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Abstract

Background—Childhood wheezing and asthma vary greatly in clinical presentation and time 

course. The extent to which phenotypic variation reflects heterogeneity in disease pathways is 

unclear.

Objective—To assess the extent to which single nucleotide polymorphisms (SNPs) associated 

with childhood asthma in a genome-wide association study are predictive of asthma-related 

phenotypes.

Methods—In 8365 children from a population based birth cohort, the Avon Longitudinal Study 

of Parents and Children, allelic scores were derived based on between 10 and 215,443 SNPs 

ranked according to inverse of the p-value for their association with physician diagnosed asthma in 

an independent genome-wide association study (6176 cases and 7111 controls). We assessed the 

predictive value of allelic scores for asthma-related outcomes at age 7-9 years (physician’s 

diagnosis, longitudinal wheezing phenotypes, and measurements of pulmonary function, bronchial 

responsiveness and atopy).

Results—Scores based on the 46 highest-ranked SNPs were associated with the symptom-based 

phenotypes persistent (P<10-11, area under ROC curve (AUC)=0.59) and intermediate onset 

(P<10-3, AUC=0.58) wheeze. Among lower-ranked SNPs (ranks 21,545-46,416), there was 

evidence for associations with diagnosed asthma (P<10-4, AUC=0.54) and atopy (P<10-5, 

AUC=0.55). We found little evidence of associations with transient early wheezing, reduced 

pulmonary function or non-asthma phenotypes.

Conclusion—The genetic origins of asthma are diverse and: some pathways are specific to 

wheezing syndromes while others are shared with atopy and bronchial hyper-responsiveness. Out 

study also provides evidence of aetiological differences among wheezing syndromes.
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Introduction

Childhood asthma and wheezing vary greatly in clinical presentation and time course1 and 

are thought to have heterogeneous aetiologies. Children with wheeze can be classified into 

more homogeneous phenotypes1–7, but it is unclear whether these reflect distinct disease 

pathways. The aetiological relationship of asthma with intermediate phenotypes such as 

atopy, bronchial hyper-responsiveness (BHR) and reduced pulmonary function is unclear, 

although twin and family studies have found evidence of shared genetic components8–15.

Genome-wide association studies (GWAS) of asthma have provided evidence for both 

common and distinct pathways16–19. Among loci robustly associated with asthma 

susceptibility16, one (ORMDL3/GSDML) was primarily associated with childhood asthma 

but not with atopy16, 17, while associations with eosinophil count and allergic disease have 

been reported for others (IL1RL1 and IL33)17, 20. The hypothesis that loci associated with 

lung function18, 19 also confer susceptibility to asthma was not confirmed, suggesting 

distinct pathways for these phenotypes16.

To address the problem of false discovery associated with multiple testing in GWAS, 

stringent genome-wide significance thresholds are used. As a result, it is likely that many 

true associations do not reach these thresholds (false negatives) and are therefore neither 

reported nor considered for further replication21. Genome-wide prediction – examining the 

combined effect of a large number of variants simultaneously rather than separately – 

retrieves some of the predictive information lost by dismissing false negatives22–25. 

Including genome-wide information, rather than only the variants reaching stringent 

significance thresholds, can improve prediction of disease status for a number of complex 

diseases24, 25. Furthermore, this approach can be used to discover shared genetic liability 

between different complex phenotypes25.

The work presented here aimed to construct genetic prediction scores using genome-wide 

data from the childhood cohorts of the GABRIEL (A Multidisciplinary Study to Identify the 

Genetic and Environmental Causes of Asthma in the European Community) consortium16, 

and use these to predict childhood asthma and a range of asthma- and non-asthma-related 

phenotypes in independent data from a large population-based birth cohort.

Methods

Methods are described in more detail in the Online Repository.

Study population and data collection

ALSPAC is a longitudinal population-based birth cohort study that recruited 14,541 pregnant 

women in Avon, UK, with expected dates of delivery April 1991-December 1992. 
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Additional 542 eligible pregnancies were recruited when children were aged 7yrs. These 

15,083 pregnancies resulted in 14,610 live births. The study has been described elsewhere26, 

27. Each year from 0-8yrs, study mothers were sent child health questionnaires including 

detailed questions on respiratory symptoms. We included only unrelated children of 

European ancestry. Ethical approval for the study was obtained from the ALSPAC Law and 

Ethics Committee and the Local Research Ethics Committees.

