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ABSTRACT

Purpose: Respiratory diseases have a highly multifactorial etiology where different 
mechanisms contribute to the individual's susceptibility. We conducted a deep 
characterization of loci associated with asthma and lung function by previous genome-wide 
association studies (GWAS).
Methods: Sixteen variants were selected from previous GWAS of childhood/adult asthma and 
pulmonary function tests. We conducted a phenome-wide association study of these loci in 
4,083 traits assessed in the UK Biobank (n = 361,194 participants). Data from the Genotype-
Tissue Expression (GTEx) project were used to conduct a transcriptomic analysis with respect 
to tissues relevant for asthma pathogenesis. A pediatric cohort assessed with the International 
Study of Asthma and Allergies in Children (ISAAC) Phase II tools was used to further explore 
the association of these variants with 116 traits related to asthma comorbidities.
Results: Our phenome-wide association studies (PheWAS) identified 206 phenotypic 
associations with respect to the 16 variants identified. In addition to the replication of the 
phenotypes tested in the discovery GWAS, we observed novel associations related to blood 
levels of immune cells (eosinophils, neutrophils, monocytes, and lymphocytes) for the asthma-
related variants. Conversely, the lung-function variants were associated with phenotypes 
related to body fat mass. In the ISAAC-assessed cohort, we observed that risk alleles associated 
with increased fat mass can exacerbate allergic reactions in individuals affected by allergic 
respiratory diseases. The GTEx-based analysis showed that the variants tested affect the 
transcriptomic regulation of multiple surrounding genes across several tissues.
Conclusions: This study generated novel data regarding the genetics of respiratory diseases 
and their comorbidities, providing a deep characterization of loci associated with asthma and 
lung function.
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INTRODUCTION

Respiratory diseases are a major cause of mortality and morbidity worldwide, and children 
are particularly vulnerable to them.1 Understanding the molecular processes responsible for 
respiratory diseases can consistently improve our ability to prevent and treat the disorders, 
reducing their harmful consequences. Genetic studies have demonstrated that pediatric 
respiratory diseases and lung function are heritable and several risk variants have been 
identified by genome-wide association studies (GWAS).2 Understanding the mechanisms 
underlying the genetic associations identified remains a challenge. Genetic variants can 
affect the regulation of multiple genes and be associated with multiple phenotypes via 
pleiotropic mechanisms including phenotypic causal relationships or shared biological 
pathways.3 To date, numerous methods and datasets are available to deepen the biological 
meaning of genetic associations identified in large GWAS.4 Information regarding tissue-
specific transcriptomic regulation can be used to disentangle which are the genes and the 
tissues involved in the disease pathogenesis.5 Phenome-wide association studies (PheWAS) 
can permit us to detect the full phenotypic spectrum associated with a specific genetic 
variant and to extricate the possible causal relationships linking the genetic variation to the 
phenotype of interest.6,7

In the present study, we conducted phenomic and transcriptomic analyses with respect 
to 16 variants (Table 1) identified by GWAS of childhood/adult asthma and forced vital 
capacity.8-10 Four of the variants investigated were already identified by GWAS of autoimmune 
diseases including rheumatoid arthritis,11 ulcerative colitis,12 eczema,13 juvenile idiopathic 
arthritis,14 and systemic sclerosis.15 To fully understand the phenotypic spectrum associated 
with the investigated variants, we conducted a PheWAS including 4,083 phenotypic 
traits assessed in 361,194 participants from UK Biobank.16 We leveraged data from the 
Genotype-Tissue Expression (GTEx) project, which includes expression quantitative trait 
locus (eQTL) information with respect to 49 tissue sites,17 to identify changes induced by 
these variants in tissue-specific transcriptomic regulation. Finally, we tested associations 
of the investigated variants with phenotypic traits related to pediatric respiratory diseases 
and their comorbidities derived from a cohort of 919 Turkish children using International 
Study of Asthma and Allergies in Children (ISAAC) Phase II tools.18 Through these multiple 
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Table 1. Variants associated with asthma and lung function
rsID CHR BP Primary phenotype Additional phenotypes References
rs1558641 2 102765865 Asthma (childhood onset) - 8
rs6871536 5 131969874 - 8
rs6967330 7 105658451 - 8
rs928413 9 6213387 Lung function (FEV1/FVC) 8, 13
rs3771166 2 102986222 Asthma (adult onset) - 9
rs1342326 9 6190076 Eczema 9, 13
rs744910 15 67446785 - 9
rs2284033 22 37534034 Juvenile idiopathic arthritis 9, 14
rs2305480 17 38062196 Asthma (childhood/adult onset) Rheumatoid arthritis; Ulcerative colitis 8, 9, 11, 12
rs3894194 17 38121993 Systemic sclerosis 8, 9, 15
rs1430193 2 56120853 Lung function (FVC) - 10
rs6923462 6 7801112 - 10
rs4237643 11 43648368 - 10
rs2863171 11 45250732 - 10
rs1079572 16 78187138 - 10
rs6501431 17 68976415 - 10
CHR, chromosome; BP, base-pair position; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second.



