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Abstract 

Background: Asthma is a complex chronic inflammatory disease of the airways. Association 

studies between HLA and asthma were first reported in the 1970’s, and yet, the precise role of 

HLA alleles in asthma is not fully understood. Numerous genome-wide association studies 

were recently conducted on asthma, but were always limited to simple genetic markers 

(SNPs) and not complex HLA gene polymorphisms (alleles/haplotypes), therefore not 

capturing the biological relevance of this complex locus for asthma pathogenesis. 

Objective: To run the first HLA-centric association study with asthma and specific asthma-

related phenotypes in a large cohort of African ancestry individuals. 

Methods: We collected high-density genomics data for the CAAPA participants (Consortium 

on Asthma among African-ancestry Populations in the Americas, N=4,993). Using computer-

intensive machine-learning attribute bagging methods to infer HLA alleles, and Easy-HLA to 

infer HLA 5-gene haplotypes, we conducted a high-throughput HLA-centric association study 

of asthma susceptibility and total serum IgE levels (tIgE) in subjects with and without asthma. 

Results: Among the 1,607 individuals with asthma, 972 had available tIgE levels with a mean 

tIgE level of 198.7 IU.ml-1. We could not identify any association with asthma susceptibility. 

However, we showed that HLA-DRB1*09:01 was associated with increased tIgE levels 

(P=8.5x10-4, weighted effect size 0.51 [0.15-0.87]). 

Conclusions: We identified for the first time an HLA allele associated with tIgE levels in 

African ancestry individuals with asthma. Our report emphasizes that by leveraging powerful 

computational machine-learning methods, specific/extreme phenotypes, and population 

diversity, we can explore HLA gene polymorphisms in depth and reveal the full extent of 

complex disease associations. 

 

Key messages: 

• Using a machine learning-based method and a matching reference population of 

African ancestry, we were able to impute HLA alleles from SNP data with good 

accuracy in the CAAPA dataset. The reference population was instrumental to reach 

high prediction accuracy. 

• The HLA-DRB1*09:01 allele significantly associated with an increase of total serum 

IgE levels in asthmatics of African ancestry. 

 

Keywords: Asthma, HLA, tIgE levels, Atopy, CAAPA, Imputation, Admixture. 
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Abbreviations: 

ADPC: African Diaspora Power Chip 

CAAPA: Consortium on Asthma among African-ancestry Populations in the Americas 

CPU: Central Processing Unit 

GWAS: Genome-Wide Association Study 

HLA: Human Leukocyte Antigen 

IRB: Institutional Review Boards 

IQR: Inter Quartile Range 

NMDP: National Marrow Donor Program 

MHC: Major Histocompatibility Complex 

QQplot: Quantile Quantile plot 

SNP: Single Nucleotide Polymorphism 

tIgE: total serum Immunoglobulin E levels 

WGS: whole-genome sequencing 
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Capsule summary 

By leveraging powerful computational machine-learning methods, specific/extreme 

phenotypes, and population diversity, we identified HLA-DRB1*09:01 associated with total 

serum IgE levels in African ancestry individuals with asthma revealing key aspects of 

complex disease associations. 
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Introduction 

Asthma is a complex chronic inflammatory disease of the airways presenting a large 

variety of phenotypes which can be divided between Th2-high (e.g. allergic asthma) and non-

Th2 (very late-onset) 1,2. The Human Leukocyte Antigen (HLA) molecules play a central role 

in the initiation and regulation of innate and acquired immune responses 3,4, and, as such, have 

been extensively studied for its potential links with numerous diseases. According to the 

GWAS catalog, discoveries inside the HLA genomic region account for 22% of all diseases 

and traits 5, emphasizing the crucial role played by HLA in a large number of immune-related 

pathologies 6. The study of potential associations between HLA and asthma was first reported 

in the 1970’s 7,8, and yet, the precise role of HLA alleles in asthma is not fully understood 1. 

Difficulties for replication of associations include variability in asthma etiologies and 

biological characteristics 2, small sample sizes 1,9, population heterogeneity, the cost of HLA 

molecular typing, and the challenge of interpreting associations due to high allelic and 

structural variations and complex linkage disequilibrium patterns 10. Overall, class II HLA 

alleles appear to be involved in late-onset and allergic asthma in European and Hispanic 

populations 1,11–15. 

