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Abstract

Unlike classical HLA class | genes, MR1 is assumed to have limited polymorphic positions. We developed a
MR1 specific PCR assay and sequenced 56 DNA samples from cells with a diverse set of HLA genotypes. In
this relatively small panel we found six allele groups encoding for different MR1 proteins. The two most fre-
quent allele groups found in this panel had a frequency of 71% (MR1*01) and 25% (MR1*02), respectively.
Moreover, the panel contained many intronic SNPs and silent variants, with individual samples containing
up to 15 heterozygous positions. The data presented here is consistent with marked variation in MR1.

This is the author manuscript accepted for publication and has undergone full peer review
but has not been through the copyediting, typesetting, pagination and proofreading process,
which may lead to differences between this version and the Version of Record. Please cite
this article as doi: 10.1111/tan.14390

This article is protected by copyright. All rights reserved.


http://orcid.org/0000-0003-4034-1697
http://dx.doi.org/10.1111/tan.14390
http://dx.doi.org/10.1111/tan.14390
http://crossmark.crossref.org/dialog/?doi=10.1111%2Ftan.14390&domain=pdf&date_stamp=2021-08-23

Text

Classical MHC-I proteins, also known as MHC-la proteins, are encoded by the most polymorphic genes in
the genome and for successful organ and stem cell transplantation MHC compatibility is a prerequisite.
Non-classical MHC class | genes, also known as MHC class Ib genes, and MHC-I-like molecules have few al-
leles and are considered oligo- or even mono-morphic 23, Classical MHC genes are clustered together on
human chromosome 6 and some MHC-Ib genes are interspersed between these loci. MHC-I-like genes
genes reside outside the MHC locus. MHC class I-related protein 1 (MR1) is an MHC-I like gene that is on
chromosome 1. In spite of this, MR1 shares greater homology with MHC-la genes than it does with other
MHC-I like genes #>. The structure of MR1 is that of a typical MHC class | gene, with exon 1 coding for a
leader peptide and exons 2-4 coding for extracellular domains, including al- and a2-domains that form the
antigen-binding cleft. Exon 5 and 6 are coding sequences for the transmembrane and cytoplasmic domains,
respectively . An unusual feature of MR1 is a large intron 1 of 15kb. MR1 presents microbially derived vita-
min B-related metabolites to a set of unconventional T cells called mucosal-associated invariant T cells
(MAIT cells) 7 & 2. MAIT cells in mice have been shown to play a role in controlling infections with Legionella
longbeachae 0, Francisella tularensis 1*, Mycobacterium bovis *?, pathogenic E. coli %3, Clostridium difficile **
and Klebsiella pneumoniae *°. Recently, MR1 was highlighted as a monomorphic, pan-cancer, pan-popula-
tion target for immunotherapies 6. This study suggested that MR1 is able to present ligands derived from
the cancer metabolome, making MR1 expressing cancer cells a target for T cells that become potent killers
of human cancer cells. Despite its monomorphic classification, the NCBI variation viewer reveals multiple
SNPs in MR1, three of which have been studied more extensively 17 & 1°, Stumpf et al.?’ discovered a vari-
ant allele of MR1 in a chronic myeloid lymphocyte (CML) patient that was treated with donor lymphocyte
infusions (DLI), which acted as an HLA-class Il restricted minor histocompatibility antigen, causing mild graft-
versus-host disease (GVHD) of the skin. In this study the donor was homozygous and the patient heterozy-
gous for SNP rs2236410. Howson et al.’® discovered a homozygous mutation in MR1 (R9H) in a patient that
had a history of difficult-to-treat viral and bacterial infections. The R9H MR1 protein could no longer bind
microbial MR1 ligand (5-OP-RU) and the patient appeared to lack MAIT cells. Seshadri et al.*® studied in-
tronic SNPs in a cohort of Vietnamese adults and discovered an association of MR1 SNP rs1052632 with
MR1 gene expression and susceptibility to tuberculosis. In this paper we report new allele variants for MR1
and map the variant residues to the protein structure.

