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Abstract 
Background Genetic studies focussing on moderate-severe asthma are limited. We aimed to identity genetic variants associated with moderate-severe asthma and provide initial mechanistic insight using expression analyses in asthma patients. 
Methods We used a two stage design including; 5,135 moderate-severe asthma cases and 25,675 controls (stage 1) and 5,414 cases and 21,471 controls (stage 2). The effect of signals on all asthma (mild, moderate, severe) and gene expression in asthma patients and controls was investigated. 
Findings We identified 24 genome-wide significant signals including a large number of signals in innate/adaptive immune response genes. Novel signals included; rs10905284 in GATA3 (coded allele A, OR 0.90 [95% CI 0.88-0.93] P=1.76x10-10), rs11603634 in the MUC5AC region (coded allele G, OR 1.09 [95% CI 1.06-1.12] P=2.32x10-8) and rs560026225 near KIAA1109 (coded allele GATT, OR 1.12 [95% CI 1.08-1.16] P=3.06x10-9). These signals were reported previously for blood eosinophil counts, pulmonary fibrosis and allergic sensitisation, respectively. The MUC5AC signal was not associated when analyses included mild asthma. The rs11603634G allele was associated with increased expression of MUC5AC mRNA in bronchial epithelial brush samples and MUC5AC mRNA was elevated in bronchial epithelial samples from severe asthma patients.
Interpretation To our knowledge, this is the largest study of moderate-severe asthma which suggests substantial shared genetic architecture between mild and moderate-severe disease. We also report for the first time genetic variants associated with risk of developing moderate-severe asthma that regulate mucin production. Finally, we identify potential candidate/causal genes in these loci and provide greater insight into this difficult to treat population.


Research in Context
Evidence before this study:
We searched the NHGRI-EBI catalog of published GWAS to identify studies that tested the association between genetic variants and asthma (January 2018). We used the search term “asthma” and manually curated the findings to identify studies that focussed to asthma diagnosis to define cases. We examined the original publication and included studies with more than 500 cases and 500 control subjects and considered signals of relevance those that met genome-wide significance (P<5 x 10-8).  These previous studies have reported 38 regions associated at genome-wide significance for susceptibility to develop asthma, providing novel insight into disease biology. To date, only two GWAS have specifically investigated moderate-severe asthma, however these studies were limited by numbers of cases (<1,000) due to the challenges of recruitment of these patients. 

Added value of this study:
To our knowledge, this study is the largest genetic study of moderate-severe asthma to date, with 10,549 cases and 47,146 controls. We identify three novel genome-wide significant genetic associations that implicate; mucin 5, subtypes A and C, tracheobronchial (MUC5AC), GATA-Binding Factor 3 (GATA3) and KIAA1109, an uncharacterised protein.  Altered expression of the pathogenic mucin MUC5AC potentially contributes to mucus plugging and airway obstruction. GATA3, is a transcription factor linked to the T cell response in asthma and eosinophilia. The KIAA1109 locus has previously been associated with allergic sensitisation. We also describe and further characterise the contribution of 21 previously described asthma signals to this phenotype including identifying potential candidate/causal genes.

Implications of all the available evidence:
The identification of genetic association with variants in multiple genes of the innate/adaptive immune (T2 inflammation) pathways suggest targeting this pathway may represent a therapeutic opportunity in moderate-severe asthma. The association between variants in the MUC5AC locus advance accumulating evidence of alterations in the airway epithelium and mucin dysregulation in more severe forms of asthma. These data potentially support the specific targeting of MUC5AC expression and induction in severe asthma. The identification of the GATA3 and KIA1109 signals further extend the data that genetic variants in these regions are associated with asthma potentially via eosinophilia and allergic sensitisation, two drivers of asthma that are also important in moderate-severe disease.  
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Introduction
Asthma is a common disease, and was recently identified as the most prevalent chronic respiratory disease 1,2. Severe asthma accounts for 10-15% of individuals with asthma and there is a significant unmet clinical need, with symptoms including debilitating breathlessness, associated frequent exacerbations and increased hospital admissions despite the high use of medicines3. Both genetic and environmental factors contribute to disease risk with genetic factors thought to account for 40–80% of the susceptibility to develop asthma4. Previous genome-wide association studies (GWAS) in asthma have identified 38 regions of association with asthma including signals in or near; PEX14, IL6R, PYHIN1 (African American only), ADAMTS4, CD247, TNFSF18, DENND1B, ADORA1, ID2, IL1RL1/IL18R1, D2HGDH, LPP, TLR1, USP38 (Japanese only), PDE4D, TSLP/WDR36, RAD50/IL13, NDFIP1, GPX5, HLAC/NOTCH4/HLADRB1/HLADQA1, GRM4, BACH2, CDHR3, SLC30A8 (Japanese only), ZBTB10, IL33, EQTN, GATA3, LRRC32, IKZF4, STAT6, RAD51B, RORA, SMAD3, CLEC16A, ERBB2/GSDMB/ORMDL3, ZNF652 and IL2RB5-20. There is significant overlap of asthma signals with signals reported in GWAS of self-reported allergy and allergic sensitisation,  e.g. TLR1, WDR36, IL1RL1, SMAD3, STAT6, C11orf30, IL1RL1, TLR121,22. More recently in a GWAS of allergic disease and asthma, the authors showed a genetic correlation between asthma and allergic disease with evidence of specific loci being unique to asthma e.g. ORMDL323.
