations have made significant progress, studiegcial and ethnic groups that carry the
greatest burden of asthma and allergic diseasemesigmificantly underrepresented among
GWAS'®. Although the past 18 months have witnessed isecaumbers of GWAS in non-
European populations, they have not been suffigigrawered to detect genetic differences that
underlie these disparities or to validate assamiatthat have been discovered in European
ancestry populatioAs” ** ' Due to the greater genetic heterogeneity inhéneatimixed
populations, GWASSs in African Americans and Lathigpanic populations may require even
greater sample sizes to achieve equivalent powsutbes in European populations. We
anticipate that many of the loci identified in GWRSI childhood and adult onset asthma,
moderate-to-severe asthma, asthma-allergic diseaskaps, and allergic rhinitis will be relevant
across ethnicities, and that both novel loci areghtgr frequencies of known risk alleles will
underlie some of the disparities in disease burdénlook forward to future larger studies in
these populations that allow stratification by ghtenotypes and directly address these important

outstanding questions.
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The ultimate goal of GWASs and of genomic medicg® translate knowledge from
newly identified variants to the clinic for predan, diagnosis and management. The use of
individual polygenic risk scores to identify indilials at risk and of whole genome sequencing
in patients with rare/extreme forms of allergicedise seem realistically achievable in the near-
future, at least in European populations. Howether clinical utility of polygenic risk scores for
asthma and common allergic diseases do not trerstadss ethnic racial groups and will require
additional work to achieve this goal. Moreover, titidity of polygenic risk scores to delineate
disease subtypes and understand molecular mechahasmot yet been proven. Many whole
genome sequencing studies are underway in bota &nigorts and smaller but more
homogenous and deeply phenotyped individuals, laadalue of these studies should be
revealed over the next few years. Newer approashes, as reverse phenotyping of individuals
using genetic markers to define endotyfesnd integrating of multi-omics measures using
machine learning and other advance computationd,tare already becoming standard. Finally,
there is still the need for fine-mapping studieasgociated loci to pinpoint causal variants and
the genes they regulate, as well as functionatlgtibn studies that link the effects of genetic
risk and disease mechanisms to disease, whichbderedone so far for surprisingly few asthma

and allergic disease loci.

28



615  Table 1. Chromosomal locations of 28 loci assedatith asthma or allergy in at least 5 GWASs tiias or at least two GWASs
616  of an allergic disease conducted during the pezexred by this review. The genes listed are tiegerted in each study for the

617 association. Rows are sorted by number of assoogtivith asthma and then number of GWASSs (in phesas). Regions correspond
618  to those shown iffigure 2. "Number includes multiple independent associatidtiseasame locus (number of GWASSs reporting at
619 least one significant association in that region).

Number of Number of
Chromosomal . . . .
region associations with| associations with Genes References
asthma allergy
ALADODL WA O O g, | Ao STt Do, Sorf ot Cereres o
6p213 28(10) 60 HLA-DPAL HLA-B, HLA-C, MICA, MICB, COLLIAL, | 10 piidori. Schoettler ;atélghrin;e Pgrtelli YJoh?l et’al
TCP11, SCUBE3, HLA-DOB, HCP5, MCCD1 Waage, Stand| et Zhu et P
Demenais et &, Ferreira et a) Pividori, Schoettler et 4l
10p14 15 (7) 3(2) GATAS3, CELF2, SFTA1P, 10c101928272, RP11 Shrine, Portelli, John etﬁaWaage, Standl etzé,l Zhu et
IL1R1, IL1RL1, IL1RL2, IL18R1, IL18RAP, MIR4772, Demenais et &, Ferreira et d) Pividori, Schoettler et 4l
2q12.1 13 (7) 2(2) ) : .
SLC9A2, SLCOA4 Shrine, Portelli, John et®aWaage, Standl et?] Zhu et &
Dahlin, Sordillo et &f, Demenais et & Ferreira et &)
5022.1 12 (7) 3(2) CAMK4, WDR36, SLC25A46, TMEM232, TSLP Pividori, Schoettler et 4IShrine, Portelli, John et’aWaage,
Standl et &F, Zhu et &?
C50rf56, SLC22A5, IRF1, KIF3A, IL4, CCNI2, IL13, Demenais et &, Ferreira et ) Pividori, Schoettler et 4|
5g31.1 11 (9) 1(1) ) , . )
RAD50, SEPT8 Shrine, Portelli, John et%aWaage, Standl et?] Zhu et &
on24.1 118) 32) RANBPS, 1133, KIAA2026, MIR4665, TPD52L3, Demenais et &l, Ferreira et ) Pividori, Schoettler et 4l
pes. GLDC, UHRF2 Shrine, Portelli, John et®%alZhu et &
ORMDL3, GSDMB, ZPBP2, ERBB2, MED1, CS~3 . . o
y : ' ' ’ : Dayaet al, Demenais et'd] Ferreira et &) Pividori,
17g12-21 11 (7) 1(2) ERBB2, GRBY, GSDMA, GSDMB, IKZF3, LRRC3C, Schoettler et &) Shrine, Portelli, John et®aWaage, Stand| et

