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Introduction: Components of the immune response have previously been associated with the pathophysiology of atopic dermatitis (AD), specifically the Human Leukocyte Antigen (HLA) Class II region via genome-wide association studies, however the exact elements have not been identified.
Methods: This study examines the genetic variation of HLA Class II genes using next generation sequencing (NGS) and evaluates the resultant amino acids, with particular attention on binding site residues, for associations with AD. The Genetics of AD cohort was used to evaluate HLA Class II allelic variation on 464 subjects with AD and 384 controls.
Results: Statistically significant associations with HLA-DP α and β alleles and specific amino acids were found, some conferring susceptibility to AD and others with a protective effect. Evaluation of polymorphic residues in DP binding pockets revealed the critical role of P1 and P6 (P1: α31M + (β84G or β84V) [protection]; α31Q + β84D [susceptibility] and P6: α11A + β11G [protection]) and were replicated with a national cohort of children consisting of 424 AD subjects. Independently, AD susceptibility-associated residues were associated with the G polymorphism of SNP rs9277534 in the 3’ UTR of the HLA-DPB1 gene, denoting higher expression of these HLA-DP alleles, while protection-associated residues were associated with the A polymorphism, denoting lower expression.
Discussion: These findings lay the foundation for evaluating non-self-antigens suspected to be associated with AD as they potentially interact with particular HLA Class II subcomponents, forming a complex involved in the pathophysiology of AD. It is possible that a combination of structural HLA-DP components and levels of expression of these components contribute to AD pathophysiology.
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1 INTRODUCTION
Atopic dermatitis (AD) is one of the most common dermatologic illnesses with a known genetic predisposition (Abuabara et al., 2019a; Abuabara et al., 2019b; Chiesa Fuxench et al., 2019; Silverberg et al., 2019). It is often hypothesized to be a disorder involving both skin barrier and immune system dysfunction, the latter of which is thought to be mediated by antigen and centered on the activation of the TH2 pathway (Gough and Simmonds, 2007).
The Human Leukocyte Antigen (HLA) region of chromosome 6 is frequently associated with immune mediated illnesses (Gough and Simmonds, 2007). Using next-generation sequencing technology (NGS), we recently evaluated associations between HLA Class I genetic variation and AD (Margolis et al., 2021a; Margolis et al., 2021b). HLA Class II molecules, as part of the adaptive immune response, play a major role in the presentation of antigens to CD4 T cells, so we extended our study to include the characterization by NGS of HLA Class II polymorphisms. Presentation of antigen through the skin occurs via antigen presenting cells that contain receptors formed by highly polymorphic molecules (epitopes) in HLA Class II as HLA-DR, HLA-DQ, and HLA-DP (Couture et al., 2019). These genes and the subsequent receptor epitopes from these genes create highly variable HLA Class II binding groves that interact with antigen(s) (Couture et al., 2019; Gong et al., 2020). The formed epitopes within these grooves have varying affinities for antigen(s) thereby playing an important role in antigen presentation (van Lith et al., 2010; Couture et al., 2019; Gong et al., 2020). The functioning of HLA Class II is, therefore, consistent with the hypothesized immunologic basis of AD.
In the past, large genome wide association studies (GWAS) relied on imputation protocols for HLA and evaluated HLA associations in cohorts of primarily Europeans and Asians with AD (Paternoster et al., 2011; Sun et al., 2011; Weidinger et al., 2013; Paternoster et al., 2015). These reports identified HLAs associated with AD or other allergic illnesses, such as asthma and food allergy, which are diseases commonly seen with AD. These HLA associations were most frequently in the HLA Class II region (Weidinger et al., 2010; Paternoster et al., 2011; Hirota et al., 2012; Weidinger et al., 2013; Paternoster et al., 2015). Given the critical role of HLA Class II genes in the adaptive immune response, prior identification of specific HLA polymorphisms relevant to AD, and the potential role that HLA Class II polymorphisms may play in AD susceptibility/protection, deeper exploration of HLA Class variation is warranted.
Several smaller studies using older immunogenotyping technology have explored the relationship between HLA allelic variation and AD as well as comorbid “atopic” illness like asthma, food allergies, and seasonal allergies with conflicting results (Paternoster et al., 2011; Sun et al., 2011; Weidinger et al., 2013; Margolis et al., 2015; Paternoster et al., 2015). For example, Aron et al. found a strong positive relationship between HLA Class II DR4 and DR7 alleles with atopy and asthma in a Finnish cohort (Aron et al., 1996). HLA-DRB1, -DQB1 and -DPB1 genotypes were shown to be correlated with peanut allergy in a British study (Howell et al., 1999). In a small Japanese study, HLA-DRB1 and -DQB1 alleles were associated with severe AD with high IgE levels (Saeki et al., 1995). In contrast, Affes et al. found no association between AD and HLA-B, -DR and -DQ, whereas HLA-A had a protective effect in a cohort of Tunisian patients (Affes et al., 2007). Park et al. showed an association of HLA-DRB1 with AD in Korean children with food allergy (Park et al., 2012). In a small study of African-Americans, HLA-DRB1 allelic variation was specifically associated with HLA-DR receptor binding-pocket changes that were associated with both the onset and persistence of AD; these associations were not found in Whites (Margolis et al., 2015). Madore et al. reported an association between HLA-DQB1 and peanut allergy (Madore et al., 2013).
Employing advances in sequencing technologies, we performed HLA gene targeted sequencing to fully characterize the HLA genes in an AD case-control cohort [Genetics of Atopic Dermatitis (GAD) cohort], where the goal of this study was to determine whether genetic variation of these genes is associated with the likelihood of susceptibility to or protection from AD. Next-generation sequencing (NGS)-based technologies is now common in clinical practice for HLA genotyping labs supporting transplant programs but is still rarely performed for large-scale disease association cohort studies. We conducted a comprehensive and detailed characterization of HLA genes (including exonic, intronic, and some 3’ UTR sequences). Previously, we utilized this cohort to study the Class I HLA genes and found one allele associated with AD, B*53:01, and four alleles (A*01:01, A*02:01, B*07:02 and C*07:02) and six HLA protein residues (HLA-A 9F, HLA-A 97I, HLA-A 152V, HLA-A 156R, HLA-B 163E, and HLA-C 116S) that were associated with protection from AD (Margolis et al., 2021b). Our current study undertook a different approach to study the HLA Class II genes, taking into account the nature of the Class II genes to form dimers of the alpha and beta genes on the cell surface to present peptides. First, we evaluated allelic variation in the GAD cohort for the HLA Class II genes HLA-DRB1, DQA1, DQB1, DPA1, and DPB1. Based on the allelic variation, we assessed the differential frequency of specific amino acid residues comprising the binding pockets of the -DR molecules (Zerva et al., 1996; Raychaudhuri et al., 2012; van Deutekom and Keşmir, 2015). Next, we evaluated the differential frequency of HLA Class II A1-B1 haplotypes formed for the DQ and DP dimers and the pocket residues, critical for peptide binding, within each of the DQ or DP dimers. HLA-DRA is not polymorphic so it is not necessary to characterize the HLA-DRA1/-DRB1 dimers (Matern et al., 2020). Additionally, we also assessed the polymorphisms of the other, non-antigen recognition domains, DQ or DP α2, DQ or DP β2 domains, the transmembrane and cytoplasmic regions, and a 3’ UTR of DPB1 single nucleotide polymorphism (SNP) rs9277534, known to be associated with DP expression (Thomas et al., 2012; Schöne et al., 2018). A replication cohort, The Pediatric Eczema Elective Registry (PEER) was also HLA characterized by NGS and used to confirm the associations identified with the GAD cohort. Our set of analyses, which relied on the detailed characterization of HLA genes via NGS, help to further our understanding of the genetic basis of AD. Moreover, this analytic framework can potentially serve as a model for future studies of HLA polymorphisms identified through NGS in a range of diseases.
2 MATERIALS AND METHODS
2.1 Population
Our primary study was comprised of 849 subjects from the Genetics of Atopic Dermatitis (GAD) cohort that included 464 cases (AD) and 385 controls (who did not have AD) (Margolis et al., 2015; Margolis et al., 2021b; Margolis et al., 2021c). All subjects were examined by dermatologists with expertise in the diagnosis of AD from the following Dermatology practice locations: University of Pennsylvania Perelman School of Medicine, Children’s Hospital of Philadelphia, Pennsylvania State University/Hershey Medical Center, and Washington University School of Medicine in St Louis. All subjects had a history and an exam consistent with AD (cases) or no history of AD (controls). There was no age restriction for enrollment. HLA polymorphisms, as well as AD genetic variation, can be highly dependent on race, so we focused on White and Black Americans in our study (Margolis et al., 2019). All subject-related information was obtained using a standard case report form that was completed by the subject or by an investigator after subject interview and/or medical record review.
All subjects or legal guardians provided written informed consent or, if appropriate, assent approved by their appropriate Institutional Review Board.
After completion of the study, a replication cohort of 424 AD subjects, called the Pediatric Eczema Elective Registry (PEER) was HLA characterized and used to assess the findings in the GAD cohort. This registry is described in detail is previous publications and compared to the 385 GAD controls (Margolis et al., 2012).
2.2 HLA genotyping