Interestingly, the concept of shared genetic origins has recently been tested by a large GWAS involving 180,129 cases (asthma, allergic rhinitis or atopic dermatitis) and 180,709 controls24. This study identified 99 genetic susceptibility loci including 136 independent signals spanning genes involved predominantly in immune function with only six signals showing some disease specificity, e.g. ORMDL3 for asthma. 
In the first GWAS in severe, difficult to treat asthma utilising The Epidemiology and Natural History of Asthma: Outcomes and Treatment Regimes (TENOR) cohort, associations with known asthma loci were found, for example with single nucleotide polymorphisms (SNPs) in the RAD50-IL13 and HLA-DR/DQ regions, although no signal reached genome-wide statistical significance criteria25. Similarly, the Asthma UK Genetics of Severe Asthma (AUGOSA) study of moderate-severe asthma replicated the known 17q21 association at ORMDL3/GSDMB/ZPB219. Neither study identified any new signals meeting genome wide significance potentially because the number of cases was small. Therefore, we aimed to perform a large GWAS of moderate-severe asthma to address three specific objectives.  Firstly, we aimed to identify novel variants predicting disease risk for moderate-severe asthma (as opposed to mild asthma).  Secondly, we wanted to see if the previously described asthma signals were specifically associated with moderate-severe asthma. Thirdly, we undertook initial functional studies using the U-BIOPRED integrated asthma patient genomics resource in order to translate genetic findings into disease mechanisms, which might in turn identify new targets for therapeutic intervention. 

Methods
Study design and participants
A two stage design was used to identify novel genome-wide significant associations with susceptibility to moderate-severe asthma (figure 1, table 1). To maximise power, in stage 1, a GWAS using cases and controls was performed with variants showing association (P<10-6) further analysed in an independent cohort of cases and controls (stage 2). When meta-analysing stages 1 and 2 we defined statistical significance as variants that met a genome-wide significant threshold of P<5x10-8. 
Stage 1 included moderate-severe asthma subjects with European ancestry recruited from primary and secondary care settings across the United Kingdom as part of the Genetics of Asthma Severity & Phenotypes (GASP) initiative with additional cases included from the U-BIOPRED asthma cohort and UK Biobank May 2015 genetic data release (appendix p1). Moderate-severe asthma patients were identified in GASP and U-BIOPRED from clinical records indicating patients were taking medication required in patients defined as moderate, severe asthma as per the British Thoracic Society (BTS) guidelines (2015) (i.e. step 3 and above). In UK Biobank cases were defined by (i) having doctor diagnosed asthma, (ii) taking medication for asthma, (iii) exclusion of doctor diagnosed emphysema/chronic bronchitis and (iv) meeting the definition of moderate-severe asthma using British Thoracic Society (BTS) criteria. Cases were therefore selected from individuals for whom medication information was available and who met BTS stage 3-5 criteria; i.e. for Stage 3 taking - long acting 2 agonist, plus inhaled corticosteroid (ICS), Stage 4 – higher dose ICS and addition of a fourth drug e.g. leukotriene receptor antagonist, SR theophylline, and Stage 5 – oral corticosteroid (OCS) and/or Omalizumab. A complete list of medications to identify moderate-severe asthma is included in the supplementary methods.  .Stage 1 and 2 controls were identified from UK Biobank by excluding individuals with doctor diagnosed asthma, rhinitis, eczema, allergy and emphysema/chronic bronchitis. Additional controls were included from U-BIOPRED. A case-control ratio of 1:5 was chosen to balance power and computational time. Cases and controls were matched across age and sex strata and in stage 1 across genotyping arrays. Stage 2 cases and controls were selected from UK Biobank full release as described. All cohorts included individuals with self-reported European ancestry, individuals of non-European ancestry were excluded using PC analysis.
By excluding allergic disease from the control subjects in stage 1 and 2 we could potentially have inflated shared genetic signals related to allergic comorbidities in the asthma population. Hence, we also completed a sensitivity analyses (stage 2a) which included moderate-severe asthma cases from stage 2 and controls from UK Biobank with rhinitis, eczema and allergy not excluded.
All studies had appropriate ethics approval.