With the generalization of genomic studies, an important number of genome-wide 

association studies (GWAS) were conducted on asthma in the past few years 11,12,16–26, and 

notably reported several associations for SNPs within the MHC (Major Histocompatibility 

Complex) region that includes the HLA genes. In particular, SNPs in class II HLA genes were 

associated with asthma in European and Japanese populations 11,12,20,21,23–25. Variations in 

HLA-DQ appear to be the main asthma contributors identified through GWAS, as signals near 

this gene were found in European American, African American, and Latino populations; but 

with different SNPs identified in each ethnic group 22. In addition, genetic ancestry at the HLA 

locus has been associated with both asthma and allergen-specific IgE levels in Latinos 17,21, 

and other HLA variations also seem to play a role (e.g. HLA-G 27 and HLA-DRA 18). However, 

all these studies only focused on investigations at the SNP level, which do not convey HLA 

biological complexity and functional relevance. To fully capture the complex information 

related to antigen presentation and interactions with other immune-related molecules in the 

context of asthma, it is necessary to examine HLA alleles, defined by HLA gene sequence 

(www.ebi.ac.uk/ipd/imgt/hla/) 10 or SNP haplotypes, and HLA 5-genes haplotypes (HLA-

A~HLA-B~HLA-C~HLA-DQB1~HLA-DRB1). 
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Due to the high degree of diversity in the HLA region, HLA alleles exhibit relatively 

low frequencies and only the top 10 most frequent 5-genes haplotypes are in the 1% 

frequency range 28; therefore, a very large sample size or a large effect size is necessary for 

adequate statistical power to detect an association between an HLA allele and asthma. 

However, collecting a very large asthmatic cohort often implies a mix of diverse phenotypes, 

which may introduce heterogeneity of genetic causes and lead to false negative signals. 

Focusing on specific or extreme phenotypes may then contribute to find specific associations 

29,30, even though the working sample size is reduced. 

Here, we leveraged genomic data generated by CAAPA, the Consortium on Asthma 

among African-ancestry Populations in the Americas, to explore for the first time the role of 

HLA alleles on asthma and specific asthma-related phenotypes in a large cohort of African 

ancestry individuals (N = 4,993) 31. CAAPA recently published a GWAS that found strong 

evidence for association at four previously reported asthma loci (whose discovery was driven 

largely by non-African populations), and also identified two novel loci that may be specific to 

asthma risk in African ancestry populations 31. Here, our aims were to deliver the first high-

throughput HLA-centric study of asthma outcomes by performing a case/control analysis of 

asthma susceptibility and a tIgE levels quantitative analysis in subjects with asthma to explore 

atopy. Our hypothesis is that HLA alleles are associated with asthma phenotypes. We also 

hypothesize that a classical GWAS design cannot identify these associations as GWAS focus 

on simple genetics markers (SNPs) that do not fully recapitulate the complexity of the HLA 

genomic region. 
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Methods 

CAAPA 

The CAAPA multi-centre participants were previously described 31. A total of 1,607 

asthmatic cases and 3,365 controls of African ancestry (USA and Barbados) were recruited 

(see table S1, below and in Daya et al. 31 for a full description). Briefly, 8 of 17 of the 

CAAPA investigators contributed data to this study. The distributions of age, sex and age of 

asthma onset for each cohort are summarized in Table S1. Participants in these studies were 

unrelated except for BAGS and HUFS which included families; however, we only included 

the founder’s individuals to perform our statistical analyses on unrelated subjects. Childhood 

onset asthma is defined as having been diagnosed with asthma before 16 years of age. 

Studentized residuals of log10 transformed total serum IgE (tIgE, adjusted for age and sex as 

previously described 32) was available from 4/8 CAAPA studies (see table S1 for mean and 

standard error of tIgE before transformation and figure S8 for population distribution). We 

defined atopy as tIgE level > 80 KU/L. Previous work has shown that the genetic structure of 

the Barbados population is similar to that of African Americans, with subjects from Barbados 

having on average higher proportions of African ancestry compared to African Americans 

19,31. Asthma cases were defined by reported and documented histories of current or past 

physician-diagnosed asthma, while controls reported a negative history of asthma. All 

participants provided written informed consent. This study is an initiative of CAAPA, which 

was funded by the NIH (R01 HL104608). NIH guidelines for conducting human genetic 

research were followed. The Institutional Review Boards (IRB) of Johns Hopkins University 

(for the GRAAD, BAGS and BRIDGE cohorts), Howard University (for the GRAAD and 

HUFS cohorts), Wake Forest University (for the SARP cohort), the University of Chicago 

(for the CAG cohort), University of the West Indies, Cave Hill Campus, Barbados (for the 

BAGS cohort), and University of Mississippi Medical Center (for the JHS and ARIC cohorts) 

all reviewed and approved this study. 

