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Deconstruction of HLA-DRB1*04:01:01 and HLA-DRB1*15:01:01
class Il haplotypes using next generation sequencing in
European Americans with multiple sclerosis.

Lisa E. Creary?!, Kalyan C. Mallempati?, Sridevi Gangavarapu?, Stacy J. Caillier3, Jorge R.
Oksenberg?, and Marcelo A. Fernandez-Vinal

LDepartment of Pathology, Stanford University School of Medicine, Palo Alto, CA, USA

2Histocompatibility, Inmunogenetics and Disease Profiling Laboratory, Stanford Blood, Center,
Palo Alto CA, USA

3:‘Department of Neurology, University of California, San Francisco CA, USA

Abstract

Background—The association between HLA-DRB1*15:01 with multiple sclerosis (MS)
susceptibility is well established but the contribution of the tightly associated HLA-DRB5*01.:01
allele has not yet been completely ascertained. Similarly, the effects of HLA-DRB1*04.:01 alleles
and haplotypes, defined at the full gene resolution level, with MS risk remains to be elucidated.

Objectives—To characterize the molecular architecture of class Il HLA-DR15and HLA-DR4
haplotypes associated with MS.

Methods—Next-Generation Sequencing was used to determine HLA-DQBI1, HLA-DQA1, and
HLA-DRBI1/4/5alleles in 1403 unrelated European-American patients and 1425 healthy unrelated
controls. Effect sizes of HLA alleles and haplotypes on MS risk were measured by odds ratio with
95% confidence intervals.

Results—HLA-DRB1%*15:01.01:015G (OR=3.20, /<2.2E-16), HLA-DRB5%01.:01:01
(OR=2.96, A<2.2E-16) and HLA-DRB5*01:01:01v1_STR1(OR=8.18, P=4.3E-05) alleles all
occurred at significantly higher frequencies in MS-patients compared to controls. The most
significant predisposing haplotypes were HLA-DQBI1*06.02:01~HLA-
DQA1*01:02:01:015G~HLA-DRB1%15:01:01:015G~HLA-DRB5*01:01:01 and HLA-
DQB1#06:02:01~HLA-DQA1*01:02:01:01SG~HLA-DRB1%15:01.:01:01SG~HLA-
DRB5*01:01:01v1_STR1(OR=3.19, F<2.2E-16; OR=9.30, P=9.7E-05 respectively). Analyses of
the HLA-DRB1*04 cohort in the absence of HLA-DRBI1*15:01 haplotypes revealed that the
HLA-DQB1#*03:01:01:01~HLA-DQA1*03.:03:01.01~HLA-DRB1%*04:01:01:015G~HLA-
DRB4*01:03:01.:01 haplotype was protective (OR=0.64, P=0.028) whereas the HLA-
DQB1#03:02:01~HLA-DQA1*03:01:01~HLA-DRB1*04.01.01.015G~HLA-DRB4*01:03:01:01
haplotype was associated with MS susceptibility (OR=1.66, P=4.9E-03).

Contact: Lisa E. Creary and Marcelo A. Fernandez-Vifa, Department of Pathology, Stanford University School of Medicine, 3155
Porter Drive, Palo Alto, CA 94304, USA, Tel: +1 650 498 1248, +1 650 723 7968, Icreary@stanford.edu, marcelof@stanford.edu.
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Conclusions—HLA-DR15 haplotypes, including genomic variants of HLA-DRB5, and HLA-
DR4 haplotypes affect MS risk.

Keywords

Human leukocyte antigen DRB1; Haplotype; European Americans; Next-generation sequencing;
Multiple Sclerosis; Susceptibility; Protection

Introduction

Genome-wide association studies have identified over 200 independent genetic associations
with multiple sclerosis (MS) susceptibility (1,2) As expected, all variants are relatively
common in the population and have modest individual statistical effects on risk. The
strongest genome-wide susceptibility locus maps to the major histocompatibility complex
(MHC, 6p21.3). This association, which was first described several decades ago (3,4) is
consistent with the long-held view that MS is fundamentally an antigen-specific
autoimmune disease, but also reflects the complexity of risk inheritance by harboring
multiple statistically independent allelic and haplotypic effects (5,6), including protective
signals in the class I region (7) and specific class Il genes allelic interactions (2,8) Recently,
the largest meta-analysis of GWAS-derived data from 47,351 MS subjects and 68,284
controls identified 32 independent associations in the extended MHC including non-classical
HLA effects (2). These new susceptibility variants provide powerful information for
understanding the architecture of genetic susceptibility in the MHC region, including gene x
gene interactions, and may be further investigated to examine their impact on gene function.

The specific association of MS with the class || HLA-DRB1*15:01 allele has been the
strongest genetic risk factor and consistently reported for nearly all studies (9). The most
prudent explanation for this observation appears to be related to singularities in the
molecular structure of the HLA heterodimer pockets, namely the large predominantly
hydrophobic P4 pocket of the peptide-binding domain of HLA-DR1#*15:01, determining
peptide ligands specificity and composition of the responding T-cell receptor repertoire (10).
For the putative MS autoantigen myelin basic protein (MBP), this P4 pocket may be
occupied by the aromatic side chain Phe92, responsible for its high-affinity binding to the
HLA-DRa01:01/HLA-DRR15:01 heterodimer. The presence of alanine at the polymorphic
HLA-DRB71 position is critical in creating the necessary space for Phe92 of MBP, and
among the common HLA-DRBI alleles the uncharged Ala at this position is only observed
in the HLA-DRB1*15allele group (HLA-DRB1*15:01-HLA-DRB1*15:06).