resources, we provided a deep phenotypic and molecular characterization of risk loci, 
unraveling the mechanisms by which these genetic variants are associated with asthma and 
lung function.

MATERIALS AND METHODS

UK biobank
The UK Biobank cohort is an open-access resource available to investigate a wide range of 
severe and life-threatening illnesses and also normal-range traits.16 This project has recruited 
more than 500,000 people assessed through detailed web-based questionnaires on their 
diet, cognitive function, work history, health status, and other relevant phenotypes. In our 
analysis, we considered GWAS datasets related to 361,194 unrelated participants of European 
descent. These data were generated testing 4,083 phenotypes using regression models 
available in Hail (available at https://github.com/hail-is/hail) including the first 20 ancestry 
principal components, sex, age, age,2 sex×age, and sex×age2 as covariates. Details regarding 
QC criteria, GWAS methods, and the GWAS data are available at https://github.com/Nealelab/
UK_Biobank_GWAS/tree/master/imputed-v2-gwas. Based on these data, we conducted a 
phenome-wide investigation, applying a Bonferroni multiple testing correction accounting 
for the number of variants (n = 16) and phenotypes tested (n = 4,083).

To verify that the associations observed were not false-positive results, we conducted 
phenome-wide scans with respect to randomly selected variants matched to the variants 
investigated on the basis of 4 genomic characteristics: i) minor allele frequency, ii) linkage 
disequilibrium (LD) proxies, iii) distance to the nearest gene, and iv) gene density. This 
control set of matched variants was selected using the SNPsnap tool19 according to the 
following parameters: 1,000 Genomes European reference panel (which is the closest 
reference panel among those available in SNPsnap); LD distance cutoff of R2 = 0.05; ± 5% 
point deviation; ± 50% of gene density relative deviation; ± 50% of relative deviation of the 
distance to nearest gene; and ± 50% of relative deviation of LD proxies. For each variant 
investigated (Table 1), we extracted up to 100 matched single-nucleotide polymorphism 
(SNP), excluding human leucocyte antigen region due to its complex LD structure.