Genotyping and SNP imputation 

Details of genotyping and SNP imputation can be found in the GWAS paper 31. 

Briefly, each CAAPA study was separately genotyped on a variety of GWAS chips, as well as 

genotyped on an African-ancestry specific chip (African Diaspora Power Chip or ADPC) 33. 

All these genomic datasets were imputed using the CAAPA whole-genome sequence 

reference panel on the Michigan imputation server (https://imputationserver.sph.umich.edu) 

34. 
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HLA allele SNP-based imputation and haplotyping 

The HIBAG R package is designed to impute HLA alleles from SNP genotypes using 

a reference panel (or bagging set) built with an attribute bagging machine-learning technique 

35,36. Appropriate reference panels matching the population of interest are crucial to obtain 

accurate imputation. Several reference panels are available publicly 

(http://www.biostat.washington.edu/~bsweir/HIBAG/) but are mostly suitable for European 

ancestry imputation. Due to the complexity and diversity of African ancestry genomes, large 

reference panels are necessary and are yet to be collected; the currently available panel being 

derived from only ~150 African-ancestry individuals. To maximize imputation quality, we 

created our own African ancestry reference panel from a subset of 917 CAAPA individuals 

from whom we had high-resolution genotyped HLA alleles (second field or four-digit), and 

MHC SNP genotypes (accessed from dbGAP, phs001123.v1.p1). The HLA alleles were called 

with the Omixon software (Budapest, Hungary) from whole-genome sequencing (WGS) data, 

and we selected 29,970 MHC SNPs overlapping between the WGS data and the GWAS data. 

From this large HLA+SNP dataset, we used HIBAG to train statistical models called bags 35 

which will serve as a reference for HLA allele imputation from SNP data. With this strategy, 

we obtained 5 bagging sets corresponding to the HLA-A, HLA-B, HLA-C, HLA-DQB1 and 

HLA-DRB1 genes (available upon request). The bagging step is computationally very 

demanding as it required 30,000 CPU-hours on 700 CPUs to build a full reference panel on 

the 5 HLA genes (table S2). We then imputed HLA alleles in all available CAAPA samples 

(N = 4,993, table S1), and selected a post-probability threshold ≥ 0.5 as the recommended 

compromise between good accuracy imputation and call rate from Zheng et al. 35 (table S2 

and S3). Choosing a higher post-probability threshold results in marginal accuracy 

improvements but in a large call rate drop 35. 

The imputed HLA alleles were then uploaded in our in-house web application, Easy-

HLA (http://hla.univ-nantes.fr/) 37, to infer the HLA 5-gene haplotypes (HLA-A~HLA-B~HLA-

C~HLA-DQB1~HLA-DRB1) by extending the method of Gourraud et al. 38. We identified a 

total of 4,077 unique 5-gene haplotypes, including 2,698 haplotypes with only one occurrence 

(frequency = 1.1x10-4) up to one haplotype (30:01~42:01~17:01~03:02~04:02) with 149 

occurrences (frequency = 0.017). To increase power of detecting an association with HLA 

haplotypes, we chose to restrict the regression analyses to 27 haplotypes with at least 20 

occurrences representing a frequency of 0.2% in the pooled CAAPA individuals. 

A complete workflow of the analyses is available as figure S1. 
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Ancestry estimation 

Details of local ancestry inference can be found in the GWAS paper 31. Briefly, after 

performing SNP phasing using ShapeIT 39, the 4,993 genomes were merged with African and 

European genomes from the 1000 Genomes project 40. RFMix 41 inferred 15,824 local 

ancestry segments across the CAAPA genomes, including 20 segments in the MHC region on 

chromosome 6. The mean proportion of African ancestry was calculated from the RFMix 

estimation both genome-wide and in the MHC region. The local ancestry estimate was further 

used to correct for population differences in statistical analyses. 