HLA-DRBI1*15allelic variants are in strong linkage disequilibrium (LD) with a second
functional DRB locus of restricted polymorphism, HLA-DRB5. Remarkably, the crystal
structure of a HLA-DRa/HLA-DRR5*01:01-Epstein-Barr virus peptide complex revealed a
striking structural similarity to the HLA-DRR1*15:01-MBP peptide complex at the surface
presented for T-cell receptor recognition (11), suggesting that peptides with only limited
sequence identity with a myelin peptide could activate autoreactive T-cells. Not surprisingly,
HLA-DRaHLA-DRR5 heterodimers appear to be effective MBP antigen presenting
molecules (12,13). In addition, HLA-DRB5*01.01 humanized transgenic mice crossed with
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mice expressing T-cell receptors specific for MBP 83-99 showed spontaneous experimental
autoimmune encephalitis (EAE) (14). Of great interest is the report of HLA-DRBI1~HLA-
DRBS5 epistatic functional interactions elegantly shown in an HLA humanized EAE model,
whereby HLA-DRB1 alleles underlie susceptibility and severity is mediated by HLA-DRB5
(15). The prediction derived from the murine model that HLA-DRB5 acted as a modifier,
was confirmed in HLA-DRB5-null African-American MS patients, showing a faster
progression to the progressive phase of the disease (16). However, the full spectrum of HLA-
DRB5 coding and non-coding variation in the context of MS susceptibility is unknown.

HLA-DRBI1*04 has been reported to be associated with MS disease susceptibility (17,18)
but this correlation appears to be limited by the ancestry of the population. In contrast to
HLA-DRBI1*15:01 that is associated with MS risk regardless of the clinical phenotype,
carriage of HLA-DRBI17*04 alleles has also been shown to be associated with the
development of primary progressive disease MS (PP-MS) course (19). However, this
observation was not found consistently and several other studies could only either suggest a
non-significant trend to a positive association of HLA-DRB1*04 alleles with PP-MS (20) or
no effect at all (21). On the other hand, a few studies have shown a protective effect of HLA-
DRB1*04with MS (22,23). The major limitation of previous studies, examining HLA-
DRBI1*04 with MS, is that most HLA-DRBI1*04 genotypes are ambiguous due to
serological or molecular low *first-field” resolution typing. The DR4 serotype represents a
large heterogeneous group of more than 300 HLA-DRB1*04 alleles, many of which have
substantially different amino acid sequences forming the antigen-binding site of the HLA
molecules. Definitive HLA-DRBI1*04 alleles were not assigned in many of the previous
studies and therefore it is very likely that different HLA-DRB17*04 alleles, as well as the
disease heterogeneity of the patients studied, may have been responsible for the opposing
effects on MS risk and outcome. In addition HLA-DRB1*04 alleles have various
predisposing effects in Rheumatoid Arthritis (RA) suggesting balance in autoimmune effects
of ancestral haplotypes; this concept should also be considered in the study of MS.

The application of next-generation sequencing (NGS) to the study of highly polymorphic
and structurally complex regions of the human genome increases the throughput, accuracy,
and resolution of genetic analysis by several orders of magnitude, presenting an opportunity
to better understand the biological mechanisms underlying HLA disease associations. Many
studies of HLA disease association have imputed HLA alleles from SNP typing (1,2,8).
These approaches are useful for large-scale association studies but present some limitations.
For instance HLA imputation methods usually only generate two-field resolution HLA types
because the reference dataset does not include alleles differing at four fields. Association
testing is restricted only to variations at the peptide-binding region of the HLA molecule
omitting examination of non-coding variants that may influence expression. In addition,
HLA imputation methods are unable to identify novel variants. To circumvent such
limitations, we employed a NGS method developed to type complete and/or extended
regions of HLA defined at three and four allele resolution, pertaining to molecular variations
in coding and noncoding regions. With our NGS approach new HLA alleles at any
resolution can be readily detected and reveal new distinctive haplotypic associations. In this
study, we used NGS to genotype HLA class Il loci in a cohort of European-American MS
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patients and ethnically matched unrelated controls to assess the role of HLA-DRB1*04.01
and HLA-DRBI1%*15:01 bearing haplotypes on MS risk.

Materials and Methods

Study Population

The dataset consisted of 2828 de-identified DNA samples from 1403 MS patients (1016
females, 72.4%) and 1425 healthy unrelated controls (791 females, 55.5%). All MS subjects
met established diagnostic criteria (24) and are non-Hispanic white. Control subjects were
also white of European ancestry and reported no self-history of personal chronic diseases or
in their nuclear family. This study was approved by the University of California, San
Francisco Institutional Review Board.

HLA genotyping

DNA samples were retrospectively typed for HLA class Il loci (HLA-DQBI1, HLA-DQA1,
HLA-DRBI1, HLA-DRB4, and HLA-DRB5) using the MIA FORA NGS high-throughput
semi-automated typing protocol (Immucor, Inc., Norcross, GA) and performed following the
manufacturer’s instructions. The coverage for class Il loci amplified by long range PCR are:
HLA-DQB15’UTR to 3’'UTR; HLA-DQA15’UTR to 3’UTR; HLA-DRB1/4/5 gene
fragments were amplified in two separate reactions, 5’ UTR to the first ~270 bp of intron-1,
and ~250 bp at the 3’ end of intron-1 to exon-6. Sample libraries were prepared and
sequenced at a final concentration of 12 pM spiked with 5% PhiX on the lllumina
HiSeq-2500 or 1.3 pM with 2% PhiX on NextSeqg-500 instruments using 150 cycle paired-
end kits (Illumina, Inc., San Diego, CA).