GTEx
GTEx version 8 (V8) data were used to analyze the effect of alleles investigated on the 
expression of the surrounding genes (± 1 Mb of the gene transcription starting site) across 
human tissues.17 The association between genetic variants and gene expression was 
conducted using a linear regression analysis considering the covariates (i.e., top-3 ancestry 
principal components, genotyping array platform, Probabilistic Estimation of Expression 
Residuals factors, and sex) applied to gene-cis-SNP pairs using FastQTL20 and assuming an 
additive model. A detailed description of the GTEx methods (i.e., preprocessing, expression 
quantification, and association analysis) used is available at https://gtexportal.org/home/
documentationPage#staticTextAnalysisMethods. In our analysis, we initially considered 
single-tissue eQTL associations surviving genome-wide multiple testing correction (false 
discovery rate; FDR, q ≤ 0.05). To systematically evaluate the effect across multiple tissues, 
we considered multi-tissue data calculated using Meta-Tissue.21 This meta-analytic approach 
permits us to calculate a posterior probability (m value) that an effect exists in each of the 
tissues tested. M values > 0.9 were considered to indicate whether the tissue was predicted to 
show the eQTL association.
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ISAAC cohort
The subjects studied (n = 919) were selected from a cross-sectional study conducted using the 
ISAAC Phase II tools on schoolchildren from 5 city centers (Van, Manisa, Ankara, Antalya, 
and Trabzon) located in 5 regions of Turkey (East, Aegean, Central Anatolian, Mediterranean, 
and Black Sea regions, respectively) between September 15, 2005 and May 30, 2006.18 The 
procedures used in this study conform to the tenets of the Declaration of Helsinki and 
received approval from the Ethical Review Board of Ankara Child Health and Diseases 
Research Hospital (2017-041). Written parental and student consent was obtained separately 
for each participant. The study was approved by the appropriate ethics committees: the 
Ankara Child Health and Diseases Research Hospital, the Turkish Ministry of Health, 
and the central and provincial directors of the Ministry of Education and city governors. 
Further details regarding the sampling and phenotype assessments, and comorbidity and 
phenotypic correlation in this cohort are available in previous publications.7,22,23 Genotyping 
was performed using the Kompetitive Allele-Specific PCR (KASP) technique.24 DNA 5–10 
ng were used per well, and polymerase chain reaction (PCR) reactions were carried out 
in the presence of no-template controls (NTCs) at a 10-µL final volume (GeneAmp PCR 
System 9700, Applied Biosystems). The KASP master mix, assay mix, and cycling conditions 
were based on manufacturers' protocols (available at http://www.kbioscience.co.uk). 
KlusterCaller™ software was used to evaluate genotyping data. In the analysis of the ISAAC 
cohort, Plink 1.07 tool25 was used to implement logistic and linear regression analyses for 
the associations between genetic variants (additive model) and phenotypic traits (binary and 
quantitative, respectively). Quantitative traits were normalized using appropriate Box-Cox 
power transformations before being entered into the analysis. We adjusted the association 
analysis according to the following covariates: age, sex, and sampling center. Due to the 
small sample size, since the ISAAC cohort was used for final external validation of the 
variants that were surviving Bonferroni multiple testing correction in both UK Biobank and 
GTEx analyses, we considered a nominal threshold (P < 0.05) as a significance criterion.

Data availability
Data supporting the findings of this study are available within this article and its additional 
files. UK Biobank GWAS summary association data are available at https://github.com/
Nealelab/UK_Biobank_GWAS/tree/master/imputed-v2-gwas. GTEx data are available at 
https://gtexportal.org/home/.

RESULTS

In the UK Biobank PheWAS, we identified 206 genetic associations surviving Bonferroni 
multiple testing correction (P < 7.65 × 10−7; Supplementary Table S1). While asthma risk 
alleles showed the strongest associations with traits included “medical information” 
category (Fig. 1A), variants associated with lung function showed the strongest association 
with phenotypes included in the physical characteristics (Fig. 1B). Additionally, asthma 
risk alleles were associated with a larger effect size than those observed for lung-function 
associated loci. The blood levels of immune system cells showed the strongest significance 
with the asthma risk alleles: eosinophil percentage (rs928413, P = 7.61 × 10−264), neutrophil 
count (rs3894194, P = 4.26 × 10−197), leukocyte count (rs3894194, P = 8.53 × 10−171), monocyte 
percentage (rs3894194, P = 7.36 × 10−75), and lymphocyte percentage (rs3894194, P = 1.47 × 
10−57). The variants associated with blood immune cell levels were identified by the asthma 
GWAS,8,9 but not by the lung function GWAS.10 Among the lung function-associated variants, 
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rs4237643 showed the largest number of phenotypic associations (n = 33). This variant 
was identified by the lung function GWAS and, in the UK Biobank cohort, we observed a 
replication for these phenotypes (forced vital capacity [FVC], P = 1.28 × 10−8; forced expiratory 
volume in 1 second [FEV1], P = 2.83 × 10−7). However, rs4237643 showed much stronger 
associations with phenotypes related to fat mass distribution such as arm fat mass (P = 7.16 
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Fig. 1. Manhattan plot of the phenome-wide scan conducted in the UK Biobank with respect to asthma risk alleles (A) and lung function-associated variants (B). 
As indicated in the legend, the phenotypic categories are color coded. 
FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; ICD, International Statistical Classification of Diseases and Related Health Problems.



