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Abstract

The Major Histocompatibility Complex (MHC) makes the largest genetic contribution to mul-
tiple sclerosis (MS) susceptibility, with 32 independent effects across the region explaining
20% of the heritability in European populations. Variation is high across populations with
allele frequency differences and population-specific risk alleles identified. We sought to
identify MHC-specific MS susceptibility variants and assess the effect of ancestral risk modi-
fication within 2652 Latinx and Hispanic individuals as well as 2435 Black and African Ameri-
can individuals. We have identified several novel susceptibility alleles which are rare in
European populations including HLA-B*53:01, and we have utilized the differing linkage dis-
equilibrium patterns inherent to these populations to identify an independent role for HLA-
DRB1* 15:01 and HLA-DQB1* 06:02 on MS risk. We found a decrease in Native American
ancestry in MS cases vs controls across the MHC, peaking near the previously identified
MICB locus with a decrease of ~5.5% in Hispanics and ~0.4% in African Americans. We
have identified several susceptibility variants, including within the MICB gene region, which
show global ancestry risk modification and indicate ancestral differences which may be due
in part to correlated environmental factors. We have also identified several susceptibility var-
iants for which MS risk is modified by local ancestry and indicate true ancestral genetic
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differences; including HLA-DQB1* 06:02 for which MS risk for European allele carriers is
almost two times the risk for African allele carriers. These results validate the importance of
investigating MS susceptibility at an ancestral level and offer insight into the epidemiology of
MS phenotypic diversity.

Introduction

The Major Histocompatibility Complex (MHC), located on chromosome 6p21.3, is vital to
proper immune system function due to its central role in the initiation of adaptive immune
response. Faulty reactions may result in destruction of normal tissue and manifest as an auto-
immune disease such as multiple sclerosis (MS); a neurodegenerative disease characterized by
transmigration of peripheral autoreactive leukocytes into the central nervous system. The
MHC makes the single largest genetic contribution to MS susceptibility in whites of European
ancestry, on its own explaining ~20% of the heritability estimated from genotyped SNPs [1]
and was first identified as a determinant of MS risk in the 1970s by utilizing lymphocyte cul-
tures [2] and lymphocytotoxic antisera reactions [3]. The most extensively studied and repli-
cated association has been seen with HLA-DRBI*15:01, demonstrating the strongest genetic
effect in European [1] and African American individuals [4]. Early genome-wide association
studies (GWAS) in populations of European ancestry confirmed the effect of
HLA-DRBI*15:01 (risk, class IT) and identified HLA-A*02:01 (protective, class I),
HLA-DRBI1*03:01 (risk, class IT), and HLA-DRBI*13:03 (risk, class II) as susceptibility loci
within the MHC [5]. Subsequent analyses extended this list further only in populations of
European ancestry [1, 6, 7]. Presently 32 statistically independent additive and dominant
effects across class I, class II, and non-HLA genes within the MHC complex have been identi-
fied [1]. Prior evidence has also pointed to the effect of interactions on MS risk; both epistatic
interactions between MHC alleles [8] and environmental interactions with MHC alleles [9],
highlighting the complexity of the role of the MHC on disease susceptibility.

The MHC is both polygenic (containing a variety of genes with a range of binding specific-
ity) and highly polymorphic (containing multiple variants within each gene), making antigen
evasion difficult. While being polygenic allows an individual to respond to a wide array of anti-
gens (i.e. ensuring survival of an individual), polymorphism ensures the capture of antigens at
a species-wide level (i.e. ensuring survival of a species) [10]. While this variability is crucial
from a biological standpoint, the long-range linkage disequilibrium (LD) and extensive allelic
heterogeneity inherent to the region have made refining the MS associated risk signal to the
underlying causal variants a difficult endeavor. MHC variation across ancestral populations is
also high, with numerous population-specific alleles and allele frequency differences noted
[10]. Therefore, the 32 susceptibility alleles identified in populations of predominantly Euro-
pean ancestry may not represent the most relevant susceptibility alleles across the MHC in all
ancestrally distinct populations. In fact, a study in 2004 demonstrated that the HLA-DRB*15:03
allele, which occurs almost exclusively in individuals of African descent, confers moderate risk
to MS in African American individuals but no measurable risk in other populations [11, 12].
Previous studies in ancestrally diverse Latin American populations, across various countries of
origin, were small in size and demonstrated inconclusive results [13-18]. While prevalence of
MS has traditionally been considered lower in Latinx and Hispanic individuals and Black and
African American individuals than in individuals of European ancestry; epidemiological evi-
dence now indicates that prevalence may be more similar between populations than previously
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indicated, and clinical manifestations are diverse [19]. A detailed investigation of this region in
ancestrally admixed individuals formed through interbreeding of populations, including
Latinx and Hispanic individuals as well as Black and African American individuals, could
serve to both uncover the MHC risk in these underrepresented populations and more defi-
nitely chronicle the ancestral lineage of MHC haplotypes.

Our objective is therefore to test for the association of genetic variation across the extended
MHC (chromosome 6 from 29-34 MB) with MS in a multi-ethnic cohort of self-identified
Latinx and Hispanic individuals (collectively we refer to them as Hispanic) and Black and Afri-
can American individuals (collectively we refer to them as African American) and then to
assess the effect of ancestral allele origin on risk.

Materials and methods
Study population

2995 self-reported Hispanic individuals (1558 with MS, 1437 controls) and 2630 self-reported
African American individuals (1427 with MS, 1203 controls) were ascertained from seven US
participating institutions as part of the Alliance for Research in Hispanic MS (ARHMS) Con-
sortium. Following all quality control, a total of 2652 unrelated Hispanics (1298 MS cases and
1354 controls) and 2435 unrelated African Americans (1298 MS cases and 1137 controls)
remained for analysis. A detailed review of the quality control process and a breakdown of
samples by ascertainment site have been previously described [20]. The institutional review
boards at each institution approved this study, and all participants provided written informed
consent prior to participation.

We additionally obtained DNA on 498 European (EUR), 379 African (AFR), 180 East
Asian (EAS), and 299 Central and South-American Hispanic (AMR) samples from the 1000
Genomes Project [21] to be used for quality control. A total of 436 EUR, 318 AFR, 160 EAS,
and 262 AMR remained after exclusion of individuals with low call rate (<98%), excess auto-
somal heterozygosity >3 SD from the mean, and excess identity by descent signifying a sample
duplication or relatedness (proportion IBD > 0.2).

Genotype calling and SNP quality control

All DNA were obtained through whole blood extraction. DNA were genotyped on the MS
Chip, an Illumina Infinium custom genotyping array which contains targeted and dense cov-
erage of the extended MHC, specifically designed for imputation [1, 20]. All sample genotyp-
ing was conducted by the Center for Genome Technology within the John P. Hussman
Institute for Human Genomics at the University of Miami. Genotype calling was done using
GenomeStudio 2.0, and manual review was done for all 17,963 variants across the extended
MHC.