Genotyping and quality control

Children of the GABRIEL consortium including ALSPAC were genotyped for >500,000 

SNPs. GWAS results for asthma from all childhood cohorts of the GABRIEL consortium 

were downloaded from http://www.cng.fr/gabriel/16. We included SNPs satisfying the 

following quality control criteria in ≥1 cohort: minor allele frequency ≥5%, consistency with 

Hardy-Weinberg equilibrium (P>10-4) in controls, and call rate ≥97%.

Construction of genetic scores

Log odds-ratios (logORs) for childhood asthma from GABRIEL cohorts excluding ALSPAC 

(18 cohorts with 6176 cases and 7111 controls, referred to as ‘discovery set’) were 

combined using random-effects meta-analysis and SNPs were ranked in inverse order of 

resulting P-values. In ALSPAC, 440,524 genotyped SNPs satisfied quality control criteria 

and overlapped with SNPs included in the discovery set. Prediction scores were calculated 

using the k highest-ranking SNPs, with k=10, 22, 46, 100, 215, 464, 1000, 2154, 4642, 

10000, 21544, 46416, 100000, and 215443 (multiplying successively by 100.33 to achieve an 

even spacing on the log-scale). Two types of scores were calculated: ‘log odds scores’ using 

pooled logORs as weights for the allele count, and ‘allele count scores’ using the signs of 

the logORs (+1 if logOR>0, -1 if logOR<0). The prediction scores were constructed using 

the PLINK program28 (version 1.07).

Outcomes in mid-childhood

ALSPAC children were classified according to whether they had ever received a physician 

diagnosis of asthma or reported use of asthma medication in the past 12 months (based on 

the specific question “Has asthma medication been given to your child in the last 12 

months?”), at age 7-8yrs. Results of skin prick tests at ages 7-8yrs were used to define atopy 

(mean weal diameter ≥2mm to house dust mite, cat or grass pollen) and to classify asthma as 

atopic or non-atopic. Phenotypes of wheezing in the first 7yrs of life were defined using 

latent class analysis of parental reports of wheezing at seven time points from 6 months to 7 

years. We identified six phenotypes characterised by different longitudinal trajectories of 

wheezing. These were classified as: persistent, late onset, intermediate onset, prolonged 

early, transient early and never/infrequent wheeze. The nature of these phenotypes, their 

associations with asthma, atopy and lung function in mid childhood, and their 

reproducibility in independent data, have been described elsewhere3, 29. At ages 8-9yrs, 

lung function was measured by spirometry (Vitalograph 2120, Maids Moreton, UK) and 

bronchial responsiveness to methacholine was measured using the method of Yan et al.30 To 

evaluate the specificity of findings we also defined the following non-asthma phenotypes: 

highest quintiles of systolic blood pressure at 7-8yrs, intelligence quotient (IQ) at 8-9yrs and 

height at 7-8yrs (Table I).
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Statistical analysis

We used logistic regression to examine the association of each outcome with each genetic 

prediction score. We quantified the predictive ability of scores using area under the ROC 

curve (AUC), a measure of discrimination31. We also quantified the magnitude of 

association using inter-quartile odds ratios (IQORs) comparing the highest and lowest risk 

score quartiles. Analyses were repeated using scores based on independent sets of SNPs 

with rankings between consecutive values of k. The R statistical software version 2.11.0 (R 

Foundation for Statistical Computing) was used for all analyses.

Results

Genetic data were available for 8365 unrelated white European ALSPAC children. Of these, 

5748 (68.7%) replied to the questionnaire at age 7 years, and 6128 (73.3%) and 5621 

(67.2%) participated in study clinics at ages 7-8 and 8-9 years respectively. Wheezing 

phenotypes based on repeated assessment of current wheeze throughout the first 7 years of 

life3 were available in 7176 (85.8%) children. Of these 506 (7.1%) had persistent, 338 

(4.7%) late onset, 168 (2.3%) intermediate onset, 538 (7.5%) prolonged early, 726 (10.1%) 

transient early wheeze and the remaining 4900 (68.3%) never or rarely wheezed. At age 7 

years, 1132/5677 (19.9%) children had ever been given a physician diagnosis of asthma. 