Statistical analysis 

We performed association analyses on HLA alleles with good imputation accuracy 

(post-probability threshold ≥ 0.5) that were exhibiting an overall (case + controls) frequency 

≥ 2% (54 HLA alleles in total, table S4). For each CAAPA study and each HLA allele, we 

performed a case-control (overall: 1,607 cases vs. 3,365 controls, table S1, fig S1) analysis in 

R 42 using logistic regression models to test for association with asthma susceptibility. From 

RFMix inference (see Ancestry estimation above), we have the information of local ancestry 

within MHC. To account for ancestry, we applied 2 strategies: 1) stratification on local 

ancestry only from African origin and 2) local ancestry as covariate in the regressions. The 

asthmatic cases were further divided between childhood onset (N = 804) and adult onset 

asthma (N = 445) and compared to controls. 

Studentized residuals of log10 transformed total serum IgE (tIgE, adjusted for age and 

sex as described previously 32) was available from 4/8 CAAPA studies. We further 

transformed this adjusted tIgE level into a z-score 43 to allow comparison between cohorts 

(Fig S8). Each HLA allele was then tested for association with tIgE levels separately in 

asthmatics (N = 972, table S1) and non-asthmatics (N = 816) using a linear regression model. 

We accounted for ancestry as described for case-control analyses. Atopy was defined as tIgE 

level > 80 KU/L and was only explored in asthma cases (atopic individuals = 725, and non-

atopic individuals = 247). 

We then performed a meta-analysis using METAL 44 for both case-control and tIgE 

statistical tests. We used the default sample size-based method from the METAL tool. Z 

scores in tables S5 and S6 are a weighted sum of Z score across studies; each Z score 

reflecting the direction of effect and P-value 44. We also computed a weighted effect size 

using the inverse variance based method from the METAL tool for the most significant 
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alleles. We established a stringent Bonferroni threshold of significance at P = 9.3x10-4 

(0.05/54) accounting for the number of alleles tested 45,46.  
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Results 

Description of the study population 

In our study, we had access to a total of 4,993 individuals of African ancestry (USA 

and Barbados) from 8 CAAPA studies (Table S1). Overall, our patients were 39.3% male and 

were recruited at 38.7 years of age on average (for a description of the demographics in each 

cohort, see Table S1). Our analyses only focused on unrelated individuals with a total of 

1,607 subjects with asthma and 3,365 controls (BAGS and HUFS cohorts included some 

family members, these individuals were excluded from our dataset). Finally, tIgE data was 

available for 972 subjects with asthma and 816 controls. In this subset group, median (IQR) 

tIgE was 214.0 (69.0-590.7) IU ml-1 for cases and 66.4 (25.0-212.2) IU ml-1 for controls 

respectively (for a description in each cohort, see Figure S8 and Supplementary Table S1). 

The workflow of the analysis is described in figure S1. 

Admixture in the MHC region 

Due to the recent history of admixture between African and European populations, 

individuals living in the Americas with African ancestry show a high proportion of European 

ancestry (on average 20% of European ancestry across the genome for African Americans and 

African Caribbean) 47. The specific admixture structure within the MHC genomic region has 

not been studied in detail before. To understand the local ancestry structure in the MHC and 

the sensitivity of association results to differences in local ancestry, we inferred the local 

ancestry for the unrelated CAAPA individuals (full dataset, N = 4,993) both across the whole 

genome and specifically within the MHC region, and compared their admixture structure 

(figure 1A). 

The whole genome admixture observed in CAAPA was typical of African ancestry 

individuals with a history of European admixture (figure 1A, top panel), and represents 81.9% 

on average with a median of 83.9% [inter-quartile range 77.3-89.0] of African ancestry across 

the genome for CAAPA individuals (figure 1B), as previously described in Mathias et al. 47. 

As expected, the MHC region showed a non-normally distributed admixture among CAAPA 

individuals with a particular tri-modal distribution (figure 1A, bottom panel) that reflects the 

diploid origin of a small portion of the genome (1/1000). Indeed, we obtained similar tri-

modal distribution patterns with similarly sized chromosome 6 segments (5Mb, figure 1C). 