Variants were excluded within Hispanics, African Americans, and each 1000 Genome pop-
ulation separately based on poor performing clusters, low call rate (CR) with respect to minor
allele frequency (MAF): CR < 99.5% when MAF < 5%, CR < 99% when 5% < MAF < 10%,
and CR < 98% when MAF > 10%, and discordance between plate controls (one genotyping
control on each 96-well plate). Within the Hispanic and African American study samples, vari-
ants were additionally excluded if they were out of Hardy-Weinberg equilibrium (chi-square
p < 1.00 x 10~* in disease controls) or were differentially missing between those with MS and
controls (p < 1.00 x 107, In total, a common set of 9909 SNPs remained across the MHC in
the Hispanic and African American study sample following all quality control; 8856 in EUR;
8859 in AFR; 8848 in EAS, and 8877 in AMR.
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Imputation and accuracy assessment of classical HLA alleles

Classical HLA alleles, SNPs, and amino acid residues were imputed simultaneously from geno-
typed SNPs using HLA-TAPAS and a multi-ethnic reference panel of 2504 samples from the
1000 Genome Project (503 EUR, 661 AFR, 347 AMR, 504 EAS, 489 SAS) for each of the His-
panic and African American samples and for a subset of the genotyped 1000 Genomes Project
samples which were non-overlapping with the multi-ethnic reference panel (100 AFR, 100
AMR, 100 EUR, 153 EAS) [22]. Additionally, using the same multi-ethnic reference panel,
HLA-TAPAS imputation was performed on Illumina Multi-Ethnic Genotyping Array
(MEGA) data for 40 unrelated Native American (NAM) samples from the Human Genome
Diversity Project (HGDP) which was provided to us through the PAGE Consortium [23].
These data included individuals from the Surui and Karitiana populations of Brazil, Maya pop-
ulation of Mexico, and a native population of Columbia. At the variant level; alleles, SNPs, and
amino acid residues imputed with allelic R-squared less than 0.4 were removed from further
analysis. In addition, individual genotypes with an estimated genotype probability (GP) of less
than 0.8 were zeroed, and subsequently variants with call rate less than 95% were removed.

To assess the validity of HLA-TAPAS imputation, publicly available classical HLA types pro-
duced by colleagues at the University of California, San Francisco [24] and hosted by the Interna-
tional Genome Sample Resource were downloaded for the subset of 1000 Genomes Project
samples which we also imputed. HLA typing methodology for the 1000 Genomes samples has
been described in detail previously [24]. Concordance between the HLA types produced from clas-
sical Sanger sequencing and the HLA types imputed from HLA-TAPAS for individuals from AFR,
AMR, EUR, and EAS was assessed to determine imputation reliability in diverse populations. In
addition, HLA types from Sanger sequencing were available for 615 of our African American
cases, and imputation accuracy was assessed in the same way (typing methodology indicated in S1
Table). Specifically, within the African American and 1000 Genomes Project samples with Sanger
validated allele calls; rate of quality imputation was first assessed as the number of alleles which
were successfully imputed and passed quality control (i.e. quality alleles) divided by the number of
possible imputed alleles. Concordance rates were then assessed as the number of quality alleles that
were concordant with the Sanger allele calls divided by the total number of quality alleles.

Ancestry estimation

To evaluate local ancestry, a phased set of 20,048 genotyped or imputed MHC variants which
were non-monomorphic and passed all quality control in Hispanic, African American, and
HGDP Native American samples were generated with HLA-TAPAS. Local ancestry was then
assessed in Hispanic and African American samples using REMIXV2 [25] with phased refer-
ence panels of Native Americans (40 HGDP), Europeans (40 CEU 1000G), and Africans (40
YRI 1000G). Equal sized reference panels were chosen to ensure no bias was introduced into
the estimation of local ancestry. Local ancestry was evaluated as the number of African (AFR),
European (EUR), and Native American (NAM) haplotypes seen at each variant position (0, 1,
or 2 for an individual). Global ancestry was evaluated as the proportion of ancestry from each
reference population with ADMIXTURE [26] using the same reference panel and a set of
genome-wide tagging SNPs consisting of 10,928 independent non-MHC SNPs (R* < 0.2)
which were not within 1-Mb of any previously identified MS risk variant [1], and passed qual-
ity control in the Hispanic, African American, and HGDP NAM samples.

Analysis of classical HLA alleles and SNPs

Marginal association between MS status and each of the classical HLA alleles, SNPs, and
amino acid residues (collectively termed as variation within the MHC) was assessed using
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logistic regression in the Hispanic and African American study sample, adjusting for global
ancestry proportions to account for population substructure.

Forward stepwise conditional logistic regression was used to identify statistically indepen-
dent effects. The primary classical allele was included as a covariate, and the association analy-
sis was repeated for the remaining classical alleles; allowing for additive, dominant, and
recessive effects at each step. This process was performed again until no classical alleles reached
the minimum suggestive level of significance (p-value <1 x 107°%). Following the inclusion of
all qualified classical alleles, the process was continued to allow for inclusion of SNPs or amino
acid residues to a more stringent threshold of p-value <1 x 10~ again allowing for additive,
dominant, and recessive effects.

Assessing the effect of sex on MS risk

To determine whether sex modifies the effect of variation on MS risk, we used a logistic regres-
sion model to evaluate the effect of an interaction between sex and each independent risk vari-
ant using the likelihood ratio test (LRT). A full model (Eq 1) was compared to a reduced
model without the interaction term; where Ggyr and Gyaa represented the global European
and Native American ancestry components and Allele represented the number of copies (0, 1,
or 2) of each independent risk allele.

logit(MS) = B, + p,Allele + B,Gryp + ByGyay + BuSex + B Allele x Sex (1)

When a sex interaction was observed (p < 0.05), sex stratified analyses were performed.

Assessing the effect of ancestry on MS risk

To determine the contribution of local ancestry to MS risk across the MHC, we used the fol-
lowing model (Eq 2); where Lgyg and Lyan represent the local ancestry components. The
association of local ancestry with MS risk was assessed using a LRT to compare the full model
to a restricted model which excluded local ancestry.

lOglt(MS) = BO + ﬁlGEUR + ﬁZGNAM + BBLEUR + ﬁ'—iLNAM (2)

To determine whether ancestry modifies the effect of genetic variation on MS risk, we used
two logistic regression-based models. The first model evaluated the role of global ancestry on
risk variation by evaluating the effect of an interaction between global ancestry and each inde-
pendent risk variant using the LRT. A full model (Eq 3) was compared to a reduced model
without the interaction terms.

logit(MS) = B, + p,Allele + B, Gy + B3Gyan + BiAllele s Gy + BrAllele x Gy (3)

When a global ancestry interaction was observed (p < 0.05), a graphical model was used to
illustrate the variant-specific ancestral differences in MS risk by first computing the estimated
odds of risk using varying scenarios of global ancestry proportion and copies of the MS associ-
ated allele. Specifically, within the Hispanic sample the estimated odds of MS (Eq 3) were com-
puted by holding the proportion of AFR ancestry constant at the average of 11% observed in
our sample and varying the NAM ancestry proportion using the maximum, mean, and mini-
mum observed in our sample (82%, 15%, and 0% respectively). In this way, estimated odds of
risk were computed for each of 0, 1, and 2 copies of the variant allele under three different
ancestral scenarios and plotted linearly to illustrate changes in effect. Similarly, within the Afri-
can American sample, the estimated odds of MS were computed by holding the proportion of
NAM constant at the average of 2% observed in our sample and varying the AFR ancestry
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proportion using the observed maximum, mean, and minimum (98%, 78%, and 16%
respectively).

