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ABSTRACT 

Asthma is a disease of the airways with significant clinical heterogeneity regarding age-of-onset, 

co-occurrence with allergic diseases, lung function measures, and more. Genome-wide 

association studies (GWAS) have successfully reported over 150 asthma susceptibility loci. 

However, uncovering the causal genes and mechanisms underlying its pathogenesis has been 

challenging in part due to extensive linkage disequilibrium (LD), which makes it difficult to 

uncover the specific causal variants and genes, and in part because most asthma GWAS are often 

conducted in populations of European ancestries with limited information on asthma subtypes 

and associated traits. In this thesis, I address these gaps through complementary approaches that 

identify putatively genes in two major subtypes of asthma and in asthma-associated quantitative 

traits. First, I examined one of the most highly associated asthma loci on chromosome 6p21, 

encoding the human leukocyte antigen (HLA) genes in childhood-onset asthma and adult-onset 

asthma. Using Bayesian approaches for fine mapping both GWAS loci and gene expression in 

three different asthma-relevant cell types, I identified putatively causal childhood- and adult-

onset asthma variants that are both shared and distinct to each type of asthma and highlight roles 

for both gene expression and protein coding variation in the HLA genes for asthma risk. In the 

second project I examine the contribution of rare variants to specific asthma-associated 

quantitative phenotypes in a population of children of diverse ancestries. I examined whole 

genome sequencing data and detailed clinical information reflecting the major allergic, 

pulmonary, and immune components of asthma. I performed gene-based variant set tests and 

followed up associations with independent, predicted gene expression and mouse knockout 

resources. Overall, I report novel associations between genes and allergic and inflammatory 
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phenotypes. Together, these studies build on the results of asthma GWASs, identifying novel 

variants and genes associated with asthma and its associated phenotypes. 
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CHAPTER 1 

INTRODUCTION 

1.1 Asthma is a complex, heterogeneous disease 

Asthma is a chronic, inflammatory disease of the airways. As one of the most common 

noncommunicable diseases in the world, asthma has been diagnosed in upwards of 339 million 

people worldwide and represents a significant global health burden (1). While symptoms 

generally vary, the diagnosis of asthma is typically based on the presence of wheezing, shortness 

of breath, cough, and chest tightness. These reflect underlying features of bronchial 

hyperresponsiveness and inflammation, leading to airflow obstruction and difficulty breathing 

and even respiratory failure in severe cases (1). Symptoms can be induced by varying triggers 

such as exercise, exposure to allergens, and respiratory tract infections (2).  

 Asthma is also a heterogeneous disease that varies between patients with respect to 

different clinical features. This includes variation in response to treatment, co-occurrence with 

other allergic diseases, and the presence of eosinophilia, as examples (3,4). In general, these 

features reflect the allergic, inflammatory, and pulmonary components of asthma that vary across 

individuals and can define different endotypes of this disease (5). Based on these observations, it 

has been suggested that “asthma” is in fact multiple, overlapping diseases with perturbations in 

distinct molecular pathways (5). For example, a subtype based on age is well recognized; 

childhood-onset asthma and adult-onset asthma have distinct characteristics, such as different 

prevalence in males and females at different ages, comorbidities, and lung function impairment, 

among others, suggesting that differences in genetic risk may contribute to this heterogeneity. 
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 There is significant phenotype heterogeneity within childhood-onset asthma as well (6). 

Two studies performed by the Inner City Asthma Consortium (ICAC), Asthma Phenotypes in the 

Inner City (APIC) (4) and the URban Environment and Childhood Asthma (URECA) (7), 

examined this question in children of diverse ancestries living in US urban environments. A 

study by Zoratti et al. applied hierarchical clustering analyses in the APIC cohort and identified 

five asthma clusters defined by 33 baseline and asthma severity variables, most of which were 

grouped by degree of allergy and marks of allergic inflammatory, pulmonary physiology, and 

rhinitis (6). Another study from Bacharier et al. similarly performed clustering analyses in the 

URECA cohort (8), finding that patterns of atopy, wheezing, and lung function defined five 

phenotype clusters in high-risk children with and without asthma. Similar studies in adults have 

revealed specific-subtypes of asthma defined by measures of lung function, medication use, 

allergic sensitization and obesity (9).  

 Despite this heterogeneity, heritability estimates for asthma estimated from twin studies 

range from 35-70% (10–13), reflecting significant genetic contribution in disease etiology. 

Numerous genome-wide association studies (GWAS), which test associations between common 

variants genome-wide with a trait, have been performed for asthma, identifying over 150 

independent loci (14–19). These include highly replicated associations at several loci containing 

the  ORMDL3/GSDMB genes at 17q12-q21, the IL1RL1/IL18R1 genes on 2q12.1, IL33 on 

17q21.12 locus, and the human leukocyte antigen (HLA) genes on 6p21.32, among others.  

 Finally, GWAS for different subtypes have been performed. A 2019 study from Pividori 

et al. examined childhood- and adult-onset asthma in individuals from the UK Biobank, finding 

i) adult-onset asthma risk loci are largely a subset of those associated with childhood-onset 

asthma but with smaller effect sizes, ii) SNP-based heritability is 0.327 for childhood-onset and 
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0.098 for adult-onset asthma, and iii) childhood-onset asthma loci were enriched for genes with 

highest expression in skin, blood cells, and small intestine, whereas adult-onset asthma loci were 

enriched for genes in lung, blood cells, spleen, and small intestine (15). GWAS have also 

analyzed other subtypes of asthma, such as severe asthma (20), and for other associated 

phenotypes of asthma including total serum IgE (21), allergic sensitization (22), pulmonary 

function (23), and food allergy (24), among others (25,26), providing variable degrees of insight 

into the development of asthma and the shared genetic architecture between these traits. 

 However, uncovering the causal variants and genes at these loci has been difficult. 

Extensive linkage disequilibrium (LD) between the causal variant(s) and nearby SNPs makes 

pinpointing the causal variants particularly challenging, especially in populations of European 

ancestries. Since most association signals reside in non-coding sequences, uncovering which 

genes their effects are mediated through in the relevant cell type is not always clear (27). With 

the exception of a few loci (28,29), the putatively causal variants and genes are largely unknown 

in asthma. Approaches like fine-mapping or studying rare variants in genes may be able to 

identify candidate genes and mechanisms more directly. 

1.2 Variation in the HLA region is robustly associated with asthma 

One region where variation is robustly associated with asthma risk is the HLA region (14–16,30–

33), which contains genes involved in the immune response. Located across a 4Mb stretch on 

chromosome 6p21, the HLA locus is divided into three regions containing a dense cluster of 

roughly 260 genes (Figure 1.1A) (34). The class I region contains the classical HLA-A, -B, and -

C genes, which are present on the surface of nearly all nucleated cells and code for proteins that 

bind T cell receptors (TCRs) on CD8+ T cells (Figure 1.1B) (35,36). The class II region 

includes genes encoding the HLA-DQ, -DR, and -DP molecules, which are present on the 
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surface on a subset of immune cells (like B cells, macrophages, and dendritic cells), and present 

peptides to the TCRs on CD4+ T cells (Figure 1.1B) (35–37). The class III region does not 

contain HLA genes per se, but rather other genes, many of which are involved in the immune 

function (38). 

 

Figure 1.1 HLA Region Overview. A) Figure shows an overview of the HLA locus on 

chromosome 6. Modified from Xie et al. (2020) (39). B) This illustration shows the interaction 

between the HLA class I and class II molecules, peptide, and TCR. Adapted from “Extracellular 

Vesicles (EV) for Direct Antigen Presentation” by BioRender.com (2022). Retrieved from 

https://app.biorender.com/biorender-templates  

 The classical HLA genes are among the most polymorphic genes in the genome with over 

15,000 alleles identified to date (40). Most of amino acid substitutions reside in the peptide-

binding groove of the HLA molecule or in the regions that interact with the TCRs (36). This 

specific recognition of HLA, peptide, and TCR is principal in driving the immune system to 

recognize self from non-self and initiate the adaptive immune response to infection. Both the 

class I and class II regions include “nonclassical” HLA molecules that have little polymorphism 

and different (often poorly characterized) functions. 

 The classical HLA genes also have a complex nomenclature due to the large number of 

alleles and initial approaches to HLA typing by serology and, more recently, by DNA 

sequencing (40). The first two digits of each allele are the serotype (e.g. HLA-DRB1*03) (now 

https://app.biorender.com/biorender-templates
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defined by molecular typing). The next two digits refer to the subtypes that differ in amino acid 

sequence (HLA-DRB1*03:01), which is the four-digit type or allele. Additional digits refer to 

synonymous variation in the gene and are not thought to impact antigen binding or function. 

 The HLA region is associated with more diseases than any other region of the genome, 

with variation at this extended locus primarily influencing risks for or protection from 

autoimmune and infectious diseases and transplantation rejection (34,37,41). The HLA genes 

have also been implicated in the development of allergic diseases and the ability to respond to 

allergens, and genetic studies have revealed associations at the HLA loci with traits such as 

allergic rhinitis (hay fever) (25), atopic dermatitis (eczema) (42), total serum IgE (43), and 

allergic sensitization (22). 

 The HLA region has been among the most significant associations in asthma GWAS (14–

16,30–33). In the Pividori et al. GWAS for childhood- and adult-onset asthma in individuals 

from the UK Biobank, multiple, significant signals were identified in the HLA region for both. In 

fact, this locus was the most significant association for adult-onset asthma. Independent 

associations were detected in the class I (HLA-C/B) and in the class II (HLA-DR/DQ) regions for 

both subtypes. The authors used PrediXcan (44) to impute expression of genes at GWAS loci; in 

the HLA region, expression of over 40 genes was predicted to be associated with childhood- 

and/or adult-onset asthma in blood, lung, and skin.  

Despite its importance in asthma, determining the causal variants and genes in this region 

has been challenging. In addition to its remarkably high gene density and high levels of 

polymorphism, there is strong LD across the region making it particularly difficult to determine 

which disease-associated variants are causal and which genes underlie these associations. 
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Additionally, GWAS only focus on SNP associations which do not capture the complexity of the 

HLA region with respect to HLA allelic and amino acid variation. 

 Finally, standard RNAseq mapping pipelines that map reads to a single reference genome 

can provide biased expression estimates when it comes to the polymorphic HLA genes due to the 

potentially high number of sequence differences between the individual’s HLA type and the 

reference (45). However, the recent availability of large samples for GWAS has provided 

increased statistical power to uncover multiple independent associations at the HLA locus, and 

imputation of HLA types to four-digit resolution using GWAS SNPs provides a practical 

approach for genotyping thousands of individuals (46–48). 

1.3 Rare variant studies can identify effector genes 

Rare variants comprise the bulk of human genetic variation (49) and, unlike common variants, 

tend to have lower LD with nearby variants, may have stronger effects on traits, and can be more 

population specific. Overall, rare variants can more directly point to causal genes and 

mechanisms (50). However, the contribution of rare variants towards complex traits like asthma 

and allergy have been overall less studied in comparison to common variants through GWAS for 

several reasons. First, rare variants are not included on commonly used genotyping arrays and 

cannot be reliably imputed. As a result, to study rare variants, other methods are required such as 

direct sequencing to identify variation in specific genes, either using a customized SNP array, 

whole-exome sequencing (WES), or whole-genome sequencing (WGS). Additionally, there is 

low power to detect associations between complex traits and individual rare variants, requiring 

large sample sizes for sufficient power. This is especially challenging since sample sizes tend to 

be lower in studies where individuals have been subjected to more costly sequencing.  
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 Statistical methods have been developed that can increase power in rare variant studies. 

By grouping variants together according to correlated functional impact (e.g. by gene, window, 

biological pathway), we can gain power to test for associations by jointly testing associations of 

a set of variants instead of testing each individual variant. Common methods include the burden 

tests, which collapse information from gene variants into a single score that is then tested for 

association with the trait. These tests are more powerful when variants have the same direction of 

effect (51–54). There are also variance component tests like the sequence kernel association test 

(SKAT), which test for association by evaluating the distribution of genetic effects for a group of 

variants and are more powerful in the presence of both trait-increasing and -decreasing variants 

(55). Omnibus methods can take into account different scenarios that may happen across the 

genome (56,57). Additionally, applying a variant set test reduces the multiple testing burden 

from millions of rare variants to however many sets (e.g. 25,000 genes) are examined. 

 Several studies have explored the contribution of rare variants to asthma and allergic 

disease (58,59,68,60–67). One notable example is from Smith et al. who examined rare loss of 

function (LOF) variants in the IL33 and IL1RL1 genes (59), which have previously been linked 

to asthma through GWAS (31,69,70). IL1RL1 encodes ST2, the receptor for IL-33. They 

discovered a rare, LOF mutation in IL33 (rs146597587-C) which disrupts a canonical splice 

acceptor site that was associated with lower eosinophil count, lower asthma risk, and lower IL33 

gene expression in adipose tissue. This finding led to the discovery of a new therapeutic 

(astegolimab), which inhibits binding of IL33 to its receptor ST2 (71). 

 While there are rare variant studies on various inflammatory, allergic, and pulmonary 

traits in cohorts of diverse ancestries (59,60,72–78), most of these studies did not use WGS and 

may have missed key variants and genes. Studying the contribution of rare variation genome-



8 

 

wide to these traits may identify core genes and pathways, which may be also able to inform new 

potential therapeutic targets. 

1.4 Dissertation overview 

In this study, I identified putatively causal genes for two subtypes of asthma as well as asthma-

associated quantitative traits. In Chapter 2, I examine one of the most highly associated asthma 

loci (the HLA region) in childhood- and adult-onset asthma in individuals from the UK Biobank 

and test the hypothesis that causal variants in the HLA region are both shared and distinct 

between childhood- and adult-onset asthma and that the variants exert their effects through either 

altering protein properties or gene expression of the HLA genes. I identify putatively causal 

variants using Bayesian fine-mapping approaches and through analyzing gene expression in 

asthma-relevant cell types. In Chapter 3, I test the hypothesis that rare variants in genes are 

associated with asthma-associated quantitative phenotypes. Using WGS from two cohorts of 

children of diverse ancestries, I performed gene-based variant set analyses and examined 

associations with phenotypes reflecting the allergic, pulmonary, and immune components of 

asthma, and validated key associations using independent predicted gene expression and mouse 

knockout resources. These studies build on and complement the results from asthma GWAS, 

identify novel variants and genes associated with asthma and its associated phenotypes, and 

ultimately improve our understanding of the genetic architecture of this complex disease while 

providing potential therapeutic targets. 
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CHAPTER 2 

Fine-Mapping Studies Distinguish Genetic Risks for Childhood- and Adult-Onset Asthma 

in the HLA Region 

2.1 ABSTRACT1 

Background: Genome-wide association studies of asthma have revealed robust associations with 

variation across the human leukocyte antigen (HLA) complex with independent associations in 

the HLA class I and class II regions for both childhood-onset asthma (COA) and adult-onset 

asthma (AOA). However, the specific variants and genes contributing to risk are unknown. 

Methods: We used Bayesian approaches to perform genetic fine mapping for COA and AOA 

(n=9,432 and 21,556, respectively; n=318,167 shared controls) in White British individuals from 

the UK Biobank and to perform expression quantitative trait locus (eQTL) fine mapping in 

immune (lymphoblastoid cell lines, n=398; peripheral blood mononuclear cells, n=132) and 

airway cells (nasal epithelial cells, n=188) from ethnically diverse individuals. We also examined 

putatively causal protein coding variation from protein crystal structures and conducted 

replication studies in independent multi-ethnic cohorts from the UK Biobank (COA n=1,686; 

AOA n=3,666; controls n=56,063). 

Results: Genetic fine mapping revealed both shared and distinct causal variation between COA 

and AOA in the class I region but only distinct causal variation in the class II region. Both gene 

expression levels and amino acid variation contributed to risk. Our results from eQTL fine 

mapping and amino acid visualization suggested that the HLA-DQA1*03:01 allele and variation 

associated with expression of the nonclassical HLA-DQA2 and HLA-DQB2 genes accounted 

entirely for the most significant association with AOA in GWAS. Our studies also suggested a 

 
1 Citation for chapter: Clay SM et al. Fine-mapping studies distinguish genetic risks for childhood- and adult-onset 

asthma in the HLA region. Genome Medicine. 2022. 
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potentially prominent role for HLA-C protein coding variation in the class I region in COA. We 

replicated putatively causal variant associations in a multi-ethnic cohort.   

Conclusions: We highlight roles for both gene expression and protein coding variation in asthma 

risk and identified putatively causal variation and genes in the HLA region. A convergence of 

genomic, transcriptional, and protein coding evidence implicates the HLA-DQA2 and HLA-

DQB2 genes and HLA-DQA1*03:01 allele in AOA. 

2.2 INTRODUCTION 

Asthma is a chronic, inflammatory disease of the airways, affecting over 330 million people 

worldwide and representing a significant global health burden (79). Genome-wide association 

studies (GWASs) have reported over 150 independent loci associated with asthma (14–18), 

including highly replicated, significant associations at the human leukocyte antigen (HLA) 

region on chromosome 6p21. Recently, we performed a GWAS for childhood-onset asthma 

(COA) and adult-onset asthma (AOA) (15) in individuals from the UK Biobank (80). Each 

revealed independent, broad regions of association spanning HLA class I (HLA-C/B) and class II 

(HLA-DR/DQ) genes. While the HLA class II region was the most significant locus for AOA, 

variants in this region had greater effect sizes for COA compared to AOA (15). In contrast, 

associations with variants in the class I region were similar and had similar effect sizes in both.  

 Overall, the HLA region is the most frequently associated locus with asthma and allergic 

diseases (81). Whereas its central role in adaptive immunity has been extensively characterized 

(82–84), determining the causal variants and their putative functions has been particularly 

challenging due to the remarkably high gene density, extraordinary levels of genetic 

polymorphism, and striking linkage disequilibrium (LD) that characterize this region (34,36). 

These features make identification of causal disease-associated variants and the genes that 
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underlie these associations particularly challenging. As a result, the specific HLA region variants 

and genes contributing to asthma risk are not known. 

In this study, we hypothesized that the causal variants at the HLA locus include those that 

are both shared and distinct to COA and AOA, and that some causal variants exert their effects 

on asthma risk by modifying the expression of HLA genes while others alter protein properties 

by changing amino acid sequences in functional domains. Using Bayesian approaches for fine 

mapping GWAS loci (genetic fine mapping) and for fine mapping expression quantitative trait 

loci (eQTLs; expression fine mapping) of HLA region genes in cell types relevant to asthma, we 

identified putatively causal COA and AOA variants and genes in the HLA class I and class II 

regions and replicated a subset of causal variants in an ethnically-diverse sample. 

2.3 METHODS 

2.3.1 Study Subjects in the Discovery and Replication Samples 

We examined COA and AOA HLA loci in a discovery cohort comprised of the same adult 

individuals from the UK Biobank data release July 19, 2017 and using the same 

inclusion/exclusion criteria and phenotype definitions reported in Pividori et al.(15). Briefly, we 

filtered out individuals with poor-quality genotypes, ambiguous sex assignments, and related 

individuals (15). Subjects included in the discovery analysis were restricted to White British 

ancestry (UK Biobank Data-Field 22006). COA cases were subjects with self-reported doctor-

diagnosed asthma before 12 years of age (n=9,432), AOA cases were subjects with self-reported 

doctor-diagnosed asthma between 26-65 years of age (n=21,556), and controls were subjects 

with no reported asthma up to the latest age of study participation (n=318,167). Individuals with 

chronic obstructive pulmonary disease, chronic bronchitis and emphysema were excluded from 

the AOA and control groups. 
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The replication cohort consisted of individuals from the UK Biobank who were not in the White 

British ancestry set. We used the same definitions as above for COA (n=1,686), AOA (n=3,666), 

and non-asthmatic controls in the replication cohort (n=56,063). The self-reported ancestry for 

the replication cohort is 70.7% White, 12.4% Black or Black British, and 16.8% Asian or Asian 

British (Figure S2.1). 