Within the MHC, we observed European/European ancestry (100% light gray, 2.3% of the 

population), African/African ancestry (100% dark gray, 64.1% of the population), 

European/African ancestry (50/50, 12.6% of the population), and admixed individuals 
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carrying a mosaic of European and African MHC fragments emphasizing the recombination 

events in that locus (21.0% of the population, figure 1A, bottom panel). Importantly, similar 

distributions were observed across the individual CAAPA studies (Fig S3), indicating their 

homogeneity regarding admixture structure. 

While the distribution patterns looked different, the whole genome African ancestry 

proportion correlated significantly with the MHC region African ancestry proportion (figure 

1D; Pearson correlation: R = 0.39 [95% confidence interval 0.37-0.41], P = 4.8x10-180). This 

result indicates that the MHC admixture distribution correlates to the whole-genome 

distribution: individuals above whole-genome African ancestry proportion median (83.9%) 

are carrying a homozygous MHC region segment of African origin for 77.6% of them 

compared to 50.8% for individuals below median (fold increase of 1.5). However, it is 

important to emphasize that this very significant correlation does not preclude specific 

extreme cases such as the following two cases: 1) the red triangle on figure 1D represents an 

individual with 100% African ancestry within MHC region but 41.5% across whole genome; 

2) at the opposite, the green diamond on figure 1B represents an individual with 0% African 

ancestry within MHC region but 89.9% across whole genome. 

HLA alleles imputation 

The imputation of HLA alleles is a powerful computational technique to infer HLA 

alleles only from genotyped SNPs of the MHC using a reference panel 35. The accuracy of the 

imputation depends on the reference panel size and matching with the population of interest. 

Since the publicly available African ancestry reference panel was small (~150) and did not 

yield accurate HLA allele imputation, and because the allelic diversity is larger in African 

ancestry individuals compared to Europeans, we developed our own reference panel from a 

subset of 917 CAAPA individuals for whom we had genotyped HLA alleles in addition to the 

MHC SNP genotypes. Our large matching reference panel provided a much-improved quality 

of imputation (table S3) with an overall call rate of 81% (compared to 42% with the public 

embedded reference panel). This result emphasizes the need to develop and share large and 

diverse reference panels to improve HLA imputation accuracy (our panel is available upon 

request). This innovative approach therefore generated accurate HLA alleles for all CAAPA 

individuals, including 54 common HLA alleles with a frequency ≥ 2% that were further tested 

for association with asthma-related phenotypes. 
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Asthma susceptibility 

For each HLA allele, we conducted a logistic regression analysis comparing asthmatics 

and non-asthmatics while stratifying by 2 African ancestry chromosomes (resulting in 1,178 

cases and 2,421 controls). 

First, we assessed the association of HLA alleles under an allelic model with asthma 

susceptibility in each CAAPA cohort using logistic regression. The results obtained in each 

study (table S1) were subsequently combined by meta-analysis (figure 2). The QQplot 

showed no inflation of P-values, demonstrating the fitness of our statistical model (lambda 

0.93, META in figure S4). No HLA allele passed the Bonferroni threshold of significance 

(P ≤ 9.3x10-4) and the best association was identified for HLA-B*15:16 (P = 0.04, weighted 

effect size 0.43 [0.04-0.83], figure 2). In this setting, we expect a statistical power > 90% to 

detect HLA associations with an allele frequency of 5% and an effect size of 1.5. Running the 

analysis by correcting for local ancestry (Fig S6) or under a dominant model (Fig S5 and S7) 

did not reveal any significant signals (full results presented in table S5). 

We then inferred HLA 5-gene haplotypes (HLA-A~HLA-B~HLA-C~HLA-DQB1~HLA-

DRB1) for each CAAPA individual using the local version of an HLA oriented web 

application (http://hla.univ-nantes.fr/). No statistically significant associations were observed. 

Next, we investigated age-at-onset by running a stratified case-control association 

analysis (N = 804 childhood onset and N = 445 adult onset, respectively) but no significant 

associations were observed. 

Finally, we focused specifically on the HLA alleles that were previously associated 

with asthma-related phenotypes in European and Asian populations 1,9,13–15 (Table 1), but did 

not identify any significant associations. 