HLA sequence data analysis and genotype assignment

NGS sequence data stored as FASTQ files were uploaded into the MIA FORA FLEX v3.0
alignment software (Immucor, Norcross, GA) for analyses and assignment of HLA
genotypes. The MIA FORA software demultiplexes FASTQ files according to each unique
index and uses two complementary informatic strategies; competitive mapping of paired-end
sequence reads and de novo assembly of paired-end reads to construct one or two phased
consensus sequences. Paired-end reads and consensus sequences are compared with three
sources of HLA reference sequences; (i) the IPD-IMGT/HLA database v3.25.0 (https://
www.ebi.ac.uk/ipd/imgt/hla/), (ii) internal MIA FORA HLA references generated by cloning
with sequencing and (iii) computational filled /n silico HLA sequences, to assign genotypes.
Final correct HLA genotype calls were assigned after manual review.

STR ambiguous groups

The MIA FORA software permits detailed examination of all sequence segments, as well as
unambiguous allele assignment, with the exception of short tandem repeat (STR) enriched
regions located within introns of some class Il genes. These STR regions consists of ‘A’ or
“T” mononucleotides and/or ‘GT” and ‘GA’ dinucleotides that are repeated typically ~10 to
>20 times and cannot be assessed accurately by the sequencing methodology. Allele groups
that are indistinguishable due to STRs are given the suffix SG (STR group) to the lowest
numbered allele in that group. Characteristics of STRs for each SG and ambiguities that
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occur due to unsequenced regions within the HLA genes are described in supplementary
Table 1.

DRBS5 reference sequences

There are two HLA-DRB5*01:01:01 genomic reference sequences included in the MIA
FORA HLA software; HLA-DRB5*01:01:01 (GenBank accession number AL713966), and
an intronic variant of H#LA-DRB5*01:01:01, but lacking intron-1 sequence, denoted as
HLA-DRB5#*01:01:01v1_STRI1 (#KU593576) that was generated by cloning and
sequencing experiments (Barsakis et. a/. manuscript in preparation). Genomic sequences for
both alleles are located in the European Nucleotide Archive repository (https://
www.ebi.ac.uk/ena).

Statistical analyses

Results

Allele carrier frequencies were determined by direct counting and were calculated as the
number of individuals carrying a specific allele (either at the homozygous or heterozygous
state) divided by the total number of individuals. In control subjects allele frequencies at all
loci were tested for deviations from Hardy-Weinberg equilibrium (HWE) proportions using
the exact method of Guo and Thompson implemented in the PyPop software (25).

The BIGDAWG software (26) was used to estimate six locus haplotypes. The effect sizes of
HLA alleles, HL A-DRB1*04:01 and HLA-DRB1*15:01 bearing haplotypes on MS risk
were measured by odds ratio (OR) with 95% confidence intervals (Cl), and associated
probability (P)values derived from a two-tailed Fischer’s exact test. A Pvalue of 0.05 (a) or
less was considered statistically significant. Statistical analyses were performed using the R
statistical program v3.3.2. Power calculations were performed using the PS power-calculator
program (27) (Supplementary Table 2).

Allele level association analyses

We tested in this population HLA-DRB1*04, HLA-DRB1*15, and HLA-DRB5*01 for
allelic heterogeneity and susceptibility to MS risk. Analyses of HLA NGS data from MS
patients and controls revealed no new deleterious mutations that could affect expression in
any of the alleles detected. The levels of discrimination by the NGS method and testing
multiple loci, were able to estimate accurately the OR for susceptibility and resistance of
alleles and haplotypes compared to low-resolution typing methods PCR sequence-specific
oligonucleotide probe (PCR-SSOP) and sequence specific primer (SSP) or imputations of
HLA alleles. The distribution of allele frequencies at all loci in controls did not deviate
significantly from HWE. Allele frequencies were compared in the MS cases and controls
(Table 1). As expected there was a significant increased frequency of HLA-
DRB1%*15:01:01:015G in the MS group compared to controls and was highly associated
with increased susceptibility to MS (50.5% cases vs 24.1% controls, OR=3.20, C1=2.63-
3.91, P<2.2E-16,) whereas the alternative intronic variant HLA-DRB1%*15:01:01:04 allele,
described initially in Asians, was not detected in either the MS group or control group.
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The two intronic variants of HLA-DRB5*01.01 also occurred at higher frequencies in MS
cases than controls although HLA-DRB5*01.:01.01 was more frequent: 48.2% vs 23.9 %,
OR=2.96, C1=2.43-3.61, P<2.2E-16; HLA-DRB5*01:01:01v1 STR12.3% vs 0.3%,
OR=8.18, Cl=2.68-24.95, P=4.3E-05. In contrast, the frequency of HLA-
DRB1*04:01.01:015G was significantly decreased in the MS group compared to controls
and was protective even in the presence of the highly predisposing HLA-
DRB1#*15:01:01:015G alleles: 6.6% vs 16.6%, OR=0.36, C1=0.28-0.46, A/<2.2E-16.