Physician diagnosed asthma was associated with most defined outcomes: associations were 

particularly strong (ORs>15) for use of asthma medication at age 7 and the persistent and 

intermediate onset wheeze phenotypes (Table I). Among the non-asthma outcomes, high IQ 

(P=0.085) and height (P=0.008) were negatively associated with diagnosed asthma (Table I).

Meta-analysis of GABRIEL childhood cohorts excluding ALSPAC

Combining GWAS results for asthma from the GABRIEL childhood cohorts excluding 

ALSPAC yielded similar results to the original study combining all childhood cohorts 

(Figure 1 in this article and supplementary Figure 2a of reference16). The top 18 SNPs, and 

therefore all SNPs included in the 10-SNP scores, were in the ORMDL3/GSDMB locus on 

chromosome 17q21, a well-established asthma susceptibility locus primarily associated with 

childhood-onset disease17 (Figure 1 and Table E1 in the Online Repository). Additional loci 

contributing to the 46-SNP scores included 6 SNPs on chromosome 2 implicating the 

IL1RL1 and IL18R1 genes, and 2 SNPs flanking the IL33 gene on chromosome 9. Other 

contributions to the 100-SNP score included loci on chromosomes 1, 5, 6, 8, 12, 15 and 22 

(Figure 1 and Table E1 in the Online Repository).

Prediction of asthma phenotypes

Figure 2 shows the predictive performance of log odds scores for four groups of outcomes. 

For the first group (asthma, atopic and non-atopic asthma, and asthma medication) there was 

evidence of association with genetic prediction scores (P<10-4), but discrimination was weak 

(AUC<0.6) (Figures 2.A1-C1). The AUC for physician-diagnosed asthma using the 10-SNP 

score was 0.55, while the inter-quartile OR (IQOR) was 1.75 (95%CI 1.44-2.12), and the P 

value for association was 1.4×10-7. Similar values of AUC and IQOR were observed for 

non-atopic asthma and use of asthma medication. Prediction of atopic asthma, which was 

weaker than for the other asthma outcomes for scores with smaller numbers of SNPs, 

Spycher et al. Page 4

J Allergy Clin Immunol. Author manuscript; available in PMC 2016 May 18.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



improved with increasing numbers of SNPs: the AUC reached 0.57 for 46,416 SNPs. By 

contrast, the AUC for non-atopic asthma and use of asthma medication declined with 

increasing numbers of SNPs.

For the second outcome group – the early childhood wheezing phenotypes – there was 

evidence of association (P<10-3) for all phenotypes except transient early wheeze (P>0.25 

for all scores). Discrimination and strength of association varied between phenotypes 

(Figures 2.A2-C2). The strongest associations, and best discrimination, were observed for 

persistent and intermediate onset wheeze. Prediction of persistent wheeze based on 46 SNPs 

resulted in an AUC of 0.59, an IQOR of 2.54 (95% CI 1.92-3.37), and P=4.9×10-12. The 

AUC for these two phenotypes declined to ≤0.54 for scores including 104 SNPs or more. 

The strongest evidence for association was with the scores including 46 SNPs (IQOR 1.51 

[1.10-2.06], P=5.5×10-4) for late onset wheeze, and for the score including 46,416 SNPs 

(IQOR 1.49 [1.15-1.93], P=4.0×10-5) for prolonged early wheeze, but the AUC did not 

exceed 0.56.

Among physiological measurements (the third outcome group) BHR was associated 

(P<10-3) with scores including 2154 and 4642 SNPs and SPT positivity with scores 

including ≥4642 SNPs, while little evidence of association with any score was found for 

FEV1 (P>0.029) and FVC (P>0.078) (Figures 2.A3-C3). Maximum AUC values for BHR 

were reached with a score including 2154 SNPs (AUC=0.54) and for SPT positivity with a 

score including 105 SNPs (0.56) while AUC was consistently ≤0.52 for FEV1 and FVC.

There was little evidence of association between scores and the fourth group (non-asthma 

outcomes) (Figures 2.A4-C4). Results were closely similar when using allele count scores 

instead of log odds scores (Figure E1 in the Online Repository).