To study variation of MR1 we developed a PCR assay that amplifies a region spanning intron 1 to the 3’ UTR,
so that the resulting amplicon of 7kb includes all exons encoding for the MR1 protein. We performed PCR
reactions for 56 DNA samples from the genetic testing reference material from the Coriell Cell Repositories
(Table 1). We sequenced the samples on an Illumina Miseq and analysed the data using NGSengine soft-
ware. We analysed the complete amplicon, ignoring only a long A-homopolymer repeat in intron 3 (nucleo-
tide 16972-16985 upstream of the start codon). The sequence data was of high quality with a median read
mappability of 90% and a sequence noise percentage in all exon regions below 3%, indicating that the MR1
amplification is very specific.

In this relatively small panel a diverse set of heterozygous genotypes was discovered (Table 1A). In all cases
the minor fraction of the heterozygous positions was between 43-50%, indicating a balanced amplification
of both alleles in each sample. In this panel we validated three intronic SNPs that were described before
using different samples (rs10797666, rs1052632, rs2877545) *°, including the rs1052632 variant that has
been associated with susceptibility to tuberculosis. In addition to many intron variants, we found multiple
samples with polymorphic nucleotide positions in the exon region compared to the published genomic MR1



sequence (NCBI Ref Seq: NG_042221.1 (Gene ID: 3140)). Almost all variant positions could be linked to a
specific SNP in the NCBI variation viewer and many of these SNPs were also found in the 1000 Genomes
(1000G) Project (Table 1A). SNPs with a high frequency in the 1000G Project also had a high frequency in
the 56 samples panel we studied, indicating these variants are not sequencing artefacts. Although many
polymorphisms were found in the introns, none were in the 2 bases that flank any exon and that are im-
portant for splicing. Within the exons both silent and non-silent mutations were found. Based solely on se-
quence data It is difficult to determine if any of these changes also affect splicing. The polymorphisms also
included coding region alterations in exons 2 and 3. These exons encode the domains that form the ligand-
binding pocket and are the most polymorphic regions in classical MHC-I genes and are the most relevant in
the context of transplantation.

To obtain fully phased MR1 allele sequences, MR1 was re-amplified from 5 samples containing alleles encod-
ing for novel MR1 proteins. These amplicons were used to create a library of SMRTbell templates and were
sequenced on a PacBio Sequel Il System. This method resulted in high quality long reads that covered the
complete amplicons and in which phasing of all heterozygous positions could be achieved (Figure 1). Based
on this long-read sequencing data new alleles could be described, for which we proposed the following pro-
visional nomenclature; first field differences indicating protein variants, second field reserved for silent mu-
tations and third field used for intron variants (Table 1B). An allele group was found (MR1*02), with a coding
region alteration in exon 2 resulting in a His to Arg amino acid change at position 17. Based on the 56 samples
in the original panel we calculated an allele frequency of 25% for MR1*02. In an earlier study, this polymor-
phic position was identified as a HLA-DR-restricted minor histocompatibility antigen in a CML patient after
alloSCT Y. Using a different sample panel Stumpf et al.'” calculated an identical frequency of 25% for this
variant. H17 is not conserved between species (e.g. Pongo Pygmaeus: R, Mouse: P, Bovine: Y, Opossum: Q)
20 MR1*01 and MR*02 were the most frequent alleles in our panel with respectively 71% and 25%.

In our panel of 56 samples, four more samples were found to have alleles with changes resulting in amino
acid variants in the encoded protein (Figure 2). MR1*04 contained 2 amino acid changes. A change at posi-
tion 17, similar to MR1*02, and additionally an Arg to His change at position 9. Previously a patient homozy-
gous for MR1 R9H has been described. MR1 R9H was unable to present the riboflavin based MAIT cell anti-
gen 5-(2-oxopropylideneamino)-6-p-ribitylaminouracil (5-OP-RU) and the patient lacked circulating MAIT
cells '8 Notably acetyl-6-formylpterin, an MR1 ligand which does not stimulate MAIT cells, could still bind to
MR1 8, Figure 3 shows a cartoon display of MR1 with the variant residues highlighted in teal in the al- and
a2-domains (Figure 3A) and in the a3-domain and cytoplasmic tail (Figure 3B). None of the polymorphic res-
idues are TCR contacts in crystal structures of MAIT TCRs in complex with MR1-5-OP-RU (Figure 3A). R9 rep-
resents a TCR contact in crystal structures of a MAIT TCR complexed with MR1 presenting the drug diclo-
fenac or its metabolite 5-OH-diclofenac 2. Accordingly ROH might be relevant for TCR recognition of MR1
ligands whose presentation is not disrupted by R9H.