Procedures and statistical analyses
Moderate-severe asthma cases and controls in stage 1 were genotyped using the Affymetrix Axiom® UK BiLEVE array26 and the later generation Affymetrix Axiom® UK Biobank array, which are 95% identical in content; stage 2 used only the latter array (Affymetrx, Santa Clara, CA, USA). Genotyping and imputation procedures are described in the appendix (p1). After imputation (UK10K + 1000 genomes Phase 3), 33,771,858 single nucleotide polymorphisms (SNPs) were available for association testing in stage 1 (appendix p2).
For stage 1, a GWAS was performed for moderate-severe asthma susceptibility using a logistic model of association and assuming an additive genetic model of asthma status with imputed genotype dose fitted using SNPTEST v2.527 adjusted for 10 ancestry principal components. Independent variants reaching a threshold of P<10-6 in stage 1 association testing were followed up in stage 2. Conditional analyses using GCTAv1.26.028 were used to identify additional independent signals in the same loci and a sensitivity analysis was performed to check for array effects.
Variants with the same direction of effect in stage 1 and 2, that showed a genome wide significant association (P<5 x 10-8) in the meta-analyses and P<0.05 in stage 2 were included in downstream analyses. As we had excluded atopy from the controls we also completed a sensitivity analyses using stage 2 cases and controls with rhinitis, eczema, allergy not excluded (stage 2a and stage 1 + 2a). 
	To investigate if novel variants associated with moderate-severe asthma showed an association with susceptibility to all asthma (mild, moderate, severe) we interrogated a large GWAS of asthma, including; 28,399 cases (self- reported asthma) and 128,843 controls5. We also investigated SNPs previously associated with i) asthma5-20 and ii) allergic diseases23,24 at genome-wide significance (P < 5×10‑8) in our stage 1 dataset. 
For all signals meeting genome-wide significant (P<5x10-8) association with moderate-severe asthma we investigated the lead SNP (and SNPs in Linkage Disequilibrium (LD) r2>0.4) for association with mRNA levels in cells and tissues using expression quantitative loci (eQTL) datasets: lung tissue29 (n=1,110), blood cells30 (n=5,311) using 10% False Discovery Rate (FDR) and an additional five U-BIOPRED eQTL datasets31,32; blood (n=345), sputum (n=91), biopsy (n=84), bronchial brushing (n=117) and nasal brushing (n=75) using 5%FDR (appendix p3). An association signal meeting FDR in any dataset was considered of interest.
For novel signals where an eQTL effect was observed we investigated the expression of proteins in human lung using Protein Atlas to identify relevant airway cell types for further study33. We also investigated mRNA levels in severe asthma patients using available Gene Expression Omnibus (GEO) datasets (appendix p3) GSE43696, which includes data for bronchial epithelial cells from 20 control, 50 mild and 38 severe asthma subjects34, and GSE89809 which includes data for 18 control, 14 mild, 13 moderate and 11 severe asthma subjects35. There were some differences in the definition of asthma severity in these studies, in GSE43696 mild/moderate-severe asthma patients had a FEV1 of >60% predicted, with/without low–moderate dose inhaled ICS and severe asthma subjects had continuous use of high-dose ICS and/or frequent use of oral CS with continuing symptoms and/or chronic airflow limitation. In GSE89809 mild patients with asthma were taking 2-agonists alone, those with moderate asthma were taking ICS and subjects with severe asthma had persistent symptoms despite high-dose ICS (n =14) and oral corticosteroids (n=4). Both of these studies included medication use to define moderate-severe asthma providing confidence that comparable definitions were used between the GWAS and these downstream analyses.
To provide initial mechanistic insight we investigated lead SNPs (and SNPs in LD r2>0.4) at the novel loci using the HaploReg v4 resource36 and using the deep-learning functional prediction resource DeepSEA (deep learning–based sequence analyzer)37. We used GRASP38 and GWAS catalog39 to identify if any variants in LD (r2 > 0.4) with the 3 novel signals had previously been reported in GWAS of other traits.
Role of funding source
The funders had no role in the collection, analysis, or interpretation of the data, and in the writing of the report. IS and LVW were involved in all stages of the study design and delivery, had access to all data and had final responsibility for the decision to submit for publication.

Results
In stage 1, 32 independent signals were associated with susceptibility to moderate-severe asthma (P<10-6) with 21 of these meeting genome-wide significance (P<5x10-8) in stage 1 (figure 2, table 2, appendix suppl. figure 1). Array sensitivity analyses did not identify any array effects (appendix suppl. figure 2). The 32 signals included independent secondary signals at the TSLP, IL13/RAD50 and HLA loci (appendix suppl. figure 3).  