Using scores based on independent sets of SNPs with ranks between successive cut-offs, 

scores including SNPs ranked 1-10, 11-22, and 23-46 were predictive of physician 

diagnosed asthma (P≤10-6, AUC 0.54-0.55), asthma medication (P≤10-4, 0.54-0.55), atopic 

(P<0.02, 0.53-0.56) and non-atopic asthma (P<0.002, 0.54-0.55) (Figure E2 in the Online 

Repository). There was evidence of association (P<0.007) between scores including SNPs 

ranked 10001-21544 and 21545-46416 and physician diagnosed asthma, atopic asthma, and 

medication use, with the AUC approaching 0.56 for atopic asthma. Among early wheezing 

phenotypes, persistent wheeze was associated with scores including SNPs ranked 1-10, 

11-22, and 23-46 (P<10-7, AUC 0.57-0.58) but there was little evidence of associations with 

scores based on lower ranked SNPs. A similar pattern was observed for intermediate onset 

and late onset wheeze though associations with the first three sets of SNPs were weaker. The 

score including ranks 10001-21544 was associated with prolonged early wheeze 

(P=3.4×10-4, AUC=0.55). Among physiological measurements notable associations were 

only found for scores based on lesser ranks, with SNPs ranked 21545-46416 being most 

predictive of SPT positivity (P=4.0×10-7, AUC=0.56) and those ranked 1001-2154 for BHR 

(P=2.8×10-4, AUC=0.54). There was little evidence of associations with low FEV1 and 

FVC, and the non-asthma outcomes.
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Discussion

Main findings

We used SNPs associated with asthma in the GABRIEL GWAS16 to construct genome-wide 

prediction scores, and evaluated their performance in an independent population-based birth 

cohort study. Prediction scores were most strongly associated with the persistent and 

intermediate onset wheezing phenotypes, defined previously using latent class analysis3. We 

found associations with asthma among the lower-ranked SNPs whose p-values for 

association did not reach genome-wide thresholds in the GABRIEL GWAS. Although the 

highest-ranked SNPs were not associated with atopy, there was evidence of associations of 

atopy with asthma-associated SNPs that did not reach genome-wide significance. Specificity 

of the prediction scores for asthma-related phenotypes was confirmed by absence of 

associations with the non-asthma phenotypes, blood pressure, height, and IQ.

Strengths and limitations

Our study exploited the combined signal of SNPs across the genome that is usually ignored 

in GWAS. By constructing prediction scores based on the log odds ratios (or directions of 

association) from the GWAS and examining their associations with asthma phenotypes in 

independent data, we avoided making large numbers of multiple comparisons, and hence the 

need for stringent p-value thresholds. The study sample was from a well-phenotyped, large, 

population-based birth cohort. A limitation of the study is that, identified associations with 

asthma-linked SNPs with low P-value rankings did not permit identification of the specific 

SNPs responsible for these associations, because only the combined contribution to 

prediction scores of numerous SNPs, many of which are not associated with asthma, was 

considered. The allele scores used in our study can, by construction, only account for 

additive genetic effects and not for dominant allelic effects or gene by gene interaction. We 

did not have medical records of diagnoses, but relied on parental reports of physician 

diagnosed asthma. This could have resulted in misclassification of asthma, which may have 

attenuated the strength of associations with disease diagnosis compared with symptom-

based phenotypes. Similarly, use of asthma medication was based on parental report. 

Although we asked specifically about asthma medication, it is possible that parents 

erroneously reported other treatments as being for asthma. The magnitude of any such 

misclassification was small, as only 6.8% of children reported asthma medication without a 

reported diagnosis of asthma or current symptoms.

Relationship to other genome-wide prediction studies

To our knowledge the present study is the first to use genome-wide prediction to 

demonstrate the existence of common genetic components of different asthma-related 

phenotypes. In a recent asthma GWAS, Ferreira et al. also used also used genome-wide 

allelic scores based on results from the GABRIEL study to predict physician diagnosed 

asthma in independent data32. However they did not investigate associations between these 

scores and other related phenotypes. Another study used a related approach to predict severe 

asthma exacerbations in asthmatic children33. The authors reported that the discriminative 

ability of the prediction score improved when they included more variants (up to 160). In 

two other studies using multiple genetic markers to predict asthma related phenotypes, the 
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variants were either preselected based on whether they belonged to a particular candidate 

gene34, or whether they reached genome-wide significance16.