DNA was collected using Oragene DNA collection kits (DNA Genotek, Ottawa Canada) as previously reported (Margolis et al., 2012). The five HLA Class II genes (DRB1, DPA1, DPB1, DQA1, and DQB1) for individuals in the GAD cohort were sequenced using targeted amplicon-based NGS with Omixon Holotype HLA™ V2 kits (Budapest, Hungary). HLA genes were amplified (Qiagen LR PCR kits, Valencia, CA) on a Veriti thermal cycler (ThermoFisher, Waltham, MA), then amplicons from each gene were pooled per sample with library preparation occurring according to the manufacturer’s protocol. The final library was sequenced on an Illumina MiSeq (San Diego, CA) using paired-end 2 × 150 V2 chemistry. Omixon Twin™ (7,000 pairs/locus, v, 2.5.1) and GenDx NGSengine® (Utrecht, Netherlands, 300,000 pairs/sample) analyzed each set of Fastq files. Genotyping was conducted in the Immunogenetics Laboratory of Children’s Hospital of Philadelphia, a CLIA and ASHI accredited clinical laboratory, using clinical protocols with appropriate quality controls and standards.
2.3 Data analysis
The NGS sequencing included full genomic characterization of HLA-DPA1, -DQA1, -DQB1 genes and partial characterization for HLA-DPB1 and -DRB1 (exon 2 to the 3’ UTR). All results were presented at two field resolution. Protein variations were determined using the IPD-IMGT/HLA database (Robinson et al., 2020). We focused on known binding pocket residues for -DR, - DQ, and -DP as being critical for peptide binding and therefore possibly involved in disease processes.
Allelic frequencies (AF) were based on the number of chromosomes with alleles that coded for the residue variant and were estimated along with 95% confidence intervals (CI). Epitope or Residue frequencies (RF) were based on the number of chromosomes with alleles that coded for the residue variant. Frequencies were estimated separately for those with and without AD. Logistic regression was used to estimate the odds ratio (OR) of having AD, assuming an additive genetic model for the allele or residue. Additional analyses were conducted within racial subgroups. Amino acid residue analysis was restricted to polymorphic residues within the binding pocket of the HLA molecules. Binding pocket residues were identified based on published crystal structures for each HLA molecule, whereby the residues that were found to be within a 4-Å neighborhood of the presented peptide were included (Stern et al., 1994; Chicz et al., 1997; Henderson et al., 2007; Dai et al., 2010; Tollefsen et al., 2012; Kusano et al., 2014; Jiang et al., 2019; Ting et al., 2020).
The mature Class II molecules are composed of an α and a β chain, products of the respective A1 and B1 genes of each of the DQ and DP Class II genes. The α1 domain of the α chain and the β1 domain of the β chain form the binding site. Since both chains are polymorphic, at least for DQ and DP molecules, we explored the possible contributions generated upon formation of the dimer, and therefore the concept of haplotypic analysis. Haplotype analysis was conducted using the BIGDAWG package in R (version 3.6.2), which utilizes the R-routine haplo.stats and haplo.em to estimate haplotypes, to account for the eventual dimerization of particular pairs of α and β chains (Pappas et al., 2016). Significance was assessed using a chi-squared test. The results of using the BIGDAWG package was further confirmed by using an independent approach for haplotype generation. Haplotype analysis was only performed for the HLA-DPA1/-DPB1 and HLA-DQA1/-DQB1 pairs of genes. Note that the haplotype analysis refers to the A1 and B1 genes of a single isotype and does not refer to the extended DP ∼ DQ haplotype. Haplotype analysis was not performed for the HLA-DRA/DRB1 pair of genes since DRA is not polymorphic (Matern et al., 2020) and not characterized in our study. The DRB1 gene was therefore evaluated assessing all polymorphisms located on the DRβ chain and participating in the formation of the DR binding pockets. To identify relevant residues on the α/β chains of DP and DQ molecules influencing AD, we used alleles or haplotypes with significant p-values showing opposing directionality for their association with AD, and identified polymorphic residues, focusing on those that participate in pocket formation. The described approach has been previously used to identify residues of relevance for tuberculoid leprosy on the DR molecules (Zerva et al., 1996).
For completeness, all remaining polymorphic residues that were outside of exon 2 of each A1 and B1 genes (exons 1, 3, 4, 5, 6, depending on the particular gene), were analyzed and evaluated for association using logistic regression in R. Specifically, for the DPB1 gene, an additional polymorphism SNP rs9277534 at the 3’ UTR was inferred based on HLA-DPB1 genotyping (Schöne et al., 2018). SNP rs9277534 is previously reported to be associated with expression levels of DP molecules and was evaluated as high or low HLA-DPB1 expression using logistic regression for its contribution to protection or disease (Thomas et al., 2012).
To further explore the relationship and the possible independent effect of significant amino acid positions and residues found in different regions of the DPA1 and DPB1 gene, including the A/G polymorphism of rs9277534 SNP, we assessed linkage disequilibrium (LD) among these entities. LD was calculated in the whole GAD cohort using the LD coefficient D (D = pAB – pApB, where pAB is the frequency of the amino acid residue of interest and rs9277534 SNP of interest co-occuring on the same haplotype, pA = frequency of the amino acid residue of interest, pB = frequency of rs9277534 SNP of interest; generally ranging from −0.25 to 0.25 but is dependent upon allele frequency). Further, the correlation coefficient, R2, was calculated using D to account for the frequency of the alleles in the population (R2 = D/(pA (1-pA)pB (1-pB) (Slatkin, 2008). The same strategy was used to evaluate the LD between two amino acid residues in different DPA1 or DPB1 regions, replacing the polymorphisms of rs9277534 SNP with a second amino acid residue of interest in the above calculations.
An additional type of analysis was undertaken involving the possible relationship of T cell epitope (TCE) groups with AD. Each TCE group is defined by a distinct combination of amino acid residues that influence the peptides bound to the HLA-DP protein and presented to T cells. Originally, and in the context of hematopoietic stem cell transplantation, the HLA-DPB1 alleles were organized into TCE groups by experimental methods by Zino et al. (Zino et al., 2007). The definitions of TCE groups was further extended to all alleles using a functional distance method by Crivello et al. (Crivello et al., 2015). The TCE classification is based on exon 2 amino acid composition and an updated TCE classification is maintained for all alleles as part of the IPD-IMGT/HLA database (Robinson et al., 2020) using the Crivello functional distance method (Crivello et al., 2015). HLA-DPB1 alleles from both the GAD and PEER cohorts were assigned the TCE group that is defined by the Crivello functional distance method available through the IPD-IMGT/HLA database. For the novel DPB1 alleles that exist in either the GAD or PEER cohort, all novelties are outside of exon 2, and were assigned a TCE group that corresponds to the known allele that shares exact exon 2 sequence with the novel allele.
The odds ratios were not adjusted for other atopic illnesses like asthma, seasonal allergies, or food allergies because these illnesses are likely on the same causal pathway as noted in studies of the atopic March (Kapoor et al., 2008; Davidson et al., 2019). Our final analysis was at the amino acid level within the binding pocket of the HLA molecules (e.g., a phenotype). We report the Bonferroni correct threshold by number of variants or residues analyzed per HLA gene. We also report the uncorrected p-value. All statistical analyses were conducted using Stata Version 17.0 (College Station, TX) or R (R Foundation, version 3.6.2).
3 RESULTS
The GAD cohort consisted of 849 total subjects. Genotyping was available for -DRBI from 803 subjects, for -DPA1 from 783 subjects, for -DPB1 from 784 subject, for -DQA1 from 782 subjects, and for -DQB1 from 774 subjects. As previously described (Margolis et al., 2021b), in the entire GAD cohort 59.2% (n = 503) reported their race as White, 37.1% (n = 315) reported their race as Black, 56.2% (n = 477) were Female (n = 477) and 54.6% (n = 464) had atopic dermatitis. For the 464 individuals in the GAD cohort with AD, 50.0% (n = 203) were White, 43.8% (n = 203) were Black, 63.5% (n = 63.5%) were Female. For those with AD, the median age of onset of AD was 0.75 years (interquartile range (IQR): 0.25–11), however the median age when a sample was obtained for this study was 54.0 years (IQR: 38.4–63.7) for those with AD and 51.9 years (IQR: 35.0–65.9) for the controls. Overall, 45.1% (n = 342) of GAD had seasonal allergies and 39.3% (n = 290) had asthma. Within the AD sub-cohort, 64.4% had seasonal allergies (n = 290) and 56.4% (n = 254) had asthma. As expected and previously reported (Paternoster et al., 2011; Sun et al., 2011; Weidinger et al., 2013; Paternoster et al., 2015), seasonal allergies and asthma are significantly different in the case and control groups (p < 0.001). Furthermore, the female subjects are significantly increased among those with AD as compared to the control group (p < 0.001) (Chiesa Fuxench et al., 2019; Silverberg et al., 2019).
Sixteen HLA-DRB1, ten HLA-DQA1, ten HLA- DQB1, four HLA-DPA1, and seven HLA-DPB1 alleles had a frequency of ≥0.05 in the full GAD cohort, the White sub-cohort, or the Black sub-cohort (Table 1, all alleles in Supplemental Table 1). Allelic frequency did vary by race and presence or absence of disease (Table 1). After statistical correction no DRB1 alleles were associated with AD. No DQA1 alleles and one DQB1 allele was significantly associated with AD after correction; DQB1*03:19 (2.45 (1.35, 4.44); p = 0.003). This allele is more common in Blacks than Whites (frequency <0.01). The low AF in Whites likely resulted in an unstable effect estimate for Whites (Table 1; Table 2). Three DPA1 alleles were significantly associated after correction with AD. DPA1*01:03 (0.60 (0.49, 0.73); p = 5.92 × 10−07) was associated with a decreased risk of AD and DPA1*02:01 (1.49 (1.17, 1.91); p = 0.0013), and DPA1*02:02 (1.78 (1.22, 2.59); p = 0.0028)) were significantly associated with an increased risk of AD. Finally, DPB1*04:01 (0.57 (0.46, 0.71); p = 7.81 × 10–07) was significantly associated with a decreased risk of AD. Effect estimates did vary by race, however, the 95% CI overlapped (Table 2).
TABLE 1 | Allelic frequency based on chromosome with 95% CI for DRB1, DQA1, DQB1, DPA1, and DPB1 for variants with at least a frequency of >0.05 by case and control status and by race.
[image: Table 1]TABLE 2 | Logistic regression of GAD and Class II. Alleles filtered at greater ≥0.05; Correction factors for each gene: DPA1: 4 (p < 0.0125); DPB1: 7 (p < 0.007), DQA1: 10 (p < 0.005), DQB1: 10 (p < 0.005) and DRB1: 16 (p < 0.003). Bold indicates significant p-value.