× 10−23), whole-body fat mass (P = 4.17 × 10−22), body mass index (P = 2.54 × 10−21), and leg 
fat mass (P = 1.02 × 10−20). A similar phenotypic spectrum (i.e., associations with body mass 
phenotypes, but not with respiratory diseases or blood immune cell levels) was also observed 
with respect to the other variants identified by lung-function GWAS.

Beyond these associations, we also observed additional findings that may be related to a 
broader effect of these variants across human health and disease domains (Table 1). Multiple 
variants were associated with basal metabolic rate (rs1430193, P = 2.39 × 10−8; rs4237643, 
P = 1.24 × 10−10; rs6923462, P = 3.56 × 10−7), number of self-reported non-cancer illnesses 
(rs1558641, P = 3.09 × 10−8; rs6871536, P = 9.2 × 10−9; rs928413, P = 3.92 × 10−7), and dietary 
habits (cheese intake: rs4237643, P = 2 × 10−7; salt added to food: rs3894194, P = 1.56 × 10−7). 
Additional associations were observed for rs1430193 with multiple hernia phenotypes (hernia 
P = 1.14 × 10−15; inguinal hernia P = 1.67 × 10−21; femoral hernia P = 3.79 × 10−7), for rs744910 
with corneal resistance factor (P = 1.48 × 10−7), for rs2305480 with age at menopause (P = 5.74 
× 10−7), and for rs2305480 with mouth ulcers (P = 4.01 × 10−7) (Table 2).

Our control analysis conducted with respect to randomly selected variants matched to the 
asthma and lung-function associated variants for multiple genomic features showed that 
the empirical probability to observe a phenome-wide association surviving multiple testing 
correction by chance is 0.2%.

Considering single-tissue eQTL, we observed that 14 out of 16 investigated variants are a 
genome-wide significant eQTL at least with respect to a gene in a tissue. A total of 385 eQTLs 
reached genome-wide multiple testing correction (FDR, q ≤ 0.05; Supplementary Table S2). 
Rs1342326 and rs6923462 were the only 2 variants that did not show significant effects on gene 
expression. Among the significant eQTLs, we observed that the asthma risk alleles tend to be 
eQTLs for multiple genes across several tissues, while variants associated with lung function 
are eQTLs for a reduced number of genes and tissues (Fig. 2A). Across the tissues and the genes 
tested with respect to each variant, we observed a wide range of normalized effect sizes (NES; 
Fig. 2B). Considering the 2 tissues that expected to be more relevant for asthma pathogenesis 
and inter-individual variability of lung function, 7 variants showed genome-wide significance 
with multiple genes in whole blood and lung tissue. The strongest eQTL association was 
observed for rs2305480 with respect to GSDMB gene expression in whole blood (G allele, 
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Table 2. Broader phenotypic associations with asthma and lung-function risk variants
rsID Effect allele Beta P value Description
rs1430193 T −0.01 2.39E-08 Basal metabolic rate

0.00 1.67E-21 Diagnoses - main ICD10: K40 Inguinal hernia
0.00 3.79E-07 Diagnoses - main ICD10: K41 Femoral hernia

−0.01 1.14E-15 Hernia
rs1558641 A −0.01 3.09E-08 Number of self-reported non-cancer illnesses
rs2305480 A 0.02 5.74E-07 Age at menopause (last menstrual period)

0.00 4.01E-07 Mouth/teeth dental problems: Mouth ulcers
rs3894194 A 0.01 1.56E-07 Salt added to food
rs4237643 G −0.01 1.24E-10 Basal metabolic rate

0.01 2.00E-07 Cheese intake
0.01 6.20E-07 Usual walking pace

rs6871536 C 0.01 9.20E-09 Number of self-reported non-cancer illnesses
rs6923462 C 0.01 3.56E-07 Basal metabolic rate
rs744910 A 0.03 1.48E-07 Corneal resistance factor
rs928413 A −0.01 3.92E-07 Number of self-reported non-cancer illnesses
ICD, International Statistical Classification of Diseases and Related Health Problems.