Glutamate is a polar and negatively charged amino acid whilst glycine is non-polar and hydrophobic; histidine
is a polar, positively charged and very hydrophilic amino acid whilst glutamine is polar and uncharged. Ac-
cordingly, E52G and H90Q represent non-conservative amino acid changes and such changes could impact
on the function or folding of MR1 but this warrants testing in functional studies.

1121V represents a conservative change and is located in a region that is unlikely to be of functional im-
portance. 1121V is also a polymorphic residue in Opossum.

Isoleucine and valine are both non-polar and hydrophobic so that 1244V represents a conservative amino acid
change. 1244V is furthermore located in a region that is not known and unlikely to be of functional im-
portance. 1244V is also a Valine in other species MR1 (e.g. Macaque, Mouse, Bovine and Pig).



Arginine and lysine are both polar, positively charged and very hydrophilic amino acids so that R304K repre-
sents a conservative amino acid change in the cytoplasmic tail. Position 304 is also a lysine in MR1 of other
species, namely Opossum, Wallaby and Tasmanian devil %°.

Although it is unsure if there is any role for MR1 in histocompatibility, the polymorphic nature of MR1 de-
scribed here would justify a larger study into the clinical relevance of MR1 variability, both in the context of
transplantation and immunotherapy approaches targeting MR1, and MR1 disease-association studies. In
the context of transplantation, it is possible that MR1 variants create minor histocompatibility antigens in
addition to the ones described 7. Furthermore, allelic differences in MR1 at the T cell receptor interface
could induce alloreactive T cell responses. Other allelic differences in the MR1 protein could impact on anti-
gen presentation which in turn could be associated with diseases, as previously suspcected 2. Additional
variants outside the coding region could also be associated with diseases, affecting MR1 gene regulation, as
previously described *°. Lastly, allelic differences in MR1 at the T cell receptor interface potentially chal-
lenges the premise of MR1 representing a pan-population target for immunotherapies.
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Table 1 Variant positions in MR1 in different samples. Human genomic DNA samples were from the Coriell
Institute (New Jersey, USA) and were extracted from ethnically diverse cell lines from the NIGMS Human
Genetic Cell Repository 22. DNA samples were used to amplify MR1 by a Polymerase Chain Reaction (PCR)
using Primers (GenDx, Utrecht, NL) and the GenDx-LongMix PCR kit according to the Instructions for Use.
The enzyme in this kit is a mixture of a Taq polymerase and a proofreading enzyme with 3’-5’-exonuclease
activity for the removal of erroneously built-in, wrong bases. The processivity is primarily driven by the Taq
polymerase. Amplicons were processed in the NGSgo workflow for lllumina using NGSgo-LibrX and NGSgo-
IndX (GenDx). Libraries were paired-end sequenced (2x150bp) on a MiSeq platform (lllumina). FASTQ files
were analyzed in NGSengine HLA typing software (GenDx). A) Samples with 1 or more bases difference
compared to MR1*01:01:01 (NCBI Ref Seq: NG_042221.1) are shown. Samples NA17203, NA17204,
NA17206, NA17210, NA17226, NA17234, NA17246, NA17274, NA17286, NA17618 were invariant for MR1.
Most variant positions could be linked to a specific SNP (Variant ID) in the NCBI variation viewer and many
of these SNPs were also found in the 1000 Genomes (1000G) Project. The 1000G MAF is the frequency of
the minor allele for the Phase 3 May 2013 call set. Non-silent variants are grouped on top, followed by si-
lent variants and intronic or UTR variants. B) Variant positions in fully phased MR1 alleles.