[image: Table 2]Since the A1 and B1 genes of -DP and -DQ are both polymorphic and exist in particular haplotype combinations (i.e., DQA1∼DQB1 and DPA1∼DPB1) resulting in heterodimers of α and β chains, the binding sites formed from the α and β chains of a given combination are functionally meaningful. The relative frequencies and p-values of the different DQA1∼DQB1 and DPA1∼DPB1 haplotypes in our control and AD populations are shown in Table 3. No remarkable differences are observed in the distribution of DQA1∼DQB1 haplotypes. A number of DPA1∼DPB1 haplotypes appear to have significant differences between the two groups (Table 3). Of note is that one of the DPA1∼DPB1 haplotypes (DPA1*01:03∼DPB1*04:01) is associated with protection and highly significant (p = 4.76 × 10−07). The same DPA1*01:03 and DPB1*04:01 alleles were found to be associated with protection with significant differences when evaluated as independent alleles (Table 2). Additionally, we noticed (Table 3; Figure 1A) that there are several DPB1 alleles (DPB1*06:01, 18:01 and 104:01) found in a haplotype with the DPA1*01:03 allele that have opposing direction (OR>1), suggesting association with AD.
TABLE 3 | Haplotypes for the entire dataset for HLA molecules with alpha and beta chains sequenced. Correction factor for DPA1∼DPB1 is 20 (p < 0.0025), DQA1∼DQB1 is 24 (p < 0.00208). Significant p-values are bold.
[image: Table 3][image: Figure 1]FIGURE 1 | Protein alignment of select DPB1 and DPA1 alleles. (A) DPB1 alignment. (B) DPA1 alignment. Residues that are polymorphic are bold. Residues with a gray background indicate a pocket residue.
Adapting the same approach previously applied in a study of tuberculoid leprosy (Zerva et al., 1996), whereby alleles with opposite directionality of association can guide our search for the relevant residues that influence disease process, we identified 14 residues (8, 9, 11, 36, 55, 56, 57, 65, 69, 76, 84, 85, 86 and 87) in the β1 domain to be different between the DPB1*04:01 and the group of DPB1*06:01, 18:01 and 104:01 alleles (Figure 1A). Of those residues in the β chain, the residue at position 84 is part of pocket 1, residue at position 76 is part of pocket 2, residues 69 and 76 are part of pocket 4, residues 65 and 69 are part of pocket 7, residues 9, 36 and 55 are part of pocket 9 and residue 11 is part of pocket 6 (Table 4). In a similar fashion we identified the pocket residues that are different between the DPA1 alleles associated with disease and protection (Figure 1B). The DPA1*01:03 allele was associated with protection and the other 3 alleles, DPA1*02:01, *02:02 and *03:01, were associated with disease (Table 2). For the DPα chain we find that residues 11 and 66 are part of pocket 6, while residue 31 is part of pocket 1 (Table 4). Thereafter, and knowing the different residues of the pockets associated with AD or protection, we evaluated the distribution of these pocket residues in the whole population of control and AD subjects. In the analysis of pocket residue combinations shown in Table 5 we found that amino acid combinations of pocket residues of the DP dimer may be associated with protection or AD. In terms of AD association or protection, it appears that while there are pockets influenced by both DP α and β chain residues, like pocket 1 (α31, β84) and 6 (α11, β11), there are others that are influenced only by residues of the β chain, like pocket 4 (β69 and 76), pocket 7 (β65 and 69) and pocket 9 (β36 and 55). More specifically the combinations of α31M + (β84G or β84V) at pocket 1, α11A+ β11G at pocket 6, β36A+ β55A at pocket 9, and β69K + β76M at pocket 4, are associated with lower risk and therefore protective, while the combination of α31Q + β84D is associated with increased risk of disease (Table 5). The performed analysis was targeted and involved predetermined positions and amino acids generated from the described analytical approach, hence, the only correction factor here is the number of different estimates, that is 10, and shown in Table 5.
TABLE 4 | Pocket Residues for DP proteins. Residues that are bold are identified to be polymorphic in Figure 1.
[image: Table 4]TABLE 5 | HLA-DP Pocket Residue Analysis. Correction factor of 10 (p < 0.005; bold text).
[image: Table 5]Regarding the analysis of the DRB1 gene, we focused on the polymorphic pocket residues of DRβ chain. The DRB1 polymorphisms specific to pocket residues are shown in Supplemental Table 2, none of these differences were statistically significant after p-value correction (n = 63, threshold p-value = 0.0008). Also considering that the DQA1∼DQB1 haplotyping did not reveal any significant associations, we evaluated the polymorphic pocket residues of the DQA1 and DQB1 genes independently (Supplemental Table 2). Accounting for the 25 DQA1 and 45 DQB1 comparisons, none of these residues demonstrated a statistically significant difference after correction.
Assessing polymorphisms in the non-exon 2 sequences of the DRB1, DQA1, and DQB1 alleles revealed no significant differences (Supplemental Table 2). However, DPα and β chains, did reveal other additional residues being of significance located in exon 3 and other segments of the molecule like transmembrane and cytoplasmic domains (Supplemental Table 2). These residues were the following: DPα111, 127, 160 and 228 and DPβ96 and 170. To assess whether any of these polymorphisms outside of the α1 and β1 domains were conferring independent risk from those identified within the α1 and β1 domains in the previous analysis we performed an assessment of LD. The amino acids in these positions of the non-α1 and β1 domains were found to be in variable LD with polymorphisms of the α1 and β1 domains (Supplemental Table 3). Since very strong LD is demonstrated between the non-α1 and β1 residues with at least one of the α1 or β1 residues it is unclear as to whether they confer an independent contribution to susceptibility or protection.
Additionally, the frequency of SNP rs9277534 polymorphisms, that denote relative expression of the DPB1 gene, were evaluated. The G polymorphism for rs9277534 SNP located in the 3’ UTR of the DPB1 gene, reflecting higher expression, was associated with AD (OR = 1.45, p = 4.71e-04), while the alternative, A, reflecting lower expression, was associated with protection (OR = 0.69, p = 4.71e-04) (Table 6). It was also noted that neither G nor A was associated with any of the two racial groups included in our study.
TABLE 6 | Logistic regression analysis of DPB1 expression SNP rs9277534. Bold text indicates significant p-value.
[image: Table 6]Considering the strong linkage disequilibrium of these A/G polymorphisms with DPB1 alleles, the LD of the A/G SNP polymorphism with each of the positions from Table 5 and Supplemental Table 2 with at least one significant association, was assessed (Table 7) (Schöne et al., 2018). The underlying principle here is that, while DPB1 alleles may be in LD with the 3’ UTR SNP rs9277534 polymorphism, that does not mean that individual residues of the DP molecule will necessarily be in LD with either G or A of the rs9277534 SNP. A particular residue may be present on several alleles, some of which may be in LD with the G and some others with A SNP. Indeed, it was observed that while some of these residues are in LD with the A (DPβ84G and β76M) or G polymorphism (DPβ84D), not all residue polymorphisms of the binding pockets, with significance for either susceptibility or protection, are in LD with the rs9277534 SNP (DPβ36A, β55A, β69K) (Table 7). Upon assessing the LD between exon 3 polymorphisms and the rs9277534 SNP, it was found that there is very strong LD between the two (DPβ96, β170) (Table 7), suggesting interrelated functionalities between the expression of DPβ molecule and the β2 domain itself.
TABLE 7 | Relationship between DPB1 positions with at least one residue of significance for protection/association of AD (Table 5; Supplemental Table 2) with DPB1 alleles found in this study and the 3’ UTR SNP rs9277534. Alleles with frequency >0.05 are bold and underlined. (p) = protection; (s) = susceptibility.
[image: Table 7]Regarding the analysis of our data using the TCE groups for the DP alleles we found moderate correlation between TCE group 3 and multiple pocket residues to be associated with protection from AD: P1 (α31M + (β84G or β84V); r = 0.53), P4 (β69K + β76M; r = 0.44), P6 (α11A + β55G; r = 0.59) and P9 (β 36A + β84V; r = 0.43), while we also found moderate correlation between TCE group 1 and P1 residues associated with AD (α31Q + β84D; r = 0.40). Table 8 shows the relative association of each one of the TCE groups for protection or susceptibility to AD, whereby TCE group 3 is associated with protection from AD (OR = 0.64, p = 0.00100) and TCE group 1 is associated with susceptibility to AD (OR 1.76, p = 0.0097).
TABLE 8 | Associations between DPB1 TCE groups and Atopic Dermatitis in the GAD cohort. Correction factor of 3 (p < 0.0167; bold text).
[image: Table 8]In PEER, a cohort of children with AD used as a replication cohort, we confirmed that children with DPA1*01:03 and DPB1*04:01, and the DPA1*01:03∼DPB1*04:01 haplotype, were less likely to have AD as compared to the GAD controls. For this comparison we used controls from the GAD cohort because the PEER cohort was comprised of only AD cases which were used to study the progression of disease over time. As in many genetic association studies, such as GWAS, data from a standard set of controls are often used for different case comparisons because the underlying premise is that the “public” control group is representative of the underlying relevant non-diseased population (Mitchell et al., 2014). We also confirmed the susceptibility role of P1: α31Q + β84D and protective role of P1: α31M + (β84G or β84V) and P6: α11A + β11G. However, the DP β chain residues of pockets 4 and 9 were not confirmed. (Table 9). Furthermore, it was confirmed that the distribution of the SNP rs9277534 polymorphisms A/G in the PEER cohort was such that the A remains to be associated with protection and ‘G’ with susceptibility. None of the associations between TCE groups and AD were replicated in the PEER cohort. No correction was applied to the p values, as this study was a replication confirming the findings of the GAD cohort.
TABLE 9 | Replication of GAD case findings using PEER subjects for the significant associations found in the GAD cohort. Bold indicates significant p-value.
[image: Table 9]4 DISCUSSION