HLA-DQB1~DQA1~DRB1~DRB4/5 haplotype level association analyses: HLA-DRB1*15:01

haplotypes

The distribution of HLA-DQBI1~DQAI1~DRBI1~DRB4/5 haplotype blocks in MS cases and
controls were compared. We first assessed which HLA-DRBI1*15:01 bearing haplotypes
were associated with susceptibility to MS (Table 2). Of the overall 17 HLA-DRB1*15.01
bearing haplotypes observed in the dataset, 11 different haplotypes were found in both MS
patients and control subjects, whereas 2 haplotypes, which are HLA-DRB5*01.01:01
variants of the “classic’ MS-positively associated haplotype, were found at significant
increased frequencies in the MS group compared to controls: the common haplotype HLA-
DQB1#06.02.01~HLA-DQA1*01.02.01.01SG~HLA-DRB1*15:01:01:01SG~HLA-
DRB5%*01:01:01 (30.1% vs 11.9%, OR=3.19, CI1=2.70-3.77, /<2.2E-16) and the rare
haplotype HLA-DQB1*06:02:01~HLA-DQA1*01.02:01.01SG~HLA-
DRB1%*15:01.01:01SG~HLA-DRB5*01.:01.01v1_STR1 (1.0% vs 0.11%, OR=9.30,
Cl=2.62-33.02, P=9.7E-05), consistent with the involvement of HLA-DRB1*15.01in
disease susceptibility. In addition, the HLA-DQB1*06:03:01~HLA-
DQA1*01:02:01.01SG~HLA-DRB1%*15:01.01:01SG~HLA-DRB5*01.01:01 haplotype was
also more frequent in MS cases than controls: 0.8% vs 0.3%, OR=2.90, CI=1.14-7.36,
P=0.0353. The frequencies of the remaining fourteen haplotypes in both cases and controls
were too low to deduce any plausible association results. Figure 1 depicts the HLA-
DRB1%*15:01.:01:015G bearing haplotypes positively associated with MS risk.

HLA-DRB1*04:01:01:01SG haplotypes in HLA-DRB1*15:01 - positive patients and controls

As shown above, HLA-DRB1#*04.01:01.:015G appears to be associated with disease
protection. In the presence of HLA-DRB1*15:01.01 the distribution of HLA-
DRB1*04:01.01:015G haplotypes blocks were slightly more homogenous in MS cases
compared to controls, 5 vs 6 haplotypes respectively (Table 3). Two haplotypes bearing
HLA-DRBI1#*04.01:01.015G were significantly more frequent in the control group
compared to the MS patients: HLA-DQB1*03.:01:01.01~HLA-DQA1*03:03:01:01~HLA-
DRB1%*04:01:01:01SG~HLA-DRB4%01.:03:01.01 (1.1% vs 4.8%, OR=0.21, C1=0.14-0.32,
P<2.2E-16) and HLA-DQBI1*03.02:01~HLA-DQA1*03:01.01~HLA-
DRB1%*04:01:01:01SG~HLA-DRB4%01.:03:01.01 (1.9% vs 3.4%, OR=0.54, CI=0.35-0.76,
P=4.3E-04).

A third less common haplotype bearing HLA-DRB1*04:01:01:015G was also over
represented in controls but the association was not statistically significant: HLA-
DQB1%03:02:01~HLA-DQA1*03:03:01:01~HLA-DRB1%04.01.01.015G~HLA-
DRB4*01:03:01:01 (0.4% vs 0.6%, OR=0.56, Cl=0.26-1.22, P=0.11).
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HLA-DRB1*04:01:01:01SG haplotypes after removal of HLA-DRB1*15:01 haplotypes

Due to the dominant effect of HLA-DRB1*15:01 with MS susceptibility we performed
further analyses to examine the associations of HLA-DRB1*04.01:01.015G haplotypes after
exclusion of HLA-DRBI1%*15:01 positive haplotypes in both MS cases and control groups
(Table 4). Interestingly the HLA-DQB1*03:02:01~HLA-DQA1*03:01.01~HLA-
DRB1*04:01.01.:01SG~HLA-DRB4*01.:03:01.:01 haplotype occurs at higher frequency in
the MS group compared to controls and is significantly associated with MS susceptibility:
6.2% vs 3.9%, OR=1.66, Cl=1.17-2.35, P=4.9E-03. Whereas the HLA-
DQB1%03:01:01:01~HLA-DQA1*03:03:01:01~HLA-DRB1%04.:01:01:01SG~HLA-
DRB4*01:03:01:01 haplotype frequencies remained elevated in controls and was moderately
protective: 3.6% vs 5.6%, OR=0.64, CI=0.43-0.95, P=0.028.

The HLA-DQB1*03:02:01~HLA-DQA1*03:03:01.:01~HLA-DRB1%04.01.01.01SG~HLA-
DRB4*01:03:01:01 haplotype frequencies were slightly higher in cases than controls but the
difference was not statistically significant: 1.2% vs 0.7%, OR=1.67, C1=0.77-3.63, P=0.19.
The HLA-DRB1*04.01:01.:015G haplotypes significantly associated with MS susceptibility
and protection are illustrated in Figure 2.