The second model evaluated the role of local ancestry on risk variation by evaluating the
effect of an interaction between local ancestry and each independent risk variant. Again, a full
model (Eq 4) was compared to a reduced model without the interaction terms; where Lgra7g
represented the local ancestry state at the corresponding variant position
(EUR ~ EUR,EUR ~ AFR,EUR ~ NA, AFR ~ AFR,AFR ~ NA, NA ~ NA as the six possi-
ble ancestral states for each phased allele).

lOglt(MS) = ﬁ() + ﬁlAZZEIe + 182 GEUR + ﬁiiGNA + ﬁ'—lLSTATE + ﬁ&Allele * LSTATE (4)

When a local ancestry interaction was observed (p < 0.05), a haplotype model was used to assess
MS risk in an allele-specific manner. By testing for presence of an allele from a certain ancestral
background against absence of the allele on the same ancestral background, we were able to esti-
mate effect sizes for ancestry-specific haplotypes. Specifically, each allele was first grouped by
local ancestry state and then within each ancestral group, the effect of the allele on MS risk was
assessed using generalized estimating equations (GEE). Individual was used as the grouping var-
iant, and adjustment for global ancestry was made. A global ancestry interaction in the absence
of alocal ancestry interaction would be taken as evidence that the ancestral interaction may be
due to highly correlated environmental factors rather than to genetic ancestry alone.

Results
Distribution of ancestry

Following all quality control, a total of 2652 Hispanics (1298 MS cases and 1354 controls) and
2435 African Americans (1298 MS cases and 1137 controls) remained for analysis. As previ-
ously described, Hispanic MS cases and controls in this dataset are on average 74% European,
15% Native American, and 11% African [20]. There is slightly less European ancestry and
slightly more Native American ancestry in individuals with MS compared to controls (71% vs
76% respectively for European, p = 3.59 x 10~'%; 18% vs 13% respectively for Native American,
p = 3.61x 107'°). Geographical differences in ancestry are observed; with a greater proportion
of Native American ancestry identified in Hispanics residing on the west coast (39% vs 11%)
and a greater proportion of European ancestry in Hispanics residing on the east coast of the
United States (79% vs 54%); in accordance with relocations of native populations that occurred
with European colonization of the Americas [27]. The African Americans on the other hand,
have a non-zero proportion of Native American ancestry and are on average 78% African, 20%
European, and 2% Native American, with similar proportions in cases and controls and across
geographical regions, as previously described [20].

Imputation accuracy of HLA alleles

While imputation accuracy varied by allele and by population, concordance rates remained
high following our stringent quality filters. On average across populations, quality rates were
lowest for HLA-DRBI (59%) and highest for HLA-C (94%), and concordance rates were lowest
for HLA-DRBI1 (93%) and highest for HLA-DQB1 (99%) (S1 Table). For 1000 Genomes Afri-
cans (AFR), concordance rates ranged from 92% for HLA-DRBI to 98% for HLA-B, with an
average of 95% across alleles. For 1000 Genomes Project Hispanics (AMR), concordance rates
ranged from 95% for HLA-DRBI to 99% for HLA-DQBI, with an average of 98% across alleles.
Most notably, concordance rates also exceeded 90% across all alleles in our African American
case sample, ranging from 90% for HLA-DRBI to ~100% for HLA-DQBI (S1 Table).
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Associations with MS risk

In the marginal analysis of classical alleles (Figs 1 and 2), HLA-DQBI*06:02 indicated the strongest
additive association with MS risk in Hispanics (additive OR = 2.52, p = 1.05 x 10">) (S2 Table);
while HLA-DRBI* 15:01 indicated the strongest additive association with MS risk in African Ameri-
cans (additive OR = 1.81, p = 8.00 x 10°°) (S3 Table). While linkage disequilibrium is extremely
high between HLA-DQBI*06:02 and HLA-DRBI*15:01 in European populations (R2 > 0.9 in 1000
Genomes Project Europeans); it is lower in Hispanic (R2 = 0.65) and African American controls
(R2 = 0.15) and thus provides an ideal setting to determine the risk attributable to each allele.

Stepwise conditional modeling indicated that after conditioning on the stronger dominant
effect of HLA-DQBI1*06:02 in Hispanics (dominant OR = 2.70, p = 2.66 x 107%%), a residual
association of HLA-DRBI*15:01 with MS risk remained (additive OR = 1.83, p = 9.63 x 107
(Table 1). Similarly, after conditioning on the stronger dominant effect of HLA-DRBI*15:01 in
African Americans (dominant OR = 1.91, p = 3.48 x 10~*°); although not meeting the stringent
threshold of p < 1.00 x 10~ for secondary signals, a residual association of HLA-DQBI*06:02
with MS risk remained (dominant OR = 1.25, p = 1.57 x 10™°%).

In total, stepwise conditional modeling indicated 12 independent signals (p < 1.00 x 10
across the MHC in Hispanics; 6 classical alleles (HLA-DQB1*06:02 dominant, risk;
HLA-A*2:01 additive, protective; HLA-DPB1*03:01 additive, risk; HLA-DRBI*13:03:01 addi-
tive, risk; HLA-DQBI1*02:01 additive, risk; HLA-DRBI1*15:01 additive, risk) and 6 SNPs
(Table 1). All of the classical alleles have been previously identified in Europeans [1]. Four of
the six SNPs are in minimal LD with previously identified effects [1] (R2 ranging between 0.1
and 0.2 in both Hispanic controls and European populations); including rs371143509,
rs2844503, and rs6902067 which are all within or flanking MHC class I polypeptide-related

—03)
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sequence B (MICB) as well as rs112394499, a non-coding transcript variant within HLA com-
plex group 24 (HCG24). The fifth SNP (rs3021302) is in minimal LD (R2 = 0.15 in Hispanic
controls) with the previously identified classical allele, HLA-DQBI*02:01; however, residual
signal remains for rs3021302 after conditioning (p = 4.16 x 10~%°). Lastly, rs6929950, an intro-
nic variant within olfactory receptor family 5 subfamily V. member 1 (OR5V1I) represents a
novel association with MS risk in Hispanics and has a frequency ranging from <0.01 in gno-
mAD Europeans to 0.10 in gnomAD Africans (S4 Table).

