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            Abstract
Association studies have greatly refined the understanding of how variation within the human leukocyte antigen (HLA) genes influences risk of multiple sclerosis. However, the extent to which major effects are modulated by interactions is poorly characterized. We analyzed high-density SNP data on 17,465 cases and 30,385 controls from 11 cohorts of European ancestry, in combination with imputation of classical HLA alleles, to build a high-resolution map of HLA genetic risk and assess the evidence for interactions involving classical HLA alleles. Among new and previously identified class II risk alleles (HLA-DRB1*15:01, HLA-DRB1*13:03, HLA-DRB1*03:01, HLA-DRB1*08:01 and HLA-DQB1*03:02) and class I protective alleles (HLA-A*02:01, HLA-B*44:02, HLA-B*38:01 and HLA-B*55:01), we find evidence for two interactions involving pairs of class II alleles: HLA-DQA1*01:01–HLA-DRB1*15:01 and HLA-DQB1*03:01–HLA-DQB1*03:02. We find no evidence for interactions between classical HLA alleles and non-HLA risk-associated variants and estimate a minimal effect of polygenic epistasis in modulating major risk alleles.
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                    Figure 1: Overview of genetic effects in the HLA region influencing risk for multiple sclerosis.[image: ]


Figure 2: Evidence for interactions with associated HLA alleles.[image: ]


Figure 3: Estimates of polygenic epistasis influencing the effects of major HLA loci on multiple sclerosis.[image: ]


Figure 4: HLA effects on age at onset.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Effects of incorporating uncertainty in classical HLA allele prediction.
Comparison of P values and odds ratios estimated for each cohort for all classical HLA allele effects shown in Figure 1 under methods taking account of uncertainty in classical HLA allele imputation (y axis) and not taking into account uncertainty (x axis). The values reported are from a model including additive and non-additive effects for DRB1*15:01 and principal components, in addition to the indicated allele. DOM, dominant term; REC, recessive term; INT, interaction term.


Supplementary Figure 2 Comparison of manually curated and automated approaches for building a model of HLA risk for multiple sclerosis.
Summary of the results from the model selection procedures (without interaction search) using manual curation (left), automatic model search with alleles at four-digit resolution (middle) and automatic mega-analysis augmented with alleles grouped at two-digit resolution and by sharing of amino acid residues. Alleles are shown in order of inclusion in each approach and were matched between approaches by LD (the Pearson correlation coefficient across the entire cohort is shown and groups are identified by color). At each stage, models with additive (no superscript), dominant (D), recessive (R) and general (G) risk were tested. The allele used to refer to each group is indicated in bold. Effects identified that were better explained by interactions between other alleles are underlined. Note that DRB1_AA57.S is a near-perfect proxy (r = 0.95) for the presence of either DRB1*08:01 or DRB1*13:03, although a model with independent effects for the two alleles provides better fit. We note also that B_AA326.C is weakly correlated with the presence of B*44:02 (r = 0.26), although the latter remains significant in FEM if the former is included.


Supplementary Figure 3 Evidence for interactions among classical HLA alleles affecting risk for multiple sclerosis.
Quantile-quantile plots showing the distribution of P values in the UK cohort for the interaction term between HLA alleles reported in the full model and other classical HLA alleles. For each test, the full model (i.e., factors shown in Fig. 1 apart from interactions), including non-additive effects for DRB*15:01, DRB1*03:01 and A*02:01, is fitted, along with the potential interaction. Results are shown for the UK cohort only. Note that DPB1*03:01 is shown here rather than the related SNP rs9277565.


Supplementary Figure 4 Evidence for interactions between classical HLA alleles and non-HLA disease-associated variants affecting risk for multiple sclerosis.
Quantile-quantile plots showing the distribution of P values within the UK cohort for the interaction term between HLA alleles reported in the full model and non-HLA SNP variation influencing genetic risk for multiple sclerosis (from ref. 11). For each test, the full model, including non-additive effects for DRB*15:01, DRB1*03:01 and A*02:01, is fitted, along with the potential interaction. Results are shown for the UK cohort only. Note that DPB1*03:01 is shown here rather than the related SNP rs9277565.


Supplementary Figure 5 Interactions between HLA variants and combined non-HLA risk for multiple sclerosis.
The effect of the indicated allele or variant in the UK cohort among individuals stratified into quartiles by a combined non-HLA risk score, obtained by multiplying the odds ratios associated with each genotype carried by an individual at non-HLA loci influencing risk (from ref. 11). The point estimate and 95% confidence interval for effect size are estimated independently for each quartile of non-HLA genetic risk. Dashed and dotted lines indicate the combined point estimate and 95% confidence interval, respectively. HOM, risk for homozygous genotype; DOM, dominance term; INT, interaction term.


Supplementary Figure 6 Conflation between evidence for interactions and a departure from additivity for DRB1*15:01 and A*02:01.
Top, quantile-quantile plots showing the distribution of P values for interaction terms between DRB1*15:01 (left) and A*02:01 (right) and non-HLA variants known to affect risk of multiple sclerosis (from ref.11) under a model where the HLA allele acts additively (on the log-odds scale). Bottom, as above, but where a departure from additivity is included for DRB1*15:01 and A*02:01. Because potential interactions are modeled as an additional additive effect of the associated SNP that only acts in the presence of at least one copy of the HLA allele, deviations from additivity can partly mimic potential interactions with the non-HLA variants.


Supplementary Figure 7 Classical HLA alleles affecting age at onset.
Meta-analysis showing effects of pairs of classical HLA alleles in strong LD (DRB1*15:01–DQB1*06:02 and DRB1*01:01–DQA1*01:01) on age at onset.
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