Discussion

In this study we performed high-resolution NGS typing of the HLA class Il genes, HLA-
DQB1, HLA-DQA1, HLA-DRBI1, HLA-DRB4, and HLA-DRBS5 to refine our current
understanding of the effect of HLA alleles and haplotypes on MS susceptibility and
protection in the European-American population. We exploited the powerful combination of
long-range PCR (amplification of the entire locus or wide coverage of key regions of the
gene) with NGS to generate accurate non-ambiguous 6 to 8 digit HLA genotypes. These
‘ultra’ high-resolution genotypes represent a more detailed description of HLA allelic
variants, differing in coding and non-coding gene segments, than 2 or 4 digit typing.
Furthermore, differences in intronic polymorphisms is useful for breaking down MHC LD
patterns, which may be pertinent for locating the casual variant(s) in disease association
studies.

Specifically, we focused our investigation on HLA-DRB5*01~HLA-DRBI1*15.:01~ HLA-
DQAI~HLA-DQBI and HLA-DRB4*01~HLA-DRB1*04.01~HLA-DQAI~HLA-DQB1
alleles and haplotypes. We have confirmed the numerous previous findings of a strong
association of HLA-DRB1*15:01 with MS susceptibility especially in white populations
such as European-Americans (28,29), and groups from Europe (30), and Australia (23,31).
In addition, the allele frequency of HLA-DRB1*15:01:01:015G in MS cases (50.5%) and
the strength of association (OR=3.20) found in our study is similar to those reported in other
white datasets (29,30,31). The HLA-DRB1*15:01 MS association have also been found in
non-European populations such as African-Americans (16), Latin-Americans (32), and
Chinese cohorts (33) but the strength of association was weaker than reported in European-
ancestry populations also other class Il alleles were found to be of greater effect than HLA-
DRB1#15:01.
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In all MS cases and controls that carried a HLA-DRB1*15allele, HLA-
DRB1%*15:01.:01:015G was exclusively associated with a functional HLA-DRB5 gene,
therefore, unsurprisingly analyses of HLA-DRB5*01:01:01 alleles also revealed a strong
association with MS risk. Analyses of the DR15 haplotypes showed that two different 6-8
digit defined DR15 haplotypes were positively associated with MS: HLA-DRB5*01.:01.01
and HLA-DRB5*01:01:01v1_STRI bearing haplotypes OR=3.19 and 9.30 respectively,
effect sizes that are very similar to those of HLA-DRB1#*15.01:01.015G, and HLA-
DRB5*01:01 alleles analyzed independently. Due to the intense LD between HLA-
DRB1%*15:01.:01 and HLA-DRB5*01:01:01 alleles, as well as the similarity of the effect
sizes of alleles analyzed individually or by haplotypes, it was not possible to discern the
individual contributions of these alleles on the DR15 haplotypes with MS susceptibility.
Although the strong positive association finding of the DR15 haplotype harboring the HLA-
DRB5*01:01:01_v1_STRallele is of interest, the result should be viewed with caution due
to the very low frequencies of this haplotype observed in both MS cases (0.97%) and
controls (0.11%), and the relatively high OR of 9.30 is most likely an artifact due to low
statistical power. A larger dataset would need to be examined to confirm the contribution, if
any, of HLA-DRB5*01.01:01v1_STRI1to MS. In a previous study of African-Americans,
the haplotypes bearing HLA-DRBI1*15in which HLA-DRB5'is deleted were associated
with increased risk for developing SPMS, suggesting that DRB5 attenuates MS severity
(16). Our findings in European-American MS patients and controls do not show the presence
of sequence variants within the gene that could affect gene expression of HLA-DRB5 and
therefore could either mitigate or increase disease susceptibility or severity.

Association results of HLA-DRBI1*04 alleles and haplotypes revealed a more complex
picture about MS compared to our HLA-DRB1*15findings. We found that HLA-
DRB1%04:01:01:015G alleles were strongly negatively associated with MS (OR=0.36). At
the haplotypic level, due to genetic diversity at the DQ loci, different haplotypes bearing
HLA-DRBI1*04.01:01.015G have opposite effects on MS risk dependent and independent of
HLA-DRB1#*15:01:01. Two distinct HLA-DRB17*04.01:01:015G haplotypes, bearing either
HLA-DQB1%03.01.01.01~HLA-DQA1*03.03:01:01 or HLA-DQB1*03:02:01~HLA-
DQAI1*03:01:01 were highly protective when the overall cohort was analyzed. Further
analyses of the haplotypes bearing HLA-DRB1*04.01:01.:015G controlling for potential
confounding by HLA-DRB1*15 showed that the HLA-DQB1*03.:01.01:01~HLA-
DQA1*03:03:01:01~HLA-DRB1%04.01.01.:015G~HLA-DRB4*01:03:01:01 haplotype
remained protective (OR=0.64, P=0.028) whereas the HLA-DQB1*03:02:01~HLA-
DQA1%03:01:01~HLA-DRB1*04.:01.01:015G~HLA-DRB4*01.03:01.01 haplotype
exhibited a moderately predisposing effect (OR=1.66, P=0.0049). These findings clearly
indicate that the HLA-DRBI1%04:01:01:015G allele alone does not affect MS risk but is part
of a protective or susceptibility haplotype. To our knowledge, we are the first to report MS
associations with HLA-DRB1*04:01.01:015G typed at the 4-field allele level. Our findings
that two different DR4 haplotypes associate with MS in opposite directions is not
unexpected as it well known, since the 1980’s, that two common haplotypes bearing HLA-
DRB1*04:01 (Dw4) associate with different DQB1 alleles (34,35), and these two haplotypes
show distinct effects in susceptibility to two diseases. In insulin-dependent diabetes mellitus
only HLA-DRB1*04.01~HLA-DQB1*03:02 associates with susceptibility (34) while in RA

Mult Scler. Author manuscript; available in PMC 2019 May 01.
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both HLA-DRB1#*04.01~HLA-DQB1*03:02 and HLA-DRB1*04:01~HLA-DQB1*03.01
haplotypes associate with predisposition to the disease (35). In some diseases such as RA
where specific motifs that determine function appear to have causative effects the
application of NGS extended testing may allow for fine mapping of these factors. In the
present study because of tight LD we were unable to map these structural features to only
one allele of a given locus lending the contribution of different factors in several steps of the
disease causing mechanism, such as peptide presentation and elimination of T-cell clones in
the thymus.