In African Americans, stepwise conditional modeling indicated 6 independent signals; 3 classi-
cal alleles (HLA-DRBI*15:01 dominant, risk; HLA-A*02:01 additive, protective; HLA-B*53:01
dominant, protective) and 3 SNPs (Table 2). While HLA-DRBI* 15:01 and HLA-A*2:01 have pre-
viously been identified for association with MS; HLA-B*53:01 represents a novel association in
African Americans and has a frequency less than 1% in Europeans (54 Table). Two of the three
SNPs have minimal to moderate LD with previously identified effects; rs2516423 which flanks
MICB (R2 = 0.20 with previously identified rs2523500 [1] in African American controls and
R2 < 0.1 in Europeans) and rs28371315, an intergenic variant which tags the previously identified
amino acid position 221 within exon 4 of DQBI [1] (R2 = 0.44 in African American controls and
R2 =0.27 in Europeans). Lastly, rs760145, an intronic SNP within HLA-F antisense RNA 1 (HLA--
F-ASI) represents a novel association in African Americans.

Sex modification of MS risk

One of the twelve independent MHC variants identified for association with MS in the His-
panic sample demonstrated risk modification by sex (Table 3). In a marginal analysis, females
with HLA-DQBI*02:01 were at significant risk for MS (OR = 1.24, p = 1.72 x 10~%%), while no
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Table 1. Independent classical HLA alleles and SNPs in Hispanics.

Allele/SNP | Model |  Freq OR P Amino Acid in LD (R2>0.8) Best SNP Tag SNP Gene Function
(Allele) | (L95-U95)% R2
DQBI*06:02 | Dom 0.08 2.70 (2.23- | 2.66E- None 1rs9273342 0.99
3.27) 24
A*02:01 Add 0.19 0.69 (0.59- | 2.72E- A_95_29911057_exon3_V rs2844821 0.89
0.80) 06
DPBI1*03:01 | Add 0.07 1.53 (1.24- | 5.36E- None DPB1-2939- 0.85
1.87) 05 33046757-intronl
DRBI*13:03 | Add 0.02 2.25(1.52- | 5.05E- None 175589097 0.94
3.34) 05
DQBI*02:01 | Add 0.21 1.36 (1.18- | 2.80E- (DQB1)* DQBI1-6203- 1
1.57) 05 _-10_32634317_exonl_S; 32628182-intron5

_74_32632630_exon2_A;
_71_32632639_exon2_K;
_55_32632687_exon2_L; _37_32632741_exon2_I;
_30_32632762_exon2_S;
_-10_32634317_exonl_A;

37 32632741_exon2_Y

DRBI*15:01 | Add 0.07 1.83 (1.28- | 9.63E- None rs9269243 0.99
2.62) 04
rs371143509 | Dom | 0.09 (T) | 0.55(0.43- | 2.44E- None MICB intron
0.71) 06
rs69299501 | Add | 0.04(C) | 0.42(0.29- | 6.06E- None OR5V1 intron
0.61) 06
rs112394499 | Dom | 0.10 (T) | 1.62(1.32- | 6.82E- None HCG24 nc-
2.01) 06 transcript
rs2844503 Add | 048 (A) | 1.34(1.17- | 1.72E- None HCG26/ intergenic
1.52) 05 MICB-DT
rs6902067 Rec | 0.34(A) | 0.52(0.39- | 3.46E- None MICA/ intergenic
0.71) 05 MICB
rs3021302 Rec | 0.14(C) | 3.18(1.83- | 4.16E- None HLA-DQA1/ | intergenic
5.52) 05 DQBI

t indicates a novel variant in Hispanics

Model: Add = Additive, Dom = Dominant, Rec = Recessive

t Reported odds ratios and 95% confidence intervals are sequential as identified in the stepwise regression model such that the effect size for each allele/SNP is reported
after conditioning on the alleles/SNPs in the preceding rows

Gene has been annotated with ANNOVAR version date June 2020 (Wang et al., Nucleic Acids Research, 2010)

https://doi.org/10.1371/journal.pone.0279132.t001

significant effect was observed for males (Table 4). Two of the six independent MHC variants
identified for association with MS in the African American sample demonstrated risk modifi-
cation by sex; HLA-A*02:01 and rs2516423 (Table 3). A highly significant protective effect for
HLA-A*02:01 was observed in females (OR = 0.63, p = 1.21 x 107%), while no effect was seen
in males (Table 4). Conversely, a highly protective effect for rs2516423 was observed in males
(OR=0.55p=1.82x 107°%), while no effect was seen in females (Table 4). We found no sig-
nificant difference in risk for females and males with HLA-DRBI1*15:01 (interaction p > 0.05
in both Hispanics and African Americans, Table 3); whereas it has been suggested in other
studies that HLA-DRBI* 1501 is more prevalent in females [28, 29] and that females may confer
a higher HLA-DRBI*15:01 specific risk [30].

Local ancestry across the MHC

Within the Hispanic sample, we found an association of local ancestry with MS risk across the
entire MHC from 29 to 34 MB (LRT p < 0.05), with ancestral differences between MS cases
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Table 2. Independent classical HLA alleles and SNPs in African Americans.

Allele/SNP | Model | Freq (Allele) | OR (L95-U95)% P Amino Acid in LD (R2>0.8) | Best SNP Tag | SNP R2 Gene Function
DRBI*15:01 Dom 0.03 1.91 (1.41-2.59) | 3.48E-05 none 1$9269243 0.99
A*02:01 Add 0.13 0.68 (0.57-0.82) | 5.07E-05 | AA_95_29911057_exon3_V rs12153924 0.98
B*53:01 Dom 0.12 0.68 (0.55-0.84) | 3.22E-04 none rs115219755 0.92
rs760145 Add 0.45 (T) 0.75 (0.66-0.85) | 7.75E-06 none HLA-F-ASI Intron
rs28371315 Rec 0.34 (C) 0.52 (0.39-0.70) | 8.85E-06 none HLA-DQBI1/DQA2 | Intergenic
rs2516423 Dom 0.50 (A) 0.64 (0.53-0.79) | 1.59E-05 none MICB-DT intron

i indicates a novel variant in African Americans

Model: Add = Additive, Dom = Dominant, Rec = Recessive

+ Reported odds ratios and 95% confidence intervals are sequential as identified in the stepwise regression model such that the effect size for each allele/SNP is reported
after conditioning on the alleles/SNPs in the preceding rows

Gene has been annotated with ANNOVAR version date June 2020 (Wang et al., Nucleic Acids Research, 2010)

https://doi.org/10.1371/journal.pone.0279132.t1002

and controls peaking between the Class I and Class III gene regions (minimum observed LRT
p=2.99x 10" from 31.51 to 31.56 MB, Fig 3A). In accordance with previous reports in the
literature of MHC-specific admixture-enabled selection due to rapid adaptive evolution [31],
relative to global ancestry, we observed an increase in local African ancestry and a decrease in
local European ancestry for both MS cases and controls across the entirety of the MHC (Fig
3B). However, the magnitude of the divergence of local ancestry from global ancestry differs
by MS status. Relative to controls, MS cases had an increase in both EUR and AFR ancestry
(average increase of 4.5% EUR and 1% AFR in MS cases relative to controls), in conjunction
with a substantial decrease in NAM ancestry (average decrease of 5.5% in MS cases relative to
controls, LRT p < 0.01 from 31 to 32.6 MB).