NES = −0.3, P = 7.1 × 10−54; Fig. 3A). Although it showed a weaker association, rs2305480-
GSDMB eQTL was also genome-wide significant in lung tissue (NES = −0.18, P = 5.7 × 10−14). 
Considering the multi-tissue analysis, rs2305480-GSDMB eQTL (multi-tissue P = 8.32 × 10−152; 
Supplementary Fig. S1) showed a posterior probability greater than 90% in additional tissues 
including spleen (m = 1), Epstein-Barr virus-transformed lymphocytes (m = 1), small intestine 
(m = 1), colon transverse (m = 1), and stomach (m = 0.99). Beyond GSDMB, rs2305480 affects the 
transcriptomic regulation of additional genes, including ORMDL3 (whole blood: NES = −0.38, 
P = 4.4 × 10−51; lung: NES = −0.22, P = 1.2 × 10−16; multi-tissue eQTL P = 2.35 × 10−154), GSDMA 
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(lung: NES = 0.44, P = 6.3 × 10−16; multi-tissue eQTL P = 8.44 × 10−217), IKZF3 (whole blood: 
NES = 0.07, P = 1.2 × 10−7; multi-tissue eQTL P = 3.83 × 10−13), and PGAP3 (lung: NES = −0.12, 
P = 3.2 × 10−7; multi-tissue eQTL P = 9.2 × 10−113). A similar eQTL pattern was also observed 
for rs3894194, which is partially in LD and closely located to rs2305480. On chromosome 11, 
rs4237643 regulated the transcriptomic of HSD17B12 in both whole blood (T allele, NES = 0.46, 
P = 2.4 × 10−49; Fig. 3B) and lung (NES = 0.52, P = 3.6 × 10−46). The multi-tissue eQTL analysis 
showed that rs4237643-HSD17B12 association has a posterior probability greater than 90% in 48 
tissues available in GTEx V8 (multi-tissue eQTL P < 10−300; Supplementary Fig. S2). Rs4237643 
also showed regulatory effects on 2 long non-coding RNAs, RP11-613D13.10 (lung: NES = 
0.6, P = 3.7 × 10−42; whole blood: NES = 0.35, P = 4.8 × 10−20; multi-tissue eQTL P < 10−300) and 
RP11-613D13.5 (lung: NES = 0.25, P = 1.3 × 10−11; multi-tissue eQTL P = 5.84 × 10−155). Rs1558641 
affects the transcriptomic regulation of MFSD9 in whole blood (G allele; NES = 0.35, P = 1.3 × 
10−8; Fig. 3C) and IL18R1 in lung (NES = −0.18, P = 5.9 × 10−5). Although it reached significance 
in the multi-tissue eQTL analysis (P = 7.87 × 10−7), whole blood is the only tissue with a posterior 
probability greater than 90% in the rs1558641-MFSD9 eQTL (m = 1). Conversely, rs1558641-
IL18R1 association (multi-tissue eQTL P = 2.35 × 10−44) showed a posterior probability greater 
than 90% in lung (m = 1) together with 22 additional tissues available in GTEx (Supplementary 
Fig. S3). A similar eQTL pattern was observed for rs3771166, which is closely located and in 
partial LD with rs1558641 (distance: 220 kb, LD r2 = 0.13 in the European population of the 
1,000 Genomes Project reference panel).26 Rs744910 showed genome-wide significant effect on 
AAGAB transcriptomic regulation in whole blood (G allele; NES = 0.1, P = 4.9 × 10−5; Fig. 3D).  
The multi-tissue rs744910-AAGAB eQTL analysis showed that only whole blood and esophagus 
mucosa have a posterior probability greater than 90% (multi-tissue eQTL P = 7.92 × 10−6; whole 
blood m = 0.98; esophagus mucosa m = 1; Supplementary Fig. S4). Similarly, rs2284033 affects 
ELFN2 transcriptome profile in lung (G allele; NES = 0.15, P = 4.6 × 10−5; Fig. 3E) and the multi-
tissue eQTL analysis showed that this association is specific for lung tissue (lung m = 0.90; 
Supplementary Fig. S5).