MED24, MIEN1, MIR4728, MIR6884, PGAP3, PNMT,

PSMVID3, SNORD124, STARD3, TCAP

alP?, Zhu et &
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Asai, Eslami et &, Demenais et &, Ferreira et ) Pividori,

11913.5 10 (7) 3(3) LRRC32, C110rf30, EMSY, THAP12, WNT11, PRKRIR | Schoettler et &) Shrine, Portelli, John et®aWaage, Stand| et
alP, zhu et &P
Demenais et &, Ferreira et 8] Pividori, Schoettler et 4l
15q22.33 10(6) 1@ SMADS, SMADS6, AAGAB Shrine, Portelli, John et®aWaage, Standl et?] Zhu et &
Demenais et &, Ferreira et d) Pividori, Schoettler et 4l
16p13.13 [AY 20 CLEC16A, DEXI, CIITA, RMI2, SOCSL Shrine, Portelli, John et®aWaage, Standl et?] Zhu et &
24373 7(6) 101 D2HGDH, ING5, GAL3ST2 Ferreira et 8] PZ|V|dor|, Schoettler et 5IShrine, Portelli, John
etaf, Zhu et &
Demenais et &, Ferreira et d) Pividori, Schoettler et 4l
8021.13 7 (6) 1(1) MIR5708, TPD52, ZBTB10 Waage, Stand et
TESPA1, MUCL1, NEURODA4, RAB5B, CDK2, SUOX,
12q13.2 7 (5) 1(1) RPS26, ERBB3, IKZF4, PA2G4, RAB5B, RPL41, Ferreira et @ Pividori, Schoettler et 41Zhu et &
ZC3H10
Clorf68, CRCT1, CRNN, FLG, FLG2, HRNR, LCE2A,
LCE2B, LCE2C, LCE2D, LCES3A, LCE3B, LCE3C, . S 2
1g21.3 7(3) 2(1) LCE3D, LCE3E, LCE4A. LCESA, NBPF18P, RPTN, Ferreira et d Pividori, Schoettler et 41Zhu et &
S100A11, TCHH, TCHHL1, CLEC16A, TDRKH, RORC
6p22.1 73 0 DDX6, CXCRS, TRIM26, TRIMIS, TRIM39, GPXS, Ferreira et d| Pividori, Schoettler et 4l
TRIM27
Demenais et &, Ferreira et d) Pividori, Schoettler et 4l
6q15 6(6) 1@ BACH2, MAPSKY, GJAL0 Shrine, Portelli, John et®aWaage, Standl et%l
17g21.2 6 (5) 1(1) KRT24,KRT222,9M ARCE1, STATSB, GHDC, STATSA | Pividori, Schoettler et 4IFerreira et &) Zhu et &
- - - s
4q27 5(4) 2(2) L2, 1L21, ADADL, KIAA1109 Ferreira et d Shrine, Portelli, John et’aWaage, Standl et
al, Zhu et al
- - - e
17021.32 5 (4) 0 ZNF652 TBX21, TBKBPL, OSBPL7, PHB :te;rfelra et @ Shrine, Portelli, John et®aPividori, Schoettler
18¢21.33 5(3) 0 TNFRSL1A, KIAALAE8, ZCCHC2, SERPINBT, Ferreira et d| Pividori, Schoettler et 4l

SERPINBL11, SERPINB2
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Demenais et &, Ferreira et a) Pividori, Schoettler et 4l