HLA Class II genes are involved in the formation of molecules integral to the presentation of antigens to CD4 T cells and as a result are part of immune mediated responses and illnesses. We conducted a case-control study of individuals with and without AD using high-resolution NGS sequencing of genes in the HLA Class II region. We also evaluated individuals by White or Black race. After statistical adjustment for multiple comparisons, we found no associations between HLA-DRB1, DQA1 or DQB1 alleles or any of their positional residues or amino acids with AD. Analysis of DPA1 and DPB1 alleles, DPA1/DPB1 dimers and pocket residues had significantly different distributions between the control and disease cases. This evaluation allows for assessing the role of positional residues and of specific amino acids in a way that is independent of specific -DP alleles. This evaluation is meaningful because individual alleles may not be significantly associated with AD, while specific positional amino acids that are shared among multiple alleles can demonstrate significant associations between control and disease cases. Considering that the operational entities influencing peptide binding are the pocket residues, this type of analysis allows for a better assessment of the sub-molecular components of an HLA molecule that contributes to disease or protection. The findings were replicated in a second group of AD cases from the PEER cohort for the P1 and P6 pockets and their respective residues. Replication did not confirm the involvement of the P4 and P9 pocket residues. More specifically, P1; α31Q + β84D are associated with a susceptibility role and P1: α31M + (β84G or β84V) and P6: α11A + β11G are associated with a protective role. In summary, -DPA1 and B1 genomic variation is associated with AD but no other Class II genes are associated with AD.
Accounting for the relative expression of the DPs on the cell surface, whereby the residue β84G, which was associated with protection, is in LD with the rs9277534 3’ UTR SNP polymorphism indicating lower expression (A), while the residue (β84D) associated with disease is in LD with the SNP reflecting higher expression (G), it becomes apparent that a combination of polymorphisms in the coding region, together with cell surface expression of the DP molecule and the presented non-self antigen, may set the stage for the ensuing immune response that results in protection or disease.
It should also be mentioned that the absolute LD identified between exon 3 – transmembrane region-3 UTR SNP rs9277534 (residue 96R-170T-SNP A or residue 96K-170I-SNP G) of DPB1 in our population (Table 7), denotes a possible interdependence between these polymorphisms and expression as reflected by SNP rs9277534 in the 3’ UTR of the DPB1 gene. It is unclear as to how these non-exon 2 polymorphisms may coordinate functionalities critical for the molecule, but this LD character contrasts to the somehow strong but not absolute LD between the rs9277534 SNP and exon 2 polymorphisms that comprise the part of the DP that serves as a receptor for peptides and T cell receptor interactions (Table 7). Furthermore, residue DPβ11G that is associated with protection is in rather weak LD with exon 3 polymorphisms (β96 and β170, Table 8) and also the rs9277534 SNP A (Table 7). It therefore appears that association with protection may or may not depend entirely on the low levels of expression of the DP molecules. If we assume that protection can be an active state of the immune response, like susceptibility is, then there may be T cell responses of regulatory nature that actively diminish the immune response; these mechanisms may be influenced not only by structural components but also expression patterns and the peptides presented by the DP molecule. Lower expression of these DP structural components can be compatible with the protective role; nevertheless, the details of the interactions between structure and expression are not entirely clear. It should be clarified that in our study we claim associations of either pocket residues or SNPs denoting expression with susceptibility or protection but we do not demonstrate that these residues or SNP polymorphisms are engaged directly in specific mechanisms resulting in disease susceptibility or protection.
In conclusion, the LD observed among polymorphisms in exonic sequences (particularly exon 3 and to lesser extent exon 2) and non-coding regions (intron 2 or 3’ UTR) is an indicator suggesting coordinated functionalities maintained through the evolutionary history of the DPB1, connected through the different segments of the DPB1 genomic sequences. A hypothesis, therefore, can be developed that those particular structural components of DPs, along with their increased or reduced expression, form the basis for the pathophysiology of AD. It remains, that because of the LD between the residues and expression components, it is unclear what the exact mechanistic role each may play and what their exact interactions may be. It should be noted that the HLA-DP loci are not in LD with the other HLA Class I loci or HLA Class II loci, as there are at least four recombination hotspots located between the HLA-DP locus and the next closest HLA locus studied in this project, HLA-DQB1 (Jeffreys et al., 2001; Cullen et al., 2002; Miretti et al., 2005). The DPB1 alleles, amino acid residues and the expression marker are not correlated with the HLA Class I alleles or residues (Margolis et al., 2021b) that were either protective of or associated with AD from this same dataset (data not shown). Therefore, the involvement/engagement of the Class I and the Class II associated or protective elements in AD pathophysiology are rather independent and do not reflect any linkage disequilibrium effect.
In our study, the HLA typing was done by NGS. Unlike previous studies of AD, we identified and fully characterized both the A and the B genes of DQ and DP loci, allowing a better identification of pocket residues. This combined evaluation is important because polymorphisms on both A and B genes contribute to the binding site and therefore influence peptide binding. In the past, in HLA and disease association studies the characterization of the DQA1 and DPA1 genes was not performed routinely, either because it was not feasible at the time or because there was a belief that their polymorphism was limited and therefore inconsequential. Since the majority of HLA and disease associated studies lack this DPA1, DQA1 gene characterization, our understanding and contribution of the possible role of α pocket residues is unclear for the different HLA and disease association studies performed thus far. In our study, the β84D is in combination with α31Q (Table 5) and therefore it is likely that, this combined structural features of the DP molecule, along with its high expression may contribute to disease susceptibility. Recent studies of Type 1 diabetes mellitus provide another example of the importance of characterizing both A and B gene polymorphisms which show associations with both A and B genes of DQ and DP loci (Erlich et al., 2008; Noble, 2015; Enczmann et al., 2021).
The DP pockets and residues associated, in our study, with AD P1β84 and P6β11, have been previously identified by Castelli et al as influencing the binding of synthetic peptides originating from allergens, viral and tumor antigens to DP molecules (Castelli et al., 2002). The P1 and P6 pockets accommodate the main anchor residues of foreign peptides interacting with DPs. Even though the Castelli et al study (Castelli et al., 2002) does not address the contributions of the α chain residues, considering that these pockets are composed of polymorphic α chain residues as well, it is not unlikely that whatever the effect of the pockets, is a resultant of influences originating from both chains. It therefore becomes likely that a combination of DP α and β pocket polymorphisms, as they interact with different antigens, form the complex that initiates T cell responses. Indeed, in our study we find that not only β chain residues are associated with protection or disease, but also α chain residues (α11A, α31Q, and α31M).
Furthermore, the different HLA-DPB1 alleles are organized into T cell epitope (TCE) functional groups (Zino et al., 2007; Crivello et al., 2015). Each one of these TCE groups of DPB1 alleles is characterized by distinct structural features that differentiate one from the other group and influence the peptides bound to the DP protein. Most recently, the immunopeptidome of the alleles that belong to each one of these groups has been characterized (van Balen et al., 2020; Meurer et al., 2021; Laghmouchi et al., 2022). Considering that in our study of AD we have identified HLA-DPA1 and DPB1 alleles and specific residues relevant to the disease, we were interested to investigate as to whether any of the structural elements (alleles or residues) of the DP molecules correlated with the TCE groups, therefore, establishing a relationship between the DP structural elements of our study with the functional grouping of DPs including the peptide repertoire that characterizes each one of the TCE groups. Indeed, we found in the GAD cohort that those particular alleles belonging to a specific TCE group, having common structural features and a unique immunopeptidome bound to these alleles, correlate with the structural elements we found through our independent approach in the same cohort. However, due to lack of reproducibility with the PEER group we do not expand on this observation and refrain from a final conclusion. Nevertheless, it is very likely that the structural elements, identified as being relevant with the disease, correlate to particular DP TCE groups. As such, the immunopeptidome characterizing the different TCE groups may be instructive in identifying peptides involved with atopic dermatitis; the exact structural details within a particular TCE group that may play a role in atopic dermatitis remain unclear.
Atopic illnesses, like atopic dermatitis, are associated with TH2 dominant cellular response and often IgE antibody production in response to the presence and presentation of specific allergens. The activation of the TH2 results in the production of IL-4 and IL-13 cytokines. These cytokines are associated with the acute phase of AD and can also result in epidermal barrier dysfunction (Gong et al., 2020). The physiologic effect of these cytokines are diminished by IL-4 blocking agents that are currently being used to treat moderate to severe AD (Beck et al., 2014). The strength of the immune response to an antigen is likely related to genetic and environmental factors as well as the type and intensity of allergen.