2.3.2 Genotypes and HLA Alleles 

Allele dosages were extracted for genotyped and imputed SNPs from UK Biobank v3 within the 

boundaries of the asthma HLA loci in the COA and AOA GWAS as defined by Pividori et 

al.(15) using the rbgen 0.1 package in R 3.6.1(85). All SNPs that passed the following genotype 

quality control filters: call rate > 95% or information score > 80%,  Hardy-Weinberg equilibrium 

test p-value > 1 × 10–10, and minor allele frequency (MAF) > 0.1% were included, as previously 

described (15). A total of 8,624 and 10,006 SNPs passed the genotype filters at the HLA class I 

and class II locus, respectively. Four-digit resolution (also known as two-field resolution) of 

classical HLA allele dosages were imputed from SNP data by the UK Biobank using 

HLA*IMP:02 (80,86). We excluded alleles with low-frequencies (<1%, specific to each self-

reported race). We translated the imputed HLA allele dosages to their corresponding amino acid 

dosages using publicly available data from SNP2HLA (46) 

(http://software.broadinstitute.org/mpg/snp2hla/) that map HLA alleles to their amino acid 

sequences. All amino acid polymorphisms were encoded as biallelic, as previously described 

(25,46,87). Amino acid polymorphisms with low-frequencies (<1%) were excluded. Base-pair 

positions for variants, genes and other genomic features are based on Human Genome Assembly 

hg19 (88,89). We use the term “HLA allele” when referring to the four-digit nomenclature, 

“amino acid polymorphism” when the amino acid is the target of analysis, and “SNP” when the 

http://software.broadinstitute.org/mpg/snp2hla/
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SNP is the target of analysis. We note that SNPs determine amino acid polymorphisms and 

amino acid polymorphisms determine HLA alleles. 

2.3.3 Variant Associations 

Associations between variants (SNPs, HLA alleles, and amino acid polymorphisms) and COA 

and AOA were tested using logistic regression. Sex and the first 10 ancestral principal 

components (PCs) were included as covariates in the analyses in White British subjects. We used 

the test for heterogeneity from METAL (90) to determine if variant effects were shared between 

COA and AOA. We focused on significantly associated variants and amino acid polymorphisms 

and applied a Bonferroni correction to the results from the heterogeneity test.  

To determine whether the associations with variants of interest were driven in part by 

allergy, we extracted allergy status (any eczema, hay fever, and/or food allergy) and performed 

regressions where we 1) included allergy status as a covariate in the regression, 2) used an 

interaction term between allergy status and the variant of interest, and 3) examined associations 

excluding all individuals with allergy. To determine whether there were any sex differences in 

HLA-associated risks, we 1) performed associations for the candidate variants separately in 

males and females, and 2) including an interaction term between sex and the variant in the 

regression model. 

2.3.4 Fine-Mapping the HLA Region 

Sum of Single Effects (SuSiE) (91) (susieR R package version 0.9.0) was used to fine map the 

asthma-associated HLA loci and determine putatively causal variants for COA and AOA, 

separately in the class I and class II regions. SuSiE is a Bayesian analog of stepwise conditional 

analysis that improves on previous methods by taking account of the uncertainty of the selection 

of associated SNPs. Additionally, SuSiE can handle individual-level data (allowing us to 
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examine SNPs, HLA alleles, and amino acid polymorphisms), detect multiple causal signals, and 

identify cases when the variable with the lowest p-value is not the causal variable (91). SuSiE 

reports credible sets, which are sets of variants that include at least one causal variant with high 

probability. To assess whether SNPs, amino acid polymorphisms, and/or HLA alleles were 

causal for asthma risk, genotype dosages for these three types of polymorphisms were included 

in a single genotype matrix: class I SNPs, HLA alleles, and HLA amino acid polymorphisms 

were examined together for the fine-mapping studies in the class I region; class II SNPs, HLA 

alleles, and HLA amino acid polymorphisms were examined together for the class II region. See 

section 2.6.1.1 for more details. 

2.3.5 Gene Expression and eQTL Studies 

To test whether SNPs identified in the fine-mapping results using SuSiE are eQTLs in asthma-

relevant cell types, RNA-seq data from three cell sources from ethnically diverse individuals was 

evaluated (Table S2.1). Lymphoblastoid cell lines (LCLs), peripheral blood mononuclear cells 

(PBMCs), and upper airway (nasal) epithelial cells (NECs) were considered as surrogates for 

immune, lung and epithelial tissues that were implicated as relevant cells/tissues in asthma risk 

in the COA and AOA GWAS (15). The LCLs were derived from blood previously collected 

from 398 Hutterites (92), a founder population of European descent. Unstimulated PBMCs were 

derived from blood (n=132) (93) and NECs from nasal swabs (n=188) (94), which were 

previously collected from children from the URban Environment and Childhood Asthma 

(URECA) birth cohort (7). In both studies, written informed consent was obtained from the 

parents of children, and assent from children age 6 or older. Both studies were approved by 

institutional review boards, and all study subjects were assigned randomly generated ID codes. 
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RNA-sequencing reads from these studies were remapped. For the polymorphic HLA 

genes, we aligned RNA-seq reads to reference sequences from the International 

ImMunoGeneTics (IMGT) database (40) for each individual’s known HLA type (45) (see 

Supplementary Methods for more details). For eQTL mapping in the PBMCs and NECs, we 

performed linear regressions with QTLtools (95) using a nominal pass and cis-window size of ±1 

Mb from the transcription start site (TSS). We performed eQTL mapping in the LCLs using 

Genome-wide Efficient Mixed Model Association (GEMMA) (96), including a kinship matrix as 

a random effect to account for relatedness between the Hutterites. Relevant covariates were 

included for all tests (see section 2.6.1.3 for additional details). In the LCLs, some SNPs in the 

AOA or COA credible sets had high missingness. In these instances, we ran the eQTL mapping 

in the subset of individuals with high quality genotypes. In the PBMCs and NECs, some SNPs in 

the AOA or COA credible sets failed QC in genotypes extracted from whole genome sequence 

data. In those instances, we extracted high quality genotypes from the Illumina MEGA array in 

the subset of individuals that had previous array-based genotyping and used those genotypes in 

the eQTL studies. 

2.3.6 Fine Mapping eQTLs 

We performed eQTL fine mapping in three asthma-relevant cell types, LCLs, PBMCs, and 

NECs, using SuSiE for the expression of genes in which SNPs in any of the COA or AOA 

credible sets were significantly associated with their expression at an False Discovery Rate 

(FDR) (97) threshold of 0.05. The same covariates in each of the eQTL studies were regressed 

from the dataset (see section 2.6.1.3 for more details).  
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SuSiE was used to fine map eQTLs using a window of ± 1 Mb around the TSS of each 

gene. SNPs in any of the eQTL credible sets were then compared to the SNPs in the COA and 

AOA GWAS credible sets to assess overlap. 

2.3.7 Structural Visualization of Amino Acid Variants 

Based on results of fine mapping, visualization of amino acid polymorphisms was performed for 

each associated coding variation (amino acid polymorphism). Amino acid polymorphisms were 

aligned to their positions on the protein. Crystal X-ray structures were downloaded from the 

Protein Data Bank (PDB) (98) for HLA molecules containing the risk/protective amino acid 

variants of interest, if available: 5VGE (HLA-C*07:02) (99), 6DIG (HLA-DQA1*01:02/HLA-

DQB1*06:02) (100), and 4D8P (HLA-DQA1*03:01/HLA-DQB1*02:01) (101). The locations of 

amino acids within the HLA molecules were visualized with PyMOL v2.0.7 (102) 

(https://pymol.org/2/).  

2.3.8 Replication of Fine-Mapping Results 

Because variants within a credible set are highly correlated, we selected candidate variants (tag 

SNPs) from each credible set for replication. These included rs2428494 (the shared class I COA 

and AOA credible set 1 [CS1] SNP), HLA-C p.11 (class I COA credible set 2 [CS2] amino acid 

polymorphism), rs28407950 (class II COA CS1 lead SNP), rs35571244 (lead class II COA CS2 

SNP), rs9272346, rs1063355, rs3828789, and rs9274660 (class II AOA CS1 SNPs that were also 

in the eQTL CSs and overlapped with LCL enhancer marks), and HLA-DQA1*03:01 (class II 

AOA CS2 HLA allele). We performed logistic regressions for COA and AOA separately in self-

reported White (excluded from White British Ancestry cohort), Asian British, and Black British 

individuals from the UK Biobank and then performed meta-analysis as implemented in METAL 

https://pymol.org/2/
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(90). Logistic regressions were performed using sex and the top 20 ancestry PCs as covariates in 

a one-sided test that required the direction of effect to be the same as in the discovery sample.  

2.4 RESULTS 

2.4.1 HLA Allele and Amino Acid Associations 

Similar to our previous study of White British individuals (15), we identified 9,432 COA cases, 

21,556 AOA cases, and 318,167 shared non-asthma controls (Table 2.1). Because our previous 

GWASs did not include HLA alleles or amino acid variants (15), we first considered the imputed 

4-digit HLA alleles (103) provided by the UK Biobank and identified a total of 78 alleles for the 

HLA-A (n=13), HLA-B (n=18), HLA-C (n=14), HLA-DRB1 (n=15), HLA-DQB1 (n=12), and 

HLA-DQA1 (n=7) genes that met the frequency threshold of 0.01. Of the 78 HLA alleles at six 

loci, 19 were associated with COA and 14 with AOA at a genome-wide significance threshold 

(p<5x10-8; Table S2.2). Overall, the effect sizes of associated alleles were larger for COA 

compared to AOA (Figure S2.2).  Our results were concordant using either an additive or 

dominant model (Table S2.3). The only alleles that showed significant heterogeneity were HLA-

DQA1*01:02, HLA-DQA1*03:01, HLA-DQB1*03:02, HLA-DQB1*06:02, HLA-DRB1*15:01 

(Table S2.4).  

Table 2.1. Sample Composition.  

 Childhood-onset 

asthma 

Adult-onset 

asthma 

Controls 

Sample size 9,432 21,554 318,167 

Mean age of asthma onset in 

years (SD) 

6 (3) 44 (10) NA 

Any asthma medication use  

(%) 

41.6 44.8 0.5 

Female Sex (%) 40.7 63.6 53.5 

Allergic Disease (ever, %) 34.0 24.6 10.6 

Allergic rhinitis (%) 26.9 21.6 8.6 

Atopic dermatitis (%) 11.9 4.3 2.3 

Food allergy (%) 1.5 0.8 0.4 
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Table 2.1 Sample Composition. (continued) 

Mean FEV1 percent predicted 

(SD) 

87.62 (18.20) 

 

91.80 (17.05) 

 

98.41 (15.62) 

 

Mean FEV1/FVC (SD) 0.71 (0.08) 0.74 (0.07) 0.76 (0.06) 

 

Mean Eosinophil count (SD) 0.23 (0.18) 0.22 (0.17) 0.17 (0.12) 

Mean Tobacco exposure in 

home (SD)* 

0.58 (4.89) 0.62 (4.93) 0.51 (4.35) 

Current tobacco smoking (% 

never/occasionally/most days) 

91.4/ 6.0/ 2.6 93.5/ 4.7/ 1.8 90.4/ 7.0/ 2.6 

*hours/week among non-smokers. SD: standard deviation 

After filtering out low frequency amino acid polymorphisms (<1%), we tested the 741 

amino acid polymorphisms at the six HLA loci for associations with COA and AOA. Of these, 

188 amino acid polymorphisms were associated with COA and 152 were associated with AOA 

(p<5x10-8, Table S2.5, File S2.1). P-values were overall more significant and estimated ORs 

were larger for class II compared to class I HLA alleles and amino acid polymorphisms (Figure 

S2.3). The magnitude of the ORs were also generally larger for COA compared to AOA. Both of 

these observations are consistent with the GWAS results (15). Using a test for heterogeneity, 

eight HLA-DQA1, seven HLA-DQB1, and 11 HLA-DRB1 amino acid polymorphisms were 

significant, suggesting age of onset-specific effects (Table S2.4). 

2.4.2 Fine-Mapping the HLA Class I Region 

To fully capture genetic variation at the HLA region, we combined the genotypes for 19,499 

HLA alleles, amino acid polymorphisms and SNPs, and performed genetic fine mapping on the 

combined set of variants separately in the class I and class II regions, with the goal of identifying 

causal variation for COA and AOA. We used the Bayesian regression method SuSiE (91) to 

perform fine mapping of the 9,021 combined variants at the class I locus using the locus 

boundaries defined previously (15).  
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Fine mapping the COA class I locus identified two credible sets, indicating the presence 

of two independent associations with COA in the class I region. Credible set 1 (CS1) consisted 

of a single variant and CS2 consisted of two variants. The CS1 SNP (rs2428494) (red point, 

Figure 2.1A) is in an intron of HLA-B, and its posterior inclusion probability (PIP) is 0.97. This 

was the lead SNP in both the COA and AOA GWASs at the HLA class I locus(15). In CS2 (blue 

points, Figure 2.1A), the probability was nearly equally divided between two highly correlated 

variants (LD r2 = 0.99, calculated from our data), with PIP values of 0.43 and 0.57 for 

rs28481932 and HLA-C p.11, respectively. SNP rs28481932 is upstream of HLA-C and HLA-C 

p.11 is an amino acid polymorphism (p.11 Ala/Ser). The risk amino acid (alanine) is on HLA-

C*02, *03, *05, *06, *07, *08, *12, *15, *16, *17, and *18 alleles in this sample (including rare 

alleles), and the amino acid (serine) that is associated with decreased risk of asthma is on HLA-

C*01:02, *04:01, *04:07, *14:02, and *14:03 alleles. The HLA class I locus in AOA included 

one credible set with rs2428494 having a PIP of 1.00 (Figure 2.1A). Therefore, in the Class I 

region, rs2428494 is a shared causal SNP for COA and AOA and HLA-C p.11 or rs28481932 is 

a causal variant for COA. Alternatively, one or both may tag untyped or rare causal variation in 

LD with the candidate variants identified by SuSiE.  

The odds ratios (ORs) remained largely unchanged when accounting for allergy in the 

associations, and no sex differences in risk were observed for any of these variants, suggesting 

that the associations were not reflecting confounding due to the presence of allergic diseases in 

either COA or AOA (Table S2.6, S2.7). 
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Figure 2.1. Fine-Mapping Results for Childhood- and Adult-Onset Asthma. In the A) HLA 

class I and B) HLA class II region, the upper panels show the -log10(p-values) from the GWAS 

(15); the dashed line indicates genome-wide significance. The lower panels show the Figure 2.1 
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Figure 2.1. Fine-Mapping Results for Childhood- and Adult-Onset Asthma. (continued) 

fine-mapping probabilities (PIPs) for the same variants. The colors represent the level-95% 

credible sets (HLA class I: CS1=red, CS2=blue; HLA class II CS1=orange and CS2=cyan for 

COA, and CS1=magenta, CS2=green for AOA). The tables show summaries of the variants in 

each credible set. A total of 9,021 variants (SNPs, HLA alleles, amino acid polymorphisms) were 

examined in the class I region and 10,428 variants in the class II region. 

 

2.4.3 Fine-Mapping the HLA Class II Region 

We used 10,428 combined variants at the class II region for fine mapping. Two credible sets 

were identified for COA (Figure 2.1B). CS1 (orange point) included one SNP (rs28407950; PIP 

1.00) located downstream of HLA-DQB1. This SNP was the lead GWAS SNP in the HLA class 

II region for COA(15). CS2 (cyan points) contained five SNPs spanning 152 kb. The SNP 

(rs35571244) with the highest PIP (0.50) was located at the proximal end of the class II region 

upstream of TAP1. The minimum r2 between all variants in CS2 was 0.79 (median r2=0.99). No 

HLA alleles or amino acid polymorphisms were included in either of the COA credible sets.   

Two credible sets were also identified for AOA, but neither included variants in the COA 

credible sets (Figure 2.1B, Table S2.8). CS1 (magenta points) contained 60 variants: 33 SNPs, 

19 HLA-DQA1 amino acid polymorphisms, and eight HLA-DQB1 amino acid polymorphisms. 

The minimum r2 between all variants in CS1 was 0.94 (median r2=0.99), spanning 32.1 kb across 

the HLA-DQA1 and HLA-DQB1 genes. The lead SNP in the AOA GWAS (15) (rs17843580), 

which is located downstream of HLA-DQA1, was also the lead SNP in CS1 (PIP 0.08), but 

because there were so many variants in this credible set all individual PIPs were small. CS2 

(green) spanned 54.6 kb from HLA-DRB5 to HLA-DQA1, and included 33 variants: 22 SNPs, 

five HLA-DQA1 amino acid polymorphisms, one HLA-DQA1 allele (HLA-DQA1*03:01), and 

five HLA-DRB1 amino acid polymorphisms. The minimum r2 between all CS2 variants was 0.88 

(median r2=0.96). The variant with the highest PIP was a SNP (rs41269945) located between 

HLA-DQA1 and HLA-DQB1. Five perfectly correlated HLA-DQA1 amino acids had the highest 
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PIPs (each 0.07) among the amino acids: Thr26, Gln47, Arg56, Val76, and Thr187, which 

together define HLA-DQA1*03 alleles (*03:01, *03:02, and *03:03 in our data).  

 The association of these putatively causal SNPs with AOA were not due to confounding 

by inclusion of allergic diseases, as the results were similar when excluding individuals with 

these comorbidities (Table S2.6). However, an interaction between the COA class II CS1 SNP 

(rs28407950) and sex was nominally significant (p=0.02) (Table S2.7), reflecting a nominally 

larger effect in females (OR=1.43 95% CI [1.35-1.51]) compared to males (OR=1.31 95% CI 

[1.25-1.37]) for this variant. 

2.4.4 Fine-Mapping Simulations in the HLA Region 

Most previous fine-mapping studies excluded the HLA region due to its genomic complexities 

(104–106). To validate that SuSiE accurately detects multiple independent causal signals in this 

region, we conducted simulations in each of the HLA class I and class II regions for both binary 

(e.g. case-control status) and quantitative (e.g. gene expression) outcomes (see Supplementary 

Methods for additional details). In the null simulations (with zero causal variants), SuSiE 

accurately reported no credible sets (Figure S2.4). In the simulations ranging between one to 

three causal variants, SuSiE correctly detected the correct number of causal signals, each 

containing the true causal variant in the class I and class II regions for both the binary and 

quantitative outcomes. The true causal variant had the highest PIP 61% of the time. These 

simulations demonstrated that fine-mapping studies in the HLA region with SuSiE can 

accurately identify credible sets containing the true causal variants despite the complexities of 

this region. 
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2.4.5 Fine-Mapping eQTLs and Functional Annotations in the HLA Region 

Genetic variation can influence disease risk by altering protein function or by influencing 

expression levels of disease-associated genes. Earlier studies demonstrated different functional 

properties of HLA alleles defined by amino acid polymorphisms (82,107), while more recent 

studies have shown regulatory effects of SNPs on HLA gene expression (108–112). Our results 

suggested that both types of mechanisms may mediate the effects of HLA genes on asthma risk. 

We first assessed the potential regulatory effects of asthma-associated SNPs using gene 

expression data from three asthma-relevant cell types (Table S2.1) from individuals with HLA 

types that were known or could be determined. This allowed us to map the RNA-sequencing 

(RNA-seq) data against sequences corresponding to each person’s known HLA type (Table 

S2.9) and avoid mapping biases that arise from the large number of sequence differences 

between HLA alleles and reference genome (45).  

 We first performed eQTL studies for all genes whose transcription start site (TSS) was ± 

1 Mb of the SNPs in each credible set.  This identified 245 significant eQTLs (False Discovery 

Rate, FDR<0.05) involving 46 SNPs and 17 genes (CCHCR1, AL662844.4, MIR6891, PSBM9, 

TAP1, TAP2, PPT2, HLA-B, HLA-DQA1, HLA-DQB1, HLA-DQB1-AS1, HLA-DQA2, HLA-

DQB2, HLA-DRB5, HLA-DRB6, HLA-DRB9, and HLA-DPB2) (Tables S2.10, S2.11, File S2.2). 