15g22.2 4 (4) 1(1) RORA, ANXA2, VPS13C, NARG2 Waage, Stand! et
19g13.11 4(3) 2(2) CEBPA, SLC7A10, LRP3 Ferreira et &l Waage, Standl et?] Zhu et &
10p15.1 4(3) 1(1) PRKCQ, PFKFB3, SFMBT2, IL2RA, RBM17 Ferreira et d Pividori, Schoettler et 41Zhu et &
4p14 3(3) 4(2) FAMI14AL, MIRS74, TLRL, TLR6, TLRI0, KLF4 thelrrelra et zi|2P|V|dor|, Schoettler et 4lWaage, Standl et
al?, Zhu et &
SPPL3, HNF1A, PITPNM2, CDK2AP1, C120rf65, o
12024.31 3(3) 2(1) SPPL3 ACADS Pividori, Schoettler et 4lWaage, Standl etZl
2p25.1 3(3) 22) LINC00299, 1D2, RNF144A F(zelrrelra et dl 2P|V|dor|, Schoettler et 4lWaage, Standl et
alP, Zhu et &
1q24.2 3(2) 1(1) CD247 Ferreira et & Shrine, Portelli, John et®alhu et &
15qg15.1 1(1) 2(2) ITPAK, CHP1, EXD1, INO80, NDUFAFL, NUSAPL, Ferreira et & Waage, Standl et?) Zhu et &
OIP5, RTF1
20g13.2 1(1) 2(2) LOC101927770, ZNF217, NFATC2, KCNG1, TSHZ2 Ferreira et &l Waage, Standl et?] Zhu et &
5p13.2 1(1) 2(2) CAPSL, IL7R, LOC100506406, SPEF2, UGT3A1 Ferreira et & Waage, Standl et?] Zhu et &’
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Figure Legends

Figure 1. Published GWASs between January 1, 2018 and3yri2019 on asthma (red bars)
and allergic diseases (blue bars), separatedho&etwith less than 5,000 cases (A) and those
with more than 5,000 cases (B). Each bar corresptind study, described on the x-axis legend.
The number of cases included in the primary ansigsshown on the left y-axis and the number
of genome-wide significant loci is shown on théhtig-axis. The dashed horizontal line
indicates studies with 5,000 cases or more (abdovelashed line) or fewer than 5,000 cases

(below the dashed line). Note that the y-axis difleetween A and B.

1, Fujii et al®® 2, Vonk et af® 3, Liu et al’"; 4, Fuijii et al®® 5, Levin, Gui et af® 6-7, Khor et
al.’% 8-9, Liu et al’’; 10, Fuijii et af® 11-12, Khor et af% 13, Noguchi, Akiyama, Yagami et
al.”®; 14-16, Khor et al% 17, Liu et al’’; 18, Dahlin, Sordillo et df*; 19-20, Asai, Eslami et
al.”% 21-22, Dahlin, Sordillo et af; 23, Hernandez-Pacheco ef4l24, Mak, White, Eckalbar,
Szpiech et al®; 25, Spear et & 26, Gignoux, Torgerson et 3127, Shrine, Portelli, John et
al®; 28, Daya et d; 29, Pividori, Schoettler, et §1.30, Ferreira et at. 31, Zhu et &f. 32,
Dahlin, Sordillo et at’; 33, Pividori, Schoettler et .34, Demenais et af, 35, Ferreira et at,

36, Zhu et af? 37, Pividori, Schoettler et &t 38, Waage et &f.

"GERA (Kaiser Permanente Northern California Gengfiilemiology Research in Adult
Health and Aging CohortfResults from meta-analysi#\nalysis performed by admixture
mapping;”*Study conducted in trio&Allergic rhinitis/hay fever and/or atopic

dermatitis/feczemaStudy includes case and controls from the UK Bidban
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Figure 2. Word cloud of genome-wide significant loci in asthand allergic diseases from the
studies described in Figure 1. The size of the tyggoportional to the number of times the

locus was reported as genome-wide significant.geddent associations at the same locus (e.g.,
HLA) are each counted. In the published studiegeresd here, loci reported as 17912, 17921
and 17g12-21 were combined as 17q12-21 and loorteghat the HLA region (6p21.31,

6p21.32 and 6p21.33) were grouped as 6p21.3. loth@ X chromosome that were reported in

only some studies were not included. The genestegpon each study are shown in Table 1.
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