Allergen presentation is influenced by HLA Class II and, in this study, we demonstrate that HLA Class II genetic variation at the level of allele and receptor epitope is associated with both an increased risk and decreased risk of AD. We do not currently know which allergens bind and with what intensity to the epitopes effected by the described genetic variation. We did previously show in an in silico study that HLA Class II epitope variation could result in differential binding of auto allergens suspected of being associated with AD (Gong et al., 2020). However, when an allergen is suspected to be associated with AD, it should now be possible to determine how it might interact with the epitopes described in this study and more precisely determine if it is likely to be associated with AD. Furthermore, agents that influence -DP binding might have an impact on AD.
As with all epidemiologic studies, this study has limitations. Although this study is the largest study of its kind to use NGS to genotype HLA Class II genes and then evaluate their associations with AD, we were under-powered to evaluate less common HLA alleles. For this reason, we a priori limited our analyses to alleles with a frequency of ≥0.05. We believe that this strategy is important for understanding the effect of HLA on the population at large. However, it is possible that important information about how HLA Class II allelic variation affects immune response with respect to AD might be gleaned by evaluating less frequent alleles. To evaluate these alleles, large cohorts will be needed that are designed to focus on less common alleles. Study subjects were classified by self-described race and not by genetic ancestry. It is possible that genetic admixture is not fully accounted for by self-described race and could have added bias to our results. However, it is important to note that we have previously shown that in an evaluation of a similar population, self-described race was highly concordant with an assessment of genetic ancestry (Margolis et al., 2012; Abuabara et al., 2020; Biagini et al., 2022). In addition, many of our findings had similar effect estimates in both races. The origin of the GAD is primarily from academic dermatology offices and as such patients were more likely to have treatment resistant AD than patients seen in general practice. As a result, it is possible that our results may not generalize to all clinical sites and to individuals with less treatment resistant AD. Our genotyping did not phase the A/B genes of the DQ or DP loci, so we used a well-known algorithm, haplo.stat to form our DPA1∼DPB1 and DQA1∼DQB1 haplotypes. It is possible that there was some inaccuracy in the estimation of haplotypes. However, as a sensitivity analysis, we used an alternative approach for coding the haplotypes that does not rely on the EM algorithm and found very similar results (see Supplemental Table 4). Finally, it is possible that our findings are not primarily associated with AD but other co-morbid illnesses that are part of the atopic March like asthma and seasonal allergies (Zino et al., 2007). However, it is generally believed that AD occurs before these illnesses (Kapoor et al., 2008).
In summary, we conducted a case-control study of individuals with AD and controls using NGS for the characterization of the three classic HLA Class II genes. NGS allows for a more thorough interrogation of Class II genes and found that the DP molecule is relevant to AD and that specific pockets and residues within these pockets, along with their expression levels, play a critical role in both susceptibility and protection.
DATA AVAILABILITY STATEMENT
The HLA Class II genotypes for the GAD and PEER cohorts presented in the study are deposited in the Zenodo repository, https://zenodo.org/record/7565999 (DOI: 10.5281/zenodo.7565999).
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by University of Pennsylvania Institutional Review Board. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.
AUTHOR CONTRIBUTIONS
DJM and DSM designed and oversaw the study. DJM, OH, and AY oversaw the collection of samples. OH prepared the samples. JW, AD, NT, and DF performed the HLA genotyping. AD, TM, DF, IK, GD, and JD analyzed the sequencing data. DJM, JD, NM, RB, OH, and TH conducted the statistical analyses. DJM, JD, NM, and DSM wrote the paper. All authors reviewed the results and approved the final version of the manuscript.
FUNDING
This work was supported in part by grants from the National Institutes for Health (NIAMS) R01-AR060962 (PI: DJM), R01-AR070873 (MPI: DJM/DSM), and School of Medicine Designated funds (DJM). The PEER study is funded as the Atopic Dermatitis Registry by Valeant Pharmaceuticals International (PI: DJM). The sponsors had no role in the design and conduct of the study; collection, management, analysis and interpretation of the data; preparation, review or approval of the manuscript; and the decision to submit the manuscript for publication.
ACKNOWLEDGMENTS
Brian S. Kim MD MTR, Washington University School of Medicine and Andrea L. Zaenglein MD, Hershey School of Medicine for their participation in the Genetics of Atopic Dermatitis study.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1004138/full#supplementary-material
REFERENCES
 Abuabara, K., Magyari, A., McCulloch, C. E., Linos, E., Margolis, D. J., and Langan, S. M. (2019). Prevalence of atopic eczema among patients seen in primary care: Data from the Health improvement network. Ann. Intern Med. 170, 354–356. doi:10.7326/M18-2246
 Abuabara, K., Ye, M., McCulloch, C. E., Sullivan, A., Margolis, D. J., Strachan, D. P., et al. (2019). Clinical onset of atopic eczema: Results from 2 nationally representative British birth cohorts followed through midlife. J. Allergy Clin. Immunol. 144, 710–719. doi:10.1016/j.jaci.2019.05.040
 Abuabara, K., You, Y., Margolis, D. J., Hoffmann, T. J., Risch, N., and Jorgenson, E. (2020). Genetic ancestry does not explain increased atopic dermatitis susceptibility or worse disease control among African American subjects in 2 large US cohorts. J. Allergy Clin. Immunol. 145, 192–198. e11. doi:10.1016/j.jaci.2019.06.044
 Affes, H., Mahfoudh, N., Kammoun, A., Masmoudi, A., Marrekchi, S., Turki, H., et al. (2007). HLA- A, B, DR and DQ alleles study in Tunisian patients with atopic dermatitis. Tunis. Med. 85, 834–838.
 Aron, Y., Desmazes-Dufeu, N., Matran, R., Polla, B. S., Dusser, D., Lockhart, A., et al. (1996). Evidence of a strong, positive association between atopy and the HLA class II alleles DR4 and DR7. Clin. Exp. Allergy 26, 821–828. doi:10.1111/j.1365-2222.1996.tb00614.x
 Beck, L. A., Thaçi, D., Hamilton, J. D., Graham, N. M., Bieber, T., Rocklin, R., et al. (2014). Dupilumab treatment in adults with moderate-to-severe atopic dermatitis. N. Engl. J. Med. 371, 130–139. doi:10.1056/NEJMoa1314768
 Biagini, J. M., Kroner, J. W., Baatyrbek Kyzy, A., Gonzales, A., He, H., Stevens, M., et al. (2022). Longitudinal atopic dermatitis endotypes: An atopic march paradigm that includes Black children. J. Allergy Clin. Immunol. 149, 1702–1710.e4. e4. doi:10.1016/j.jaci.2021.09.036
 Castelli, F. A., Buhot, C., Sanson, A., Zarour, H., Pouvelle-Moratille, S., Nonn, C., et al. (2002). HLA-DP4, the most frequent HLA II molecule, defines a new supertype of peptide-binding specificity. J. Immunol. 169, 6928–6934. doi:10.4049/jimmunol.169.12.6928
 Chicz, R. M., Graziano, D. F., Trucco, M., Strominger, J. L., and Gorga, J. C. (1997). HLA-DP2: Self peptide sequences and binding properties. J. Immunol. 159, 4935–4942. doi:10.4049/jimmunol.159.10.4935
 Chiesa Fuxench, Z. C., Block, J. K., Boguniewicz, M., Boyle, J., Fonacier, L., Gelfand, J. M., et al. (2019). Atopic dermatitis in America study: A cross-sectional study examining the prevalence and disease burden of atopic dermatitis in the us adult population. J. Invest. Dermatol 139, 583–590. doi:10.1016/j.jid.2018.08.028
 Couture, A., Garnier, A., Docagne, F., Boyer, O., Vivien, D., Le-Mauff, B., et al. (2019). HLA-class II artificial antigen presenting cells in CD4+ T cell-based immunotherapy. Front. Immunol. 10, 1081. doi:10.3389/fimmu.2019.01081
 Crivello, P., Zito, L., Sizzano, F., Zino, E., Maiers, M., Mulder, A., et al. (2015). The impact of amino acid variability on alloreactivity defines a functional distance predictive of permissive HLA-DPB1 mismatches in hematopoietic stem cell transplantation. Biol. Blood Marrow Transpl. 21, 233–241. doi:10.1016/j.bbmt.2014.10.017
 Cullen, M., Perfetto, S. P., Klitz, W., Nelson, G., and Carrington, M. (2002). High-resolution patterns of meiotic recombination across the human major histocompatibility complex. Am. J. Hum. Genet. 71, 759–776. doi:10.1086/342973
 Dai, S., Murphy, G. A., Crawford, F., Mack, D. G., Falta, M. T., Marrack, P., et al. (2010). Crystal structure of HLA-DP2 and implications for chronic beryllium disease. PNAS 107, 7425–7430. doi:10.1073/pnas.1001772107
 Davidson, W. F., Leung, D. Y. M., Beck, L. A., Berin, C. M., Boguniewicz, M., Busse, W. W., et al. (2019). Report from the national Institute of allergy and infectious diseases workshop on “atopic dermatitis and the atopic march: Mechanisms and interventions. J. Allergy Clin. Immunol. 143, 894–913. doi:10.1016/j.jaci.2019.01.003
 Enczmann, J., Balz, V., Hoffmann, M., Kummer, S., Reinauer, C., Döing, C., et al. (2021). Next generation sequencing identifies the HLA-dqa1*03:03 allele in the type 1 diabetes risk-associated HLA-DQ8 serotype. Genes (Basel) 12, 1879. doi:10.3390/genes12121879
 Erlich, H., Valdes, A. M., Noble, J., Carlson, J. A., Varney, M., Concannon, P., et al. (2008). HLA DR-DQ haplotypes and genotypes and type 1 diabetes risk: Analysis of the type 1 diabetes genetics consortium families. Diabetes 57, 1084–1092. doi:10.2337/db07-1331
 Gong, J. J., Margolis, D. J., and Monos, D. S. (2020). Predictive in silico binding algorithms reveal HLA specificities and autoallergen peptides associated with atopic dermatitis. Arch. Dermatol Res. 312, 647–656. doi:10.1007/s00403-020-02059-0
 Gough, S. C. L., and Simmonds, M. J. (2007). The HLA region and autoimmune disease: Associations and mechanisms of action. Curr. Genomics 8, 453–465. doi:10.2174/138920207783591690
 Henderson, K. N., Tye-Din, J. A., Reid, H. H., Chen, Z., Borg, N. A., Beissbarth, T., et al. (2007). A structural and immunological basis for the role of human leukocyte antigen DQ8 in celiac disease. Immunity 27, 23–34. doi:10.1016/j.immuni.2007.05.015
 Hirota, T., Takahashi, A., Kubo, M., Tsunoda, T., Tomita, K., Sakashita, M., et al. (2012). Genome-wide association study identifies eight new susceptibility loci for atopic dermatitis in the Japanese population. Nat. Genet. 44, 1222–1226. doi:10.1038/ng.2438