Table 3. Interactions with MHC risk variation.

Global Interaction Local Interaction Sex Interaction

Alleles/SNPs Pos Hg19 (MB) Population HISP P AAP HISP P AAP HISP P AAP
A*02:01 HISP + AA 2.23E-01 7.92E-01 1.40E-01 4.14E-02 8.15E-01 2.33E-02
B*53:01% AA 4.14E-01 6.68E-01 4.37E-02 7.02E-02 6.51E-01 3.80E-01
DRBI1*13:03 HISP 1.82E-01 1.84E-01 3.04E-01 5.35E-01 3.60E-01 6.87E-01
DRBI*15:01 HISP + AA 9.68E-01 3.42E-01 3.47E-01 5.09E-02 3.44E-01 1.53E-01
DQBI*02:01 HISP 6.17E-01 4.49E-01 8.62E-01 2.89E-01 1.85E-02 1.99E-01
DQBI*06:02 HISP 1.71E-01 1.02E-01 4.33E-02 9.62E-03 8.35E-01 1.62E-01
DPBI*03:01 HISP 6.62E-01 2.65E-01 2.08E-01 2.00E-01 8.23E-01 9.60E-01
1s6929950+ 29.4 HISP 6.44E-01 4.87E-01 2.01E-01 2.72E-02 1.98E-01 2.76E-01
rs760145% 29.7 AA 2.73E-01 1.45E-03 2.13E-01 2.60E-01 8.49E-01 4.79E-01
1s6902067 314 HISP 6.43E-01 7.29E-01 6.42E-01 2.23E-01 1.28E-01 2.66E-01
152844503 314 HISP 4.66E-04 9.03E-01 2.83E-01 2.32E-01 4.10E-01 2.13E-01
12516423 314 AA 3.37E-01 6.59E-01 5.09E-01 9.11E-01 3.11E-01 2.11E-02
rs371143509 31.5 HISP 2.43E-01 7.35E-01 8.40E-01 4.29E-01 1.81E-01 4.10E-01
rs3021302 32.6 HISP 2.95E-02 3.86E-01 2.76E-02 3.10E-01 5.86E-01 4.50E-01
rs28371315 32.7 AA 3.05E-01 8.69E-01 1.11E-01 2.10E-01 8.20E-01 1.84E-01
rs112394499 33.1 HISP 4.07E-01 6.14E-01 1.05E-01 2.17E-01 6.13E-01 6.18E-01

Population indicates the sample in which the variant was identified.
} indicates a novel variant in African Americans 1 indicates a novel variant in Hispanics.
Bold indicates p < 0.05.

https://doi.org/10.1371/journal.pone.0279132.t003
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Table 4. Sex stratification.

Variant Pop

A*02:01 HISP
AA*

DQBI1702:01 HISP*
AA

rs2516423 HISP
AA*

Freq Case

0.14
0.10
0.23
0.23
0.46
0.49

Females Males
Freq Control OR (L95-U95) P Freq Case Freq Control OR (L95-U95) P
0.20 0.68 (0.56-0.83) 1.09E-04 0.13 0.19 0.54 (0.10-2.75) 4.55E-01
0.14 0.63 (0.51-0.78) 1.21E-05 0.10 0.10 1.05 (0.72-1.53) 7.96E-01
0.20 1.24 (1.04-1.48) 1.72E-02 0.19 0.22 0.91 (0.71-1.17) 4.62E-01
0.22 1.11 (0.95-1.30) 1.92E-01 0.21 0.23 0.90 (0.67-1.20) 4.57E-01
0.50 0.79 (0.63-1.00) 5.31E-02 0.46 0.47 0.96 (0.71-1.29) 7.66E-01
0.49 0.89 (0.72-1.09) 2.54E-01 0.46 0.48 0.55 (0.37-0.80) 1.82E-03

*“Indicates the sample in which the sex interaction was identified

Bold indicates p < 0.05

https://doi.org/10.1371/journal.pone.0279132.t1004

The same increase in local African ancestry and decrease in local European ancestry relative
to global ancestry was observed across the MHC in all African American samples. While the
magnitude of divergence did not statistically differ between MS cases and controls (LRT
p > 0.05), a similar pattern as had been seen in the Hispanic sample was seen beginning
between the Class I and Class I1I gene region and extending into Class II; where relative to
controls, MS cases had an increase in both EUR and AFR ancestry, in conjunction with a
decrease in NAM ancestry (Fig 3C). Given the low levels of NAM ancestry in the population
(~2% in MS cases and controls), the average decrease in MS cases relative to controls was mod-
est (only ~0.4% across this region from ~31 to 32.6 MB as compared to 5.5% in Hispanics);
nonetheless, the pattern is strikingly consistent.

Global ancestry modification of MS risk

Two of the twelve independent MHC variants identified for association with MS in the His-
panic sample (Table 1) demonstrated global ancestry risk modification (p < 0.05) (Table 3);
rs2844503 (additive OR = 1.34 in the full sample), an intergenic variant flanking MICB-DT,
and rs3021302 (recessive OR = 3.18 in the full sample), an intergenic variant flanking
HLA-DQBI.

To investigate if the degree of MS risk attributed to the variant allele was dependent upon
global ancestry composition, we estimated the odds of MS under various ancestral scenarios.
For rs2844503, we first considered an individual with no NAM ancestry, and we estimated
odds of MS to be 0.29, 0.32, and 0.35 for each of 0, 1, or 2 observed variant alleles utilizing the
parameter estimates obtained in Eq (3). We then considered an individual with 15% NAM
ancestry (the mean observed in our sample) and estimated odds of MS to be 0.38, 0.51, and
0.58 for each of 0, 1, or 2 observed variant alleles. Conversely, the estimated odds of MS
increased exponentially with each allelic copy for an individual with 82% NAM ancestry (the
maximum observed in our sample); with estimated odds of MS being 1.32, 4.25, and 13.67 for
0, 1, or 2 observed variant alleles. Thus, we conclude that variation in rs2844503 presents a risk
for MS primarily in individuals with a high proportion of NAM ancestry (Fig 4A). While indi-
vidual global ancestry drastically alters the effect of rs2844503 on MS risk, we found that indi-
vidual local ancestry within the specified genomic region did not demonstrate risk
modification (Table 3).