All 32 signals showing association (P<10-6) in stage 1 (appendix suppl. figure 3), including 11 potentially novel signals, were further analysed in stage 2 using an independent cohort of 5,414 moderate-severe asthma cases and 21,471 controls (table 1, appendix suppl. table 1). In stage 2 analyses, 26 signals showed consistent direction of effect and P<0.05 for association (appendix suppl. table 1). 
Following meta-analyses of stage 1 and stage 2 we identified 25 signals that showed consistent direction of effect and overall genome wide significance (table 2). The rs61816761 (Filaggrin, FLG) signal was excluded following sensitivity analyses as the stage 2 signal was at least in part driven by atopy (suppl. table 2). 
Of the 24 signals, three are novel for asthma (figure 3) and include sentinel SNP rs10905284 in GATA3 (coded allele A, OR 0.90 [95% CI 0.88-0.93] P=1.76x10-10) and rs11603634 in the MUC5AC region (coded allele G, OR 1.09 [95% CI 1.06-1.12] P=2.32x10-8). The third signal included an insertion/deletion (rs560026225, proxy in stage 2 rs72687036) in a locus covering KIAA1109 (coded allele GATT, OR 1.12 [95% CI 1.08-1.16] P=3.06x10-9).  rs10905284 (GATA3) is a novel signal for asthma independent from previously described signals in the GATA3 region for asthma, rs1050837215, rs258956111 and rs124135785. We identified a second signal in the GATA3 region (confirmed by conditional analyses), rs61840192 (labelled LOC101918272 as distal from GATA3, table 2) which is in LD with the previously described signals at rs12413578 (r2=0.166) and rs2589561 (r2=0.161). Both the KIAA1109 and GATA3 signals met the threshold for independent replication, however MUC5AC signal did not meet a Bonferroni corrected threshold (P<0.005, based on 11 potentially novel signals) but was nominally significant (P=0.018).  
We systematically assessed all previously described signals associated with asthma published to date5-20 (appendix suppl table 3). Investigation of 80 previously reported SNPs identified 60 SNPs showing association with moderate-severe asthma (P<6 x 10-4 Bonferroni correction). A further 10 SNPs showed nominally significant association at P<0.05 in our stage 1 dataset (appendix suppl table 3). Similarly, we investigated previously reported SNPs associated with allergic diseases in two recent large studies (appendix suppl table 4 and 5). For the 136 signals identified in the study of Ferreira et. al.24, 87 signals had a P<0.05 for moderate-severe asthma with 40 signals meeting correction (Bonferroni). Similarly, for the 38 signals identified in the study of Zhu et. al.23, 35 signals had a P<0.05 for moderate-severe asthma with 28 signals meeting correction (Bonferroni).     
In order to identify if the novel signals for moderate-severe asthma were also associated with mild asthma we undertook a lookup of these signals in a published GWAS of all asthma from the personal genetics company 23andMe, Inc. that was independent of our dataset5 (appendix suppl. table 6).  Both the KIAA1109 and GATA3 signals were significant (P<0.017, Bonferroni correction): KIAA1109 (proxy rs72687036 coded allele G, OR 1.06 [95% CI 1.04-1.08] P=3.96 x10-7) and GATA3 (rs10905284, risk allele C, OR 1.04 [95% CI 1.02-1.06] P=2.75x10-5). An association between the MUC5AC signal and all asthma was not identified (rs11603634, coded allele G, OR 1.00 [96% CI 0.97-1.02] p=0.809).
GRASP and GWAS catalogue analyses of the three novel signals, and variants in LD (r2>0.4) identified genome-wide significant (p<5 x 10-8) associations; rs560026225 (KIAA1109) asthma risk allele (GATT) (allele associated with increased risk of moderate-severe asthma) associated with risk of allergic sensitisation (proxy rs17454584, with the rs560026225 GATT allele correlated with rs17454584 G allele)22, the rs10905284 (GATA3) asthma risk allele (C) associated with increased number of eosinophils in the blood40 and rs11603634 (MUC5AC) asthma risk allele (G) (proxy rs4077759, rs11603634 (G) allele correlated with rs4077759 T allele) was associated with risk of pulmonary fibrosis41 (appendix suppl table 7). 
Next, a series of eQTL analyses were completed (appendix suppl table 8), of the three novel signals, rs11603634 (MUC5AC) was an eQTL for MUC5AC in bronchial epithelial brush cells (via proxy SNP rs11602802, r2=0.46). The rs11603634 asthma risk allele (G) was correlated with rs11602802 (A) allele, which was associated with elevated MUC5AC mRNA (figure 4A). While not meeting 5%FDR, MUC5B mRNA levels showed an opposite relationship with the rs11602802 SNP (appendix suppl figure 4). Similarly, proxy SNP rs17454584 (r2=0.57) for rs560026225 (KIAA1109) was an eQTL for KIAA1109 in lung tissue with the asthma risk allele (GAATT) associated with reduced expression of KIAA1109 (rs560026225 GAATT allele correlated with rs17454584 (G) allele) (figure 5A).  No significant eQTL was observed for the rs10905284 (GATA3) signal. We identified significant eQTL associations for 16 of the 21 previously reported asthma signals in the lungs and/or blood providing additional insight (appendix suppl table 8). More specifically we identified a large number of potential candidate/causal genes in the T2 inflammatory pathway including adaptive and innate immune response genes; CD247, IL1RL1, IL18R1, TSLP, HLA genes, BACH2, IL33 and STAT6 and also genes that may be important in airway structural cell homeostasis/integrity/function; MUC5AC, D2HGDH, ING5, WDR36, RAD50, SLC22A5, SMAD3, ORMDL3, GSDMA and GSDMB.