HLA class | and 11 alleles exist on extended haplotypes encompassing multiple genes and
specific alleles in tight LD, therefore it is possible that different loci and alleles act in
synergy to confer susceptibility or protection to MS risk. Compared to the number of class Il
loci implicated in MS, a few class | alleles have been reported to be associated with
susceptibility to MS (HLA-A*03, HLA-B*07), independent of class Il molecules, and the
class | protective effect has been reported to be mainly driven by HLA-A*02:01 (30) and
HLA-B*44:02 (Bw4-80T) (29). One of the protective HLA-DRB1*04.01:01:015G
extended haplotypes found in this study includes the HLA-B*44.02allele. The mapping of
protection may be elucidated when both class | and 11 HLA loci are examined
simultaneously by ultra-high resolution typing. The NGS approach taken in the present
study can be applied to examine systematically the effect of all classical class I and class Il
HLA alleles in diseases in which associations with HLA factors have been described.

In conclusion, our results support and extend previous findings of an association between
HLA-DRB1*15:01 and HLA-DRBI1*04.01 alleles with MS and demonstrate the advantages
of high-resolution NGS to determine risk and protective haplotypes. Larger multi-ancestral
studies using NGS combined with genotyping of a dense set of SNP markers are planned to
further elucidate the contribution of HLA to MS susceptibility.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
HLA-DRB1*15:01 haplotypes associated with Multiple Sclerosis in European Americans.

(A) Map of HLA class I, 111, and 1l genes, (B) MS associated HLA-DRB1*15:01.:01.015G
haplotypes.
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HLA-DRB1#04:01 haplotypes associated with Multiple Sclerosis in European Americans
conditional on the absence of HLA-DRBI1*15.:01 haplotypes. (A) Map of HLA class I, 111,
and Il genes, (B) MS associated HLA-DRB1*04.01:01:015G haplotypes.

Mult Scler. Author manuscript; available in PMC 2019 May 01.




Page 14

Creary et al.

20°T0-T0:¥0x TGHA-Y TH/T0-T0:T0-+0x T9HA-V TH dnoib AunBiquee siussaidas 9S10.70- 10 #0xTGHG-V TH
£0°T0-T0-ST« IGHA-Y TH/Z0-T0T0-STx TSHA-V TH/T0:T0-T0-GTx IFHT-Y TH dnoib AunBiquie syusseidal 9S10:10-10-STx IS4GV TH

[eAIBIUI BOUBPIUOD ‘D ‘01Rl SPPO ‘YO ‘Aousnbaly ‘b S1S01810S B|dINIAl ‘SIA :SUOIRINBIGAY

9T-3zZ> 9v¥0-820 960 €99T0  L€Z  €990°0 €6 9ST0°T0- 1040 TFHA-V TH
G0-3€¥  G6'YZ—89C 8T8 82000 4 G220°0 YT TYLS TAIOTO TOxSGHA-VTH
oT-32'¢> T9C-€vZ 96C €6£20 T¥E  €28Y'0  00€ 10:T0°T0x5940-Y TH
9T-3zz> T16€-€9C 0Z€ ¥IYC0  v¥E 8700  ¥IE 9ST0°T0-T0:ST« IS4V TH
anfend 1D %S6 Ho b4 uno) b4 wnoo ap|e V1H
S|0Jlu0D SSeDSIN
S|0J1u0d
pue Sased SIAl UedusWY ueadoun3 ul sajd|[e 1010 T0-#0x I9Ha-V TH PUR 'T0. 10 T0xSF5A-V TH ‘T0-T0-T0-G T« TSHT-V 7H 10 SUOIIRI0SSe Juedijubls
‘T alqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Mult Scler. Author manuscript; available in PMC 2019 May 01.



Page 15

Creary et al.

paijdde uonosaliod auepieH
'+

£0°T0-T0-ST« TGHA-Y TH/Z0-T0-T0-STx IGHA-Y TH/T0-T0-T0-ST« I9HG-v TH dnoib Aunbiqure sjuasaidal 9S70-10-10-GT« TG~V TH

$0°T0-20°T0x TV OA-Y TH/E0-T0-20- T0x TYOA-V TH/T0-T0-20- T0x I VOG-Y 7H dnoib Aunbiquie siussaidal 9S70:10-20- 10« VOG-V TH

20°T0-0:60x IGOA-Y TH/T0-T0-€0:50x T9OA-v TH dnoib AunBiquie syussaidal 70:10.£0:60x 190G~V TH

JeAJ8]UI BOUBPIJUOD ‘1D ‘011el SPPO ‘YO ‘Aduanbaly ‘b4 ‘S1S019]9S B1dNINIAl ‘'SIAl :SUOIRIABIGQY