For rs3021302, we found that estimated MS risk decreased recessively for an individual
with 82% NAM ancestry. The estimated odds of MS was 6.82 for zero or one variant allele
copy and 2.58 for two copies. Conversely, estimated MS risk increased recessively for an indi-
vidual with the no NAM ancestry (estimated odds of MS was 0.54 for zero or one allele copy
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Fig 3. Local ancestry across the MHC. A. Association with MS case status. p-values from the likelihood ratio test for
the effect of local ancestry on MS case status are depicted on the Y-axis and position in MB (HG19) on the x-axis. We
find association of local ancestry with MS case status (p < 0.05, i.e. -log10P = 1.3) across the entire MHC in Hispanics,
but no significance is observed at the same threshold in African Americans. B. Average percent change in local vs
global ancestry for Hispanic cases and controls. An increase in African local ancestry and a decrease in European
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local ancestry relative to global ancestry is observed in both MS cases and controls across the entire region, consistent
with admixture-enabled selection [31]. On average, Hispanic controls exhibit a greater decrease in European local
ancestry relative to global ancestry than MS cases, in conjunction with a marked increase in Native American local
ancestry. Differences peak between the class I and class III gene region, corresponding to the increase in -log10P
denoted in (A). C. Average percent change in local vs global ancestry for African American cases and controls.
Consistent with Hispanics, we observe an increase in African local ancestry and a decrease in European local ancestry
relative to global ancestry in MS cases and controls across the entire region. The changes are of consistent magnitude
in MS cases and controls, except for ~31 to ~32.6 MB between the class I and class II gene regions, where we see on
average that African American controls exhibit a lesser increase in African local ancestry relative to global ancestry
than MS cases, again in conjunction with a marked increase in Native American local ancestry (although -log10P does
not reach a threshold for significance).

https://doi.org/10.1371/journal.pone.0279132.9003

and 3.06 for two copies) and 15% NAM ancestry (estimated odds of MS was 0.86 for zero or
one allele copy and 2.97 for two copies). We conclude that variation in rs3021302 presents a
risk for MS primarily in individuals with a low proportion of NAM ancestry and confers a pro-
tective effect in individuals with a high proportion of NAM ancestry (Fig 4B). An interaction
between local ancestry and rs3021302 was also observed (Table 3).

One of the six independent MHC variants identified for association with MS in the African
American sample (Table 2) demonstrated global ancestry risk modification (Table 3);
rs760145 (additive OR = 0.75 in the full sample), an intronic variant in HLA-F-AS1, which also
represents a novel signal in African Americans. The estimated risk of MS decreased exponen-
tially with each allelic copy for an individual with the 16% AFR ancestry (the minimum
observed in our sample), with estimated odds of MS being 5.88, 1.54, and 0.40 for 0, 1, and 2
observed variant alleles (Fig 5). A more moderate decrease in risk was seen for an individual
with 78% AFR ancestry (the mean observed in our sample), with estimated odds of MS being
1.57,1.17, and 0.87 for 0, 1, and 2 observed variant alleles. In contrast, a slight increase was
observed for an individual with 98% AFR ancestry (the maximum observed in our sample),

A 20 Ancestry
154 =O= Max NAM: 82%
X 104 O Mean NAM: 15%
g =O= Min NAM: 0%
04 = © O
0 1 2
rs2844503
B O
6.
X 4-
o) 4
2.
01 0
0 1 2

rs3021302

Fig 4. Global ancestry risk modification in Hispanics. Expected odds ratios (OR) are depicted on the Y axis for
individuals with 0, 1, or 2 copies of the variant allele for each SNP, under varying levels of NAM ancestry. A. rs2844503
demonstrates a risk effect in individuals with the maximum observed NAM while no effect is seen for individuals with
the minimum or mean observed NAM. B. rs3021302 demonstrates a protective effect in individuals with the
maximum observed NAM while a risk effect is seen in individuals with the minimum or mean observed NAM.

https://doi.org/10.1371/journal.pone.0279132.9004
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Fig 5. Global ancestry risk modification in African Americans. Expected odds ratios (OR) are depicted on the Y axis
for individuals with 0, 1, or 2 copies of the variant allele for each SNP, under varying levels of AFR ancestry. A
protective effect is seen in individuals with the minimum observed AFR while no effect is seen for individuals with the
maximum or mean observed AFR.

https://doi.org/10.1371/journal.pone.0279132.g005

with estimated odds of MS being 1.02, 1.07, and 1.12 for 0, 1, and 2 observed variant alleles.
We conclude that the protective effect of variation in rs760145 occurs in individuals of low
AFR ancestry, with minimal effect seen for those with high levels of AFR ancestry. There was
no significant interaction between local ancestry and rs760145 (Table 3).

Local ancestry modification of MS risk

Local ancestry risk modification (p < 0.05) was observed for four of the MS associated classical
alleles (HLA-A*02:01, HLA-B*53:01, HLA-DRBI1*15:01, and HLA-DQBI1*06:02) and two SNPs
(rs6929950 and rs3021302) (Table 3). While statistical significance of the interaction between
local ancestry and allele / SNP may have only been observed in either the Hispanic or African
American samples, apart from HLA-DQBI1*06:02 where interaction was observed in both
(Table 3), a haplotype model was used to assess allele specific association, stratified by ancestral
allele origin in both samples to determine consistency in direction of ancestral effect (Table 5).
Given the recessive nature of rs3021302, a haplotypic model was not applied.

For HLA-A*02:01, while the significant local ancestry interaction was observed in the Afri-
can American sample (p = 4.14 x10°?), both the Hispanic and the African American sample
demonstrate a stronger protective effect on MS for ancestral EUR alleles than for AFR alleles
(EUR OR = 0.63, AFR OR = 0.80 in Hispanics; EUR OR = 0.56, AFR OR = 0.77 in African
Americans). Interestingly, there are a greater number of NAM case alleles than control alleles
in both samples; although the difference is non-significant, indicating a risk effect for
HLA-A*02:01 alleles of NAM ancestral descent (Table 5).

For HLA-B*53:01, a local ancestry interaction was observed in Hispanics (p = 4.37 x 10
and nominally in African Americans (p =7.02 x 107%%) (Table 3). While HLA-B*53:01 demon-
strated a significant protective effect in the overall African American sample (Table 2), no asso-
ciation was seen with MS in the overall Hispanic sample (p = 1.12 x 10™°"). Yet, within the
Hispanic sample, a nominal protective effect was seen for HLA-B*53:01 alleles of AFR descent

—02)
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Table 5. Local ancestry stratification.