MUC5AC and KIAA1109 expression is present in airway epithelium and was localised to the cytoplasm/membrane  (appendix suppl figures 5 & 6), therefore we hypothesised that levels of MUC5AC and KIAA1109 may be altered in airway epithelium in severe asthma patients. Elevated levels of MUC5AC mRNA were apparent in severe asthma patients (fig 4B & C).  We did not identify differential expression of KIAA1109 in the same bronchial epithelial datasets (fig 5B & C).
We used HaploReg and DeepSEA to investigate the MUC5AC, KIAA1109 and GATA3 sentinel SNPs and SNPs in LD (r2>0.4). Using HaploReg we identified a large number of potentially functional consequences of these genetic variants (appendix suppl tables 9-11). In the MUC5AC locus multiple SNPs including the lead SNP (rs11603634) altered Fox family transcription factors (appendix suppl table 9). For the KIA1109 and GATA3 signals, many potentially functional changes were apparent (appendix suppl table 10 & 11). Using DeepSEA, the moderate-severe asthma risk allele [G] at the sentinel SNP rs11603634 near MUC5AC was predicted to result in a more than 1.5 log2fold change in function at FOXA1 and FOXA2 transcription factor binding sites in airway epithelium (appendix suppl. table 12). For the rs10905284 (GATA3) asthma risk allele (C) (proxy rs3802597, r2=0.93) had an effect on USF1 and USF2 transcription factor binding in various cell types including airway epithelium (appendix suppl. table 13). The rs560026225 (KIAA1109) (proxy rs17389644, r2=0.57) had a functional effect on a DNase hypersensitivity site in HMVEC and HUVEC (appendix suppl. table 14). 

Discussion
To our knowledge, we present the largest genetic association study of moderate-severe asthma to date with 10,549 cases and 47,146 controls and identify 24 signals reaching genome-wide significant association. 21 of the 24 signals have previously been reported in studies predominantly using mild asthma patients suggesting there is substantial shared genetic architecture between mild and moderate-severe asthma. Our findings potentially suggest additional factor(s) drive development of more severe forms of asthma e.g. environmental exposures/epigenetics and the presence of comorbidities. We also provide greater insight identifying potential casual/candidate genes in many of these loci including several genes related to T2 inflammation. Importantly, three signals have not previously been reported for asthma in GWAS: rs11603634 in the MUC5AC region (coded allele (G), frequency 50.4%, risk), rs1090584 in GATA3 (coded allele (A), frequency 57.06%, protective) and rs560026225 (coded allele (GATT), 23.6%, risk) in a locus covering KIAA1109. The rs11603634 signal is specific to moderate-severe asthma and we identify that MUC5AC is elevated in bronchial epithelial cells of risk allele carriers, with MUC5B showing a decrease in risk allele carriers, albeit not reaching our significance threshold. This may be via alterations in FOXA transcription factor activity. For the GATA3 and KIAA1109 signals we see association with all asthma and there are previously reported associations for blood eosinophil levels and self-reported allergy respectively. Therefore, we provide a further insight into the genetic architecture of moderate-severe asthma and we report the first evidence that genetic variants associated with risk of developing moderate-severe asthma regulate mucin production. 
In the current study we identified 21 previously reported signals including those associated with severe or difficult-to-treat asthma previously; RAD50 and HLA-DR/DQ25 and 17q21 (ORMDL3/GSDMB/ZPB2)19. Using eQTL analyses we identified candidate/causal genes; however it is important to note that the level of evidence for each potential candidate gene based on LD with sentinel SNP, relevant tissue/cell type and statistical significance varied from highly supportive to suggestive.  Overall these data highlight the role of innate/adaptive immunity and T2 inflammation in moderate-severe asthma including; CD247 which encodes T-cell receptor zeta, GATA3, an important transcription factor  in T cells, IL18R1 and IL1RL1, receptors for key cytokines IL18 and IL33 respectively, TSLP, that drives T2 inflammation, HLA genes encoding the major histocompatibility complex (MHC), BACH2, a transcriptional regulator in T2 inflammation, IL33, an innate cytokine, STAT6, a signalling molecule downstream of IL4/13 which are drivers of T2 inflammation. The other genes identified highlight roles in airway cell homeostasis; D2HGDH regulates alpha-ketoglutarate levels influencing histone and DNA methylation42, SLC9A2, a sodium-hydrogen exchanger involved in the regulation of cell pH and volume43, ING5 a transcription factor involved in epithelial to mesenchymal transition44, RAD50, involved in DNA double-strand break repair, SLC22A5, an organic cation transporter with a role in epithelial cells, CLEC16A, a regulator of autophagy45 and GSDMB and ORMDL3 linked to airway smooth muscle contraction and airway remodelling respectively46,47. 