We then used SuSiE to perform fine mapping for each gene with at least one eQTL in that cell 

type, resulting in expression fine mapping of 15 genes in LCLs, three in PBMCs, and six in 

NECs (Table S2.12). Five of the eQTL fine-mapping studies identified credible sets with SNPs 

that were also in the class II AOA CS1 (Table S2.13, File S2.3). These included credible sets 

with eQTLs for HLA-DQB2 in LCLs, PBMCs, and NECs (Figure 2.2A) and HLA-DQA2 in 

LCLs and PBMCs (Figure 2.2B). The AOA CS1 risk alleles were associated with increased 
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expression of both HLA-DQA2 and HLA-DQB2 in these cells (Figure 2.2C, Figure S2.5). None 

of the other SNPs in eQTL fine-mapping credible sets overlapped with SNPs in the class II AOA 

CS2, the class II COA CS1 or CS2, or the AOA or COA class I credible sets. 

 

Figure 2.2. eQTL Fine Mapping and Functional Annotations. For A) HLA-DQB2 and B) 

HLA-DQA2, upper panels show eQTL -log10(p-values) and PIPs for each variant tested within ± 

0.5 Mb of the gene TSS. The colored outlines show the eQTL credible sets; the magenta points 

are SNPs that were also in the class II AOA CS1. A purple outline around a magenta point shows 

the variants shared between the eQTL credible set and the class II AOA CS1. The green and blue  
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Figure 2.2. eQTL Fine Mapping and Functional Annotations. (continued) outlines indicate 

other credible sets. X-axis position is in Mb (hg19). The Venn diagrams show the number of 

variants in the eQTL credible set and the number that overlaps with SNPs in the class II AOA 

CS1. C) Normalized expression of HLA-DQA2 (upper panel) and HLA-DQB2 (lower-panel) in 

LCLs by the number of asthma-risk alleles (A) for rs9272346, a representative class II AOA CS1 

SNP. D) Four SNPs in the class II AOA CS1 and in one or more eQTL credible set overlapped 

with functional annotations. The colors above each rsID indicate which eQTL credible set they 

were in. All four SNPs overlapped with strong enhancers in GM12878 cells (LCLs; bottom 

track). The GM12878 ChromHMM results correspond to active promoters (red), weak promoters 

(light red), strong enhancers (orange), weak/poised enhancers (yellow), transcriptional 

transition/elongation (dark green), and weak transcription (light green). Modified from 

http://genome.ucsc.edu(113).  

 

To prioritize among the 20 SNPs that were in both the class II AOA CS1 and eQTL 

credible sets for HLA-DQA2 or HLA-DQB2, we overlapped these SNPs with functional 

annotations from nine cell lines (GM12878 (LCLs), H1-hESC, K562, HepG2, HUVEC, HMEC, 

HSMM, NHEK, NHLF) available from ENCODE (114). Four of the 20 SNPs overlapped an 

enhancer region in LCLs (Figure 2.2D) and also resided in or near (approximately 70bp to 

700bp) weak enhancer marks in three epithelial cell-derived lines (NHEK, keratinocytes; 

HMEC, mammary epithelial cells; HEPG2; liver hepatocellular cancer) (Figure S2.6). None of 

the SNPs overlapped with or were near enhancer marks in the other ENCODE cell lines. 

rs9272346, located upstream of HLA-DQA1, was in four of five of the eQTL credible sets. The 

other three SNPs were located near or within HLA-DQB1, with rs1063355, rs3828789, and 

rs9274660 in one, three, and three of the five eQTL credible sets, respectively. Surprisingly, the 

AOA GWAS lead SNP (rs17843580), which had the highest PIP in the AOA CS1, and the 

http://genome.ucsc.edu/
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remaining 15 SNPs in CS1 did not overlap an enhancer region in any of the cell types (Figure 

S2.6). 

2.4.6 Structural Visualization of Amino Acid Variants 

HLA class I and class II molecules bind and present peptides to T cell receptors (TCRs). The 

polymorphic features of HLA class I and class II molecules, particularly in the peptide binding 

domain, serve the crucial functions of diversifying antigen presentation and restricting pathogen-

evasion of immune recognition. Therefore, we next explored the possibility that the amino acid 

variants with the highest PIPs in some of the credible sets affect peptide presentation or 

interactions with the TCR (Table S2.14). The amino acid in the class I region with the highest 

PIP in the COA CS2, HLA-C p.11, is located within the peptide-binding pocket of the HLA-C 

protein (Figure 2.3A). The serine allele was associated with protection from COA and is polar 

and uncharged; the alanine was associated with risk and is aliphatic and hydrophobic. Thus, both 

the location and structure of this polymorphic site suggest that peptide presentation by or other 

functional properties of HLA-C may be different between these alleles.   

 

Figure 2.3. Localization of Asthma-Associated Amino Acid Variants.  

Ribbon-figure representations of the peptide-binding pocket are shown for each HLA protein, 

and the amino-acid variant in focus is highlighted. A) HLA-C p.11, shown in blue, is located 

within the peptide-binding pocket of the HLA-C molecule(99) (forest green). B) HLA-DQB1 

p.55, shown in magenta, lies in the region that may interact with the T-cell receptor on the HLA-

DQB1(100) protein (grey) in complex with HLA-DQA1 (blue). C) HLA-DQA1 p.26, p.47, p.56, 

and p.76 (green) shown on the HLA-DQA1 protein(101) (blue). p.26 lies in the peptide-binding 

pocket, p.76 in the region that may interact with the TCR, and p.56 and p.47 in regions outside of 

the peptide-binding pocket.  
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 The amino acid with the highest PIP in the AOA class II CS1 was at position 55 in the 

HLA-DQB1 protein (Figure 2.3B). Arginine contains a positively charged side chain and was 

associated with protection from AOA (p=4.50x10-49; OR=0.86, CI 0.84-0.88). This is a 

multiallelic position, with leucine and proline as alternate alleles; both were associated with 

asthma risk (Leucine: p=3.36x10-6; OR=1.06, CI 1.03-1.08; Proline: p=1.83x10-28; OR=1.12, CI 

1.10-1.15). The risk variants were both hydrophobic whereas the protective variant was 

positively charged and polar. This location may be in a region that interacts with the TCR (115). 

Because this variant is in strong LD with SNPs that are eQTLs in the class II AOA CS1 (median 

r2=0.99), it is unclear if this variant, the eQTLs, or both are causal for AOA. 

 Among the 10 amino acids in class II AOA CS2, HLA-DQA1 Ser26, Gln47, Arg56, and 

Val76 were in perfect LD with each other, had the highest PIPs of the amino acid 

polymorphisms in CS2, and were associated with AOA risk. These amino acids are present 

exclusively on the HLA-DQA1*03:01, 03:02, and 03:03 alleles (Table S2.15). The HLA-

DQA1*03:02 and HLA-DQA1*03:03 alleles occurred at low frequency (<1%) in this sample and 

were not included in the GWAS or fine-mapping studies. Of these four amino acids, Ser26 is in 

the peptide-binding pocket and Val76 is in a region that may interact with the TCR (Figure 

2.3C). The other amino acid polymorphisms were not in regions with obvious functional effects. 

At position 26, both the risk-associated serine and the protection-associated threonine have polar 

uncharged side chains, although the serine sidechain is smaller. Position 76 was multiallelic, with 

all three amino acids (valine, leucine, and methionine) having hydrophobic side chains, and 

valine having the smallest molecular weight. Position 187 was also perfectly correlated with 

these amino acids and captured in CS2 but was not part of the crystal structure. Our data support 

HLA-DQA1*03 alleles as risk alleles for AOA.  
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2.4.7 Conditional Analyses to Assess Independent Effects 

To determine whether the candidate eQTL SNP for HLA-DQA2 and HLA-DQB2 (rs9272346) in 

CS1 and the HLA-DQA1*03:01 allele in CS2 accounts for all the association signal at the class II 

AOA locus, we performed three conditional analyses in which we included the number of alleles 

for rs9272346, for HLA-DQA1*03:01, and for both as covariates in association tests of variants 

at this locus with AOA (Figure 2.4A). In the first conditional analysis including number of 

rs9272346 (CS1) alleles as a covariate, the AOA association signal for HLA-DQA1*03:01 

remained genome-wide significant; in the second conditional analysis including the number of 

HLA-DQA1*03:01 alleles (CS2) as a covariate, the AOA association signal for rs9272346 also 

remained genome-wide significant. When both rs9272346 and HLA-DQA1*03:01 were included 

as covariates, the significance across the locus was reduced. These analyses indicate that the 

most significant asthma locus in AOA is due to variation in two credible sets, whose effects are 

likely attributable to their impact on expression of the HLA-DQA2 and HLA-DQB2 genes and of 

the HLA-DQA1*03:01 allele. 

  

Figure 2.4. Class II Conditional Analyses. For A) adult-onset asthma (AOA) and B) 

childhood-onset asthma (COA), results show the -log10(p-value) for each variant after 

conditioning on rs9272346 (representative AOA CS1 SNP), and/or HLA-DQA1*03:01 

(representative AOA CS2 variant). Colored outlines correspond to different credible sets; AOA  
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Figure 2.4. Class II Conditional Analyses. (continued) CS1: magenta, AOA CS2: green, COA 

CS1: orange, and COA CS2: cyan. See Fig. 1 for comparison. 

 

 To confirm that the two class II AOA putatively causal variants do not contribute to class 

II COA risk, we repeated the analysis above for SNPs at the COA class II GWAS locus (Figure 

2.4B). When conditioning on either the AOA CS1 SNP rs9272346, the AOA CS2 HLA-

DQA1*03:01 allele, or both, the COA associations remain genome-wide significant, although the 

magnitudes of the associations are reduced, likely due to including additional covariates in the 

model and the LD in the region (Table S2.16). These results further support the argument that 

risk for COA and AOA are due to different causal variants in the HLA class II region. 

 Finally, we performed conditional analyses to assess the independence between the class 

I and class II signals. For each of the COA class I variants, we tested for their association with 

COA after conditioning on the tag class II SNPs and vice versa for the class II region. We 

similarly did this for AOA. For all results, the odds ratios (ORs) are largely similar and the 95% 

confidence intervals (CIs) overlap between the marginal and conditional associations, suggesting 

that the class I and class II signals are indeed independent (Table S2.17). 
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2.4.8 Replication of Fine-Mapping Results 

To replicate the COA and AOA putatively causal SNPs identified in the UK Biobank White 

British ancestry individuals, we examined a replication cohort of UK Biobank multi-ethnic 

individuals who were initially excluded from our studies. Asthma and allergy phenotypes were 

defined using the same criteria as in the discovery sample. The prevalence of both were similar 

in the discovery and replication samples (Table S2.18, S2.19). To allow for allele frequency and 

effect size heterogeneity between the replication cohorts (n=43,449 White British, n=10,327 

Asian or Asian British, n=7,637 Black or Black British), we tested each variant for association 

with COA and AOA within each cohort and then performed a meta-analysis of the results. We 

required that the same allele is associated with asthma with the same direction of effect as in the 

discovery cohort. All of the variants, except the class II COA CS2 and the class I AOA CS1 

SNPs, replicated at a significance threshold adjusted for multiple testing of 5.0x10-3 (Table 2.2, 

Figure S2.7, Table S2.20). Additionally, the HLA-DQA1*03:01 allele had the most significant 

association for AOA compared to the other HLA alleles tested. 

 

Table 2.2 Results of Replication Meta-analysis. P-values, odds ratios (ORs), and 95% 

confidence intervals (95% CI) in the replication cohorts are reported for each of the candidate 

variants from the discovery COA and AOA credible sets. 

Group CS Variant Allele  

(non-risk/risk) 

p-value OR 95% CI 

COA Class I CS1 rs2428494 T/A 9.72x10-04 1.13 1.05-1.21 

Class I CS2 HLA-C p.11 Ser/Ala 2.66x10-03 1.16 1.05-1.29 

Class II CS1 rs28407950 T/C 1.30x10-09 1.29 1.19-1.40 

Class II CS2 rs35571244 T/C 2.74x10-01 1.08 0.94-1.25 

AOA Class I CS1 rs2428494 T/A 1.27x10-02 1.06 1.01-1.12 
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Table 2.2 Results of Replication Meta-analysis. (continued) 

AOA Class II CS1 rs9274660 A/G 6.10x10-08 1.14 1.09-1.20 

rs3828789 G/T 4.59x10-08 1.15 1.09-1.20 

rs1063355 T/G 4.31x10-08 1.15 1.09-1.20 

rs9272346 G/A 7.52x10-08 1.14 1.09-1.20 

Class II CS2 HLA-DQA1 *03:01 1.27x10-04 1.13 1.06-1.21 

 

 Overall, all but two of the candidate variants (AOA rs2428494 and COA rs35571244) 

from the discovery cohort were significantly associated with COA or AOA in the replication 

cohort with the same direction of effect. Both variants were nominally associated with COA or 

AOA, with the same directions of effect, but were not significant after multiple test correction. 

2.5 DISCUSSION 

The HLA region is associated with more diseases than any other region of the genome (116), and 

variation in this region has been consistently associated with asthma risk in GWASs (14–17,31–

33). However, the causal variants and genes have been unknown. Most previous large studies 

focused only on SNPs, which do not fully capture the extensive protein polymorphism at this 

locus. A recent study reported colocalizations between eQTLs for HLA-B, HLA-DQB1, HLA-

DQA1, HLA-DRA, TAP1, and RNF5 in induced pluripotent stem cells with asthma GWAS SNPs 

(111). However, they did not separate COA and AOA, examine associations with HLA alleles or 

amino acids, or study gene expression in asthma-relevant cell types. Our study addressed these 

limitations and used relevant cell types and eQTL fine mapping to identify putatively causal 

eQTLs. These studies extended our earlier observations of COA and AOA having both shared 

and distinct genetic risk to the HLA region. We also prioritized putatively causal variation by 

examining the location of associated amino acid variants within the functional domains of HLA 



32 

 

proteins and of associated SNPs to functional annotations of gene regulation. In the class I 

region, we identified both a COA-specific association that may be mediated by HLA-C protein 

coding variation and a shared causal variant with unknown function. We did not find any shared 

causal variation between COA and AOA in the class II region, which was supported by 

replication studies. Nevertheless, our data strongly suggest that HLA class II-associated risk for 

AOA is mediated by both protein coding variation associated with the HLA-DQA1*03 alleles 

and differential expression of the nonclassical HLA-DQA2 and HLA-DQB2 genes.   

Our fine-mapping studies in White British individuals from the UK Biobank revealed a 

lead GWAS SNP in an intron of HLA-B in the class I region that was putatively causal for both 

COA and AOA (rs2428494). However, rs2428494 was not in any eQTL credible sets. This SNP 

was also not an eQTL for any genes in GTEx tissues (117) or in immune cells in the Database of 

Immune Cell Expression, eQTLs, and Epigenomics (DICE) (118), and did not reside in 

ENCODE (114) cis regulatory elements (Figure S2.6). However, rs2428494 was predicted to be 

in flanking active TSSs for several T cell subsets in Roadmap (119). Additionally, this 

association was replicated in a multi-ethnic cohort and was the lead class I region SNP in a meta-

analysis of GWASs for allergic rhinitis, a common co-morbidity with asthma, with the same 

allele associated with risk (25). Otherwise, little is known about this variant.  

 A second credible set in the class I region included a SNP (rs28481932) and an HLA-C 

amino acid polymorphism at position 11 and was specific to COA. We did not accrue any 

functional evidence for the SNP to mediate its effects through gene expression based on our 

eQTL studies and co-localizations with ENCODE annotations (Figure S2.6). However, the 

HLA-C amino acid polymorphism had a higher PIP and its location in the HLA-C protein makes 

it a promising functional candidate. This amino acid polymorphism was also associated with 
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COA in the replication cohort. Along with other class I classical HLA genes, HLA-C is 

expressed on the cell surface of nearly all nucleated cells, where it presents intracellular peptides 

to the TCR of CD8 T cells. TCR recognition of foreign (e.g. viral) peptides presented by class I 

molecules activates these T cells, leading to the cytotoxic killing of infected cells by CD8 T cells 

and promoting inflammation. Position 11 lies in a β-sheet in the peptide-binding pocket and the 

amino acid substitution may change the peptide binding properties and alter antigen presentation 

and recognition by CD8 T cells. HLA-C is also a ligand for killer immunoglobulin receptors 

(KIRs) expressed on natural killer (NK) cells (120), which survey MHC class I levels on cell 

surfaces and can induce cell death when levels decrease during cell stress or viral infection (121). 

Modulation of NK cell activity may be another potential role for this variant in COA (122,123). 

 In the class II region, two credible sets were identified for COA, neither of which 

overlapped with the class II AOA credible sets. One of the credible sets (CS1, rs28407950) was 

replicated in the multi-ethnic cohort providing strong evidence that this SNP, or an untyped or 

rare variant in LD with it, is indeed a causal variant for COA. Additionally, we observed a 

nominally significant interaction between sex and rs28407950, with the risk variant having a 

stronger effect in females compared to males. Similarly, none of the class II COA CS2 SNPs 

were in eQTL credible sets and therefore not likely causal for resting gene expression in these 

cells. The fact that no HLA alleles or amino acids were included in either COA credible set 

largely rules out protein variation mediating risk at this locus for COA.  

 In contrast, fine-mapping studies identified the same causal variation underlying both 

AOA risk and expression of HLA-DQA2 and HLA-DQB2 genes at the class II region; these 

associations with AOA were replicated by fine-mapping studies in the multi-population cohort. 

While previous asthma GWAS have implicated the classical and highly polymorphic HLA-
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DQA1 and HLA-DQB1 class II genes(31,33,124), our study revealed associations with HLA-

DQA2 and HLA-DQB2 genes in risk for AOA. The HLA-DQA2 and HLA-DQB2 genes are 

highly conserved paralogues of the HLA-DQA1 and HLA-DQB1 genes (125,126), respectively, 

but are virtually devoid of amino acid polymorphisms in the peptide binding pocket (125). Little 

is known about the functions of the HLA-DQα2/HLA-DQβ2 protein, although it has been shown 

to form heterodimers in Langerhans cells and can present antigens and activate T cells (127). It is 

notable that SNPs in the AOA CS1 were associated with increased HLA-DQB2 and HLA-DQA2 

expression in different cell types, pointing to their potentially broad effects in both immune and 

airway epithelial tissues. The finding that asthma-associated SNPs in the class II region were 

associated with increased HLA-DQA2 and HLA-DQB2 expression is consistent with our earlier 

results showing that predicted increased expression of HLA-DQA2 and HLA-DQB2 (44) was 

among the most significant gene-based associations with asthma risk (15). Our current study 

confirms this prediction and further implicates increased expression of these highly conserved 

and poorly characterized genes as potential mediators of risk for AOA.  Moreover, a recent 

GWAS of asthma hospitalizations in White British adults from the UK Biobank also reported 

that the HLA class II region was the most significant association with hospitalizations (128). 

Some of the associated SNPs were also eQTLs for HLA genes, including HLA-DQA2. This 

raises the possibility that the AOA class II CS1 variants in our study may also be associated with 

asthma hospitalizations and severity due to their effects on HLA-DQA2 expression.  

 The HLA-DQA1*03 alleles may also play an important role in AOA risk. The class II 

AOA CS2 contained the HLA-DQA1*03:01 allele and five amino acids that define the HLA-

DQA1*03 alleles; some of these polymorphisms are in regions with potential impact on peptide 

presentation and TCR interactions (Figure 2.3C). We suggest therefore that HLA-DQA1*03:01 
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may be the causal variant for AOA in CS2. T cell activation and proliferation is driven by both 

differential expression levels and protein coding variation in the HLA genes which may affect 

binding affinities to different peptides(129,130). The HLA-DQA1*03:01 allele association was 

replicated, and it was the strongest HLA allele association in the replication cohort. Taken 

together, our studies indicate that increased expression of the HLA-DQA2 and HLA-DQB2 genes 

and coding variation in the HLA-DQA1*03 protein mediate the risks conferred by variation for 

AOA at the most significant GWAS locus (15). 