Total IgE levels in individuals with asthma 

We next explored HLA associations with asthma atopy by focusing on the tIgE levels 

(available in 4/8 CAAPA studies) among subjects with asthma. tIgE levels are higher in 

asthmatics compared to non-asthmatics (Fig S8), and high tIgE levels associate with more 

severe asthma and lower baseline lung function 48. For each HLA allele, we conducted a linear 

regression analysis in asthmatics using tIgE as a continuous variable while stratifying for 2 

African ancestry chromosomes (resulting in 724 individuals). In the meta-analysis, HLA-

DRB1*09:01 was significantly associated with elevated tIgE levels under an allelic model 

(P = 8.5x10-4, weighted effect size 0.51 [0.15-0.87], moderate heterogeneity across studies 

P = 0.04, figure 2 and 3, Fig S9), indicating that this allele is associated with degree of atopy 

in individuals with asthma. Association effects were in the same direction across all cohorts 
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and HLA-DRB1*09:01 reached nominal significance in two cohorts (P = 0.02 in CAG and 

P = 0.02 in SARP). We obtained similar results by correcting for local ancestry (Fig S11) or 

using a dominant model (Fig S10 and S12, see table S6 for full results). This association is 

specific to the asthmatic population, as no association was found between HLA-DRB1*09:01 

(or any other HLA allele) and tIgE in the controls (N = 816). HLA-DRB1*09:01 had a 

frequency of 3.8% in the overall CAAPA study (Table S4), 3.0% in the tIgE CAAPA 

subgroup (Table S6), 3.1% in the HLA genotyped CAAPA subset (N = 917), and 3.0% in a 

reference African American dataset (http://www.allelefrequencies.net, USA NMDP African 

American) 49, confirming the quality of our imputation and the confidence in this association 

signal. To test for possible biases between cohorts with and without tIgE availability, we 

performed an asthma case/control analysis focusing on the 4 cohorts with tIgE levels data. 

The results did not significantly differ from the whole data analysis and there was still no 

significant signal identified (Table S7). In a sensitivity analysis, we increased the post-

probability threshold to test if our signal would hold. The direction and strength of the effect 

is conserved up to a > 0.7 and > 0.6 threshold, respectively; higher thresholds result in a large 

call rate drop (71% of HLA-DRB1 alleles reach a post-prob > 0.5 and 30% a post-prob > 0.8; 

see Table S8). 

Finally, the HLA alleles that were previously associated with asthma-related 

phenotypes in European and Asian populations 1,9,13–15 were not associated with tIgE levels in 

our population (Table 1). Using tIgE levels, we also stratified our cohort into atopic (N = 725) 

and non-atopic (N = 247) individuals. Performing atopic vs. non-atopic analysis did not reveal 

any significant results, likely due to a lack of statistical power. 
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Discussion 

Our study focused for the first time on HLA allele associations with asthma 

susceptibility and atopy in a large African ancestry cohort of individuals with asthma 

(CAAPA, N = 4,993). We identified the HLA-DRB1*09:01 allele associated with elevated 

tIgE levels in individuals with asthma. 

Thus far, most HLA studies in asthma either had small sample sizes or assessed 

associations only at the SNP level, therefore not fully capturing the complexity and biological 

relevance of the HLA genes in the MHC region. Moreover, since previous studies focused on 

populations of European and Asian descent, studying a large population of African ancestry is 

of great interest as it can shed new light on the relationship between HLA and asthma. In the 

recently published CAAPA GWAS (of the same data) 31, Daya et al. did not identified any 

significant associations for SNPs inside the HLA region (best SNP: rs9272346, P = 0.03). This 

reinforced our strategy to study HLA alleles. To investigate the specific role of HLA in 

asthma, we used a powerful machine-learning based computational technique to infer HLA 

alleles. We developed a new reference panel matching individuals of African ancestry in 

order to increase imputation accuracy in this (genetically diverse) population. We inferred 

HLA alleles with at least 86% accuracy for the HLA-A, HLA-B, HLA-C, HLA-DQB1 and 

HLA-DRB1 genes in all CAAPA studies (table S2). 