	Importantly, this is the first report of the MUC5AC locus being specifically associated with increased susceptibility to development of moderate-severe asthma in GWAS. We show association in stage 1 and stage 2 and in the meta-analyses, however the more severe nature of the asthma patients (and associated power) in stage 1 vs. stage 2, may explain the different significance levels across stages, i.e. stage 1 subjects had lower lung function and reported higher use of oral corticosteroids compared to stage 2 case subjects (6 vs. 3%, Table 1). Stage 1 and 2 cases did not differ significantly by % of allergic comorbidities (allergic rhinitis and/or eczema) (P=0.51) or smoking history (P=0.21). The association between the asthma risk allele (G) of rs11603634 and elevated MUC5AC mRNA levels in bronchial epithelial brush samples and the predicted effect on FOXA transcription factors provides a putative mechanisms as FOXA2 regulates MUC5AC production48. This eQTL association is the most significant for MUC5AC in the bronchial epithelial cell dataset. This moderate-severe asthma signal has also been identified as associated with pulmonary fibrosis (proxy rs4077759, r2=0.42)41, however rs11603634 reported in the current study and rs35705950 (the main IPF signal) are not in LD (r2=0.01), suggesting distinct signals. Similarly, the signal reported in the current study is independent from that reported (rs1132440) in a candidate gene study for asthma49.  We also identified an effect of rs11603634 on MUC5B mRNA levels in bronchial epithelial brush samples with risk allele carriers having lower levels, however this did not meet the significance threshold. MUC5AC protein levels are elevated in the sputum of asthma patients during exacerbations compared to stable asthma and controls, while MUC5B are lower, i.e.  alterations in the ratio of MUC5AC/MUC5B are a feature of asthma50. This may be partially explained by the opposite effect of our novel asthma risk allele on MUC5AC and MUC5B production. MUC5AC has pathogenic roles and has been linked to airway hyper-responsiveness and mucus plugging, during exacerbation51. MUC5AC deficient mice develop allergic airway disease, however the severity and abundance of mucus plugging is attenuated52. Loss of MUC5B leads to airway inflammation suggesting a role in homeostasis53. Overall, these data suggest targeting of specific mucins may be a therapeutic opportunity for moderate-severe asthma. 
The KIAA1109 (rs72687036) novel signal has previously been associated with self-reported allergy21 and allergic sensitization22 type 1 diabetes54, ulcerative colitis55, mean platelet volume40 and recently with allergic disease (asthma/hay fever/allergic rhinitis or eczema)23. The region is rich in candidate genes, e.g. IL2 and IL21, however our eQTL data suggests that the potential causal gene is KIAA1109. Little is known about KIAA1109, mice deficient in KIAA1109 have pre-weaning lethality (International Mouse Phenotyping Consortium) and a suggested role in synaptic vesicle recycling in Drosophila has been identified56. 
The third novel signal, rs1090584 in GATA3, asthma risk allele (C) is also associated with Rheumatoid Arthritis (proxy rs3824660, r2 0.86)57 and elevated levels of blood eosinophils40, a known effector cell in asthma. More recently, this signal was associated with allergic disease (asthma/hay fever/allergic rhinitis or eczema)23. The rs1090584 signal in GATA3 identified in the current study is independent to those previously described for asthma including; rs10508372 (Japanese)15, rs2589561 (European/Multiancestry)11 and rs12413578 (European)5. The second signal in GATA3 (rs61840192) we report is in LD with rs12413578 and rs2589561 (r2=0.16). These data suggest that multiple genetic signals within the GATA3 locus may contribute to asthma. We identified potential effects of rs1090584 on upstream stimulatory factors (USF) 1 and 2 in airway cells, however did not identify an eQTL. USF1 is important in regulating GATA family genes including GATA558. GATA3 is a transcriptional regulator associated with differentiation e.g. in Type-2 innate lymphoid cells (ILC2) differentiation59 an effector cell in T2 inflammation.