 Despite our delineation of specific HLA class I and class II variants and genes associated 

with risk for COA and AOA, our study had limitations. First, the fine-mapping method we used 

(SuSiE) has not yet been extended for logistic models or previously used in the HLA region. 

However, the use of linear methods to binary data can be justified (see section 2.6.1.1 for 

Supplementary Methods) (91,131–133), and our simulations indicate that SuSiE can accurately 

detect causal signals for binary traits (e.g. case-control status) as well as for quantitative traits 

(e.g. gene expression) in the genetically complex HLA region, at least in large sample sizes. 

Second, we did not identify potential mechanisms for all putatively causal signals for COA and 

AOA. In those cases, these variants may be eQTLs in other cell types not profiled in this study 

(134), in response to specific stimuli (135), or at specific developmental stages (136). Further 

experimental evidence is needed to elucidate the relationships between the putatively causal 

variants identified in this study and their impacts on gene function and/or expression, and 

ultimately on risk for asthma. Third, not all of the variants in the credible sets replicated, which 

may be due to smaller sample size or may reflect true ethnic differences in risk alleles. The 

extensive diversity of HLA genes and haplotypes between worldwide populations and the known 

effects of local selection pressures on these genes makes multi-ancestry replication particularly 
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challenging (137,138), and large cohorts are needed to replicate the fine-mapping results. 

However, the single variant association tests replicated nearly all representative variants in COA 

and AOA for class I and class II credible sets and the direction of effect was the same across 

discovery and replication cohorts. Given the importance of the HLA locus in asthma, additional 

studies need to be performed in larger cohorts from other racial and ethnic groups to gain a full 

picture of the roles of HLA genes in asthma. Finally, we discovered that HLA-DQA1*03:01 and 

a set of amino acids that are co-inherited on the HLA-DQA1*03 alleles were putatively causal 

for AOA. However, because the allele frequencies of the other HLA-DQA1*03 alleles (*03:02 

and *03:03) were too infrequent in this sample to examine individually, we cannot determine if 

the effect is due solely to the HLA-DQA1*03:01 allele or a general effect of all *03 alleles. 

 In addition to age of asthma onset, many other known epidemiological factors distinguish 

asthma with onset in childhood compared to onset after puberty, including sex ratios, the 

importance of respiratory viral infections, and comorbidities with allergic diseases or obesity, as 

examples (139). Future studies can determine whether these well-established differences in COA 

and AOA may also be explained, at least in part, by differences in causal variation in the HLA 

region identified in this study. 

2.5.1 Conclusions 

Overall, our study highlights roles for both expression and protein coding variation in asthma 

risk. We suggest a prominent role for HLA-C protein coding variation in COA and both gene 

expression levels and protein coding changes in the HLA-DQ genes in AOA. We further propose 

that the HLA-DQA1*03:01 allele and SNPs that regulate the expression of the under-

characterized HLA-DQA2 and HLA-DQB2 genes explain the class II HLA risk at the most 

significant AOA locus. Our study identified potential therapeutic targets for asthma and utilized 
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a strategy that can serve as a model for fine mapping other HLA-associated diseases by 

integrating approaches to narrow putatively causal variants and genes in the HLA region. 

2.5.2 Author Contributions 

Conceptualization and design of study: Selene Marilyn Clay., Hae Kyung Im, Dan L. Nicolae, 

Carole Ober; Patient samples/data: James E. Gern, Daniel J. Jackson, Mario G. Rosasco, 

Matthew C. Altman, Matthew Dapas; Statistical Analyses: Selene Marilyn Clay, Andrew M. 

Goldstein, Peter Carbonetto, Matthew Stephens, Hae Kyung Im, Dan L. Nicolae; Interpretation 

of data: Selene Marilyn Clay, Carole Ober, and Nathan Schoettler; Writing: Selene Marilyn Clay 

and Carole Ober wrote the paper, all authors read and commented on drafts. All authors read and 

approved the final manuscript. 
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2.6 SUPPLEMENTARY INFORMATION 

2.6.1 Supplementary Methods 

2.6.1.1 Fine Mapping the HLA Region 

We used Sum of Single Effects (SuSiE (91)) (susieR R package version 0.9.0) to fine map the 

HLA loci for childhood-onset asthma (COA) and adult-onset asthma (AOA). The susieR R 

package does not currently allow for the inclusion of covariates, so sex and the first 10 ancestral 

principal components (PCs) were regressed out of the genotype matrix and phenotype vector 

using linear regression; we used the residuals of the genotype matrix and phenotype vector as 

inputs to SuSIE. The SuSiE method is based on a linear regression, and so when applied to 

binary data, it will estimate and test for effects in terms of risk differences, rather than the more 

conventional odds ratio (OR). Applying linear methods to binary data is justified here because 

the estimated ORs were all small (<1.3), the allele frequencies were not too extreme, and the 

sample size (here, limited by the smaller number of cases) was large (131–133). See Pirinen et 

al. Section 3 for detailed discussion of applying linear methods to binary data and the 

relationship between estimated risk differences and ORs. We assumed at most L = 10 causal 

variants and set susieR to estimate the residual and prior variances. We retained only level-95% 

credible sets (coverage = 0.95). We took the additional step of discarding credible sets in which 

the “purity” (smallest absolute correlation among all pairs of variants within the credible set) was 

less than 0.50. We only considered credible sets that contained at least one variant reaching 

genome-wide significance to avoid any possible artifacts.  

2.6.1.2. HLA Fine-Mapping Simulations 

Because the HLA region is extraordinarily complex, we assessed the performance of SuSiE in 

this region by simulation. Existing genotype and covariate data were used to leverage the true 
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correlation structure in the class I and class II regions to simulate both binary (e.g. case/control 

status) and quantitative (e.g. gene expression) outcomes.  

To simulate binary (e.g. case/control status) outcomes, we used the genotype matrix X 

(HLA class I or class II loci defined by Pividori et al.(15)) and covariate matrix Z from the UK 

Biobank and set the individual-level log-odds of asthma to be 

ln  
𝑝𝑖

1 − 𝑝𝑖
=  ∑ 𝛽𝑗𝑋𝑖𝑗

𝑗

+  ∑ 𝛿𝑘𝑍𝑖𝑘 + 𝛼

𝑘

 

for individual i, SNPs j, covariates k, fixed effect vectors 𝛽 and 𝛿, and a fixed intercept 𝛼. We 

used the true matrix of covariates and covariate effects 𝛿 estimated from a logistic regression, 

separately for COA and AOA simulations. 𝛽𝑗 was set to 0 for all non-causal variants. For causal 

variants, 𝛽𝑗was set using effect sizes similar to what was found in the Pividori COA and AOA 

GWASs (15). We randomly selected 0-3 variants from a random uniform distribution to be 

causal (with non-zero effects) for both the class I and class II regions using both COA and AOA 

effect sizes. We simulated case/control status for each individual as 𝑌𝑖 ∼ 𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖(𝑝𝑖)  

independently and regressed out the covariates in Z from X and Y.    

For quantitative outcomes (e.g. gene expression), we used X and Z in the HLA class I and 

HLA class II regions from the nasal epithelial cell (NEC) dataset from URECA described below. 

We set the individual-level mean to be  

𝜇𝑖 =  ∑ 𝛽𝑗𝑋𝑖𝑗

𝑗

+  ∑ 𝛿𝑘𝑍𝑖𝑘 + 𝛼

𝑘

 

and we used the true matrix of covariates and effects 𝛿 estimated from a linear regression. 𝛽𝑗 was 

set to 0 for all non-causal variants, and causal 𝛽𝑗were set using effect sizes similar to what was 

found from the NEC eQTL studies (described below). We similarly randomly selected 0-3 causal 

signals in both the class I and class II regions and set the individual level response to be 𝑌𝑖 ∼
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𝑁(𝜇𝑖, 𝜎2). We similarly regressed out the covariates in Z from X and Y. These simulations were 

used to test how well SuSiE recovers the causal effects over each simulation. 

2.6.1.3. Gene Expression and eQTL Studies 

Lymphoblastoid Cell Lines (LCLs): We examined RNA-seq data previously collected from 

LCLs from 398 Hutterites (92). The Hutterites are a founder population of European descent 

with well characterized HLA types for the polymorphic HLA-A, HLA-B, HLA-C, HLA-E, HLA-

G, HLA-DPB1, HLA-DRB1, HLA-DQB1, and HLA-DQA1 genes(140). The sample was 

composed of 191 males and 207 females who were between the ages of 10 and 60 at the time of 

sample collection. Informed consent was obtained from all participants under University of 

Chicago IRB-approved protocols. 

 Standard RNA-seq pipelines that map reads to a reference genome can provide biased 

expression estimates at the highly polymorphic HLA loci due to the potentially large number of 

differences between the sequence of an individual’s HLA type and the reference sequence used 

for mapping (45,111). Expression estimates can be improved by mapping RNA-seq reads to the 

sequences for each individual’s known HLA type (45). For the polymorphic HLA genes, we 

aligned RNA-seq reads to reference sequences from the IMGT database (40) for each 

individual’s known HLA type, removing duplicate reads with WASP (141). Sequencing reads 

were mapped and quantified using STAR/2.6.1 (142) for other genes. Samples with >7M 

uniquely mapped reads underwent trimmed means of M-value (TMM) normalization and voom 

transformation (143). We corrected for extraction date and sequencing batch with limma (144).  

To perform eQTL mapping, associations between SNPs and expression of genes in the 

HLA class I and class II regions were performed with Genome-wide Efficient Mixed Model 

Association (GEMMA) (96) using a kinship matrix to correct for relatedness between Hutterite 
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individuals. We used a linear mixed model (LMM) including age and sex as covariates and 

considered all variants within 1 Mb of the transcription start site (TSS) of each expressed gene. 

Peripheral Blood Mononuclear Cells (PBMCs): We examined unstimulated PBMC RNA-

seq data from 132 (78 males, 54 females) African-American children from the URban 

Environment and Childhood Asthma (URECA) birth cohort who were 2 years old at the time of 

sample collection (7,93). Whole genome sequencing (WGS) was performed using the Illumina 

NovaSEQ6000 with 150 bp paired-end reads. Reads were aligned to the GRCh38 human 

reference genome (including alternate loci and decoy contigs) using BWA-MEM (145) 

(Burrows-Wheeler Aligner; v0.7.17). Aligned reads underwent duplicate removal (Picard 

MarkDuplicates v2.8.1) and base quality score recalibration (GATK BaseRecalibrator; v3.8) 

against known sites (dbSNP138, known indels, and Mills and 1 KG gold standard indels) 

provided in the GATK resource bundle (146). Reads that mapped to the primary HLA region 

(chr6:28510120-33480577), reads that mapped to the GRCh38 HLA contigs, and unmapped 

reads were used for WGS HLA typing. We used HLA-LA (147) to infer HLA types from WGS 

for HLA-A, HLA-B, HLA-C, HLA-E, HLA-F, HLA-DRB1, HLA-DQB1, HLA-DQA1, HLA-DPB1, 

and HLA-DPA1. Reads were mapped and normalized as previously described. To perform eQTL 

mapping, we examined linear regressions with QTLtools (95), using a nominal pass and cis-

window size of 1 Mb around the TSS. We included sex, collection site, the first three ancestral 

PCs, and 19 latent factors (148) to account for unwanted variation as covariates in the analysis. 

Nasal Epithelial Cells (NECs): We examined NEC RNA-seq data from 188 (92 females, 

96 males) African-American children (age 11 at time of sample collection) from the URECA 

cohort(149). As described above for the PBMCs, we used HLA-LA to infer HLA types from 

whole-genome sequences, mapped RNA-seq reads as described above, and used QTLtools to 
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perform eQTL mapping, using sex, the first three ancestral PCs, collection site, epithelial cell 

proportion, sequencing batch, and seven latent factors (148) as covariates in the analysis. 

  



43 

 

2.6.2 Supplementary Tables 

Table S2.1. RNA-seq Sample Composition. Sample composition from RNA-seq data collected 

from LCLs (Hutterites (92)) and the PBMCs (7,93) and NECs (149) from URECA (URban 

Environment and Childhood Asthma). 

Cells Study Ancestry 
Sample 

Size  
Age (yrs) Sex 

LCLs  

(EBV-transformed 

B cells) 

Hutterites 
European 

American 
398 10-60  191 M, 207 F 

Peripheral blood 

mononuclear cells  

(PBMCs) 

URECA 
African 

American 
132 2 78 M, 54 F 

Nasal epithelial 

cells  

(NECs) 

URECA 
African 

American 
188 11 96 M, 92 F 
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Table S2.3. Allele Associations: Additive vs. Dominant Model. For each HLA allele, the p-

value, odds ratio (OR), and number of homozygotes are shown for childhood- and adult-onset 

asthma. 

HLA 

allele 
p-value OR 

p_dom OR_dom N_hom 

Childhood-Onset Asthma 

A*01:01 5.23E-02 1.04 1.51E-02 1.05 12278 

A*02:01 6.05E-03 0.95 1.45E-02 0.95 25258 

A*03:01 1.86E-01 0.97 1.28E-01 0.96 7016 

A*11:01 8.79E-01 1.00 9.28E-01 1.00 1207 

A*23:01 7.39E-01 1.02 7.04E-01 1.02 93 

A*24:02 9.36E-01 1.00 9.76E-01 1.00 1780 

A*25:01 3.98E-02 1.12 1.77E-02 1.13 84 

A*26:01 9.75E-01 1.00 9.65E-01 1.00 107 

A*29:02 5.80E-04 1.13 3.14E-04 1.14 575 

A*30:01 1.17E-01 1.12 1.08E-01 1.12 48 

A*31:01 5.71E-01 1.03 4.71E-01 1.03 215 

A*32:01 7.38E-01 1.01 7.16E-01 1.02 376 

A*68:01 3.83E-02 0.91 3.14E-02 0.91 323 

B*07:02 1.34E-01 0.97 1.09E-01 0.96 7337 

B*08:01 3.21E-06 1.10 8.52E-08 1.13 6926 

B*13:02 9.41E-01 1.00 8.09E-01 1.01 143 

B*14:01 5.26E-01 0.96 5.80E-01 0.96 43 

B*14:02 1.98E-01 0.94 1.97E-01 0.94 224 

B*15:01 1.13E-03 1.10 1.62E-04 1.12 1408 

B*18:01 6.83E-01 1.02 8.18E-01 1.01 453 

B*27:05 5.55E-02 0.93 6.24E-02 0.93 501 

B*35:01 5.20E-13 0.75 7.27E-12 0.76 767 

B*37:01 5.27E-01 0.96 4.64E-01 0.95 70 

B*40:01 2.63E-01 0.96 4.34E-01 0.97 1034 

B*44:02 4.06E-10 1.15 3.25E-10 1.17 4170 

B*44:03 4.73E-05 1.13 1.15E-04 1.13 1098 

B*49:01 9.84E-01 1.00 9.94E-01 1.00 46 

B*51:01 1.50E-01 0.94 2.61E-01 0.96 467 

B*55:01 1.81E-01 0.93 2.05E-01 0.93 128 

B*57:01 4.97E-04 0.87 4.98E-04 0.87 534 

C*01:02 3.51E-06 0.81 4.67E-06 0.81 372 

C*02:02 6.53E-01 1.02 7.13E-01 1.01 414 

C*03:03 6.90E-01 1.01 6.54E-01 1.02 1090 

C*03:04 2.31E-01 1.03 1.28E-01 1.04 2184 

C*04:01 6.16E-12 0.82 2.95E-11 0.82 2318 

C*05:01 6.35E-09 1.14 1.53E-09 1.16 4270 

C*06:02 2.73E-02 0.94 4.66E-02 0.95 2725 

C*07:01 4.83E-04 1.07 6.18E-05 1.09 10218 
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Table S2.3. Allele Associations: Additive vs. Dominant Model. (continued) 

C*07:02 1.42E-01 0.97 1.41E-01 0.97 8299 

C*07:04 6.31E-03 1.16 4.73E-03 1.16 116 

C*08:02 1.21E-01 0.94 1.14E-01 0.94 411 

C*12:03 9.59E-02 0.93 7.67E-02 0.92 269 

C*15:02 7.09E-01 0.98 7.78E-01 0.98 108 

C*16:01 8.91E-06 1.16 3.25E-06 1.18 624 

DQA1*01:01 1.98E-35 0.75 5.96E-33 0.74 6799 

DQA1*01:02 1.84E-01 0.98 5.96E-01 0.99 12290 

DQA1*01:03 5.08E-10 0.80 3.39E-10 0.79 1021 

DQA1*02:01 9.52E-01 1.00 5.09E-01 1.02 7018 

DQA1*03:01 7.26E-17 1.16 1.01E-18 1.21 13460 

DQA1*04:01 4.79E-02 0.90 4.37E-02 0.89 139 

DQA1*05:01 2.01E-14 1.14 4.38E-15 1.18 17673 

DQB1*02:01 2.93E-09 1.13 1.38E-12 1.17 7498 

DQB1*02:02 2.84E-02 1.06 6.25E-03 1.07 3502 

DQB1*03:01 4.15E-18 1.18 2.14E-19 1.22 10184 

DQB1*03:02 4.65E-04 1.09 3.51E-04 1.10 3415 

DQB1*03:03 1.22E-03 0.89 2.88E-03 0.90 928 

DQB1*04:02 4.19E-02 0.89 4.19E-02 0.89 143 

DQB1*05:01 4.18E-25 0.77 1.15E-22 0.77 4916 

DQB1*05:03 1.35E-11 0.66 1.07E-11 0.66 150 

DQB1*06:02 2.33E-02 1.05 1.42E-03 1.08 7011 

DQB1*06:03 9.88E-09 0.81 9.71E-09 0.81 902 

DQB1*06:04 2.47E-07 0.77 4.96E-07 0.77 249 

DQB1*06:09 7.20E-02 0.87 8.32E-02 0.87 41 

DRB1*01:01 3.65E-23 0.75 4.21E-21 0.76 3066 

DRB1*01:03 6.56E-04 0.81 4.65E-04 0.80 122 

DRB1*03:01 3.84E-10 1.13 8.77E-14 1.18 7380 

DRB1*04:01 8.56E-22 1.24 2.11E-24 1.28 4557 

DRB1*04:04 1.51E-01 1.05 1.62E-01 1.05 548 

DRB1*07:01 9.29E-01 1.00 5.91E-01 1.01 7026 

DRB1*08:01 5.66E-02 0.90 5.29E-02 0.89 125 

DRB1*09:01 8.66E-01 1.01 8.23E-01 1.01 70 

DRB1*11:01 4.29E-10 1.27 5.94E-10 1.25 489 

DRB1*11:04 2.96E-01 0.93 3.41E-01 0.94 46 

DRB1*12:01 5.07E-01 0.96 4.86E-01 0.96 74 

DRB1*13:01 1.96E-08 0.81 2.77E-08 0.81 865 

DRB1*13:02 7.27E-08 0.79 1.84E-07 0.80 467 

DRB1*14:01 4.54E-10 0.67 5.27E-10 0.68 132 

DRB1*15:01 5.51E-02 1.04 2.71E-03 1.07 7136 

Adult-Onset Asthma 

A*01:01 8.62E-03 1.03 9.82E-04 1.05 12730 

A*02:01 8.83E-01 1.00 6.92E-01 0.99 26275 
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Table S2.3. Allele Associations: Additive vs. Dominant Model. (continued) 