00T 198T-500 +440 o000 T - 0 10°10° 10598 T~9ST0T0- 105 T« IGHT~ISTO-10-20: T0x IV OTG~6€:90x IGOT
00T 188T-500 +%20  p0000 1 - 0 10°T0° 10594 ~9ST0-T0-T0:G T« THT~ISTO-10-20:T0x IV OG~9T:90x IGOA
600  TO0/T-8z0 +°89 - 0 80000 T 10°10° 10598 T~9ST0:T0-T0:5 T« IGHT~IST0-10-20: T0x TV OG~T0:40-90x ISOA
600  TO/T-8z0 +°09 - 0 80000 T 10°10°T0x$98T~9ST0-T0-T0:G T« TGHT~Z0:20- T0x IVOG~T0-20-90x I9OT
00T  sg81-£00 +L£0  woooo 1 - 0 100 T0xSG4A~Z T T0 5T Y A~OSTO T0-20- T0x YO~ 10-20-90x 1900
00T 198T-500 +440 o000 T - 0 50:T0x§94G~9ST0-T0:10-5 I IGHA~IST0-T0:20- T0x IVOA~10-20-90x 90T
00T 188T-500 +%20  p0000 1 - 0 20°10-T0x 58 ~9STO:T0-T0-5Tx IFHT~ISTO-T0-20: T0x IV OG~T0-20-90x TGOA
600  TO0/T-8z0 +°89 - 0 80000 1 T4.LS TALOTO: T0xSHA~9ST0-T0:T0-S T ISHA~T0-T0-€0:T0x TV OG~T0:T0-90x ISOA
600  TO/T-8z0 +°09 - 0 80000 T THLS TAT0-T0T0xSGHT~ISTOT0-T0:G T« IFHT~ISTO-10-20: T0x IV OG~T0:T0-90x IFOT
600  TO0/T-8z0 +°89 - 0 80000 T 10°10°T0x594T~9ST0-T0-T0:G T« IHG~OSTO-10-20: T0x IV OG~T0:T0-90x ISOT
600  TO/T-8z0 +°09 . 0 80000 T 10°10° 10598 T~9ST0T0-T0:5 T« IGHT~IST0-10-20: T0x TV OG~T0:T0-€0-50x T8O
00T 681-c00 +%49  voooo T - 0 10°T0° 1059 T~9ST0T0-T0:G T« IGHT~ISTO-10-20: T0x IV OG~Z0-T0-10-50x TAOA
650  Or9T-ze0 T€T L0000 z 91000 z 10°10° 10598 G~9ST0-T0-T0:G T+ IGHT~Z0:20- T0x IVOA~T0-20-50x T900
00T 9T'6-900 850  ¥I000 14 8000°0 T 10°10° 10598 T~9ST0T0-T0:5 T« IHT~IST0-10-20: T0x TV OT~10:20-50x TFOT
€5€00  9€L-¥TT 06T 82000 8 7800°0 07 10°T0° 10594 T~9ST0-T0-T0:G T« IFHT~OSTO-10-20: T0x IV OG~T0:60-90x IEOA
G0-3.6 €0€€E-29C 0€6  TT000 ) 16000 T TH.LS TALOTO: T0xS4A~9ST0-T0:T0:S 5 ISHA~IST0-T0:20- T0x TV OA~10-20-90x 1900
o1-32°2> LL€-0LT 6TE  68ITO 6€€ 010€°0 2L 10°10° 10598 T~9ST0T0-T0:5 T« IHT~IST0-10-20: T0x IV OG~10:20-90x TFOT
anfend 1D %56 t<[e} b4 unod b4 junod sadAjo|dey G8HA~TOST»TEYA~-TVOA~-TA0A-V TH

(0g8z=Ug)s|0u0D  (9eZT=UZ) SO SN

Author Manuscript

$]0J1U0J pue Sased SIA Urdllswy ueadoin3 ul sadAlojdey 7067« TG4 G-V 7H 10 UOIRIJ0SSY
¢ 3lqeL
Author Manuscript

Author Manuscript Author Manuscript

Mult Scler. Author manuscript; available in PMC 2019 May 01.



Page 16

Creary et al.

paijdde uonosaliod auepieH
"+

£0°T0-80:T0xGHA-Y TH/T0-T0-€0-T0x#G&d-v TH dnoib AunBiqwee sussaidel 10.70:€0-T0xvG&5T-V TH

20°T0-T0-#0x TGHA-Y TH/T0-T0-T0-#0x T9HG-v TH dnoib AunBiqure sjuasaidal 9S70. 101040« TG~V TH

[eAIBIUI BOUBPIUOD ‘D ‘01Rl SPPO YO ‘Aousnbaly ‘b S1S019[0S B|dIIINIAl ‘SN :SUOIRINBIGYY