As the African American and Barbados African Caribbean genomes are a mosaic of 

European and African ancestral genomes, we first explored the specific admixture structure 

within the MHC genomic region. As HLA genes are under strong selection pressure 50, one 

could have expected differences between the MHC region and the rest of the genome. Our 

analyses revealed a similar proportion of admixture as in the rest of the genome (around 20% 

of European ancestry), and an admixture pattern that is comparable to similarly sized 

segments on chromosome 6 (figure 1C). This indicates that the MHC does not seem to be 

under ancestry-specific selective pressure compared to the rest of the genome and that we can 

analyze this genomic region as any other part of the genome. Yet, we must acknowledge the 

fairly recent history of admixture in African Americans and African Caribbean, having 

occurred only in the last few centuries, which does not exclude the possibility of detecting 

ancestry-specific selection in the future, after many more generations. In our analyses to 

account for admixture, we applied 2 strategies: 1) stratification on local ancestry only from 

African origin and 2) local ancestry as covariate in the regressions (see methods). 
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Our case-control analyses (1,607 vs. 3,365) did not reveal any significant HLA 

associations with asthma susceptibility. Focusing on tIgE levels to study atopy in individuals 

with asthma, we restricted our sample size to only 972 asthmatics from 4 studies (724 after 

African local ancestry stratification) and found HLA-DRB1*09:01 associated with an 

increased level of tIgE in blood (P = 8.5x10-4). This P-value reaches our Bonferroni threshold 

(9.3x10-4) of significance calculated by dividing 0.05 by the number of tested alleles (N = 54). 

This association was not found in control individuals, indicating the specificity of the signal 

for atopy in individuals with asthma. These results illustrate how an extreme phenotype (high 

tIgE levels associated with increased asthma severity 48) such as atopy can maximize 

statistical power of detection by limiting the noise due to the diversity of asthmatic 

phenotypes. 

We have to acknowledge the difficulty of finding additional replication cohorts, with 

CAAPA standing as an exceptionally large dataset. The HLA-DRB1*09:01 allele is relatively 

rare in African and European populations (1-3%) but frequent in East Asian populations (15-

25%) 28. In a validating cohort of 544 Japanese subjects including 103 asthmatics with tIgE 51, 

we did not identify any significant association (tIgE association with HLA-DRB1*09:01, 

P = 0.49, frequency = 11.8%). This is probably due to lack of power, but also could be 

explained by genetic background difference between African ancestry and Asian ancestry 

individuals or dissimilar environmental effects between the Japanese islands and the 

Americas. 

Previous reports showed HLA-DRB1*09:01 associated with several autoimmune 

diseases (rheumatoid arthritis, systemic lupus erythematosus 52, type 1 diabetes -especially 

late-onset- 53 and dermatomyositis 54), especially in Asian populations where the allele is 

more frequent. This suggests that HLA-DRB1*09:01 carriers are at increased risk for self-

peptide presentation and/or exacerbated chronic inflammation. This is in line with the 

pleiotropic effects observed in autoimmune diseases where some factors, especially genetics, 

share pathophysiological mechanisms across a span of autoimmune diseases 55. 

Interestingly, HLA-DRB1*09:01 was identified as a susceptibility allele to food 

allergy (peach allergy) 56. This correlates with our findings of increased tIgE levels for HLA-

DRB1*09:01 carriers. Finally, in the immune epitope database (iedb.org) 57, CD4+ T cell 

epitopes against common environmental allergens were identified using Tetramer Guided 

Epitope Mapping. Among 86 epitopes, 4 Derp2 overlapping epitopes showed evidence of 

specific binding with HLA-DRB1*09:01 tetramers (direct submission to the immune epitope 

database, reference ID: 1024966) 57,58. Derp2 is a well-known allergen from house dust mite 
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and a strong inducer of allergic asthma in susceptible individuals, which can lead to the 

immune system activation and elevation of tIgE level 59,60. In the context of HLA-

DRB1*09:01, this represents another lead in the possible mechanism of action of this allele in 

asthma atopy. The allele could be responsible of an increased activation of CD4+ T cells 

compared to other alleles, by presentation of specific dust mite peptides, which would trigger 

an amplified inflammation environment and result in an increased production of IgE by B 

cells. Further experiments are needed to confirm the association and define the functional 

relationship between HLA-DRB1*09:01 allele and tIgE. 