 Howell, W. M., Standring, P., Warner, J. A., and Warner, J. O. (1999). HLA class II genotype, HLA-DR B cell surface expression and allergen specific IgE production in atopic and non-atopic members of asthmatic family pedigrees. Clin. Exp. Allergy 29 (4), 35–38.
 Jeffreys, A. J., Kauppi, L., and Neumann, R. (2001). Intensely punctate meiotic recombination in the class II region of the major histocompatibility complex. Nat. Genet. 29, 217–222. doi:10.1038/ng1001-217
 Jiang, W., Birtley, J. R., Hung, S-C., Wang, W., Chiou, S-H., Macaubas, C., et al. (2019). In vivo clonal expansion and phenotypes of hypocretin-specific CD4+ T cells in narcolepsy patients and controls. Nat. Commun. 10, 5247. doi:10.1038/s41467-019-13234-x
 Kapoor, R., Menon, C., Hoffstad, O., Bilker, W., Leclerc, P., and Margolis, D. J. (2008). The prevalence of atopic triad in children with physician-confirmed atopic dermatitis. J. Am. Acad. Dermatol 58, 68–73. doi:10.1016/j.jaad.2007.06.041
 Kusano, S., Kukimoto-Niino, M., Satta, Y., Ohsawa, N., Uchikubo-Kamo, T., Wakiyama, M., et al. (2014). Structural basis for the specific recognition of the major antigenic peptide from the Japanese cedar pollen allergen Cry j 1 by HLA-DP5. J. Mol. Biol. 426, 3016–3027. doi:10.1016/j.jmb.2014.06.020
 Laghmouchi, A., Kester, M. G. D., Hoogstraten, C., Hageman, L., de Klerk, W., Huisman, W., et al. (2022). Promiscuity of peptides presented in HLA-DP molecules from different immunogenicity groups is associated with T-cell cross-reactivity. Front. Immunol. 13, 831822. doi:10.3389/fimmu.2022.831822
 Madore, A-M., Vaillancourt, V. T., Asai, Y., Alizadehfar, R., Ben-Shoshan, M., Michel, D. L., et al. (2013). HLA-DQB1*02 and DQB1*06:03P are associated with peanut allergy. Eur. J. Hum. Genet. 21, 1181–1184. doi:10.1038/ejhg.2013.13
 Margolis, D. J., Apter, A. J., Gupta, J., Hoffstad, O., Papadopoulos, M., Campbell, L. E., et al. (2012). The persistence of atopic dermatitis and filaggrin (FLG) mutations in a US longitudinal cohort. J. Allergy Clin. Immunol. 130, 912–917. doi:10.1016/j.jaci.2012.07.008
 Margolis, D. J., Mitra, N., Duke, J. L., Berna, R., Margolis, J. D., Hoffstad, O., et al. (2021). Human leukocyte antigen class-I variation is associated with atopic dermatitis: A case-control study. Hum. Immunol. 82, 593–599. doi:10.1016/j.humimm.2021.04.001
 Margolis, D. J., Mitra, N., Kim, B., Gupta, J., Hoffstad, O. J., Papadopoulos, M., et al. (2015). Association of HLA-DRB1 genetic variants with the persistence of atopic dermatitis. Hum. Immunol. 76, 571–577. doi:10.1016/j.humimm.2015.08.003
 Margolis, D. J., Mitra, N., Kim, B. S., Duke, J. L., Berna, R. A., Hoffstad, O. J., et al. (2021). HLA class I polymorphisms influencing both peptide binding and kir interactions are associated with remission among children with atopic dermatitis: A longitudinal study. J. Immunol. 206, 2038–2044. doi:10.4049/jimmunol.2001252
 Margolis, D. J., Mitra, N., and Monos, D. S. (2021). Rheumatoid arthritis known HLA associations are unlikely to Be associated with atopic dermatitis. J. Rheumatol. 48, 308–309. doi:10.3899/jrheum.200583
 Margolis, D. J., Mitra, N., Wubbenhorst, B., D’Andrea, K., Kraya, A. A., Hoffstad, O., et al. (2019). Association of filaggrin loss-of-function variants with race in children with atopic dermatitis. JAMA Dermatol 155, 1269–1276. doi:10.1001/jamadermatol.2019.1946
 Matern, B. M., Olieslagers, T. I., Voorter, C. E. M., Groeneweg, M., and Tilanus, M. G. J. (2020). Insights into the polymorphism in HLA-DRA and its evolutionary relationship with HLA haplotypes. HLA 95, 117–127. doi:10.1111/tan.13730
 Meurer, T., Crivello, P., Metzing, M., Kester, M., Megger, D. A., Chen, W., et al. (2021). Permissive HLA-DPB1 mismatches in HCT depend on immunopeptidome divergence and editing by HLA-DM. Blood 137, 923–928. doi:10.1182/blood.2020008464
 Miretti, M. M., Walsh, E. C., Ke, X., Delgado, M., Griffiths, M., Hunt, S., et al. (2005). A high-resolution linkage-disequilibrium map of the human major histocompatibility complex and first generation of tag single-nucleotide polymorphisms. Am. J. Hum. Genet. 76, 634–646. doi:10.1086/429393
 Mitchell, B., Fornage, M., McArdle, P., Cheng, Y-C., Pulit, S., Wong, Q., et al. (2014). Using previously genotyped controls in genome-wide association studies (GWAS): Application to the stroke genetics network (SiGN). Front. Genet. 5, 95. [Accessed July 6, 2022]. doi:10.3389/fgene.2014.00095
 Noble, J. A. (2015). Immunogenetics of type 1 diabetes: A comprehensive review. J. Autoimmun. 64, 101–112. doi:10.1016/j.jaut.2015.07.014
 Pappas, D. J., Marin, W., Hollenbach, J. A., and Mack, S. J. (2016). Bridging ImmunoGenomic data analysis workflow gaps (BIGDAWG): An integrated case-control analysis pipeline. Hum. Immunol. 77, 283–287. doi:10.1016/j.humimm.2015.12.006
 Park, H., Ahn, K., Park, M. H., and Lee, S. I. (2012). The HLA-DRB1 polymorphism is associated with atopic dermatitis, but not egg allergy in Korean children. Allergy Asthma Immunol. Res. 4, 143–149. doi:10.4168/aair.2012.4.3.143
 Paternoster, L., Standl, M., Chen, C-M., Ramasamy, A., Bønnelykke, K., Duijts, L., et al. (2011). Meta-analysis of genome-wide association studies identifies three new risk loci for atopic dermatitis. Nat. Genet. 44, 187–192. doi:10.1038/ng.1017
 Paternoster, L., Standl, M., Waage, J., Baurecht, H., Hotze, M., Strachan, D. P., et al. (2015). Multi-ancestry genome-wide association study of 21,000 cases and 95,000 controls identifies new risk loci for atopic dermatitis. Nat. Genet. 47, 1449–1456. doi:10.1038/ng.3424
 Raychaudhuri, S., Sandor, C., Stahl, E. A., Freudenberg, J., Lee, H-S., Jia, X., et al. (2012). Five amino acids in three HLA proteins explain most of the association between MHC and seropositive rheumatoid arthritis. Nat. Genet. 44, 291–296. doi:10.1038/ng.1076
 Robinson, J., Barker, D. J., Georgiou, X., Cooper, M. A., Flicek, P., and Marsh, S. G. E. (2020). IPD-IMGT/HLA database. Nucleic Acids Res. 48, D948–D955. doi:10.1093/nar/gkz950
 Saeki, H., Kuwata, S., Nakagawa, H., Etoh, T., Yanagisawa, M., Miyamoto, M., et al. (1995). Analysis of disease-associated amino acid epitopes on HLA class II molecules in atopic dermatitis. J. Allergy Clin. Immunol. 96, 1061–1068. doi:10.1016/s0091-6749(95)70191-5
 Schöne, B., Bergmann, S., Lang, K., Wagner, I., Schmidt, A. H., Petersdorf, E. W., et al. (2018). Predicting an HLA-DPB1 expression marker based on standard DPB1 genotyping: Linkage analysis of over 32,000 samples. Hum. Immunol. 79, 20–27. doi:10.1016/j.humimm.2017.11.001
 Silverberg, J. I., Gelfand, J. M., Margolis, D. J., Boguniewicz, M., Fonacier, L., Grayson, M. H., et al. (2019). Atopic dermatitis in US adults: From population to Health care utilization. J. Allergy Clin. Immunol. Pract. 7, 1524–1532. doi:10.1016/j.jaip.2019.01.005
 Slatkin, M. (2008). Linkage disequilibrium--understanding the evolutionary past and mapping the medical future. Nat. Rev. Genet. 9, 477–485. doi:10.1038/nrg2361
 Stern, L. J., Brown, J. H., Jardetzky, T. S., Gorga, J. C., Urban, R. G., Strominger, J. L., et al. (1994). Crystal structure of the human class II MHC protein HLA-DR1 complexed with an influenza virus peptide. Nature 368, 215–221. doi:10.1038/368215a0
 Sun, L-D., Xiao, F-L., Li, Y., Zhou, W-M., Tang, H-Y., Tang, X-F., et al. (2011). Genome-wide association study identifies two new susceptibility loci for atopic dermatitis in the Chinese Han population. Nat. Genet. 43, 690–694. doi:10.1038/ng.851
 Thomas, R., Thio, C. L., Apps, R., Qi, Y., Gao, X., Marti, D., et al. (2012). A novel variant marking HLA-DP expression levels predicts recovery from hepatitis B virus infection. J. Virology 86, 6979–6985. doi:10.1128/JVI.00406-12
 Ting, Y. T., Dahal-Koirala, S., Kim, H. S. K., Qiao, S-W., Neumann, R. S., Lundin, K. E. A., et al. (2020). A molecular basis for the T cell response in HLA-DQ2.2 mediated celiac disease. Proc. Natl. Acad. Sci. U. S. A. 117, 3063–3073. doi:10.1073/pnas.1914308117
 Tollefsen, S., Hotta, K., Chen, X., Simonsen, B., Swaminathan, K., Mathews, , et al. (2012). Structural and functional studies of trans-encoded HLA-DQ2.3 (DQA1*03:01/DQB1*02:01) protein molecule. J. Biol. Chem. 287, 13611–13619. doi:10.1074/jbc.M111.320374
 van Balen, P., Kester, M. G. D., de Klerk, W., Crivello, P., Arrieta-Bolaños, E., de Ru, A. H., et al. (2020). Immunopeptidome analysis of HLA-DPB1 allelic variants reveals new functional hierarchies. J. Immunol. 204, 3273–3282. doi:10.4049/jimmunol.2000192
 van Deutekom, H. W. M., and Keşmir, C. (2015). Zooming into the binding groove of HLA molecules: Which positions and which substitutions change peptide binding most?Immunogenetics 67, 425–436. doi:10.1007/s00251-015-0849-y
 van Lith, M., McEwen-Smith, R. M., and Benham, A. M. (2010). HLA-DP, HLA-DQ, and HLA-DR have different requirements for invariant chain and HLA-DM. J. Biol. Chem. 285, 40800–40808. doi:10.1074/jbc.M110.148155
 Weidinger, S., Baurecht, H., Naumann, A., and Novak, N. (2010). Genome-wide association studies on IgE regulation: Are genetics of IgE also genetics of atopic disease?Curr. Opin. Allergy Clin. Immunol. 10, 408–417. doi:10.1097/ACI.0b013e32833d7d2d
 Weidinger, S., Willis-Owen, S. A. G., Kamatani, Y., Baurecht, H., Morar, N., Liang, L., et al. (2013). A genome-wide association study of atopic dermatitis identifies loci with overlapping effects on asthma and psoriasis. Hum. Mol. Genet. 22, 4841–4856. doi:10.1093/hmg/ddt317
 Zerva, L., Cizman, B., Mehra, N. K., Alahari, S. K., Murali, R., Zmijewski, C. M., et al. (1996). Arginine at positions 13 or 70-71 in pocket 4 of HLA-DRB1 alleles is associated with susceptibility to tuberculoid leprosy. J. Exp. Med. 183, 829–836. doi:10.1084/jem.183.3.829
 Zino, E., Vago, L., Di Terlizzi, S., Mazzi, B., Zito, L., Sironi, E., et al. (2007). Frequency and targeted detection of HLA-DPB1 T cell epitope disparities relevant in unrelated hematopoietic stem cell transplantation. Biol. Blood Marrow Transpl. 13, 1031–1040. doi:10.1016/j.bbmt.2007.05.010
Conflict of interest: DJM is or recently has been a consultant for Pfizer, Leo, and Sanofi with respect to studies of atopic dermatitis and served on an advisory board for the National Eczema Association. DSM is Chair of the Scientific Advisory Board of Omixon and owns options in Omixon. DSM, DF, and JD receive royalties from Omixon. AY has recently been a consultant for Pfizer and Sanofi with respect to studies of atopic dermatitis.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Margolis, Duke, Mitra, Berna, Hoffstad, Wasserman, Dinou, Damianos, Kotsopoulou, Tairis, Ferriola, Mosbruger, Hayeck, Yan and Monos. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fgene-14-1004138-t004.jpg
Pocket Alpha in residues
1 24,31, 32, 43, 52, 53, 54, 55
2 9