Considering the 11 variants that showed significant eQTL effects and significant 
associations in the phenome-wide scan, we tested their association with 116 phenotypic 
traits (Supplementary Table S3) derived from a pediatric cohort (n = 919) assessed using 
ISAAC Phase II tools. We observed 60 genetic associations with respect to 10 of the variants 
investigated (P < 0.05; Table 3). Comparing asthma risk alleles with respect to lung-function 
associated variants, we observed that risk alleles are associated with a larger number of 
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ISAAC-derived phenotypes thanks (6.5 ± 1.41 vs. 2.67 ± 2.3, respectively). The strongest 
findings were observed with respect to rs3894194 (an asthma risk allele), which was 
associated with eight different phenotypes and showed an association with increased risk of 
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Table 3. Associations of asthma and lung-function risk variants with supporting evidence from phenome-wide and eQTL analyses in the pediatric cohort 
assessed using ISAAC Phase II tools
SNP Effect allele Phenotype Z score P value
rs1558641 A Asthmatic bronchitis diagnosis at least twice 3.33 8.68E-04

At least 32 wheezing episodes −3.30 9.73E-04
Allergic bronchitis diagnosis at least once 3.29 1.01E-03
Ever allergic bronchitis diagnosis 3.23 1.30E-03
Asthmatic bronchitis diagnosis at least twice −3.01 2.58E-03

rs2284033 A Ever asthmatic bronchitis diagnosis 3.01 2.66E-03
Asthmatic bronchitis diagnosis at least once 2.98 2.88E-03
Current wheezing and asthma diagnosis at least once 2.95 3.18E-03
Current Eczema 2.94 3.32E-03
Olea atopy 2.91 3.58E-03
Absolute lymphocyte count −2.85 4.59E-03
Serum IgE level −2.84 4.62E-03

rs2305480 A Serum IgE level −2.82 4.97E-03
% neutrophils −2.77 5.70E-03
Wheezing severity −2.70 7.02E-03
Asthma diagnosis at least twice 2.67 7.61E-03
% FEV120 compared to healthy individuals 2.63 8.68E-03
% eosinophils −2.62 9.10E-03
Rhinitis severity 2.55 1.09E-02

rs2863171 C % FEV post compared to healthy individuals −2.45 1.45E-02
Asthmatic bronchitis diagnosis at least twice −2.45 1.45E-02
Current wheezing, BHR positive, and asthma diagnosis at least once 2.42 1.53E-02
Horse atopy 2.42 1.55E-02

rs3894194 A Horse atopy 2.40 1.62E-02
Asthma diagnosis at least once 2.39 1.69E-02
Allergic bronchitis diagnosis at least twice 2.38 1.72E-02
Ever eczema 2.38 1.73E-02
Ever asthma diagnosis 2.38 1.77E-02
Diagnosis of asthma, asthmatic bronchitis, allergic bronchitis, or bronchitis at least once 2.37 1.77E-02
Serum IgE level −2.36 1.84E-02
Hematocrit level −2.36 1.86E-02
Asthma, asthmatic bronchitis, or allergic bronchitis diagnosis −2.33 1.98E-02
% MEF240 compared to healthy individuals −2.29 2.21E-02
Flexural dermatitis −2.29 2.23E-02
% FEV480 compared to healthy individuals 2.29 2.26E-02

rs4237643 G Current wheezing or allergic rhino-conjunctivitis symptoms −2.22 2.68E-02
Asthma diagnosis at least once −2.19 2.87E-02
Cat atopy 2.15 3.14E-02
Olea atopy −2.15 3.19E-02

rs6871536 C Allergic bronchitis diagnosis at least once 2.15 3.20E-02
Current eczema with flexural dermatitis 2.14 3.20E-02
% FEV60 compared to healthy individuals 2.15 3.21E-02
Current wheezing and BHR positive −2.14 3.28E-02
Rhino-conjunctivitis −2.11 3.49E-02
Absolute neutrophil count −2.11 3.53E-02
Allergic bronchitis diagnosis at least once −2.10 3.61E-02
> 4% eosinophils 2.09 3.71E-02