We have to acknowledge some limitations in our study. Even if this is the largest ever 

African ancestry oriented study of HLA alleles association with asthma, this study remains 

restricted to a relatively small sample size, especially for samples with tIgE levels available 

(N = 972 individuals with asthma). However, this study conveys the ambitious will of 

gathering data from several research groups across multiple cities and countries which 

appears to be the future of genetics studies. The large diversity of cohorts is also a limitation 

both in terms of clinical definitions (different clinicians, definitions evolve through time) and 

in genetics and environmental backgrounds. These effects were limited here by using a meta-

analysis technique and corrections from genetically-computed ancestry. The main difficulty 

remains to find an appropriate replication cohort when the goal of CAAPA was already to 

assemble as many cohorts as possible. 

In conclusion, we identified for the first time HLA-DRB1*09:01 allele association 

with tIgE levels in African ancestry individuals with asthma, potentially through a mechanism 

involving specific peptide presentation and/or increasing inflammation. 
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Figure 1: Ancestry proportion are equivalent between whole genome and MHC 

genomic region. (A) CAAPA individual’s ancestry proportion (full dataset, N = 4,993). X 

axis: each individual. Y axis: ancestry proportion. Black horizontal line: 80% African 

ancestry. The MHC only represents a thousandth of the genome (5Mb on chromosome 6). 

Mean local ancestry: light gray for European, dark gray for African. (B) Violin plot 

comparing African ancestry proportion. Median: white dots. Interquartile range: black boxes. 

Black lines: 95% confidence interval. (C) Density plot comparing African ancestry proportion 

between whole genome (red), MHC region (blue) and similarly-sized chromosome 6 

segments (gray, N = 42 segments). (D) The graph combines 1) a scatter plot comparing 

African ancestry proportion across all CAAPA individuals and 2) a density plot showing the 

proportion of individuals with a specific level of African ancestry in whole genome (right) 

and MHC genomic region (top). The blue line was drawn with the correlation coefficient. 

Pearson correlation: P = 4.8x10-180, R = 0.39 [95% confidence interval 0.37-0.41]. Two 

extreme individuals are represented: red triangle (100% African ancestry MHC, 41.5% whole 

genome), green diamond (0% African ancestry MHC, 89.9% whole genome). 

Figure 2: HLA-DRB1*09:01 allele associates with asthma atopy. Manhattan plot of 

each HLA allele association for case-control analysis (blue) and tIgE analysis (red). P-values 

are meta-analysis from regression analyses stratified for African ancestry chromosomes and 

represented as -log10 of P-values. Red horizontal line represents Bonferroni threshold of 

significance (P = 9.3x10-4). Black horizontal line represents nominal threshold of significance 

(P = 0.05). Each HLA allele tested are represented. 

Figure 3: HLA-DRB1*09:01 allele associates with higher tIgE. (A) Box plot 

comparing tIgE level between Asthmatics with 1 or 2 HLA-DRB1*09:01 allele (+/- and +/+) 

and Asthmatics without HLA-DRB1*09:01 allele (-/-). tIgE level is expressed in z-score. The 

N representing the number of individuals in each group is depicted on the graph, these 

numbers exclude HLA-DRB1 alleles with a post-probability < 0.5 and individuals with 2 

chromosomes from African ancestry (Figure S2). (B) Forest plot representing the association 

between HLA-DRB1*09:01 and tIgE in the different CAAPA cohorts where tIgE is available. 

weighted effect size 0.51 [0.15-0.87]. BAGS effect size 0.07 [-0.41-0.56]. CAG effect size 

1.48 [0.31-2.64]. GRAAD effect size 0.80 [0.00-1.60]. SARP effect size 1.23 [0.24-2.21]. 
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value P-value 

DQB1*05:01 0.82 0.55 Hispanic, 

European 

10051703 9, 

17686102 14 

DRB1*01:02 0.95 0.66 Hispanic, 

European 

12878360 15, 

22397267 13, 

17686102 14 

DRB1*13:01 0.09 0.09 European 17686102 14 

Table 1: P-values of previously found asthma associated HLA alleles tested in our 

study. P-values are from the meta-analysis on case-control and tIgE levels in CAAPA 

individuals with asthma using an allelic model and stratifying for 2 African ancestry 

chromosomes. 

 