We also investigated all previously reported asthma signals, with general replication of previous signals. Those signals that did not replicate were associated with a specific asthma phenotype, e.g. PDE4D and mild-moderate childhood asthma with bronchial hyper-responsiveness16 or were reported in non-European ancestry e.g. NOTCH415. The effect sizes for previously described asthma signals in this moderate-severe asthma study (OR range 1.09-1.24) are comparable with those reported in large studies of asthma5,11. Similarly, we investigated all recently described allergic disease signals identified in two large GWAS23,24, These data showed that a large proportion of these signals were associated with moderate-severe asthma, however it is important to note that our case-control design using moderate-severe asthma cases and controls (excluding individuals with doctor diagnosed asthma, rhinitis, eczema, allergy) will enhance to the ability to identify genetic signals associated with allergic comorbidities in the asthma population.
While the current study represents the largest study of moderate-severe asthma to date, several limitations require comment. Regarding the design of the study, we considered alternative approaches when planning the analysis, e.g. using mild asthma patients as the control group. However, we opted to compare moderate-severe asthma with healthy controls in the initial discovery analysis as we felt that this would minimise the risk of misclassification between mild and moderate asthma and so be a more powerful strategy for a genetic study. We included the 23andMe analysis to specifically address the issue of specificity of the signals to moderate-severe asthma. Stage 1 cases likely represent a more severe phenotype than those in stage 2 as GASP and U-BIOPRED cases in stage 1 were recruited from secondary care. This may have contributed to the attenuated association with e.g. the MUC5AC signal in stage 2 however potentially provided the power for stage 1. We also acknowledge that we defined asthma severity based on medication use alone and additional measures including symptoms, exacerbation frequency and other markers would have enhanced the definition although these data were not available. Importantly all cases in our analyses required a doctor diagnosis of asthma for inclusion prior to stratification based on medication. Severe asthma is defined by the requirement for high dose ICS or maintenance OCS with persistent poor control or at high risk of developing poor control if these therapies are stepped down. Similarly, the GINA treatment steps are used as surrogates of severity. Thus, using the treatment step as a measure of severity is in keeping with current guidelines and has the advantage that it provides maximum sample sizes for this study. We acknowledge the limitations that in the cases that were prescribed OCS we did not undertake individual case review to exclude the possibility that some subjects might have been receiving OCS for other co-morbid conditions and that we did not record additional information on current asthma control nor exacerbation frequency which would have been informative. Advances in imputation mean that the widely used threshold for genome-wide significance of P<5x10-8, historically defined on the basis of 1 million independent tests, could be considered too lenient for an analysis of 33 million SNPs (representing more than 1 million independent tests). Had we applied a threshold of P<5x10-9, recommended as an appropriate threshold for studies of whole genome sequence data from European populations60, the signals at GATA3 and KIAA1109 would still have been significant. Overall, the MUC5AC signal was weaker in terms of statistical significance compared to other signals identified. Finally, asthma is a complex disease involving both genetic and environmental influences and we have not formally assessed the role of the environment, which may be critical for the development of more severe asthma. Accumulating data suggesting a role for several factors in the development of severe disease; e.g. comorbidities such as atopic dermatitis in severe asthma61 and environmental/epigenetic mechanisms62 however more work is needed here.
In summary, to our knowledge, we present the largest GWAS of moderate-severe asthma published to date and i) identify that the genetic architecture is similar to mild disease, ii) report three novel genome-wide significant associations and iii) identify potential causal/candidate genes underlying these signals. These findings provide new understanding for this difficult to treat asthma population and adds to the accumulating evidence that strategies to target mucins may have therapeutic value. Similarly, our findings add to evidence that targeting T2 inflammation in asthma may be particularly useful for moderate-severe asthma potentially in carriers of genetic variants in genes of relevance to innate/adaptive immunity.

Figure Legends
Figure 1: Flow chart showing quality control and sample selection
GASP = Genetics of Asthma Severity & Phenotypes, U-BIOPRED = Unbiased BIOmarkers in PREDiction of respiratory disease outcomes. See appendix (p1-3) for more details of sample selection.
Figure 2: Manhattan Plot for the Stage 1 analyses of moderate-severe asthma risk
Data pertains to 5,135 moderate-severe asthma cases and 25,675 controls assessed for 33.6 million well-imputed variants, P value presented have genomic control applied. Shown in red are signals meeting criteria for stage 2 (P<10-6) and dotted line is genome-wide significant (P<5x10-8). Loci are labelled with the nearest gene. Quantile-quantile plot for this analysis is shown in the appendix (suppl. Figure 1).
Figure 3: Regional association plots of novel signals KIAA1109, GATA3 and MUC5AC associated with moderate-severe asthma
Regional association plots from Stage 1 analyses for the three novel signals that show replicated association in Stage 1 and 2 and met genome-wide significance in the meta-analyses. Statistical significance of each SNP on the −log10 scale as a function of chromosome position (NCBI build 37). The sentinel SNP at each locus is shown in blue; the correlations (r2) of each of the surrounding SNPs to the sentinel SNP are shown in the indicated colours. 