EUR Alleles AFR Alleles NAM Alleles
Variant Pop | Case/Control | OR (L95-U95) P Case / Control | OR (L95-U95) P Case / Control | OR (L95-U95) P
A*02:01 HISP 244/385 0.63 (0.52-075) | 7.44E-07 34/43 0.80 (0.50-1.28) | 3.61E-01 69/67 1.06 (0.73-1.54) | 7.57E-01
AA* 109/135 0.56 (0.42-0.76) | 1.73E-04 136/151 0.77 (0.60-0.98) | 3.06E-02 10/3 NA NA
B*53:01 HISP* 3/2 NA NA 42/61 0.66 (0.44-1.01) | 5.72E-02 0/0 NA NA
AA 1/0 NA NA 232/276 0.71 (0.59-0.86) | 3.42E-04 0/1 NA NA
DRBI1*15:01 HISP 376/181 2.67 (2.19-3.26) | 4.49E-22 4/2 NA NA 0/0 NA NA
AA* 143/70 2.02 (1.45-2.80) | 2.68E-05 5/1 NA NA 0/0 NA NA
DQBI1706:02 | HISP* 363/163 2.90 (2.36-3.56) | 6.22E-24 72/56 1.36 (0.93-1.98) | 1.09E-01 0/0 NA NA
AA* 167/79 2.11 (1.55-2.89) | 2.34E-06 465/383 1.11 (0.95-1.29) | 1.96E-01 0/0 NA NA
1$6929950 HISP 11/30 0.37 (0.18-0.74) | 7.38E-03 39/85 0.44 (0.30-0.66) | 5.87E-05 0/1 NA NA
AA* 6/6 0.86 (0.27-2.70) | 7.96E-01 203/212 0.84 (0.69-1.03) | 9.44E-02 0/5 NA NA

* Indicates the sample in which the local ancestry interaction was identified

Case / Control indicates the number of ancestral alleles observed for each phenotypic state
Stratified analysis not conducted if the number of population specific alleles < 15

Bold indicates p < 0.05

https://doi.org/10.1371/journal.pone.0279132.t005

(OR=0.66; p=5.72x 107%%) (Table 5). Although the majority of HLA-B*53:01 alleles are of
AFR descent, a non-zero number of EUR and NAM alleles were observed in both Hispanics
and African Americans; consistent with expected frequencies from reference populations (54
Table). In both samples, more EUR case alleles were observed than EUR control alleles (3 vs 2
in Hispanics and 1 vs 0 in African Americans).

Both HLA-DRBI1*15:01 and HLA-DQB1*06:02 demonstrate MS risk that is largely attribut-
able to EUR alleles in both the Hispanic and African American samples (Table 5). For
HLA-DRBI*15:01, fewer than 10 non-EUR alleles were observed in each sample (Table 5).
Substantially more AFR alleles were observed for HLA-DQBI*06:02 than for
HLA-DRBI*15:01; however, the observed odds ratios (OR) for EUR allele carriers is almost
two times that of AFR allele carriers with non-overlapping confidence intervals (CI) between
ancestral allele origins, indicating a statistical difference in effect (EUR OR = 2.90 with CL:
2.36-3.56, AFR OR = 1.36 with CI: 0.93-1.98 in Hispanics; EUR OR = 2.11 with CI: 1.55-2.89,
AFR OR = 1.11 with CI: 0.95-1.29 in African Americans).

Lastly, a significant local-ancestry interaction was identified in the African American sam-
ple for rs6929950, an intronic variant within OR5V1 (Table 5). Although this variant was iden-
tified as a novel protective variant for MS in the Hispanic sample (Table 1), marginal
association was also observed in the African American sample (OR = 0.82, p = 4.97 x 10™°%). In
the African American sample, most observed alleles are of AFR descent (OR =0.84, p=9.44x
107°%). Only 12 observed alleles are of EUR descent (6 in MS cases and 6 in controls, demon-
strating no effect), and 5 observed alleles are of NAM descent (all 5 in controls, demonstrating
a highly protective effect). The small non-AFR sample size and lack of effect observed for EUR
alleles is likely driving the observed local ancestry interaction, but larger samples would be
needed to determine validity. Conversely, no real difference in effect is seen between EUR
(OR =0.37) and AFR (OR = 0.44) ancestral alleles in Hispanics.

Discussion

In this large MS multiethnic cohort we have identified an independent contribution of
HLA-DRBI*15:01 and HLA-DQBI1*06:02 to MS risk in both the Hispanic and African
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American sample. We have additionally identified a striking decrease in NAM ancestry in
cases relative to controls across the MHC which can be seen in both Hispanics and African
Americans, peaking between the Class I and Class III gene region. We found several MS sus-
ceptibility variants to have an effect that is modified by global ancestry; indicating ancestral dif-
ferences which may be due in part to correlated socio-economic or environmental factors, and
we have also identified MS susceptibility variants which have an effect that is modified by local
ancestry, indicating true genetic differences in the degree of risk/protection exerted across
ancestral backgrounds. We have discovered several novel susceptibility variants, and con-
firmed robust replication (p < 1 x 10~%) for six classical alleles in Hispanics and two classical
alleles in African Americans which had been previously identified in Europeans.

Despite our Hispanic and African American study samples being similar in size, we have
observed substantially more replication of previously identified alleles in Hispanics at the spec-
ified significance level. This contrasts with another study of the MHC in Hispanics and African
Americans conducted by Chi et al. which reported association with MS at the same signifi-
cance level for only HLA-DRBI1*15:01 in Hispanics [12] and HLA-DRBI*15:01 and
HLA-DRBI1*03:01 in African Americans. At a broader level, they identified more replication of
classical alleles at p < 0.05 in African Americans than Hispanics and concluded that there may
be a smaller overlap in MHC specific MS genetic risk between Hispanics and Europeans than
that of African Americans and Europeans. This contrast could be due in part to their relatively
smaller Hispanic case collection (326 Hispanic MS cases) as well as differences in Hispanic
ancestral background between the studies. Chi et al. have reported considerably more Native
American (average 34% vs 18% among MS cases) and less European ancestry (average 56% vs
71% among MS cases) than our sample [12].

Using stepwise conditional modeling we found that HLA-DQBI*06:02 was significantly
associated with MS after conditioning on HLA-DRBI*15:01 in African Americans and vice
versa in Hispanics. This provides evidence that in admixed populations, HLA-DRBI*15:01 and
HLA-DQBI*06:02 contribute to MS risk in a manner that is independent of one another.
Within European populations, HLA-DRBI1*15:01 is most often found as part of an extended
haplotype with HLA-DQBI1*06:02, and a decade of fine-mapping research has sought to distin-
guish which is the predisposing allele [32]. One of the largest studies in Europeans concluded
that the association signal could be localized to HLA-DRBI*15:01 [6]. A similar study in Afri-
can Americans, containing a small subset of the samples in the current study, also identified
HLA-DRBI1*15:01 as the predominant signal, finding no effect of HLA-DQBI*06:02 in the
absence of HLA-DRBI* 15:01; however, the study included only ~350 patients with MS and
~300 controls, and less than 25 individuals were identified as being HLA-DRB1*15:01- and
HLA-DQBI*06:02+ in either the patient or control cohort [11]. Within our larger study sam-
ples, we do however observe an effect of HLA-DQBI1*06:02 in the absence of HLA-DRB1*15:01,
in both Hispanics and African Americans (p < 0.05 for both populations, S5 Table), consistent
with our determination of independence from the conditional model. Although an indepen-
dent association for HLA-DRBI1*15:01 and HLA-DQBI*06:02 has been undetectable in Euro-
peans due to high LD, it is possible that a European model for biologically independent
contributions also exists.