150 1e8-100 +7€9 0000 1 - 0 20:€0-T0x#GHA~OSTOT0-10-#0x IGHT~T0-T0:€0x IV OG~T0-20-€0x IEOA
180 98bli-z10 +30¢€ - 0 0000 T NZO:TO:E0-T0x¥GHT~OSTO-T0-T0-#0x [FHT~T0-T0-E0x IVOG~T10-20-€0x IFOA
150 1e8-100 +7€% 0000 1 - 0 10°10°T0-T0x ¥ G4 A~9ST0- IO T0-40x IFHA~T0-10-E0x TV OA~T0-20:€0 I9OA
00 ogvL-zro +30€ - 0 ¥000°0 T 10°T0-€0-T0x ¥4 A~9STOT0-T0- #0x TAHA~T0-T0-€0:€0x TV OG~E0:T0-T0-€0xTHOT
66°0 1e8-100 +7€% 0000 T - 0 NZOT0-60:T0xrGHA~OSTO- 1010705 TGHA~T0-T0-60:€0x TV OT~10-T0-10-€0x IGO0
170 ZTT-920 950  £€9000 81 92000 (1) 10°T0:60-T0x ¥ GHA~9ST0- IO T0-¥0x IGHA~T0-T0-60:€0x IV OG~T0-20-€0x IEOA
v0-3€Y  9L0-S€0 Y50 LEE0D 9 S810°0 [4S 10°10:€0-T0x ¥ G4 A~9ST0-T0T0-40x IGHA~T0-10-E0x TYOT~T0-20:€0x T9OT
91-322> 2€0-%T0 120  ¥8v00 8eT L0700 0€ 10°10:€0-10x G5 A~9ST0-T0T0-40x IGHA~T0-10-60:€0x TV OG~T10:T0-10-€0x IGO0
anfend 1D %56 4o b4 wunod b4 unod sadAjo|dey ¥84A~T0:T0:T0:¥0-TYA~TVOA~-TaOA-VTH

(0sgz=ug) sjou0d

(908z=Ug) seseD SN

Author Manuscript

$]0J1U0J pue Sased SIA uedLiswy ueadodn3 ul sadAiojdey 107070« IS4V TH 10 UOIRIJ0SSY

‘€ 9lqeL

Author Manuscript

Author Manuscript Author Manuscript

Mult Scler. Author manuscript; available in PMC 2019 May 01.



Page 17

Creary et al.

paijdde uonosaliod auepieH
"+

£0°T0-80:T0xGHA-Y TH/T0-T0-€0-T0x#G&d-v TH dnoib AunBiqwee sussaidel 10.70:€0-T0xvG&5T-V TH

20°T0-T0-#0x TGHA-Y TH/T0-T0-T0-#0x T9HG-v TH dnoib AunBiqure sjuasaidal 9S70. 101040« TG~V TH

[eAIBIUI BOUBPIUOD ‘D ‘01Rl SPPO YO ‘Aousnbaly ‘b S1S019[0S B|dIIINIAl ‘SN :SUOIRINBIGYY

00T crvz-v00  +99F  $0000 1 - 0 20:€0-T0x#GHA~OSTOT0-10-#0x IGHT~T0-T0:€0x IV OG~T0-20-€0x IEOA
900  ebozz-.g0 268 - 0 21000 T NZO-T0-€0:T0xr8HA~OSTO- 1010 #0x IAHA~T0-T0-€0x YOG~ I0-20:60x T80T
00T crpz-v00  +99F  $000°0 1 - 0 10°10°T0-T0x ¥ G4 A~9ST0- IO T0-40x IFHA~T0-10-E0x TV OA~T0-20:€0 I9OA
900  ebozz-.c0 468 - 0 21000 T 10-10-€0:T0x#8HA~OSTO- 10 10:40x TAHA~T0-T0-€0:€0x IVOT~E0:T0-T0-€0x IO
00T s pz-v00  +99F  $000°0 1 - 0 NZOT0-60:T0xrGHA~OSTO- 1010705 TGHA~T0-T0-60:€0x TV OT~10-T0-10-€0x IGO0
670 €9€-1.0  L9T 2000 87 02100 (1) 10°T0:60-T0x ¥ GHA~9ST0- IO T0-¥0x IGHA~T0-T0-60:€0x IV OG~T0-20-€0x IEOA
8200  S60-€¥0 Y90  §550°0 8ET 09€0°0 0€ 10°10:€0-T0x ¥ G5 A~9ST0-T0:T0-40x IGHA~T0-T0-0:€05 TV OG~T0:T0-10-€0x T9OT
€0-36'v  G€T-LTT 99T  98€0°0 9% ¥290°0 A 10°10:60-T0x ¥4 A~9ST0-T0T0-#0x IFHA~T0-10-E0x TYOT~T0-20:€0x IGOT
anfend 1D %56 <[e} by unod b4 unod sadAjo|dey ¥84A~T0:T0:T0:¥0-TYA~TVOA~-TaOA-VTH

(88¥z=ug) sjpuod

(ee8=Uz) seseO SN

Author Manuscript

Author Manuscript

‘v alqeL

sadAio|dey 106 IG4G-V TH 30 [erowsal Jaige sadAioldey 10: 10 #0x T9HA-V TH 40 UONRII0SSY

Author Manuscript

Author Manuscript

Mult Scler. Author manuscript; available in PMC 2019 May 01.



	Abstract
	Introduction
	Materials and Methods
	Study Population
	HLA genotyping
	HLA sequence data analysis and genotype assignment
	STR ambiguous groups
	DRB5 reference sequences
	Statistical analyses

	Results
	Allele level association analyses
	HLA-DQB1~DQA1~DRB1~DRB4/5 haplotype level association analyses: HLA-DRB1*15:01 haplotypes
	HLA-DRB1*04:01:01:01SG haplotypes in HLA-DRB1*15:01 - positive patients and controls
	HLA-DRB1*04:01:01:01SG haplotypes after removal of HLA-DRB1*15:01 haplotypes

	Discussion
	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.
	Table 4.