3 22,54,58

4 9,62

Beta chain residues
80, 83, 84

76,79, 80

13, 24, 26, 68, 69, 72, 76

69

6 11, 62, 65, 66
7 65,69
8 65, 68, 69

9 69,72,73,76

11,13, 26, 28

26,28, 45, 59, 65, 68, 69

9,28, 35, 36, 55, 59






OPS/images/fgene-14-1004138-t005.jpg
Residues All White ER

OR(95%Cl)  pvalue OR(95%Cl)  pvalue OR(95%Cl)  p-value

DPAI+DPBI | P Q3IM + (B84G or B84V) | 0.57 (0.46,.70) 187E-07 | 0.79 (0.59,1.04) 0094 | 053 (0.35,0.78) 1.65E-03
DPAI+DPBI | P a31Q + 84D 163 (1.31,2.04) LIIE-05 | 121 (0.88,1.66) 0237 | 154 (105,228) 0027
DPALSDEBI | P allA+ B1IG Los (044,0.68) | sasees o (048,0.85) 208803 064 (044,0.92) 0018
DPAI+DPBI | P6 allM + pIIL 154 (0.56,5.19) 0430 | 249 (024553.9) 0457 | 103 (033,4.10) 0957
DPBL P9 B36A+ BS5A 0.72 (0.58,0.88) 0.002 068 (0.52,0.88) 0.004 | 067 (045,0.98) 0039
Bt T v+ B55D. 2 (099,1.51) | 0057 | 128 (099,1.67) 0065 | 143 (098,2.12) | 0064
DPBL P7 ST + B6IK 0.75 (0.61,093) 0.008 | 074 (057,0.96) 0.027 | 068 (0.46,1.00) 0054
DPBI v POSL + P6IE L (068,5.12) 0260 | 176 (0.556.02) 0340 | 213 (031,42.04) 0501
DPBL P4 BOIK + B76M 0.65 (0.53,0.80) 5.00E-05 079 (0.61,1.03) 0085 | 062 (041,0.92) 0017
DPBL P4 BOOE + (B76V or B761) 123 (0.80,1.92) 0356 | 111 (0.65,1.90) 0695 | 157 (0.61,4.81) 0382






OPS/images/fgene-14-1004138-t002.jpg
Full GAD White GAD Black GAD
OR (95% CI) R (95% Cl) p-value R (95% Cl)

DPAI01:03 060 (0.49,0.73) 5.926-07 0.82 (061,1.10) 0.182 065 (0.45,0.95) 0.0247
DPAI*02:01 149 (117,191) 0.00137 104 (074,1.48) 0.817 165 (1.10,2.48) 0.0158
DPAI*02:02 s (122259) 0.00284 237 (113497) 00218 [os0 (0.55,1.45) 0.660
DPAI*03:01 205 (110,381) 00240 215 (0.58,7.89) 0.250 135 (0.65,2.79) 0421
DPBI*0L01 121 (091,1.61) 0188 0.59 (033,1.07) 0.0803 094 (062,1.41) 0.767
DPBI*02:01 Los (0.64,1.18) 0360 104 (0.73,1.49) 0822 0.83 (044,1.55) 0552
DPBI1°03:01 0.93 (0.65,1.32) 0677 106 (070,1.61) 0771 1.02 (0.46,2.28) 0.964
DPBI°04:01 057 (046,0.71) 7.81e-07 0.70 (053,0.92) 0.0101 054 (033,0.88) 00140
DPBI*04:02 097 (071,1.33) 0857 117 (0.81,1.70) 0395 TS (0.54,1.91) 0958
DPBI*17:01 176 (1.003.11) 00492 147 (0.623.48) 0378 st (0.69331) 0.303
DPBI*18:01 2 (0.48,2.58) 0793 100 () 063 (027,1.51) 0.303
DQAI*01:01 082 (058,1.18) 0285 087 (057,1.31) 0.499 128 (0.57,2.91) 0.551
DQAI*01:02 1.20 (0.94,1.52) 0.139, 103 (0.74,1.43) 0.881 1.06 (0.72,1.57) 0.768
DQAI*01:03 104 (069,158) 0851 0.99 (0.60,1.63) 0.956 154 (0.61,3.89) 0.364
DQA1"01:05 135 (0.74,2.49) 0329 141 (0.503.97) 0.509 Tosr (0432.17) 0936
DQAI*02:01 0.74 (0.55,1.00) 00484 0.94 (0.66,1.34) 0721 0.58 (032,1.06) 00748
DQA1"03:01 090 (0.60,1.34) 0599 112 (0.70,1.79) 0.626 Lo (0.29,1.62) 0389
DQA1"03:03 106 (0.72,1.56) 0759 0.86 (0.52,1.42) 0557 130 (0.66,2.56) 0.454
DQAT*04:01 1.06 (0.69,1.62) 0783 097 (051,1.85) 0926 0.82 (0.45,1.49) 0.508
DQAI*05:01 0.86 (0.62,1.19) 0370 091 (061,1.36) 0.653 loss (045,1.62) 0.624
DQA1*05:05 108 (0.82,1.43) 0.580 119 (084,1.67) 0326 110 (0.65,1.85) 0720
DQBI'02:01 0.84 (0.60,1.18) 0316 091 (061,1.36) 0.653 077 (039,1.54) 0.464
DQBI*02:02 0.98 (0.72,1.33) 0893 110 (0.73,1.64) 0.651 0.80 (049,1.31) 0371
DQBI03:01 m 072,1.22) 0636 118 (0.87,1.61) 0287 Tos (047,1.81) 0820
VDQBI‘(B:OZ o0ss (0.65,1.33) 0694 0.95 (0.60,1.49) 0818 s (0.54,1.97) 0928
DQBI*03:03 0.68 (0.41,1.14) 0143 0.77 (043,1.38) 0.382 los0 (0.26,3.16) 0.871
DQBI03:19 245 (1.35,4.44) 0.00327 0,61 (0.11,3.36) 0.569 [ (091,3.73) 0.0897
DQBI1*04:02 101 (0.65,1.56) 0969 110 (0.60,2.01) 0754 0.67 (034,1.30) 0233
DQBI*05:01 0.88 (0.65,1.20) 0420 0.89 (0.59,1.32) 0.552 L7 (051,1.49) 0619
DQBI06:02 115 (0.86,1.55) 0336 103 (0.69,1.54) 0.885 099 (061,1.58) 0952
DQBI*06:03 097 (0.60,1.56) 0897 125 (0.722.15) 0429 084 (029.2.44) 0752
DRBI01:01 066 (0.43,1.00) 00526 0.72 (045,1.16) 0.182 118 (0.35,4.00) 0.79
DRBI03:01 0.88 (0.63,1.22) 0439 0.94 (0.63,1.40) 0.754 091 (0.46,1.83) 0.794
DRBI03:02 153 (0.79,296) 0212 497 (0.55,44.81) 0153 [oss (043,1.81) 0726
DRBI*04:01 Losr (044,1.01) 00561 0.69 (0.43,1.11) 0123 130 (0.44,3.85) 0.633
DRBI*04:04 o (056,1.86) 0954 2,08 (1.02:4.26) 0.0447 ont (0.01,0.86) 00357
DRB1%07:01 070 (052,095) 00199 0.93 (0.65,1.31) 0.665 050 (0.28,0.90) 00197
DRBI08:04 101 (0.49,2.10) 0975 248 (045,13.65) 0298 loss (0.24,1.28) 0.168
DRBI09:01 0.95 (0.47,1.90) 0874 154 (0.41,5.82) 0522 los (0.23,1.26) 0153
DRBI*11:01 [ 177 (1.192.62) 000487 160 (0.99,2.60) 00571 228 (111,4.68) 0.0246
DRBI*11:02 217 (0.96,4.89) 00629 100 () 1.86 (0.74,4.69) 0.189
DRBI*11:04 0.78 (0.45,1.36) 0385 1.04 (0.58,1.86) 0899 Los (0.14,5.31) 0.883
DRBI*12:01 0.56 (0.29,1.09) " oosss 0.48 (0.15,1.55) 0221 Loas (020,1.07) 00719
DRBI*13:01 13 087,2.02) 0191 114 (0.642.02) 0.654 159 (0.803.18) Lo
DRBI*13:02 108 (0.69,1.69) 0743 112 (0.61,2.06) 0705 0.88 (044,1.77) 0720
DRBI*15:01 082 (058,1.17) 0282 0.98 (0.65,1.48) 0916 | 055 (0241.28) 0.168
DRBI*15:03 s (0.98,252) 00607 185 (0.31,11.16) 0503 110 (0.66,1.86) 0708,