rs744910 A Asthma, asthmatic bronchitis, or allergic bronchitis diagnosis −2.05 4.02E-02
% lymphocytes −2.03 4.26E-02
Wheezing and eczema 2.02 4.32E-02
Wheezing and allergic rhinitis 2.02 4.33E-02
Absolute eosinophil count −2.02 4.36E-02
% eosinophils −2.02 4.39E-02



being diagnosed with asthma bronchitis at least twice (P = 8.68 × 10−4). Beyond other asthma 
definitions and comorbidities, rs3894194 was associated with reactions to the skin prick test 
for cat and horse atopy (P = 0.031 and P = 0.015, respectively). With respect to the only lung-
function associated locus, rs4237643 was associated with four ISAAC-derived phenotypes, 
including being diagnosed with allergic bronchitis at least twice (P = 0.017), mean expiratory 
flow (FEV) after 480s of hypertonic saline inhalation (P = 0.023), absolute neutrophil count  
(P = 0.035), and FEV after bronchodilator drug inhalation subsequently to bronchial 
challenge test (BCT; P = 0.045).

DISCUSSION

Asthma and comorbid respiratory diseases have a highly multifactorial etiology where 
different pathogenic mechanisms contribute to the individual's susceptibility.27 In the present 
study, we explored the phenotypic and molecular spectrum of risk loci associated with 
asthma and lung function. There is a well-known relationship between respiratory diseases 
and lung function28 also including altered lung function in asthmatic patients.29 However, 
there is limited knowledge regarding molecular mechanisms linking these phenotypic traits. 
We leveraged multiple resources to provide a deep characterization of the loci investigated, 
and verified similarities and differences among them. We leveraged 3 different datasets: i) UK 
Biobank, a large-scale cohort representative of the characteristics of the general population; 
ii) GTEx, a dataset providing broad information regarding the role of genetic variation in 
regulating gene expression in multiple tissues; and iii) a cohort specifically recruited and 
assessed to investigate asthma and allergies in children.

Our PheWAS conducted in the UK Biobank identified more than 200 phenotypic associations 
with respect to asthma and lung function-associated loci. In both cases, we replicated the 
original GWAS phenotypes (asthma and lung function, respectively), but observed much 
stronger associations with respect to additional traits. Asthma risk loci were strongly 
associated with blood levels of immune cells and particularly with eosinophil level. This 
is in line with the known role of immune cells in inflammatory processes at the basis of 
asthma and allergy pathogenesis.30 Additionally, eosinophils in asthmatic inflammation have 
been a recognized risk factor for many years and eosinophilic airway inflammation seems 
to be associated with risk of severe asthma exacerbation and loss of asthma control with 
inhaled corticosteroid withdrawal.31 Our data indicate that risk loci associated with asthma 
phenotypes are involved in the regulation of immune systems. Based on these findings, we 
hypothesize that causal mechanisms responsible for the genetic associations reported in 
the asthma discovery GWAS8,9 are related to this regulatory effect: individuals predisposed 
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SNP Effect allele Phenotype Z score P value
rs928413 A Diagnosis of asthma, asthmatic bronchitis, allergic bronchitis, or bronchitis at least once −2.01 4.40E-02

FEV after bronchodilator drug inhalation subsequently to BTC −2.01 4.53E-02
Waking up with wheezing −1.98 4.75E-02
Atopic wheezing (Y/N) −1.98 4.78E-02
Current eczema 1.97 4.89E-02
Cockroach atopy −1.97 4.92E-02
Waking up with wheezing 1.97 4.94E-02

eQTL, expression quantitative trait loci; ISAAC, International Study of Asthma and Allergies in Children; SNP, single-nucleotide polymorphism; IgE, 
immunoglobulin E; FEV, forced expiratory volume; BHR, bronchial hyperresponsiveness; MEF, mean expiratory flow; BTC, biliary tract cancer.