A striking decrease of NAM ancestry in MS Hispanic cases relative to controls across the
extended MHC was found. This suggests that protective NAM haplotypes are likely present
across the region. These differences peak between the Class I and Class III gene region and are
centered on the previously identified MICB/LST1 locus. While the magnitude of this difference
is substantially smaller in African Americans, a similar pattern is observed. Further work is
needed to understand the role this difference plays in variation in both disease incidence and
disease presentation between the two populations. Minimal effort has been made to fine-map
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the previously identified MICB/LST1 locus in European populations [6], and the signal has not
yet been refined. It is possible that Hispanic or indigenous populations with a substantial
NAM component may be most advantageous for fine-mapping of the locus. Notably, within
this region we also identified three independent signals in Hispanics (with one, rs2844503,
demonstrating NAM global ancestry risk modification in the absence of a local ancestry modi-
fication) and one in African Americans, all of which were in low LD (R2 < 0.2) with the vari-
ants previously identified in European populations. This may indicate that substantial locus
heterogeneity is also present within this region, with the additional presence of variants modi-
fied by global ancestry indicating that environmental factors may also play a role in the influ-
ence of the MICB locus on MS susceptibility.

We identified three novel protective variants for MS across the extended MHC, one in the
Hispanic sample (rs6929950, an intronic variant within OR5V1) and two in the African Amer-
ican sample (classical HLA-B*53:01 and rs760145, an intronic variant within HLA-F-ASI).
While rs6929950 was detected at the specified significance threshold (p < 1.00 x 10~%%) in His-
panics and demonstrated only nominal association in African Americans (p = 4.97 x 10~%),
more than 75% of the variant alleles identified in both samples were of African origin. It is
worthwhile to note that local ancestry risk modification was detected for both rs6929950 and
HLA-B*53:01; although in both instances the frequency of non-African alleles detected was
low, with <5 for HLA-B*53:01 and <20 for rs6929950, necessitating that local ancestry interac-
tions be interpreted with caution. Variant rs6929950, located within OR5V 1, has regulatory
potential, demonstrating a regulomeDB score of (3a) [33] indicative of its location within a
transcription factor binding site and DNase peak. Although further refinement would be
needed to attribute causality of the variant, OR5V1 represents an important biological candi-
date for MS susceptibility given the notable olfactory dysfunction among a number of neuro-
degenerative diseases [34]. HLA-B*53:01 also constitutes an important novel mechanism for
MS protection which may be unique to individuals of African descent. It was the first HLA
allele to be associated with resistance to severe malaria [35] and is found in 12% of African
individuals while rarely occurring in other populations (S4 Table), suggestive of positive
selection.

The third novel variant, intronic rs760145 in HLA-F-AS1 demonstrates differing effect
allele frequencies by ancestry, being 0.435, 0.532, and 0.602 in gnomAD Africans, Europeans,
and Americas populations respectively (S4 Table). Global ancestry modification is also present,
while no local ancestry modification is seen, indicating that these effect differences may repre-
sent complex socio-economic or other environmental interactions. While there has been some
previous evidence for association of variation within HLA-F-ASI and MS [36], moderate LD
exists between HLA-A:02:01 and rs760145 in Europeans (R2 = 0.2) while LD is negligible in
African Americans and may explain why HLA-F-AS1 has not been indicated as an indepen-
dent MS locus in more recent studies [1].

We did not find significance for the previously identified African allele, HLA-DRBI1*15:03
at the pre-specified significance level of 1.0 x 107%: however, after conditioning on the three
independent African classical alleles, marginal significance was seen (OR = 1.23, p =2.53 x
107°%), indicating that HLA-DRBI* 15:03 does contribute to MS risk within this sample. Mar-
ginal significance was eliminated after conditioning on intergenic rs28371315; pointing to the
extended haplotypes that exist between DRBI and DQBI.

Local ancestry risk modification was seen for several well-established MS susceptibility
alleles including HLA-DRBI*15:01, HLA-DQBI1*06:02, and HLA-A*02:01. Given that these
were among the first alleles identified in Europeans and have been consistently and robustly
replicated, it is perhaps unsurprising that all three alleles demonstrate effects which are largely
augmented on the EUR ancestral haplotype. Most notably, for HLA-DQBI*06:02, we find MS
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risk for EUR allele carriers is almost two times the risk for AFR allele carriers. Although
HLA-DQBI*06:02 did not pass quality control thresholds in their study, a similar pattern for
HLA-DRBI*15:01 was identified by Chi et al. who determined that risk of MS conferred by the
EUR HLA-DRBI*15:01 allele was three times higher compared to the AFR HLA-DRBI*15:01
allele. In our study, less than 10 non-European HLA-DRBI*15:01 alleles were identified in the
Hispanic or African American sample. Although a local ancestry interaction was observed, not
much inference can be taken from the ancestral stratified analyses.

Our sample represents the largest and most geographically diverse collection of Hispanic
and African American individuals with MS to date. However, we acknowledge that our sample
size is still limited and thus there are likely additional novel and previously identified MHC
associations that have gone undetected in our sample. Similarly, detection of effects which are
heterogeneous by sex or ancestral state may be limited, and false positive interactions may
remain unidentified. Additionally, there is the possibility that we may be missing an extended
haplotype with a causal DRBI allele which is linked to DQBI1*06:02 but has gone undetected
due to power [37]. Nonetheless, a previous study in the isolated founder population of Sardinia
also identified an independent association for the HLA-DRBI1*15:01 and HLA-DQBI1*06:02
alleles [38]; a suggestion which has also been supported in transgenic mouse models [39-41].

In conclusion, we observe a central role for ancestry in genetic risk modification across the
MHC. Both global and local variant-specific ancestral risk modifications have been identified
which may influence prevalence or phenotypic differences that have been observed across
racial and ethnic groups [42-44]. More broadly, we have observed a decrease in Native Ameri-
can ancestry in MS cases relative to controls across much of the extended MHC, most notably
among Hispanics, indicating that protective Native American haplotypes are likely present
across much of the region. We have identified several MHC-specific MS susceptibility variants
in the admixed African American and Hispanic samples which are rare in European popula-
tions and represent novel population-specific effects, and we have also utilized the differing
LD patterns in Hispanics and African Americans to confirm an independent role for
HLA-DRBI1*15:01 and HLA-DQBI*06:02 on MS risk. These results taken together validate the
importance of investigating MS susceptibility at an ancestral level in heterogeneous popula-
tions to identify population-specific genetic influence on disease risk and offer insight into the
epidemiology of MS phenotypic diversity.

The current study focused on imputed genomic array data within the MHC containing rich
information in genetic ancestry, population genomics, and MS susceptibility. Future research
can integrate additional -omics data; including but not limited to transcriptomics, epige-
nomics, proteomics, and pharmacogenomics to further decipher the relationship between
genetic ancestry and MS susceptibility within the MHC and within other known MS loci [45];
facilitating a comprehensive understanding of precision population health.
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