A*03:01 1.17E-03 0.95 4.06E-03 0.95 7222 

A*11:01 3.23E-02 0.96 2.10E-02 0.95 1254 

A*23:01 9.43E-01 1.00 9.56E-01 1.00 98 

A*24:02 1.88E-01 1.03 2.18E-01 1.02 1851 

A*25:01 7.72E-01 1.01 9.48E-01 1.00 92 

A*26:01 9.45E-01 1.00 8.95E-01 1.00 110 

A*29:02 3.81E-01 1.02 3.39E-01 1.02 596 

A*30:01 9.47E-01 1.00 9.83E-01 1.00 52 

A*31:01 2.58E-04 1.11 7.53E-04 1.11 240 

A*32:01 8.10E-01 1.01 8.28E-01 1.01 391 

A*68:01 5.26E-01 0.98 6.57E-01 0.99 329 

B*07:02 7.98E-07 0.93 4.27E-06 0.93 7557 

B*08:01 9.19E-10 1.09 2.26E-12 1.12 7179 

B*13:02 1.90E-01 1.05 1.66E-01 1.05 152 

B*14:01 2.25E-01 0.94 1.84E-01 0.94 48 

B*14:02 5.82E-03 0.91 6.98E-03 0.91 230 

B*15:01 3.87E-07 1.11 6.56E-08 1.12 1470 

B*18:01 1.58E-01 0.96 1.80E-01 0.96 461 

B*27:05 9.12E-01 1.00 8.51E-01 1.00 527 

B*35:01 2.22E-06 0.89 4.08E-06 0.89 805 

B*37:01 2.47E-01 0.95 2.01E-01 0.94 74 

B*40:01 6.73E-01 0.99 7.56E-01 0.99 1078 

B*44:02 2.89E-03 1.05 2.22E-03 1.05 4309 

B*44:03 5.68E-02 1.04 9.97E-02 1.04 1140 

B*49:01 7.44E-01 0.98 7.18E-01 0.98 47 

B*51:01 3.20E-01 1.03 2.80E-01 1.03 488 

B*55:01 2.12E-01 0.95 1.74E-01 0.95 139 

B*57:01 1.31E-05 0.89 3.32E-05 0.89 546 

C*01:02 9.63E-02 0.95 8.80E-02 0.95 391 

C*02:02 1.39E-01 1.04 1.25E-01 1.04 425 

C*03:03 9.66E-03 1.06 1.50E-02 1.06 1139 

C*03:04 6.03E-02 1.03 4.32E-02 1.04 2271 

C*04:01 5.39E-06 0.92 6.64E-06 0.91 2409 

C*05:01 8.18E-02 1.03 6.45E-02 1.03 4419 

C*06:02 9.28E-03 0.96 5.35E-03 0.95 2840 

C*07:01 1.51E-06 1.06 4.57E-08 1.08 10602 

C*07:02 4.81E-06 0.94 1.20E-05 0.93 8566 

C*07:04 1.43E-01 1.06 1.81E-01 1.05 125 

C*08:02 5.35E-03 0.93 2.41E-03 0.92 433 

C*12:03 5.33E-01 0.98 4.60E-01 0.98 281 

C*15:02 2.21E-01 1.05 2.51E-01 1.04 114 

C*16:01 1.53E-02 1.06 1.85E-02 1.06 656 

DQA1*01:01 1.89E-16 0.89 1.39E-16 0.87 7080 
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Table S2.3. Allele Associations: Additive vs. Dominant Model. (continued) 

DQA1*01:02 1.23E-13 0.91 5.27E-12 0.90 12671 

DQA1*01:03 1.45E-08 0.88 5.63E-09 0.87 1063 

DQA1*02:01 9.54E-01 1.00 7.79E-01 1.00 7299 

DQA1*03:01 6.91E-47 1.19 1.65E-44 1.22 14122 

DQA1*04:01 4.46E-01 0.97 4.31E-01 0.97 143 

DQA1*05:01 2.92E-03 1.04 2.76E-04 1.05 18256 

DQB1*02:01 8.52E-05 1.06 2.53E-07 1.08 7750 

DQB1*02:02 4.94E-02 1.04 1.46E-02 1.04 3633 

DQB1*03:01 1.82E-09 1.08 1.29E-09 1.09 10575 

DQB1*03:02 5.68E-25 1.17 6.18E-23 1.18 3606 

DQB1*03:03 2.06E-01 0.97 3.02E-01 0.98 960 

DQB1*04:02 2.05E-01 0.96 2.19E-01 0.96 147 

DQB1*05:01 1.73E-13 0.89 1.81E-14 0.88 5140 

DQB1*05:03 5.07E-03 0.91 5.75E-03 0.91 155 

DQB1*06:02 1.21E-08 0.92 4.68E-08 0.92 7232 

DQB1*06:03 5.10E-10 0.86 1.09E-10 0.85 936 

DQB1*06:04 4.26E-05 0.88 7.07E-05 0.88 254 

DQB1*06:09 3.22E-01 0.95 3.59E-01 0.95 42 

DRB1*01:01 2.41E-11 0.89 2.91E-12 0.88 3212 

DRB1*01:03 3.55E-01 0.96 3.53E-01 0.96 123 

DRB1*03:01 1.33E-04 1.05 4.99E-07 1.08 7622 

DRB1*04:01 1.03E-34 1.20 6.85E-38 1.23 4757 

DRB1*04:04 1.01E-05 1.11 4.80E-05 1.11 588 

DRB1*07:01 9.37E-01 1.00 9.03E-01 1.00 7301 

DRB1*08:01 6.42E-01 0.98 6.28E-01 0.98 128 

DRB1*09:01 3.00E-04 1.16 1.17E-04 1.17 71 

DRB1*11:01 2.58E-02 1.06 1.51E-02 1.07 497 

DRB1*11:04 6.64E-01 0.98 6.53E-01 0.98 49 

DRB1*12:01 1.14E-04 0.84 2.81E-04 0.85 72 

DRB1*13:01 1.69E-09 0.86 9.40E-10 0.86 895 

DRB1*13:02 2.23E-05 0.89 3.51E-05 0.89 482 

DRB1*14:01 1.22E-02 0.91 1.25E-02 0.91 137 

DRB1*15:01 3.56E-09 0.92 5.10E-08 0.92 7358 
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Table S2.9. HLA Allele Frequencies by Study. Sample composition from RNAseq data 

collected from LCLs (Hutterites) and the PBMCs and NECs from URECA (URban Environment 

and Childhood Asthma). NA, not available. 
Locus Allele Hutterites URECA 

HLA-A 01:01 0.179 0.045 

HLA-A 02:01 0.256 0.130 

HLA-A 02:02 NA 0.030 

HLA-A 02:04 NA 0.003 

HLA-A 02:05 NA 0.024 

HLA-A 02:11 NA 0.003 

HLA-A 02:17 NA 0.003 

HLA-A 02:31 NA 0.003 

HLA-A 02:60 NA 0.003 

HLA-A 03:01 0.138 0.099 

HLA-A 11:01 0.013 0.009 

HLA-A 23:01 NA 0.139 

HLA-A 24:02 0.207 0.024 

HLA-A 25:01 NA 0.003 

HLA-A 26:01 0.073 0.006 

HLA-A 29:01 NA 0.003 

HLA-A 29:02 NA 0.045 

HLA-A 30:01 0.022 0.042 

HLA-A 30:02 NA 0.066 

HLA-A 30:04 NA 0.003 

HLA-A 31:01 0.028 0.009 

HLA-A 32:01 0.069 0.009 

HLA-A 33:01 0.003 0.030 

HLA-A 33:03 NA 0.039 

HLA-A 34:01 0.012 NA 

HLA-A 34:02 NA 0.030 

HLA-A 36:01 NA 0.015 

HLA-A 66:01 NA 0.003 

HLA-A 66:02 NA 0.006 

HLA-A 66:03 NA 0.003 

HLA-A 68:01 NA 0.039 

HLA-A 68:02 NA 0.069 

HLA-A 68:03 NA 0.006 

HLA-A 68:15 NA 0.003 

HLA-A 74:01 NA 0.051 

HLA-A 80:01 NA 0.003 

HLA-B 07:02 0.023 0.087 

HLA-B 07:05 NA 0.009 

HLA-B 08:01 0.087 0.054 

HLA-B 13:02 0.075 0.015 
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Table S2.9. HLA Allele Frequencies by Study. (continued) 

HLA-B 14:01 NA 0.015 

HLA-B 14:02 NA 0.018 

HLA-B 14:03 NA 0.003 

HLA-B 15:01 0.034 NA 

HLA-B 15:03 NA 0.078 

HLA-B 15:10 NA 0.039 

HLA-B 15:16 NA 0.003 

HLA-B 15:17 NA 0.003 

HLA-B 15:18 NA 0.003 

HLA-B 15:39 0.024 NA 

HLA-B 15:54 NA 0.003 

HLA-B 18:01 0.024 0.045 

HLA-B 27:03 NA 0.003 

HLA-B 27:05 0.002 0.009 

HLA-B 27:08 0.074 NA 

HLA-B 35:01 0.083 0.057 

HLA-B 35:03 0.008 NA 

HLA-B 35:05 NA 0.003 

HLA-B 35:08 0.067 NA 

HLA-B 35:12 NA 0.003 

HLA-B 37:01 NA 0.015 

HLA-B 38:01 0.042 0.003 

HLA-B 39:08 NA 0.003 

HLA-B 39:10 NA 0.006 

HLA-B 40:01 0.078 0.015 

HLA-B 40:02 NA 0.009 

HLA-B 40:16 NA 0.003 

HLA-B 41:01 NA 0.003 

HLA-B 41:02 NA 0.003 

HLA-B 41:03 NA 0.003 

HLA-B 42:01 NA 0.060 

HLA-B 42:02 NA 0.009 

HLA-B 44:02 0.013 0.015 

HLA-B 44:03 NA 0.054 

HLA-B 45:01 NA 0.033 

HLA-B 48:02 NA 0.003 

HLA-B 49:01 NA 0.033 

HLA-B 50:01 0.003 NA 

HLA-B 51:01 0.183 0.024 

HLA-B 52:01 NA 0.015 

HLA-B 53:01 NA 0.099 

HLA-B 56:01 0.016 NA 

HLA-B 57:01 0.087 0.003 
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Table S2.9. HLA Allele Frequencies by Study. (continued) 

HLA-B 57:02 NA 0.006 

HLA-B 57:03 NA 0.042 

HLA-B 57:04 NA 0.003 

HLA-B 58:01 NA 0.021 

HLA-B 58:02 NA 0.033 

HLA-B 78:01 NA 0.018 

HLA-B 81:01 NA 0.012 

HLA-C 01:02 0.071 0.012 

HLA-C 02:02 0.053 0.009 

HLA-C 02:10 NA 0.081 

HLA-C 03:02 0.003 0.012 

HLA-C 03:03 0.017 0.003 

HLA-C 03:04 0.110 0.057 

HLA-C 03:05 NA 0.006 

HLA-C 04:01 0.127 0.157 

HLA-C 05:01 0.057 0.030 

HLA-C 06:02 0.164 0.075 

HLA-C 07:01 0.073 0.160 

HLA-C 07:02 0.039 0.072 

HLA-C 07:04 NA 0.006 

HLA-C 08:02 NA 0.039 

HLA-C 08:04 NA 0.012 

HLA-C 12:03 0.147 0.015 

HLA-C 14:02 0.069 0.006 

HLA-C 14:03 NA 0.003 

HLA-C 15:02 NA 0.012 

HLA-C 15:05 NA 0.030 

HLA-C 16:01 0.031 0.084 

HLA-C 16:02 NA 0.003 

HLA-C 17:01 NA 0.075 

HLA-C 18:01 NA 0.036 

HLA-C 18:04 NA 0.003 

HLA-DQA1 01:01 0.220 0.108 

HLA-DQA1 01:02 0.109 0.259 

HLA-DQA1 01:03 0.061 0.036 

HLA-DQA1 02:01 0.128 0.133 

HLA-DQA1 03:01 0.197 0.136 

HLA-DQA1 04:01 0.056 0.093 

HLA-DQA1 05:01 0.229 0.235 

HLA-DQB1 02:01 0.176 0.253 

HLA-DQB1 03:01 0.190 0.178 

HLA-DQB1 03:02 0.063 0.066 

HLA-DQB1 03:03 0.089 0.024 
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Table S2.9. HLA Allele Frequencies by Study. (continued) 

HLA-DQB1 03:132 NA 0.003 

HLA-DQB1 04:02 0.083 0.069 

HLA-DQB1 05:01 0.218 0.111 

HLA-DQB1 05:02 0.013 0.030 

HLA-DQB1 05:03 NA 0.018 

HLA-DQB1 06:02 0.096 0.160 

HLA-DQB1 06:03 0.061 0.018 

HLA-DQB1 06:04 NA 0.030 

HLA-DQB1 06:08 NA 0.003 

HLA-DQB1 06:09 NA 0.030 

HLA-DRB1 01:01 0.145 0.018 

HLA-DRB1 01:02 NA 0.027 

HLA-DRB1 01:03 NA 0.003 

HLA-DRB1 03:01 0.117 0.087 

HLA-DRB1 03:02 NA 0.054 

HLA-DRB1 04:01 0.115 0.015 

HLA-DRB1 04:02 NA 0.003 

HLA-DRB1 04:03 0.002 0.003 

HLA-DRB1 04:04 0.044 0.012 

HLA-DRB1 04:05 0.019 0.021 

HLA-DRB1 04:07 NA 0.012 

HLA-DRB1 04:08 NA 0.003 

HLA-DRB1 04:10 NA 0.003 

HLA-DRB1 04:11 NA 0.009 

HLA-DRB1 07:01 0.128 0.117 

HLA-DRB1 07:11 NA 0.003 

HLA-DRB1 08:01 NA 0.003 

HLA-DRB1 08:02 NA 0.003 

HLA-DRB1 08:03 0.052 NA 

HLA-DRB1 08:04 NA 0.054 

HLA-DRB1 08:06 NA 0.006 

HLA-DRB1 09:01 NA 0.036 

HLA-DRB1 10:01 0.066 0.018 

HLA-DRB1 11:01 0.111 0.075 

HLA-DRB1 11:02 NA 0.024 

HLA-DRB1 11:04 NA 0.006 

HLA-DRB1 11:08 0.001 NA 

HLA-DRB1 12:01 NA 0.030 

HLA-DRB1 13:01 0.061 0.048 

HLA-DRB1 13:02 NA 0.063 

HLA-DRB1 13:03 NA 0.045 

HLA-DRB1 13:04 NA 0.012 

HLA-DRB1 13:31 NA 0.003 
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Table S2.9. HLA Allele Frequencies by Study. (continued) 

HLA-DRB1 14:01 NA 0.021 

HLA-DRB1 15:01 0.094 0.021 

HLA-DRB1 15:03 NA 0.120 

HLA-DRB1 15:13 NA 0.003 

HLA-DRB1 16:01 0.013 NA 

HLA-DRB1 16:02 NA 0.012 

HLA-DRB1 16:34 NA 0.003 
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Table S2.10. List of SNPs in the Credible Sets Excluded from eQTL Analyses. SNPs noted if 

there was high missingness or if it failed QC for other reasons (e.g. failed HWE). 

Group CS rsid Hutterites (LCL) 
URECA (PBMC and 

NEC) 

Class I Child CS2 rs28481932 high missingness   

Class II Child 

CS1 rs28407950 high missingness   

CS2 rs35571244   failed QC 

Class II Adult 

CS1 

rs17843580 high missingness  

rs17612788 high missingness  

rs9273084 high missingness  

rs34843907 
 

failed QC 

rs17843619 high missingness  

rs9272629 high missingness failed QC 

rs1130034 failed QC failed QC 

rs9273497 high missingness  

rs17612576 high missingness  

rs9273088 high missingness  

rs3828789 high missingness  

rs1140343 high missingness failed QC 

rs1063349 high missingness failed QC 

rs17843577 high missingness  

rs9273215 failed QC failed QC 

rs9273329 high missingness  

rs9273326 high missingness  

rs17612781 high missingness  

rs9272625 high missingness failed QC 

rs17612625 high missingness  

rs17612633 high missingness  

rs17843573 high missingness  

rs9273493 high missingness  

rs1063355 high missingness  

rs9273330 high missingness  

rs17612858 high missingness  

rs9273524 high missingness  

rs9273339 high missingness  

rs17612928 failed QC failed QC 

rs1063348 high missingness failed QC 

rs17612802 high missingness   

CS2 

rs41269945 high missingness failed QC 

rs41269955 failed QC failed QC 

rs34141382 high missingness failed QC 
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Table S2.10. List of SNPs in the Credible Sets Excluded from eQTL Analyses. (continued) 

  

rs9272461 high missingness failed QC 

rs34763586 high missingness failed QC 

rs7760841 failed QC  

rs17426593 high missingness failed QC 

rs35117964 high missingness failed QC 

rs3104413 high missingness  

rs34578704 failed QC failed QC 

rs34415150 high missingness  

rs9272785 failed QC failed QC 

rs35265698 high missingness  

rs34039593 high missingness  

rs35294087 high missingness  

rs504594 failed QC  

rs9271608 high missingness  

rs35118762 high missingness  

rs3997872 high missingness  
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Table S2.11. eQTL Results for All Credible Set SNPs. P-values are shown for each SNP/gene 

that have an FDR<0.05. ˠgenotypes in subset of individuals from MEGA array. *genotypes from 

subset of individuals (see Methods in section 2.3). See File S2.2 for full table. 

CS SNP Cell gene p 

Class I COA AOA CS1 rs2428494 LCL HLA-B 1.10E-03 

Class I COA AOA CS1 rs2428494 LCL MIR6891 1.66E-08 

Class I COA CS2 rs28481932* LCL CCHCR1 1.83E-06 

Class I COA CS2 rs28481932* LCL AL662844.4 3.06E-05 

Class II COA CS1 rs28407950* LCL HLA-DQA2 2.16E-17 

Class II COA CS1 rs28407950* LCL HLA-DQB2 5.15E-17 

Class II COA CS1 rs28407950* LCL HLA-DRB5 6.75E-06 

Class II COA CS1 rs28407950* LCL 
HLA-DQB1-

AS1 
5.19E-05 

Class II AOA CS1 rs34843907 LCL HLA-DQA2 1.51E-50 

Class II AOA CS1 rs9272346 LCL HLA-DQA2 4.05E-54 

Class II AOA CS1 rs9274660 LCL HLA-DQA2 7.86E-50 

Class II AOA CS1 rs34843907 LCL HLA-DQB2 2.31E-66 

Class II AOA CS1 rs9272346 LCL HLA-DQB2 3.26E-73 

Class II AOA CS1 rs9274660 LCL HLA-DQB2 5.88E-59 

Class II AOA CS1 rs34843907 LCL HLA-DRB6 7.54E-20 

Class II AOA CS1 rs9272346 LCL HLA-DRB6 1.23E-21 

Class II AOA CS1 rs9274660 LCL HLA-DRB6 3.11E-19 

Class II AOA CS1 rs34843907 LCL HLA-DRB9 4.57E-06 

Class II AOA CS1 rs9272346 LCL HLA-DRB9 1.67E-06 

Class II AOA CS1 rs9274660 LCL HLA-DRB9 1.41E-06 

Class II AOA CS1 rs34843907 LCL TAP2 4.57E-05 

Class II AOA CS1 rs9272346 LCL TAP2 1.98E-04 

Class II AOA CS1 rs9274660 LCL TAP2 1.35E-05 

Class II AOA CS2 rs1391371 LCL HLA-DQA2 6.16E-26 

Class II AOA CS2 rs3129751 LCL HLA-DQA2 9.92E-20 

Class II AOA CS2 rs35371668 LCL HLA-DQA2 6.43E-25 

Class II AOA CS2 rs1391371 LCL HLA-DQB2 1.68E-12 

Class II AOA CS2 rs3129751 LCL HLA-DQB2 2.35E-10 

Class II AOA CS2 rs35371668 LCL HLA-DQB2 4.05E-12 

Class II AOA CS2 rs1391371 LCL HLA-DRB5 1.16E-10 

Class II AOA CS2 rs3129751 LCL HLA-DRB5 2.09E-11 

Class II AOA CS2 rs35371668 LCL HLA-DRB5 2.13E-11 

Class II AOA CS2 rs1391371 LCL HLA-DRB6 7.81E-10 

Class II AOA CS2 rs3129751 LCL HLA-DRB6 5.60E-08 

Class II AOA CS2 rs35371668 LCL HLA-DRB6 1.05E-09 

Class II AOA CS2 rs1391371 LCL PPT2 1.08E-05 
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Table S2.12. HLA Region eQTLs. For all SNPs in each credible set (CS) and each gene within 

1 Mb of the transcription start site (TSS) examined across the three datasets (lymphoblastoid cell 

lines [LCLs], peripheral blood mononuclear cells [PBMCs], and nasal epithelial cells [NECs], 

the genes with eQTLs at FDR < 0.05 are shown. n.i., no information for the SNP (Table S6). 