Table 3. (Continued) Associations of asthma and lung-function risk variants with supporting evidence from phenome-wide and eQTL analyses in the pediatric 
cohort assessed using ISAAC Phase II tools



to have altered immune function have an increased risk for developing asthma. In line with 
previous studies that observed the effect of eosinophils and other immune cells in both adult 
and childhood asthma,32 we observed that the blood levels of immune cells were correlated 
with risk loci associated with both adult and childhood asthma, suggesting that immune 
alterations are a pathogenic pathway shared between the different disease-onset phenotypes. 
Investigating the effect of asthma risk alleles on transcriptomic regulation of the surrounding 
genes, we were able to gain more information about molecular mechanisms responsible for 
the association between asthma risk and immune alterations. Our eQTL analyses showed that 
asthma risk alleles tend to affect multiple genes across several tissues. Among the variants 
investigated, the asthma-increasing risk allele rs2305480*G is associated with the down-
regulation of GSDMB, ORMDL3, and PGAP3 and the up-regulation of GSDMA and IKZF3 across 
multiple tissues. Accordingly, we can hypothesize that the effect of rs2305480 on asthma risk 
and the blood levels of immune cells is due to mechanisms related to the function of multiple 
genes, including the GSDMB and GSDMA regulation of apoptosis in epithelial cells,33,34 
ORMDL3 regulation of the innate immune system,35 and IKZF3 regulation of B lymphocyte 
proliferation and differentiation.36,37 Among the other variants tested, the asthma-increasing 
risk rs1558641*G allele was associated with the up-regulation of MFSD9 and down-regulation 
of IL18R1. The gene MFSD9 is involved in transmembrane transporter activities38 and 
rs1558641 appears to affect its regulation specifically in whole blood. Conversely, rs1558641 
regulates IL18R1 gene expression across multiple tissues. This gene encodes for the cytokine 
receptor that binds interleukin 18 (IL18), and it is essential for IL18-mediated signal 
transduction.39 Accordingly, we hypothesize that rs1558641 association with asthma and the 
blood levels of immune cells is due to the regulatory function of the gene IL18R1.

Unlike asthma risk loci, variants associated with lung function did not show any association 
with blood immune cells. Conversely, we observed a consistent association with several 
traits related to body fat mass together with replication of the lung-function traits. Obesity 
and pathologic accumulation of fat mass are risk factors for both allergic and non-allergic 
respiratory diseases.40,41 Our data support the hypothesis that the causative mechanisms 
responsible for the genetic associations reported in the lung-function discovery GWAS10 
are related to the effect of body fat mass: individuals with risk variants associated with 
increased fat mass have an increased predisposition of reduced lung function. Among the 
lung function-associated variants, rs4237643*T allele is associated with the up-regulation of 
HSD17B12 gene which encodes 17-beta-hydroxysteroid dehydrogenase, an enzyme involved 
in the long-chain fatty acid elongation cycle and the metabolism of steroid hormones.42 
HSD17B12 locus has been associated with body mass index,43 type 2 diabetes,44 and 
cardiovascular diseases.13 Accordingly, we hypothesize the effect of lung function-associated 
loci investigated is due to the mediated pleiotropy,45 where variants are associated with 
altered metabolic processes that lead to increased body fat and obesity, which consequently 
affects lung function. This hypothesis is supported by studies showing the accumulation 
of adipose tissue causes pulmonary complications directly (mechanical effect of fat 
accumulation in the chest and abdominal regions) and indirectly (altered immune function 
due to the numerous cytokines produced by adipocytes).46-48

In the pediatric cohort assessed using the ISAAC Phase II tools, we observed that asthma 
risk alleles are associated with a broader range of asthma- and allergy-related phenotypes 
than lung function-associated variants. However, we observed that 2 lung function- and fat 
mass-associated variants (i.e., rs2863171 and rs4237643) are associated with atopy, asthmatic 
and allergic bronchitis, and the blood levels of immune cells. Although these results will be 
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needed to be confirmed in a larger cohort, these findings may support the effect of increased 
fat mass in the positive feedback loop between local inflammation in adipose tissue and 
altered immune response.49

In conclusion, this study generated novel data regarding the genetics of respiratory diseases and 
their comorbidities, providing a deep characterization of loci associated with asthma and lung 
function based on multiple sources. Our findings support that asthma and lung function have 
distinct genetic architecture, but addictive mechanisms may be present, linking these phenotypes.
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