OPS/images/fgene-14-1004138-t003.jpg
DPA1~DPB1 haplotype

All subjects

OR (95% CI) p-value

White

OR (95% CI)

p-value

Black

OR (95% Cl)

p-value

DPAI*01:03-DPBI*02:01 0.84 (0.61,1.16) 0272 1.03 (0.70,1.50) 0.887 0.84 (0.44,1.63) 0.568
DPAI*01:03~DPBI*03:01 0.95 (0.66,1.38) 0774 1.05 (0.68,1.64) 0809 0,99 (0.43,2.45) 0.988
DPAI*01:03~DPBI*04:01 056 (045,0.71) 4.09E-07 0.69 (0.52,091) 0.00706 0.5 (0.32,093) 00153
DPAI*01:03~DPB1*04:02 081 @56.116) | 0225 115 (077,1.73) 0473 051 (0.18,1.48) 0155
DPA1*01:03~DPB1*06:01 1.60 (0.54,5.31) [ 0.350 1.99 (0.57,7.79) | 0.221
DPA1*01:03~DPB1*104:01 4.12 (1.14,22.41) | 0.016
DPAI*01:03-DPBI*18:01 142 054399 0434 084 (0.32,2.40) 0712
DPAI*02:01~DPBI*01:01 109 (0.75,1.60) 0.634 0.38 (0.17,0.82) 0.00731 123 (073,211) 0425
DPAI*02:01~DPBI*05:01 0.62 (0.15,2.28) 0411
DPA1*02:01~DPB1*09:01 1.04 (0.26,4.35) 0.942
DPAI*02:01~DPBI*10:01 087 026292) 0.794 0.88 (0.22,3.25) 0828
DPA1"02:01~DPB1*11:01 1.26 (0.50,3.37) | 0.590 [ |
DPA1*02:01~DPB1*13:01 1.47 (0.74,3.02) I 0.243 1.24 (0.52,2.94) 0.587
DPAI*02:01~DPBI*131:01 575 (1.29,52.56) 0.009 350 (0.78,32.19) 00820
DPAI*02:01~DPBI*14:01 247 (0.83,8.80) 0.075 276 (0.87,10.20) 00517
DPAI*02:01~DPBI*17:01 208 (1.10,4.14) 0.017 171 (0.62,4.96) 0245 1.85 (0.75,5.19) 0155
DPA1*02:02-DPBI*01:01 145 090235) 0.108 0.83 (0.48,1.45) 0483
DPA1*02:02-DPBI*05:01 281 107869 | 0.022 2.50 (0.77,9.40) 00856
DPA1*03:01~DPB1*04:02 207 (1.01,451) 0.033 1.71 (0.58,6.06) 0.299
DPA1*03:01~DPB1*105:01 1.46 (0.48,4.90) 0.466
DQA1~DQB1 haplotype
DQAI*01:01~DQBI*05:01 084 (058,1.21) 0328 0.84 (0.54,1.30) 0423 143 (0.59,3.80) 0403
DQAI*01:02~DQBI*06:04 079 ©40,156) | 0458 0,92 (0.39,2.09) 0825
DQAI*01:02~DQBI*05:01 097 (035.2.73) 0.954 0.6 (0.23,1.95) 0380
DQAI1*01:02~DQB1*05:02 1.12 (0.57,2.23) | 0.714 0.61 (0.21,1.63) 0.281 [ 1.76 (0.53,7.52) 0322
DQAI*01:02~DQBI1*06:02 118 (0.87,161) 0271 1.05 (0.68,1.62) 0801 1,02 (0.63,1.69) 0929
 DQAI0L02-DQBI*0609 186 083446) | 0.103 1.86 (0.58,6.39) 0236
DQAI1*01:03~DQBI*06:01 1.21 (0.44,3.48) 0.685 0.76 (0.20,2.67) 0.638
DQAI*01:03~DQBI*06:03 0.93 (055,1.59) 0778 110 (0.60,2.01) 0751
DQAI1*01:04~DQB1"05:03 0.58 (0.25,1.28) | 0.141 0.57 (0.21,1.41) 0.189
I DQAI1*01:05~DQBI*05:01 0.98 (0.48,2.02) 0.951 1.44 (0.41,5.22) I 0514 057 (0.22,1.54) 0.2077
DQAI*02:01~DQBI1*02:02 088 @61,128) | 0.482 111 (070,1.75) 0.649 071 (036,1.40) 0271
DQAI*02:01~DQBI*03:03 048 (0.23.094) 0.021 0.68 (0.32,1.37) 0248
DQAI*03:01~DQBI1*03:02 0.87 (057,1.33) 0.496 1.05 (0.64,1.73) 0834 0.64 (0.24,1.78) 0327
DQAI1*03:02~DQB1*03:03 1.76 (0.47,8.02) 0.351
DQAI*03:03~DQBI1%02:02 127 050339) | 0.582 [ 0.6 (0.23,1.95) 0380
DQAI1*03:03~DQBI*03:01 0.87 (0.48,1.60) | 0.636 0.83 (0.41,1.62) I 0.555
DQAI1*03:03~DQB1*03:02 0.95 (0.40,2.29) 1 0.897 [ 2.17 (0.58,12.15) 0223
DQAI*04:01~DQBI*03:19 158 (0.47,6.05) 0.407
DQA1*04:01~DQB1*04:02 0.93 (0.55,1.57) 0.769 0.88 (0.39,1.93) 0.735 071 (0.33,1.57) 0.340
DQAI*05:01~DQBI*02:01 0.86 (0.61,1.23) 0.400 0.91 (0.59,1.40) 0.655 0.87 (0.41,1.87) 0.684
DQAI*05:05~DQBI*03:01 087 063122) 0.406 125 (0.85,1.82) 0230 0,62 (0.29,1.36) 0.183
DQAI*05:05~DQBI1*03:19 279 (132,642) 0.004 215 (0.89,5.96) 00724
 DQAIY0601-DQBI?0301 578 (1305282) | 0.009 |






OPS/images/fgene-14-1004138-t008.jpg
DPB1 TCE group

p-value

Black

OR (95% Cl)

TCE Group 1
TCE Group 2

TCE Group 3

Full dataset White

OR (95% Cl) OR (95% CI)
1.76 (1.16,2.74) 0.00969 1.05 (0.56,1.97)
134 (099,1.82) 00571 140 (0.98,201)
0.64 (0.49,0.83) 0.00100 0.74 (0.53,1.03)

‘ 0869

| 00655

‘ 00729

‘ 203 (107.4.18)

| 186 097.383)

‘ 049 (0.29,0.79)

0.0401

00734

0.00467






OPS/images/fgene-14-1004138-t006.jpg
SNP Full dataset White Black

OR (95% CI) p-value OR (95% Cl) p-value OR (95% Cl) p-value

19277534 A (Low) 0.69 (0.56,0.85) 4.71E-04 0.90 (0.68,1.19) 0.75 (0.51,1.10)

19277534 G (High) 1.45 (1.18,1.78) 4.71E-04 1.12 (0.84,1.48) 1.33 (091,1.95)





OPS/images/fgene-14-1004138-t007.jpg
Position

159277534 ‘A

Alleles

159277534 ‘G’

Alleles

01, 39:01, 40:01, 49:01, 55:01, 106:01, 126:
01, 133:01, 138:01, 535:01, 907:01

pu G (p) 02:01,02:02, 04:01, 04:02, 2301, 391 0257 01:01, 05:01, 1501, 1601, 18:01, 1901, 90: 0.257
01, 49:01, 10601, 12601, 138:01, 5 01, 100:01, 35001, 417:01
L 17:01, 30:01, 55:01, 13301, 90701 0257 0301, 06:01, 09:01, 1001, 1101, 1301, 14: 0.257
01, 20:01, 21:01, 29:01, 35:01, 36:01, 4501,
8501, 10401, 13101, 519:01
p36 Ap) 0401, 39:01, 40:01, 4901, 126:01, 13301, 0000 01:01, 11:01, 13:01, 1501, 85:01, 90:01, 350: 0.000
907:01 01, 417:01, 51901
v 02:01,02:02, 04:02, 17:01, 23:01, 3001, 55: 0000 0301, 05:01, 06:01, 09:01, 1001, 14:01, 16: 0.000
01, 106:01, 138:01, 535:01 01, 18:01, 19:01, 2001, 21:01, 2901, 3501,
3601, 4501, 100:01, 104:01, 131:01
ps5 Ap) 0401, 2301, 39:01, 4001, 55:01, 12601, 0000 01:01, 11:01, 13:01, 1501, 85:01, 90:01, 350: 0.000
13301, 138:01, 907:01 01, 417:01, 51901
D 02:01, 04:02, 17:01, 49:01 0003 03:01, 06:01, 09:01, 10:01, 14:01, 16:01, 18 0.003
01, 2001, 2901, 35:01, 4501, 104:01,
13101
E 02:02, 30:01, 106:01, 535:01 0024 0501, 1901, 21:01, 36:01, 100:01 0.024
p69 E 02:01, 02:02, 17:01, 30:01, 5501, 106:01, 0014 06:01, 09:01, 10:01, 13:01, 16:01, 19:01, 21: 0.014
13301, 535:01 01, 29:01, 13101, 519:01
K(p) 04:01, 04:02, 23:01, 39:01, 40:01, 4901, 0.004 , 1401, 18:01, 2001, 35: 0.004
12601, 138:01 . 1, 90:01, 100:01, 104:
01, 35001, 417:01
R 907:01 0030 1101, 15:01 0.030
p76 1 10601, 133:01, 535:01 0044 1301, 1901, 519:01 0.044
M (p) 02:01,02:02, 04:01, 04:02, 17:01, 23:01, 30: 0639 0501, 06:01, 11:01, 1501, 16:01, 18:01, 20: 0.639
01, 39:01, 4001, 49:01, 5501, 126:01, 138: 01, 21:01, 36:01, 85:01, 10001, 131:01,
01, 907:01 350:01
v <No alleles> 0549 01:01, 03:01, 09:01, 10:01, 14:01, 29:01, 35: 0.549
01, 45:01, 9001, 104:01, 417:01
ps4 G (p) 02:01,02:02, 04:01, 04:02, 23:01, 39:01, 49: 0835 100:01, 35001 0.835
01, 126:01, 138:01
Vi) 40:01 0.028 15:01, 18:01 0.028
D (s) 17:01, 30:01, 55:01, 106:01, 133:01, 53501, 0753 01:01, 03:01, 05:01, 06:01, 09:01, 1001, 11: 0.753
907:01 01, 13:01, 1401, 16:01, 19:01, 2001, 2101,
2901, 35:01, 36:01, 45:01, 85:01, 9001, 104:
01, 131:01, 41701, 519:01
$96 K (9 <no alleles> 10 01:01, 03:01, 05:01, 06:01, 09:01, 1001, 11: 10
01, 13:01, 14:01, 1501, 16:01, 18:01,19:01,
2001, 21:01, 2901, 35:01, 36:01, 45:01, 85:
01, 90:01, 10001, 104:01, 13101, 350:01,
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R (p) 02:01,02:02, 04:01, 04:02, 17:01, 23:01, 30: 10 <no alleles> 10
01, 3901, 4001, 49:01, 5501, 106:01, 12
01, 13301, 138:01, 535:01, 907:01
p170 1 <no alleles> 10 01:01, 03:01, 05:01, 06:01, 09:01, 1001, 11: 10
01,1301, 1401, 15:01, 16:01, 18:01, 19:01,
2001, 21:01, 2901, 35:01, 36:01, 45:01, 85:
01, 90:01, 10001, 104:01, 13101, 350:01,
417:01, 51901
T () 02:01,02:02, 04:01, 04:02, 17:01, 23:01, 30: 10 <no alleles> 10
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