These genes were then included in the eQTL fine-mapping studies. * analyses performed in a 

subset of individuals who had genotypes for all SNPs in the CS. ˠ analyses performed in a subset 

of individuals with genotypes from MEGA array 

CS 
LCLs (n=398, 

European American) 

PBMCs (n=133, 

African American) 

NECs (n=189, African 

American) 

Class I COA 

CS1/AOA CS1 

HLA-B 

MIR6891 

No eQTLs HLA-B ˠ 

Class I COA CS2 CCHCR1 * 

AL662844.4 * 

No eQTLs No eQTLs 

Class II COA CS1 HLA-DQA2 * 

HLA-DQB2 * 

HLA-DRB5 * 

HLA-DQB1-AS1 * 

HLA-DQA2 

HLA-DQB2 

HLA-DQB2 

Class II COA CS2 HLA-DQA2 

HLA-DPB2 

HLA-DRB9 

PSMB9 

TAP2 

No eQTLs No eQTLs 

Class II AOA CS1 HLA-DQA2 

HLA-DQB2 

HLA-DRB6 

HLA-DRB9 

TAP2 

HLA-DQA2 

HLA-DQB2 

HLA-DRB6 

HLA-DQB1 

HLA-DQA2 

HLA-DQB2 

HLA-DRB6 

Class II AOA CS2 HLA-DQA2 

HLA-DQB2 

HLA-DRB5 

HLA-DRB6 

PPT2 

TAP1 

HLA-DQA2 HLA-DQA1 

HLA-DQA2 
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Table S2.13. eQTL Fine-Mapping Results. SNPs in adult-onset asthma (AOA) class II CS1 

that overlap with class II eQTL credible sets are shown with their PIPs. SNPs are noted if they 

are shared with the class II AOA CS1. See File S2.3 for full table. 

rsid PIP in AOA CS 

LCL: HLA-DQB2 

rs9272346 0.3411 yes 

rs3104367 0.3411  

rs34843907 0.1064 yes 

rs9272634 0.1064  

rs9272756 0.1064  

LCL: HLA-DQA2 

rs9272346 0.359057 yes 

rs3104367 0.359057  

rs34843907 0.092248 yes 

rs9272634 0.092248  

rs9272756 0.092248  

PBMC: HLA-DQB2 

rs3134993 0.0154  

rs17612858 0.0125 yes 

rs9273046 0.0116  

rs9272346 0.0084 yes 

rs9273084 0.0084 yes 

rs17843573 0.0084 yes 

rs17612576 0.0084 yes 

rs17843577 0.0084 yes 

rs17843580 0.0084 yes 

rs17612625 0.0084 yes 

rs17612633 0.0084 yes 

rs17612781 0.0084 yes 

rs17612788 0.0084 yes 

rs17612802 0.0084 yes 

rs9273326 0.0084 yes 

rs9273329 0.0084 yes 

rs9273330 0.0084 yes 

rs3828789 0.0084 yes 

rs9274660 0.0084 yes 
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Table S2.18. Sample Composition of the Replication Cohort. 

 

 

Childhood-

onset asthma 

Adult-onset 

asthma 
Controls 

Sample size 1,686 3666 56,063 

Age of asthma 

onset in years  

Range: 0-11  

Mean (SD): 6 

(3) 

Range: 26-65  

Mean (SD): 43 

(10) 

NA 

Female Sex  46.1% 64.4% 54.6% 

Allergic Disease 

(ever) 
30.5% 26.4% 10.3% 
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Table S2.19. Self-Reported Ethnic Composition of the Replication Cohort. Number of 

individuals in each self-reported ethnic group are shown for childhood-onset asthma (COA), 

adult-onset asthma (AOA), and the non-asthmatic controls (Ctl). 

Group COA AOA Ctl 

White 14 26 391 

British 537 1063 16533 

Irish 314 689 9651 

Any other white background 395 830 13008 

White and Black Caribbean 18 28 459 

White and Black African 11 18 308 

Black or Black British 0 1 22 

Caribbean 114 266 3294 

African 60 115 2826 

Any other Black background 6 7 84 

White and Asian 35 45 617 

Asian or Asian British 0 5 30 

Chinese 29 53 1311 

Indian 91 284 4542 

Pakistani 28 127 1352 

Bangladeshi 3 10 180 

Any other Asian background 31 99 1455 
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2.6.3 Supplementary Figures 

 

 

Figure S2.1. Ancestry PCs for the Replication and Discovery Cohorts. Ancestry PC1, PC2, 

and PC3 are shown for the discovery cohort (“White British (discovery)“) and the replication 

cohort, with the colors corresponding to self-reported ancestry. 
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Figure S2.2. HLA Allele Associations. Odds ratios and 95% confidence intervals are shown for 

the HLA alleles that were significantly associated (p<5.0x10-8) with either childhood-onset 

asthma (COA, blue) and/or adult-onset asthma (AOA, red). The results for all alleles for the six 

HLA loci are shown in Table S2.2. 
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Figure S2.3. Amino Acid Associations. Odds ratios and 95% confidence intervals are shown for 

HLA amino acid polymorphisms that were significantly associated (p<5x10-8) with either 

childhood-onset asthma (COA, blue) and/or adult-onset asthma (AOA, red).  
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Figure S2.4. Fine-Mapping Simulations in the HLA Region. Each panel is a simulation. The 

top four rows are the simulated binary (“GWAS”) traits and the bottom two rows are the 

simulated quantitative (“eQTL”) traits. Simulations were performed for both the class I and class 

II regions separately. The binary outcomes were also simulated using covariate effects estimated 

for either childhood-onset asthma (COA) or adult-onset asthma (AOA) (see Supplementary 

Methods section 2.6 for more details). C refers to the number of causal variants (0-3). The colors 

represent the credible sets detected by SuSiE, with the designated causal effect variant(s) in red. 

SuSiE correctly identified the accurate number of causal signals and reported a true causal signal 

in each credible set in all the simulations. 
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Figure S2.5. Expression of HLA-DQB2 and HLA-DQA2. Normalized expression of each gene 

by the number of asthma-risk alleles for rs9272346 (A) for lymphoblastoid cell lines (LCLs) and 

peripheral blood mononuclear cells (PBMCs) and rs9274660 (G) for nasal epithelial cells 

(NECs), which were representative class II AOA CS1 SNPs. 
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Figure S2.6. ENCODE ChromHMM Results for SNPs in the Childhood-Onset Asthma and 

Adult-Onset Asthma Credible Sets. Vertical red line indicates the location of each SNP. 

Layered H3K4Me1, H3K4ME3, and H3K27Ac marks and ChromHMM states are shown for the 

GM12878 cells. Red: active promoter, light red: weak promoter, purple: inactive/poised  
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Figure S2.6. ENCODE ChromHMM Results for SNPs in the Childhood-Onset Asthma and 

Adult-Onset Asthma Credible Sets.(continued) promoter, orange: strong enhancer, yellow: 

weak/poised enhancer, blue: insulator, dark green: transcriptional transition/elongation, light 

green: weak transcribed, gray: polycomb-repressed, light gray: heterochromatin/low signal. 

Asterisk denotes rsid with the highest PIP. a) rs2428494 (shared class I CS) was predicted to 

reside in a weak promoter, b) rs28481932 (class I COA CS2) in a weakly transcribed region, and 

c) rs28407950 (class II COA CS1) in an strong enhancer. d) Class II COA CS2 SNPs were 

predicted to reside in polycomb-repressed, active promoter, polycomb-repressed, insulator, and 

weakly transcribed regions (from left to right). e) Class II AOA CS1 SNPs (see main manuscript 

for a discussion of these results). The red or orange mark next to the rsid indicates it is predicted 

to reside in an active promoter or strong enhancer, respectively. Magenta ^ indicates if it was an 

eQTL in our study.  f) Class II AOA CS2 SNPs. Figures created from http://genome.uscs.edu 

(113).  

  

http://genome.uscs.edu/


85 

 

 

Figure S2.7. Replication Results. Odds ratios and 95% confidence intervals are shown for the 

candidate variant allele or amino acid polymorphism in the discovery COA and AOA CSs for 

self-reported White (British, Irish, White, Any other White background), self-reported Black or 

Black British, self-reported Asian or Asian British, entire replication cohort (consisting of White, 

Black or Black British, Asian or Asian British), and the White British discovery cohort.  
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CHAPTER 3 

Gene-based association study of rare variants identifies novel genes for asthma-associated 

quantitative traits in children of diverse ancestries  

3.1 ABSTRACT 

Background:  Most genetic studies of asthma and allergy have focused on common variation in 

individuals primarily of European ancestry. Studying the role of rare variation in phenotypes 

measured during youth and in populations of diverse ancestries can provide additional, important 

insights into the development of these traits. 

Objective: The goal of this study was to examine the contribution of rare variants to different 

asthma- or allergy-associated quantitative traits in children with diverse ancestries. 

Methods: We examined whole-genome sequencing (WGS) data from a cohort of children 

(n=1,035; 67% Black, 25% Hispanic) to identify rare variants (minor allele frequency < 0.01). 

We assigned variants to genes and tested for associations using an omnibus variant-set test 

between each of 24,902 genes and eight asthma-associated quantitative traits. We further 

supported our findings with external data on predicted gene expression and mouse knockout 

studies. 

Results: Rare variants in USF1 were significantly associated with blood neutrophil count 

(p=2.18x10-7). This finding as well as suggestive significant associations with two other gene-

trait pairs (TNFRSF21 with total IgE [p=6.47x10-6] and PIK3R6 with eosinophil count 

[p=4.10x10-5]) were supported by independent data sources. 
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3.2 INTRODUCTION 

Genome-wide association studies (GWAS) have successfully identified thousands of 

associations between common variants and hundreds of complex traits (116,150,151). However, 

rare variants, which comprise the bulk of human genetic variation (49), have been largely 

overlooked because they are not well represented by the variants included on commonly used 

genotyping arrays and because most studies are underpowered to detect individual rare variant 

associations. However, the increased availability of whole-genome sequencing (WGS) and the 

development of variant-set tests that jointly test the association of multiple variants in a set (e.g., 

a gene) allow for a more comprehensive study of the role of genome-wide rare variation in 

complex traits. Although these variants do not necessarily explain a significant proportion of 

heritability (64), rare variant studies can more directly identify causal genes and mechanisms 

(50).   

 Previous studies have explored the contribution of rare variants in asthma and allergic 

diseases and have implicated genes harboring rare variants in asthma using various study designs 

across diverse ancestries (58,59,68,60–67). Among the more notable findings are associations 

between asthma and rare variants in the interleukin 33 (IL33) (59,67) and filaggrin (FLG) 

(61,152) genes. Indeed, the discovery of a rare loss-of-function variant in IL33 that conferred 

protection from asthma by disrupting binding to its receptor, ST2, led to the identification of 

astegolimab, an ST2 inhibitor, as an effective therapy for reducing exacerbations in individuals 

with hard-to-treat asthma (71). 

 Other studies have explored the role of rare variation in asthma-associated traits, 

including allergic, inflammatory, and pulmonary traits in cohorts of diverse ancestries (59,60,72–

78). However, these studies most often examined just one or a limited number of traits, and the 
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majority have used only targeted sequencing (59,60,77) or exonic variants (67,72,75,76), or 

performed GWAS of individual rare variants (73,74). Capturing all coding and non-coding 

variation across the entire genome through WGS and using a gene-based approach may be better 

able to study the genetic architecture of asthma-associated quantitative phenotypes. 

In this study, we explored the contributions of rare variants (minor allele frequency 

[MAF] < 0.01) to asthma- and allergy-associated quantitative traits in 1,035 children with 

diverse ancestries from two longitudinal studies: the Asthma Phenotypes in the Inner City 

(APIC) study and the URban Environment and Childhood Asthma (URECA) birth cohort study. 

We used WGS data to perform gene-based association tests, examining associations with traits 

reflecting various phenotypic components of asthma related to allergy (total immunoglobulin E 

[IgE], sensitization to specific allergens), inflammatory/immune responses (fraction of exhaled 

nitric oxide [FeNO], blood eosinophil counts, blood neutrophil counts) and lung function (forced 

expiratory volume in one second [FEV1] % predicted, FEV1/forced vital capacity [FVC], 

bronchodilator responses). We supported detected associations using external resources of 

predicted gene expression associations and mouse knockout studies. Our study revealed three 

novel gene associations with allergic and inflammatory phenotypes, demonstrating the influence 

of rare variants on these traits and offering potential therapeutic targets. 

3.3 METHODS 

3.3.1 Study Populations 

These studies included children from two cohorts that were component studies of the Inner-City 

Asthma Consortium (ICAC) (153). APIC (4,6) was a one-year longitudinal study of children and 

adolescents (ages 6-17) with asthma living in low-income areas of nine U.S. cities (Baltimore, 
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MD; Boston, MA; Chicago, IL; Cincinnati, OH; Dallas, TX; Denver, CO; Detroit, MI; New 

York, NY; Washington DC). All APIC participants had a physician’s diagnosis for asthma and at 

least two asthma episodes requiring bronchodilator administration in the previous year (6). 

URECA is a prospective birth cohort study of children living in low-income areas of four U.S. 

cities (Baltimore, MD; Boston, MA; New York, NY, St. Louis, MO) (7). Mothers were enrolled 

into this study during pregnancy; at least one parent had a history of asthma or an allergic disease 

(7), and asthma in the child was defined by physician’s diagnosis at age 7 or 10 years, lung 

function criteria, and/or reported symptoms (154).  

Data for both cohorts were obtained following written informed consent from a parent 

and assent from the children. The clinical studies in URECA were approved by a Central IRB at 

the University of Wisconsin and WIRB IRB # 20142570. The clinical studies in APIC were 

approved at each recruiting site: Johns Hopkins IRB #5; Boston University Medical Campus 

(Blue Panel IRB); Children’s Memorial Medical Center IRB #2011-14581; Cincinnati Children’s 

Hospital IRB; University of Texas Southwestern Medical School IRB #8843; National Jewish 

Health IRB; Henry Ford Health System IRB #6782; Columbia University Medical Center IRB 

#1; Children’s National Medical Center IRB. The studies described in this manuscript were 

approved by the University of Chicago IRB 19-0046). 

3.3.2 Asthma-Associated Quantitative Phenotypes 

Eight quantitative traits that reflect component features of asthma were available for both 

cohorts. We included two quantitative measures of allergic sensitization: total serum IgE (IU) 

concentration and the number of sensitizations to 15 common inhaled and food allergens (mouse, 

dog, house dust mite (x2), cat, roach, mold (x2), ragweed, maple, oak, Timothy grass, peanut, 

egg, and milk), according to serum allergen-specific IgE concentration (positive is >=0.35 
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kU/L). Immune and inflammatory phenotypes included blood cell counts (eosinophils and 

neutrophils, both in cells/mm3) and FeNO in parts per billion (ppb), which was measured 

following American Thoracic Society guidelines (155). Lung function measures included percent 

predicted FEV1, FEV1/FVC (using the normalized z-score), and bronchodilator response 

(percentage change from baseline in FEV1 following four inhalations of albuterol) (4,7). The 

Mann-Whitney U Test was used to assess differences in traits between individuals with and 

without asthma, and the chi-square test was used to assess differences in self-reported race and 

sex ratios (% female). 

3.3.3 Quantitative Trait Normalization 

We performed trait normalization for the eight quantitative traits. We adjusted for potential 

confounding factors by fitting a linear mixed model (LMM) accounting for asthma status, sex, 

the first 10 principal components (PCs) of ancestry (from common variants(156)), and genetic 

relatedness between individuals modeled as a random effect. Asthma was included as a covariate 

to account for disease-induced phenotypic differences; however, we repeated analyses for the 

most significant results without including asthma as a covariate and in individuals with asthma 

only to exclude the possibility of collider bias effects (157). We applied a quasi-poisson LMM 

for the count data (blood neutrophil count, blood eosinophil count, and allergen sensitization) 

and a gaussian LMM for all other traits. Total IgE and blood neutrophil count were log 

transformed, and blood eosinophil count was square-root transformed prior to regression fitting. 

For neutrophil count, we additionally corrected for the SNP within Duffy blood group gene, 

ACKR1/DARC (rs2814778; 1 for CC, 0 for CT, TT) because the homozygous CC genotype is 

associated with decreased neutrophil counts in individuals of African-ancestries (158). We also 

repeated analyses without including rs2814778 as a covariate for comparison. For bronchodilator 
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response we additionally corrected for FEV1 % predicted and FEV1
2. Residuals from all 

regressions were rank-based, inverse-normal transformed (159) and used as the outcome 

variables in further analyses. 

3.3.4 Whole Genome Sequencing and Variant Calling 

Whole-genome sequencing (WGS) was performed and variant calls were generated as described 

in Dapas et al. (156) Briefly, WGS was performed using the Illumina NovaSEQ6000, generating 

150bp paired-end reads. Sequences were processed according to Genome Analysis Toolkit 

(GATK) best practices, and reads were aligned to the GRCh38 human reference genome (145). 

Aligned reads underwent duplicate removal and base quality score recalibration against known 

sites in the GATK resource bundle (146). Sample swaps were tested with VerifyBamID (160). 

See Dapas et al. 2022 (156) for more details. 

 To isolate rare variants, we first selected all variants with minor allele frequency (MAF) 

< 0.01 in the combined APIC and URECA children (Figure S3.1). This yielded 21,073,226 rare 

variants. We further excluded variants that were common (MAF ≥ 0.01) in any of the 1000 

Genomes Project super populations (African, American, East Asian, European, and South Asian) 

because variants with deleterious effects are unlikely to be found at common frequencies in any 

population (49). This removed 4.56% of variants in our dataset, leaving a final set of 20,093,812 

variants for downstream analysis.  

3.3.5 Association Tests 

To group variants for gene-based association testing, we binned all coding and non-coding rare 

variants between the 3’UTR and 5kb upstream of the 5’UTR for each gene, including both 

protein-coding genes and ncRNAs. We used STAAR (variant-Set Test for Association using 
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Annotation infoRmation) (56) for gene-based association testing with the eight quantitative 

phenotypes described above. STAAR incorporates three variant set tests: the burden test (51–54), 

sequence kernel association test (SKAT) (55), and aggregated Cauchy association test (ACAT-

V) (161). STAAR can apply a MAF weight to variants; however, we did not weight the variants 

by their frequency due to the narrow range of MAFs (0.00097 – 0.099) in this sample. We did 

not evaluate genes that had fewer than five rare variants detected across the cohort. We used a 

stringent Bonferroni correction of 0.05/(24,902 x 8 phenotypes)<2.51x10-7 and considered a 

threshold of p<1x10-5 for suggestive significance. For the top gene associations with each trait, 

we further examined associations stratified by coding and non-coding variants in the gene set. 

When we observed cases in which a subset of variants in one gene set resided in the exon of 

another nearby gene, we repeated analyses after excluding those variants from the gene set. For 

all genes with evidence of association, we also examined associations for each variant within the 

gene set through linear regression using the same covariates. 