Figure 4: rs11603634 is an eQTL for MUC5AC in bronchial epithelial brush samples and MUC5AC mRNA expression is elevated in bronchial epithelial cells from severe asthma patients
(A) Bronchial epithelial brush samples (n=117) were collected as part of the U-BIOPRED study, DNA was extracted and genotypes generated using the Affymetrix Axiom® UK Biobank array, RNA was extracted and transcriptomic analysis was performed using the Affymetrix HT HG-U133 1 PM GeneChip. rs11603634 was not directly genotyped, therefore proxy rs11602802 was used. The rs11603634 asthma risk allele (G) is correlated with rs11602802 (A) allele. The graph shows the data for MUC5AC mRNA expression stratified by rs11602802 genotype, the box and whiskers show the mean and IQR for each genotype. 
(B) Bronchial epithelial brush samples were collected from control (n=20), mild (n=50) and severe (n=38) asthma subjects and Agilent Human GE 4×44K V2 Gene Expression data generated and deposited on GEO (GSE43696). Robust Multi-array Average (RMA) data for MUC5AC (Probe A_24_P548274) was extracted and the graph represents median, IQR and min/max data stratified by subject group. MUC5AC levels were significantly higher in severe asthma vs. control (Kruskal-Wallace test, *p<0.05).
(C) Bronchial epithelial brush samples were collected from control (n=18), mild (n=14), moderate (n=13) and severe (n=11) asthma subjects and Affymetrix HT HG-U133+ PM GeneChip data generated and deposited on GEO (GSE89809). RMA data for MUC5AC (Probe 217182_PM_at) was extracted and the graph represents median, IQR and min/max data stratified by subject group. MUC5AC levels were significantly higher in severe asthma vs. control (Kruskal-Wallace test, *p<0.05).
See appendix p3 for more details of datasets and analyses.

Figure 5: rs560026225 is an eQTL for KIAA1109 in lung tissue and KIAA1109 expression levels in bronchial epithelial cells from asthma patients
(A) Non-tumour lung tissue was isolated from 1,110 individuals who had undergone lung resection across three centres to generate an eQTL dataset. rs560026225 was not directly genotyped, therefore rs17454584 was used as a proxy. rs560026225 asthma risk allele (GAATT) correlated with rs17454584 (G) allele. The graph shows the data for KIAA1109 expression for each recruitment centre stratified by rs17454584 genotype, the box and whiskers show the mean and IQR for each genotype. 
(B) Bronchial epithelial brush samples were collected from control (n=20), mild (n=50) and severe (n=38) asthma subjects and Agilent Human GE 4×44K V2 Gene Expression data generated and deposited on GEO (GSE43696). Robust Multi-array Average (RMA) data for KIAA1109 (probe A_23_P147869) was extracted and the graph represents median, IQR and min/max data stratified by subject group. No significant differences in KIAA1109 expression levels between groups were observed (Kruskal-Wallace test).
(C) Bronchial epithelial brush samples were collected from control (n=18), mild (n=14), moderate (n=13) and severe (n=11) asthma subjects and Affymetrix HT HG-U133+ PM GeneChip data generated and deposited on GEO (GSE89809). RMA data for KIA1109 (probe 1553792_PM_at) was extracted and the graph represents median, IQR and min/max data stratified by subject group. No significant differences in KIAA1109 expression levels between groups were observed (Kruskal-Wallace test).
See appendix p3 for more details of datasets and analyses.



Tables
Table 1: Baseline characteristics of stage 1 and stage 2 samples. 
Stage 1 subjects were recruited from GASP, U-BIOPRED and UK Biobank. Stage 2 subjects were recruited from UK Biobank alone. *U-BIOPRED was not screened for Rhinitis/Eczema at sample selection.  In Stage 1, 6.0% of asthma cases were taking oral corticosteroids (prednisolone) based on available data (n=3,710) and in Stage 2, 3.0% of asthma cases were taking oral corticosteroids based on available data (n=5,414). Oral corticosteroids (prednisolone) use corresponds to severe asthma (BTS Stage 5).

Table 2: Gene variants with genome-wide significance for moderate-severe asthma. 
Results from case-control analyses for the variants that were significant in stage 1 and stage 2 showing the same direction of effect and reached genome-wide significance in the meta-analysis of stages 1 and 2. MAF corresponds to that from the stage 1 study. The OR per copy of the coded allele is presented. rs1438673 was conditioned on rs1837253, rs1986009 was conditioned on rs3749833, rs776111176 was conditioned on rs9273410. Stage 1 P value has genomic control applied. rsis.ukb - rs number of variant used in Stage 2 using UK Biobank imputed data. rs61816761 (FLG) was excluded following sensitivity analyses.
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