Previous studies have demonstrated the utility of genome-wide prediction in other complex 

diseases24, 25. Applying similar methodology, Evans et al. found that for some diseases, 

including bipolar disorder, coronary heart disease, and type II diabetes, the discriminative 

ability of genome-wide prediction scores increased as more SNPs satisfying less stringent P-

value thresholds were included24. Although this increase was small and unlikely to be of 

diagnostic utility, it implies the existence of genetic variants contributing to disease risk that 

remain unidentified even in large GWAS. A genome-wide prediction score for schizophrenia 

was recently shown to be predictive of bipolar disorder, suggesting that these diseases share 

a common polygenic component25.

Interpretation

In interpreting our findings it is important to note that the predictive ability of genome-wide 

scores is expected to decrease as the number of number of included variants increases, 

unless the additional variants include loci truly associated with disease. This is because, 

among the lower ranked SNPs, increasing proportions are included because, by chance 

alone, they show evidence of association in the discovery set. These variants dilute signals 

originating from truly associated loci. If discrimination improves with the number of SNPs 

included in the prediction scores, as observed for atopy and atopic asthma, or if it is 

maintained, as observed for diagnosed asthma and asthma medication use, this suggests the 

presence of variants truly associated with these phenotypes among the lower ranking SNPs. 

The validity of this interpretation is supported by the fact that little or no discriminative 

ability was found for non-asthma phenotypes. It is likely that contamination by noise arising 

from sampling variation in the discovery data set partly explains the relatively poor 

discrimination found for all phenotypes (all AUC were <0.60). However, even in the absence 

of sampling variation, the AUC of genome-wide prediction scores is limited by other factors 

such as the prevalence and heritability of the phenotype, as discussed extensively 

elsewhere35.

Early wheezing phenotypes and asthma

We found that the top 46-ranking SNPs associated with childhood asthma in the GABRIEL 

GWAS predicted two early wheezing phenotypes - persistent wheeze and intermediate onset 

wheeze - better than they predicted physician diagnosed asthma (the discovery phenotype). 

We found little evidence that lower-ranking SNPs predicted these wheezing phenotypes, 

although this cannot be excluded. The first 46 SNPs had P-values <2×10-6 and included 

previously reported loci16 such as the ORMDL3/GSDMB locus on chromosome 17q21, the 

IL1RL1 and IL18R1 genes on chromosome 2, and IL33 on chromosome 9, but also some 

others (Table E1 in the Online Repository). Given the strong signal observed for the first 22 

SNPs, 18 of which are in the 17q21 region, this locus appears to be the main single 

contributor to the discrimination reached for these wheezing phenotypes. Our results agree 

with previous findings suggesting that the 17q21 locus is primarily associated with early-

onset severe asthma36–38 but not with atopy16, 36 or lung function36. Our study suggests 

that a symptom based phenotype defined by wheeze beginning in the first 3 years of life and 
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persisting up to 6 years more specifically reflects the disease susceptibility conferred by this 

locus than physician-diagnosed asthma.

Our study provides evidence of still-undiscovered asthma susceptibility loci and adds to the 

evidence that asthma is a polygenic disease: we found that genome-wide prediction scores 

based on independent sets of SNPs that had marker specific P-values for association with 

childhood asthma of >0.025 (ranks >10000, Figure 1) were predictive of the asthma 

phenotypes, physician diagnosed asthma, atopic asthma, and medication use. This is 

consistent with findings by Ferreira et al. in their recent GWAS diagnosed asthma32 and 

with findings for other complex diseases24, 25 and suggests the presence of numerous loci 

of small effect. Identifying these loci will be difficult even in well-powered GWAS. Apart 

from the SNPs identified by the GABRIEL study, most SNPs identified as associated with 

asthma in recent GWAS32, 39–43 had ranks >10000 in our study (Table E2 in the Online 

Repository). The 11q13.5 locus (LRRC32) identified as associated with atopic status among 

asthmatics by Ferreira et al.32 had P-value 0.032 and rank 12607 in the present study, and 

may have contributed to the discrimination of atopic asthma observed for the set of SNPs 

ranked 10001-21544 (Figure E2 in the Online Repository).