3.3.6 External Association Validation 

To evaluate the associations with the most significant gene for each of the eight traits, we first 

assessed if predicted gene expression was associated with the same or related trait in the 

phenomeXcan database (162), which reports associations between predicted gene expression 

based on genetic variation and specific phenotypes (primarily from the UK Biobank (80)). We 

also evaluated publicly available mouse knockout studies of the associated genes to see if the 

resulting phenotypes included traits related to those in our study (163). We next examined which 

variants resided in active enhancer and transcriptional start sites in blood and epithelial cells 

from ROADMAP (119). 
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3.4 RESULTS 

3.4.1 Sample Composition 

 We examined rare variation and allergy- and asthma-associated phenotypes from 1,035 

children in APIC (n=508) and URECA (n=527). The parent-reported racial composition of their 

children was 67% Black non-Hispanic, 25% Hispanic, and 8% other (White, mixed, unknown) in 

APIC and 72% Black non-Hispanic, 20% Hispanic, and 8% other (White, mixed, unknown) in 

URECA. The demographic and clinical characteristics of these children are shown in Table 3.1; 

a principal component analysis (PCA) plot of the genetic ancestries of these children is shown in 

Figure S3.2. In this sample, there were fewer self-reported Black and more Hispanic individuals 

among children with asthma compared to children without asthma, but neither proportion of self-

reported race nor % female was significantly different after correcting for 11 comparisons 

(pcorrected<0.0045). Except for blood neutrophil count, measurements of all the clinical 

phenotypes significantly differed between children with and without asthma after multiple 

testing correction (Table 3.1). The correlations between phenotypes are shown in Figure S3.3. 

Table 3.1. Sample Composition. Results are reported separately by asthma status (all, asthma 

only, and non-asthma only). The ages correspond to the year at which total IgE was measured 

(all other ages shown in Table S3.1). The medians and interquartile ranges (IQR; in parentheses) 

are shown for all quantitative traits. Missing data were not included in calculations. IU: 

International units. Ppb: parts per billion. FeNO: fractional exhaled nitric oxide. FEV1: forced 

expiratory volume in one second. FVC: forced vital capacity. 

Characteristic All Asthma Non-asthma 

P-value 

(Asthma vs Non-

asthma) 

Sample Size 1035 681 226 - 

Mean Age (yrs) 9.99 10.56 9.37 p=1.51x10-7 

% Female 46.18 43.86 52.65 p=0.025 

% Self-Reported Race 

Black 

Hispanic 

White 

 

67.25 

24.93 

1.35 

 

65.20 

27.50 

1.03 

 

75.22 

16.81 

1.33 

p=0.015 
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Table 3.1. Sample Composition. (continued) 

% Self-Reported Race 

 

Other/Mixed/Unknown 

 

6.47 

 

6.27 

 

6.64 
 

Traits, median (IQR) 

Allergen sensitization 

(positive tests) 
3.00 (7) 4.67 (7.67) 1.00 (3.33) p=7.65x10-21 

Total IgE concentration 

(IU) 
158 (463) 243 (655) 70 (123) p=7.67x10-21 

Blood eosinophil count 

(cells/mm3) 
200 (300) 300 (340) 200 (200) p=3.13x10-12 

FeNO (ppb) 17.00 (25.54) 19.50 (29) 8.00 (11) p=2.77x10-16 

Blood neutrophil count 

(cells/mm3) 
2700 (1800) 2700 (1900) 2500 (1700) p=0.01 

FEV1 % predicted 95.50 (20.37) 
93.70 

(21.54) 
100.75 (16.61) p=1.20x10-8 

FEV1/FVC -1.06 (1.60) -1.27 (1.67) -0.52 (1.20) p=1.49x10-17 

Bronchodilator Response 

(% change from 

baseline) 

8.40 (10.82) 9.80 (11.84) 5.60 (8.06) p=7.83x10-14 

 

3.4.2 Overview of Associations 

We performed gene-based variant set tests for eight quantitative traits in participants from the 

APIC and URECA cohorts. We assigned rare variants to 25,605 genes, and required gene sets to 

have at least 5 variants, resulting in 24,902 genes examined. The mean number of variants in 

each variant set was 508 (median number: 207, range 5 - 17,174, Figure S3.4). The full gene-

based association test results are shown in Table S3.2 and File S3.1; the most significant gene 

for each of the eight traits is shown in Table 3.2. 
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Table 3.2. Results of rare variant, gene-based association studies. The most significant gene 

association for each trait is shown. For each quantitative trait, the gene, location, number of 

variants in the gene set (# Var), p-value in analyses considering just coding or just non-coding 

variants in the variant set, and the overall p-value are shown. One association (USF1 with blood 

neutrophil count, p=2.18x10-7) met the Bonferroni-adjusted significance threshold of 2.51x10-7. 

The three bolded associations are described in further detail. 

Trait Gene* Location # Var 
Coding 

p-value 

Noncoding 

p-value 
p-value 

Blood neutrophil 

count 
USF1 1q23.3 79 0.98 1.15x10-9 2.18x10-7 

Total IgE TNFRSF21 6p12.3 794 0.24 5.90x10-6 6.47x10-6 

FeNO CTBP1-AS 4p16.3 151 0.72 3.26x10-5 2.34x10-5 

FEV1/FVC VRK3 19q13.33 547 0.04 3.59x10-5 3.15x10-5 

Bronchodilator 

Response 
MRPL44 2q36.1 129 1.68x10-3 3.68x10-5 3.44x10-5 

Blood eosinophil 

count 
PIK3R6 17p13.1 608 8.93x10-3 5.12x10-5 4.10x10-5 

FEV1 % predicted TEX36-AS1 10q26.13 93 NA 8.61x10-5 6.08x10-5 

Allergen 

sensitization 
VAMP3 1p36.23 124 0.75 3.96x10-5 6.42x10-5 

* USF1: upstream transcription factor 1, TNFRSF21: tumor necrosis factor receptor superfamily 

member 21, CTBP1-AS: C-terminal binding protein 1 antisense RNA, VRK3: vaccinia-related 

kinase 3, MRPL44: mitochondrial ribosomal protein L44, PIK3R6: phosphoinositide-3-kinase-

regulatory subunit 6, TEX36-AS1: testis expressed protein 36 Antisense RNA 1, VAMP3: vesicle 

associated membrane protein 3. 

 

 All associations remained nominally significant in analyses that did not include asthma as 

a covariate in the trait normalization, and all associations except VAMP3 with allergic 

sensitization remained nominally significant in the analyses including only children with asthma 

(Table S3.3). For two genes, VAMP3 and USF1, the variants that were within 5kb upstream of 

their 5’UTR included some that were in the exons of neighboring genes and were therefore 

designated as coding variants. Nine SNPs in the VAMP3 set were coding variants for CAMTA1 
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(calmodulin binding transcription activator 1, Figure S3.5); when these SNPs were excluded the 

p-values for VAMP3 were largely unchanged (5.13x10-5 for the set and p=0.85 for coding 

variation). The USF1 results are further discussed in the next section. 

 We next used publicly available resources to investigate additional evidence supporting 

the top gene associations for each of the eight phenotypes (Table S3.4, S3.5). Three associations 

were supported by orthogonal data: USF1 with blood neutrophil count, TNFRSF21 with total 

IgE, and PIK3R6 with blood eosinophil count. These are discussed below and shown in bold font 

in Table 3.2. The remaining associations did not have corroborating support from these external 

resources. 

3.4.3 USF1 is Associated with Blood Neutrophil Count 

The most significant gene-trait pair was USF1 with blood neutrophil count (Table 3.2, Figure 

3.1A). This association was also significant (p=1.97x10-8) in a secondary analysis that did not 

correct for genotype at the Duffy blood group gene (see Methods in section 3.3.3). The 

association was more significant when only the 63 non-coding variants were included in the set 

(p=1.15x10-9); the set comprised only of the 16 coding variants showed no evidence of 

associations (p=0.98) (Table 3.2). No single variant contributed disproportionately to the 

association (Figure 3.1B). The variant set included 13 SNVs in the coding region of the nearby 

gene (ARHGAP30). When we removed those variants, the association for USF1 was more 

significant (p=1.55x10-9 vs 2.18x10-7). This variant set was not associated with any of the other 

seven traits (Figure 3.1C). 

 We next used phenomeXcan, a resource which reports associations between predicted 

gene expression from multiple tissues and GWAS traits (162), and publicly available mouse 
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knockout data as complementary approaches to validate the gene association. PhenomeXcan 

reported that predicted USF1 expression across 33 tissues (Table S3.6) was significantly 

associated with both neutrophil percentage (p=4.66x10-4) and neutrophil count (p=8.02x10-3), 

with lower predicted USF1 expression associated with higher values of both measures. 

Furthermore, mice with Usf1 knocked out in bone-marrow cells had increased blood neutrophil 

counts (164), which is consistent with the direction of effect from phenomeXcan. According to 

epithelial cell annotations in ROADMAP (119), 28% of rare variants were located in the 

transcription start site (TSS) and none were in enhancers. Using the blood cell annotations, 19% 

were located in the TSS and 34% were in enhancers (Figure S3.6). These orthogonal data based 

on gene expression and mouse knock-out studies support our results and validate the association 

between USF1 and neutrophil counts. 

 

Figure 3.1. USF1 and Neutrophil Count. A) Manhattan plot for gene set associations with 

blood neutrophil count. Each point represents a gene. The red line is the Bonferroni significance 

threshold. B) Marginal associations and locations of variants in the USF1 variant set. Variants  
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Figure 3.1. USF1 and Neutrophil Count. (continued) are color coded green if they are non-

coding and orange if coding in either USF1 or its neighboring gene, ARHGAP30. C) USF1 

association with other traits. 

3.4.4 TNFRSF21 is Associated with Total IgE 

The second most significant association, which reached suggestive significance (p=6.47x10-6), 

was between TNFRSF21 and total IgE levels (Figure 3.2A). Similar to USF1, no single variant 

contributed disproportionately to the association (Figure 3.2B). TNFRSF21 was also nominally 

associated with both allergen sensitization and blood eosinophil count (Figure 3.3C). However, 

these three traits were highly correlated (Figure S3.3), and when we repeated the associations 

including total IgE levels as a covariate in the model the associations with allergen sensitization 

and blood eosinophil count were no longer significant (Figure 3.3C). This conditional analysis 

suggests that the associations with allergic sensitization and eosinophil count were due to the 

correlations with total IgE levels. Additionally, the association between TNFRSF21 was slightly 

more significant when considering the 776 non-coding variants (p=5.90x10-6 vs 6.47 x10-6), 

whereas the association was not significant when examining only the 18 coding variants (p=0.24, 

Table 3.2). 
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Figure 3.2. TNFRSF21 and Total IgE. A) Manhattan plot for total IgE levels. Red line is 

Bonferroni significance and blue is suggestive significance (1.00x10-5) B) Marginal associations 

of variants in the TNFRSF21 variant set. C) TNFRSF21 association with the other traits before 

and after conditioning on total IgE.  

 

 Total IgE was not available in the phenomeXcan dataset and predicted TNFRSF21 

expression was not associated with the available allergic traits (food allergy, allergic rhinitis, and 

eczema). However, the Mouse Genome Informatics resource reported that Tnfrsf21 mouse 

knockouts had increased IgE levels (163,165), supporting the relationship between TNFRSF21 

and total IgE. ROADMAP epithelial cell annotations indicated 3% of rare variants were located 

in the TSS and 4% were in enhancers. According to blood cell annotations, 0.1% were located in 

the TSS and 4% were in enhancers (Figure S3.6). 

3.4.5 PIK3R6 is Associated with Blood Eosinophil Count 

The most significant association for blood eosinophil count was with PIK3R6 with p=4.10x10-5 

(Figure 3.3A). In contrast to the previous two gene-trait pairs, the p-value for the associations 
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between PIK3R6 and eosinophil count was slightly less significant when analyzing just the 581 

non-coding variants (p=5.19x10-5) and retained nominal significance (p=3.90x10-3) when 

considering only the 27 coding variants. This indicates that both sets of variants contributed to 

the association. No single variant was responsible for the entire signal (Figure 3.3B), and 

PIK3R6 was not associated with any other traits (Figure 3.3C). 

 The association was validated by phenomeXcan: the most significant association for 

predicted PIK3R6 expression was with eosinophil percentage (p=3.96x10-6) across 26 tissues 

(Table S3.6). It was also associated with eosinophil count (p=1.85x10-4). Furthermore, Pik3r6 

knockout mice reported decreased granulocyte numbers (163,166). Although the type of 

granulocyte was not specified, these measures would have included eosinophils. According to 

epithelial cell annotations in ROADMAP, 5% of the rare variants were located in enhancers and 

none were in the TSS. Similarly, using the blood cell annotations, 16% were located in enhancers 

and none were in the TSS (Figure S3.6). Taken together, these results further support a possible 

association between PIK3R6 variants and eosinophil counts. 
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Figure 3.3. PIK3R6 and Eosinophil Count. A) Manhattan plot for blood eosinophil count. B) 

Marginal associations of variants in PIK3R6 variant set. C) PIK3R6 association with the other 

traits.  

 

3.4.6 Individual Test Performance 

The STAAR test used in our study provides p-values that represent the combined results from 

three different gene-based association tests: the burden, SKAT, and ACAT-V tests (51–55,161). 

The burden test is more powerful when a high proportion of variants are causal and with the 

same direction of effect on the outcome. SKAT is more powerful when the effects of different 

variants are in different directions. ACAT-V is more powerful when the contributing variants are 

very rare or when only a few in the variant set are causal (56,161,167). Among the three tests, 

the most significant associations between the three gene-phenotype pairs discussed above were 

with the burden test: USF1 and neutrophil count (pBurden=7.28x10-8, pSKAT=1.84x10-3, pACAT-

V=2.21x10-5), TNFRSF21 and total IgE (pBurden=2.25x10-6, pSKAT=0.014, pACAT-V=5.13x10-5), and 
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PIK3R6 and eosinophil count (pBurden=1.39x10-5, pSKAT=2.59x10-3, pACAT-V=1.82x10-3). For all 

three gene-trait pairs, the p-values from the Burden test alone were more significant than the p-

value from combined STAAR test. 

We performed associations for each variant in the gene set and examined the direction of 

effect for the marginal associations of variants that were nominally significant (p<0.05) (Figure 

S3.7). For USF1 and neutrophil count, all nominally significant variants had 𝛽 < 0. For 

TNFRSF21 and total IgE, 81.4% of nominally significant variants had 𝛽 < 0; and for PIK3R6 

and eosinophil count, 86.7% of variants had 𝛽 < 0. The fact that >80% of associated variants in 

each of the three genes had the same direction of effect is consistent with the Burden test 

providing the most significant p-values for each gene-trait pair.  

3.5 DISCUSSION 

In this study, we examined the contribution of rare variants to allergy- and asthma-associated 

quantitative traits using a gene-based approach. We included a broad panel of allergic, immune/ 

inflammatory, and pulmonary traits measured in children with diverse ancestries. Overall, our 

studies suggested that rare noncoding variation within or upstream of genes contribute more to 

variation in these traits than rare coding variation (Table 3.2), further supporting other findings 

that complex traits are primarily driven by both common and rare noncoding variation that likely 

have effects on gene expression (168–170). Indeed, three of the associations were supported by 

orthogonal, independent data based on predicted gene expression and mouse knockout studies. 

All three of these findings represent novel gene associations with immune, atopic, and 

inflammatory phenotypes. 



103 

 

One association was significant after multiple test correction for 24,902 genes. The gene 

set for USF1 was associated with blood neutrophil count in the APIC and URECA children, and 

predicted USF1 expression was associated with neutrophil counts in adults in the UK Biobank. 

Moreover, a mouse model with Usf1 knocked out had increased neutrophil counts (164). Both 

the phenomeXcan and mouse knockout results indicated that decreased expression of this gene is 

associated with elevated levels of circulating neutrophils. USF1 encodes a transcription factor 

belonging to the basic helix-loop-helix leucine zipper family of proteins that can regulate 

expression through E-box motifs (171). This gene is also located within 2Mb of the Duffy blood 

group gene (ACKR1/DARC (158)), but because this association remained significant when 

conditioning on the Duffy SNP, we were able to rule out that the association between USF1 and 

neutrophil counts is not due to LD with the Duffy null allele (see Methods). Several studies have 

reported a relationship between USF1 and immune-related traits (164,172–175), and the locus 

containing this gene has been significantly associated with both white blood cell count (176) and 

granulocyte percentage of myeloid white cells (177) in GWAS. As a transcription factor, USF1 

may be regulating expression of genes important in inflammatory processes and possibly even 

asthma: several studies have reported asthma risk alleles at the loci encoding the MUC5AC and 

ORMDL3/GSDMB genes affecting binding of this transcription factor (20,178,179).  

We also report an association between PIK3R6 and eosinophil count. This was further 

supported by both phenomeXcan and Pik3r6 knockout mice (166). PIK3R6 encodes a lipid 

kinase which acts as a regulatory subunit for the PI3K gamma complex and is primarily activated 

by G protein coupled receptors (180). Notably, several studies in human cohorts have implicated 

PIK3R6 expression in other eosinophilic or allergic diseases. For example, PIK3R6 was among 

the most significantly differentially expressed genes in peripheral blood cells between 
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eosinophilic and non-eosinophilic chronic obstructive pulmonary disease (COPD) (181), 

between patients with allergic asthma and non-asthma/non-allergic controls (182), and in a meta-

analysis of atopy in white blood cells (183). Altogether, these studies point to a potentially 

important role of this gene in eosinophilic-mediated allergic traits. 

 The second most significant association was between TNFRSF21 and total IgE. Measures 

of IgE were not available in phenomeXcan, but Tnfrsf21 -/- mice had increased IgE levels (165). 

TNFRSF21 encodes the Death Receptor 6 (DR6) protein and is a member of the tumor necrosis 

factor superfamily and signals through the NF-kB pathway (184,185). Several mouse studies 

have also implicated this gene in the Th2 response (165,186,187), specifically through activating 

the Jun amino terminal kinase (JNK) pathway in regulating Th cell differentiation (165). Th2 

inflammation is characterized by an increase in Th2 cytokines, including IL-4, IL-5, IL-9, and 

IL-13 (188), which play central roles in allergic disease and, particularly IL-13, in asthma. 

 Some of the findings for other traits were also potentially interesting but did not have 

corroborating evidence from other studies (Table S3.4, S3.5). For example, the most significant 

association with bronchodilator response was with the mitochondrial ribosomal protein L44 

(MRPL44), (189). In another study of rare variants with asthma and allergy-related phenotypes, 

Morin et al. (2019) reported an association between MRPL44 and eosinophil count (60). It is 

therefore possible that this gene plays a role in asthma severity. VAMP3 was associated with 

allergic sensitization in our study. While mouse knockout studies reported a “normal immune 

system phenotype” and other non-allergic traits (e.g. “abnormal neurotransmitter secretion” and 

“abnormal vibrissa morphology” (163)), phenomeXcan reported associations between variants 

that predict expression of VAMP3 and allergic traits (“hayfever, allergic rhinitis, or eczema”) 

(p=2.24x10-4) and asthma (p=2.83x10-3). VAMP3 regulates expression of FcεRI, the high affinity 
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receptor for IgE that has previously implicated in genetic studies of asthma and allergic diseases 

and in allergic responses (21,190–193).  

 There are limitations to this study. First, we had low power due to the modest sample size 

(n=1,035) to detect associations with individual rare variants. We were also not well powered to 

detect associations with asthma. Thus, associations between these genes and asthma will have to 

be explored in future, larger studies. Second, the rare variant method we used (STAAR) was not 

able to report effect estimates or standard errors, which is a limitation of this study. Third, not all 

gene candidates identified in our studies (CTPB1-AS, TEX36-AS1) were available in 

phenomeXcan or the Mouse Genome Informatics resource, and not all phenotypes (total IgE, 

bronchodilator response, FEV1/FVC) were available in phenomeXcan, so it was not possible to 

validate all top associations. Fourth, the findings of this study have not been replicated in an 

independent cohort with WGS and similar phenotypes. Nonetheless, we were able to validate 

several of the most significant associations using phenomeXcan and/or results from mouse 

knockout studies. These combined data underscore the robustness of the associations across 

biological contexts and provide convergent support for expression levels of these genes 

impacting asthma-associated quantitative phenotypes. 

In summary, we identified rare variants in genes associated with allergic and 

inflammatory phenotypes using WGS data from a cohort of children with diverse ancestries. We 

further validated three associations through external gene expression and mouse knockout 

resources. Overall, our studies in a well-characterized cohort of children highlight the importance 

of rare variation in the development of asthma-associated quantitative phenotypes and propose 

novel candidate genes that may contribute to these important traits and serve as therapeutic 

targets. 
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3.6 SUPPLEMENTARY INFORMATION 

3.6.1 Supplementary Tables 

Table S3.1. Mean Age the Data for Each Phenotype Was Collected. Results shown separately 

for all, asthmatic, and non-asthmatic individuals.  