Atopy, BHR and asthma

Our study provides evidence that childhood asthma shares common polygenic components 

with atopy and with BHR, suggesting that there are shared genetic pathways between these 

phenotypes and asthma. This has been previously been shown in twin studies which use 

differences in cross-trait correlations between monozygotic and dizygotic twins to infer the 

correlation between the heritable components (genetic correlation) underlying two traits. 

Several such studies have reported genetic correlation between asthma or wheeze and 

different measurements of allergy including self reported allergy14, skin prick test 

positivity10, 13, and total serum IgE10 though estimates vary widely between studies 

(0.15-0.71). Similar genetic correlation was found between asthma or wheeze and bronchial 

responsiveness (0.11-0.85)10, 13 while estimates for genetic correlation between 

measurements allergy and bronchial responsiveness (0.15-0.59)10, 11, 13, 15 and between 

FEV1 and FEV1/FVC with other asthma related traits (-0.52 to -0.11)10, 15 tended to be 

smaller in magnitude. The evidence provided by our study is more direct because it based on 

allelic information from individual SNPs. Other attempts to find a genetic overlap between 

asthma phenotypes based on individual SNPs have been less successful, probably because 

they relied on SNPs reaching stringent thresholds in GWAS. The GABRIEL study, for 

instance, found little overlap between loci associated with asthma and those associated with 

total serum IgE, concluding that elevated IgE levels have a minor role in the development of 

asthma and may be secondary to asthma16. Our study shows that such an overlap is 

detectable among variants that do not meet genome-wide significance thresholds in GWAS 

for asthma.

Conclusions

Our study shows that the genetic origins of asthma phenotypes are diverse. Some pathways 

appear to be specific to wheezing syndromes but there is also evidence for shared genetic 
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components with atopy and BHR. Discovering the genes underlying this shared heritability 

will require larger sample sizes and/or more specific phenotype definitions. Among 

wheezing syndromes, further evidence for aetiological differences comes from the 

heterogeneity in patterns of genetic association with different symptom based phenotypes. 

Understanding these differences could be key to devising interventions that alter the natural 

history of disease in targeted subgroups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AUC area under ROC curve

BHR bronchial hyper-responsiveness

FEV1 forced expiratory volume in 1 s

FVC forced vital capacity

GABRIEL A Multidisciplinary Study to Identify the Genetic and Environmental Causes 

of Asthma in the European Community

GWAS genome-wide association study

IQ intelligence quotient

IQOR inter-quartile odds ratio

OR odds ratio

ROC receiver operating characteristic

SNP single nucleotide polymorphism
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SPT skin prick test
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Key messages

• Using genetic prediction scores based on up to 215,443 single 

nucleotide polymorphisms (SNPs), this study found that not only high 

ranked (reaching stringent significance thresholds in an independent 

GWAS for childhood asthma) but also lower ranked SNPs contributed 

to predicting asthma-related phenotypes in children.

• Scores based on high ranked SNPs were most predictive for symptom-

based phenotypes.

• Scores based on lower ranked SNPs predicted atopy and BHR, 

providing evidence of shared genetic influences with asthma, while 

scores did not predict lung function.
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Capsule summary

This study provides evidence for shared polygenic effects between asthma, atopy, and 

BHR in children implicating genetic variants that did not reach genome wide significance 

thresholds in a GWAS for asthma alone.
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Figure 1. Manhattan plot of pooled results for physician diagnosed asthma in GABRIEL 
childhood cohorts excluding ALSPAC
Horizontal lines represent genetic prediction scores with varying number (shown to the right 

of each line) of included SNPs. All SNPs with P-values above a line are included in the 

respective score.
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Figure 2. Comparison of predictive value of allelic log-odds scores for the defined outcomes in 
mid-childhood
Data: area under ROC curve (AUC) (sub-figures A), inter-quartile odds ratio (IQOR) (B) 

and P-values for association (C). Outcomes: outcomes based on a physician’s diagnosis (A1-

C1), phenotypes of wheeze in the first seven years of life (A2-C2), physiological 

measurements (A3-C3), and non-asthma outcomes (A4-C4). SNPs included in inverse order 

of their P-values in an independent GWAS for physician diagnosed asthma.
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