Trait All Asthmatics Non-Asthmatics 

Allergen sensitization 9.99 10.55 9.37 

Total IgE 9.99 10.56 9.37 

Blood eosinophil count 10.00 10.55 9.31 

FeNO 10.37 10.65 9.03 

Blood neutrophil count 10.05 10.54 9.32 

FEV1 % predicted 10.34 10.64 9.68 

FEV1/FVC 10.31 10.62 9.59 

Bronchodilator Response 10.01 10.46 8.83 
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Table S3.2. Full Gene-Based Association Test Results. Results for associations between all 

genes and all 8 phenotypes (sens=allergen sensitization, eos=eosinophil count, neut=neutrophil 

count, tige=total ige, eno=feno, fprev=FEV1% predicted, frev=bronchodilator response, 

ffvc=FEV1/FVC). The overall STAAR p-value is shown, along with the p-values from the 

SKAT, burden, and ACAT-V variant set tests. See File S3.1 for full results. 

gene chr nvar trait STAAR_p SKAT_p Burden_p ACAT_V_p 

A3GALT2 1 143 sens 0.970611 0.533794 0.990058 0.589468 

A3GALT2 1 143 eos 0.462919 0.43719 0.466711 0.485311 

A3GALT2 1 143 neut 0.274556 0.644225 0.113679 0.38542 

A3GALT2 1 142 tige 0.402772 0.302698 0.457292 0.469126 

A3GALT2 1 116 eno 0.698906 0.367897 0.791552 0.791552 

A3GALT2 1 142 fpred 0.21444 0.428623 0.084373 0.548572 

A3GALT2 1 141 frev 0.589703 0.346623 0.443171 0.819654 

A3GALT2 1 142 ffvc 0.693839 0.779847 0.796842 0.361835 

AADACL3 1 193 sens 0.819601 0.844419 0.804373 0.804373 

AADACL3 1 192 eos 0.246032 0.363073 0.207717 0.207717 

AADACL3 1 192 neut 0.701226 0.755487 0.667566 0.667566 

AADACL3 1 194 tige 0.906042 0.92323 0.893718 0.894908 

AADACL3 1 161 eno 0.35814 0.206892 0.481298 0.481298 

AADACL3 1 194 fpred 0.276554 0.131244 0.3639 0.564355 

AADACL3 1 190 frev 0.023373 0.061767 0.010386 0.062155 

AADACL3 1 195 ffvc 0.610375 0.695099 0.542308 0.577105 

AADACL4 1 326 sens 0.177448 0.09471 0.243942 0.349337 

AADACL4 1 325 eos 0.193504 0.097351 0.26841 0.420868 

AADACL4 1 325 neut 0.420348 0.559204 0.267256 0.481595 

AADACL4 1 325 tige 0.461807 0.310973 0.61674 0.477538 

AADACL4 1 262 eno 0.297132 0.124187 0.533389 0.533389 

AADACL4 1 324 fpred 0.809821 0.387931 0.905072 0.815087 

AADACL4 1 313 frev 0.965789 0.507139 0.725718 0.988183 

AADACL4 1 323 ffvc 0.438068 0.290827 0.603951 0.450012 

ABCA4 1 1238 sens 0.905569 0.948153 0.760991 0.885438 

ABCA4 1 1234 eos 0.248719 0.363588 0.26387 0.173355 

ABCA4 1 1234 neut 0.964753 0.620454 0.14058 0.988913 

ABCA4 1 1237 tige 0.94703 0.920266 0.951309 0.95762 

ABCA4 1 1034 eno 0.349149 0.310699 0.370426 0.370426 

ABCA4 1 1238 fpred 0.490765 0.453333 0.626964 0.389766 

ABCA4 1 1218 frev 0.209918 0.38097 0.120789 0.254898 

ABCA4 1 1233 ffvc 0.572805 0.560378 0.536338 0.618848 

ABCB10 1 364 sens 0.145676 0.19196 0.578631 0.064196 

ABCB10 1 362 eos 0.469347 0.474146 0.410378 0.525678 

ABCB10 1 362 neut 0.96581 0.984011 0.89557 0.937097 

ABCB10 1 363 tige 0.054007 0.245338 0.688814 0.018533 
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Table S3.6. PhenomeXcan Single Tissue Results. For i) USF1 and neutrophil percentage and 

ii) PIK3R6 and eosinophil percentage, the tissue and p-value are shown for all tissues with a p-

value < 0.05. 

Gene trait 

pair 

Tissue (p-value) 

USF1 and 

Neutrophil 

percentage 

Thyroid (4.81E-06), Muscle_Skeletal (5.76E-06), Colon_Sigmoid (5.89E-

06), Skin_Sun_Exposed_Lower_leg (6.85E-06), Artery_Tibial (7.27E-06), 

Esophagus_Muscularis (8.49E-06), Esophagus_Mucosa (1.04E-05), 

Nerve_Tibial (1.16E-05), Adipose_Subcutaneous (1.69E-05), 

Skin_Not_Sun_Exposed_Suprapubic (2.67E-04), Testis (3.61E-04), 

Colon_Transverse (4.49E-04), Brain_Hypothalamus (7.26E-04), Lung 

(7.26E-04), Brain_Nucleus_accumbens_basal_ganglia (7.26E-04), 

Artery_Aorta (7.95E-04), Whole_Blood (8.59E-04), 

Brain_Caudate_basal_ganglia (1.15E-03), Cells_Cultured_fibroblasts 

(1.25E-03), Spleen (2.17E-03), Brain_Spinal_cord_cervical_c-1 (3.33E-03), 

Ovary (3.68E-03), Brain_Cortex (4.23E-03), Adrenal_Gland (5.70E-03), 

Brain_Putamen_basal_ganglia (5.70E-03), Pancreas (6.68E-03), 

Esophagus_Gastroesophageal_Junction (8.82E-03), 

Brain_Frontal_Cortex_BA9 (9.35E-03), Adipose_Visceral_Omentum 

(9.35E-03), Prostate (9.59E-03), Artery_Coronary (2.01E-02), 

Heart_Left_Ventricle (2.37E-02), Liver (4.75E-02) 

PIK3R6 and 

Eosinophil 

percentage 

Thyroid  (1.05E-06), Skin_Not_Sun_Exposed_Suprapubic  (1.05E-06), 

Brain_Amygdala  (1.05E-06), Lung  (1.05E-06), 

Brain_Cerebellar_Hemisphere  (1.05E-06), Cells_EBV-

transformed_lymphocytes  (1.05E-06), Spleen  (1.05E-06), Muscle_Skeletal  

(1.05E-06), Pancreas  (1.05E-06), Brain_Anterior_cingulate_cortex_BA24  

(1.05E-06), Whole_Blood  (1.05E-06), 

Brain_Nucleus_accumbens_basal_ganglia  (1.05E-06), 

Brain_Substantia_nigra  (1.05E-06), Prostate  (1.05E-06), 

Brain_Caudate_basal_ganglia  (1.05E-06), Nerve_Tibial  (1.05E-06), 

Brain_Cerebellum  (1.05E-06), Heart_Left_Ventricle  (1.05E-06), 

Small_Intestine_Terminal_Ileum  (1.05E-06), Artery_Aorta  (1.05E-06), 

Liver  (1.05E-06), Heart_Atrial_Appendage  (1.05E-06), 

Brain_Putamen_basal_ganglia  (1.05E-06), Testis  (1.17E-06), 

Adipose_Visceral_Omentum  (1.67E-05), Brain_Hypothalamus  (3.72E-03) 
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3.6.2 Supplementary Figures 

 

Figure S3.1. Rare Variant Distributions. Histogram of minor allele frequencies of rare variants 

(MAF < 0.01) in the study.  
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Figure S3.2. Ancestry Composition of Participants. The top two ancestry principal 

components (PCs) derived from common variants are shown for each individual (circles, colored 

by self-reported ancestry) or from the four ancestral reference populations (shown by X’s). NS: 

not specified. Figure is taken with permission from Dapas et al. 2022 Figure 1A (156). 
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Figure S3.3. Correlation Between Traits. Spearman correlations are shown between each pair 

of traits. Allergen sensitization is a count of detectable specific IgEs to 15 common inhaled and 

food allergens, total IgE is in IU, eosinophil and neutrophil counts are in cells/mm3, FeNO is in 

ppb, and bronchodilator response is % change from baseline. A darker orange color corresponds 

to a more positive correlation and a darker blue color corresponds to a more negative correlation. 
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Figure S3.4. Distribution of Variants in Gene Sets. A) Histogram of number of variants in the 

gene set. B) Length of gene plotted against number of variants in the gene set. 
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Figure S3.5. VAMP3 and Allergen Sensitization. A) Manhattan plot for gene set associations 

with allergen sensitization. Each point represents a gene and the blue line is suggestive 

significance (1.00x10-5). B) Marginal associations and locations of variants in the VAMP3 

variant set. Variants are color coded green if they are non-coding and orange if coding in either 

USF1 or its neighboring gene, CAMTA1. C) VAMP3 association with the other traits.  



120 

 

 

Figure S3.6. ROADMAP Annotations. For A) USF1, B) TNFRSF21,and C) PIK3R6, the rare 

variants in that gene’s variant set are color coded if they do or do not reside in an enhancer or 

transcription start site (TSS) for epithelial cell TSS (ep_T), epithelial cell enhancer (ep_E), blood 

cell TSS (bl_T), and blood cell enhancer regions (bl_E). 
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Figure S3.7. Marginal Association Direction of Effect. Effect sizes for the marginal 

association of variants. Variants that were not marginally significant (𝑝 > 0.05) are colored 

gray. Variants with 𝛽 > 0 are shown in magenta and variants with 𝛽 < 0 are shown in blue.  
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CHAPTER 4 

CONCLUSION 

GWAS have successfully identified thousands of statistical associations between common 

variants and complex traits (116), including over 150 susceptibility loci for asthma (14–19). 

Despite this, the causal variants, the genes their effects are mediated through, and the relevant 

biological contexts are not always straightforward to uncover and are therefore unknown for the 

majority of GWAS loci (194). Here, I build on the results of previous asthma GWAS using 

complementary approaches and multi-omic datasets. Through genetic fine mapping of GWAS 

loci and eQTLs to study common variants and applying a gene-based variant set approach to 

examine rare variants, I demonstrated the utility of these various approaches in identifying novel 

genes i) at a highly important asthma locus for two subtypes of asthma and ii) for asthma-

associated quantitative traits in children of diverse ancestries.  

4.1 HLA gene expression and protein coding variation are implicated in childhood- and 

adult-onset asthma 

In chapter 2, I examined one of the most highly associated asthma loci on chromosome 6, which 

encodes the HLA genes (14–16,30–33). I jointly studied SNPs, HLA amino acids, and HLA 

alleles to fully capture the genetic variation within this region. Using a Bayesian fine-mapping 

approach, my study revealed a shared risk variant for both childhood- and adult-onset asthma, as 

well as a signal unique to childhood-onset asthma in the class I region. However, putatively 

causal variation in the class II region was not shared. Simulations using existing genotype data in 

the HLA region also validated that the fine-mapping method SuSiE was able to correctly identify 

credible sets containing the true causal variants despite the unique complexities of this region. 
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We assessed the potential regulatory effects of the putatively causal SNPs using gene 

expression data from asthma-relevant cell types. Two of these datasets were collected from 

parent-reported Black children (7), and the reduction of LD in individuals of African-ancestries 

helped with narrowing down the causal variants for gene expression and, by extension, for adult-

onset asthma. These findings implicated expression of the highly conserved, yet poorly 

characterized, HLA-DQA2 and HLA-DQB2 genes in the etiology of adult-onset asthma. Protein 

coding visualization on available crystal structures of the HLA molecules also suggested that the 

HLA-C p.11 amino acid polymorphism may be specific to COA, whereas the HLA-

DQA1*03:01 allele may play a role in adult-onset asthma. T-cell activation and proliferation can 

be driven by both differential expression levels and protein coding variation in the HLA genes, 

which can affect binding affinities to different peptides (129,130), and this is a potential 

mechanism through which these causal signals may impact asthma risk.  

 Conditional analyses in the class II region showed that adult-onset asthma risk is likely 

attributable to two causal signals that include the HLA-DQA1*03:01 allele and variants that 

impact expression of the HLA-DQA2 and HLA-DQB2 genes in immune and epithelial cell types. 

These conditional studies also supported the finding that there are distinct mechanisms between 

childhood- and adult-onset asthma with respect in the class II region. Finally, we performed 

replication analyses to confirm associations of representative variants from each credible set in a 

meta-analysis of the non-White British cohorts from the UK Biobank. While not all variants 

were significant at a multiple-testing adjusted significance threshold, they all had the same 

direction of effect as in the discovery cohort. 

 Overall, these data suggest that HLA expression and protein coding variation both 

contribute to asthma risk and extend earlier observations that childhood- and adult-onset asthma 
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have both shared and distinct genetic risk (15). Many factors distinguish these two subtypes of 

asthma, including sex ratios, comorbidities of obesity and allergic disease, and the importance of 

respiratory viral infections in their etiology (139). The study presented here raises the possibility 

that these dissimilarities may be due, in part, to the differences in causal variation at this locus. 

This project also used a strategy that can serve as a model for fine mapping other HLA-

associated diseases. The results of this study are now published (Clay et al., Fine-mapping 

studies distinguish genetic risks for childhood- and adult-onset asthma in the HLA region. 

Genome Medicine 14, 55 (2022)) (195).    

4.2 Rare variants in genes are associated with asthma-associated atopic and inflammatory 

phenotypes 

In chapter 3, I assessed the contribution of rare variation to asthma-associated quantitative 

phenotypes in a cohort of children with diverse ancestries. In the U.S., self-reported Black and 

Hispanic children have a higher prevalence of asthma and more severe symptoms than self-

reported White individuals, and increasing representation of relevant populations in genetic 

studies is crucial in addressing these disparities (196,197). I used a gene-based variant set tests to 

examine associations with traits reflecting the main features of asthma. Only one association 

(USF1 and blood neutrophil count) was significant after multiple-test correction with over 

24,000 genes and eight traits. The most significant associations for each of the traits were all 

nominally significant when just considering just the non-coding variation in the gene set, 

whereas just three were nominally significant when just considering coding variation. This 

further supports the many previous findings showing that complex traits are primarily driven by 

noncoding variation, both common and rare (168–170).  
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 PhenomeXcan and publicly available mouse knockout data served as complementary 

approaches to validate the most significant associations for each trait, and they supported three 

gene associations (USF1 and blood neutrophil count, PIK3R6 and blood eosinophil count, and 

TNFRSF21 and total IgE). In each of these cases, the burden test had the smallest p-values in 

comparison to the SKAT and ACAT-V variant set tests, suggesting that most variants had the 

same direction of effect on their trait. Overall, we identified novel genes associated with atopic 

and inflammatory asthma-associated traits, and the validation results point to the robustness of 

these findings across biological context and species. 

4.3 Future Directions 

In this thesis, I identified putatively causal variants and genes for childhood- and adult-onset 

asthma while highlighting the importance of rare variation in discovering novel genes associated 

with asthma-relevant phenotypes. However, there are some natural follow-up questions that 

accompany each of these studies. I propose the following directions. 

 First, chapters 2 and 3 both demonstrate the importance in including diverse populations 

in genetic studies. In chapter 2, we performed eQTL mapping and fine mapping in self-reported 

Black individuals, allowing us to further narrow down putatively causal variants for HLA-DQA2 

and HLA-DQB2 expression due to the lower LD. We also found associations with quantitative 

phenotypes in children of diverse ancestries in chapter 3. Despite asthma being a global disease, 

the majority of genetic studies of asthma have been done in populations of European-ancestries, 

and increasing representation of all affected populations in genetic studies is crucial to fully 

understanding its genetic architecture. Current global, large-scale efforts to increase the diversity 

of cohorts in genetic studies are underway (18,198–202). Future studies of asthma should 

continue to include increased numbers of diverse cohorts, as uncovering shared and population-
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specific causal variation will lead to a more comprehensive understanding of asthma and have 

more potential impact on global health in general and on global health inequities in particular. 

Second, what is noticeably absent from this thesis is a more direct examination of the 

interactions between genetics and environmental factors in asthma. Epidemiological data have 

demonstrated the importance of the environment in asthma, including effects of allergens, 

pollution, early respiratory infections, and smoking, among others (203). Asthma is therefore an 

excellent model for studying gene-environment interactions. While the APIC and URECA 

cohorts had several environmental exposure variables available at the time of study, the method 

we used to study variant sets has not been extended to allow for interaction effects. Future steps 

could be to apply other methods that allow for the examination of environmental interactions in 

variant set test association studies (204). Additionally, if available, environmental factors 

measured prior to the onset of asthma should also be studied to have a better sense of their 

causality and effect on the course of the disease. 

 Third, we demonstrate the benefit of studying specific asthma subtypes. We found that 

while the risk loci identified in GWAS at the HLA class I and class II loci overlapped between 

childhood- and adult-onset asthma, the causal variants and genes differed, allowing us to find 

subtype-specific risk variants and genes. Future genetic studies should continue moving away 

using a broad phenotype (e.g. a general “asthma” diagnosis) and shift towards finding causal 

variants and genes for specific subtypes. The GWAS in Pividori et al. demonstrated that more 

loci can be identified in childhood-onset asthma despite the significantly smaller sample size 

than adult-onset asthma (15). This suggests that focusing on more homogeneous subtypes 

increases power beyond that afforded by larger and larger sample sizes (81). As previously 

described in chapter 1.1, childhood-onset asthma itself is an umbellar term for many different 
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subtypes that capture differential occurrences of atopy, wheeze, and lung function, among other 

clinical factors (6,8). Improving stratification of individuals in genetic analyses can paint a 

clearer picture of the shared and specific risk variants and genes. Identification of subtype-

specific risks can ultimately improve personalized care for a wider range of individuals. 

 Additionally, current efforts have largely focused on searching and interpreting lead 

association signals, such as the loci encoding the GSDMB/ORMDL3 (28,205,206), IL33 (29), 

and now the HLA genes. However, as with most complex traits, heritability is not driven by a 

single gene but through a highly polygenic background (169), and future directions can continue 

to take on a more genome-wide approach, such as using models that account for the polygenic 

nature of this disease. For example, others have used polygenic risk scores (PRS) and have 

linked low vs. high polygenic risk groups to various cellular programs (207) or correlated them 

with gene expression to identify “core genes” for the trait of interest (208). These types of 

studies may be able to be extended to asthma. 

 Finally, it is crucial that we continue to elucidate the biological mechanisms through 

which the genetic variants and genes impact disease risk. While we identified putatively causal 

genes in chapters 2 and 3, more efforts are needed to directly link them with disease-relevant 

cellular programs and the biological networks that are perturbed to understand their causal effect 

on asthma. The growing availability of genomic, transcriptomic, epigenomic, metabolomic and 

proteomic annotations from a wide range of disease-relevant cell types, in addition to increased 

ease in gene editing in cells and animal models can move towards better understanding the 

causal relationships between genetic variation with the altered biological mechanisms and 

resulting progression towards asthma (207,209,210). Uncovering all of these layers can move 

towards ultimately understanding the core processes in asthma. 
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4.4 Concluding remarks 

In this thesis, I describe research studies that bridge the gap between GWAS and gene discovery. 

By focusing on the HLA region, I show the utility of dissecting a robustly associated asthma 

locus and integrating multiple ‘omic datatypes towards uncovering causal variants and genes for 

two major asthma subtypes. This thesis also illustrates the benefits of studying rare variation and 

using orthogonal data types in finding novel genes for asthma-associated quantitative traits. 

Overall, the discoveries made in these combined studies, which apply cutting-edge statistical 

methods and diverse ‘omic datasets, improve our understanding of the genetic architecture of this 

complex trait and can point to potential therapeutic targets in the treatment of asthma. 
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