Figure 1. New MR1 alleles sequenced on a PacBio Sequel Il system. A SMRTbell library was constructed
with SMRTbell® Express Template Prep Kit 2.0. Primer annealing and polymerase binding were performed
following instructions in the Sample Setup module of SMRT Link analysis software. Resulting fastq files were
analyzed using NGSengine software. Shown is a NGSengine overview of sample NA17205. On top the gene
overview with exons in yellow and UTR regions in blue. Below the gene overview is the coverage plot of
exon 2-exon 6 with heterozygous positions indicated in different colours. The base variation plot shows the
heterozygous position around 50% and noise at 1% or lower. Features of the new MR1 alleles are described
below the base variation plot. All new alleles for which full phasing information was acquired were submit-
ted to GenBank (MW239102 MR1*01:01:02, MW239103 MR1*02:01:02, MW239104 MR1*01:01:03,
MW239105 MR1*06:01:01, MW239106 MR1*05:01:01, MW239107 MR1*02:01:01, MW239108
MR1*03:01:01, MW239109 MR1*01:01:04, MW239110 MR1*04:01:01). First field differences indicate pro-
tein variants, second field is reserved for silent mutations and third field is used for intron variants.

Figure 2. Amino acid alignment of different MR1 alleles. Shown is the mature protein after removal of the
signal peptide.

Figure 3. A) Differences in MR1 alleles in the al- and a2-domains. Cartoon and surface display (light grey)
of the MR1 Ag-binding cleft and stick display of 5-OP-RU (black) based on the protein data bank (PDB) depos-
ited crystal structure featuring the human A-F7 MAIT TCR in complex with human MR1-5-OP-RU (PDB ID:
4NQC &) . MR1 atoms contacted in hydrogen bonds (there are no residues contacted in salt bridges) based on
analysis using PDBsum 23 in any of available ternary crystal structures of human MAIT TCRs in complex with
human MR1-5-OP-RU (PDB IDs: 4NQC &; PDB IDs: 4PJ7, 4PJ8, 4PJ9, 4PJA, 4PJB, 4PJC, 4PJD %) are highlighted
in magenta, residue side-chains displayed in stick format and residues labelled in black. All contacts include
atoms of side-chains except for Leu65, where the main chain is contacted. The only MR1 residues contacted
in all analysed structures are Tyr62 and Tyr152. MR1 residues that differ in the MR1 alleles MR1*02, *03,
*04, *05 are highlighted and labelled in teal, and residue side-chains displayed in stick format. B) Differences
in MR1 alleles in the a3-domain and the cytoplasmic tail. Cartoon display (light grey) of MR1 and 2m (light
blue), and stick display of 5-OP-RU (black) based on the PDB deposited crystal structure featuring the human
A-F7 MAIT TCR in complex with human MR1-5-OP-RU (PDB ID: 4NQC 8); schematic of the transmembrane



domain (TM) and cytoplasmic tail (Cyt. tail). The MR1 residues that differ in the MR1 alleles MR1*05 and *06
are highlighted and labelled in teal.
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Table 1A)

Variant ID

rs2236410
rs376289951
rs577996797
rs41268456
rs186300848
rs374009364
rs754650505

rs61731104
rs61731103
rs61731101
rs3863720

rs35223984

rs2331994
rs3747956
rs10797666
rs1052632
rs3845423
rs2275469
rs6674136
rs2331993
rs3789357
rs3789359
rs2236411
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rs2236412
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rs76696261
rs58860674
rs7545452
rs59252681
rs6667601
rs112526759
rs59353588
rs111999364
rs75073791
rs138270245
rs544605726
rs187522902
rs150946490
rs139847219
rs143252572
rs571532490
rs560526084
rs543032425
rs531730583
rs184678860
rs536473637
rs548708632
rs2877545
rs 1318693907
base 21657

Variant positions in MR1 in different samples.
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Table 1B) Variant positions in fully phased MR1 alleles.

o 5 33333338388 ¢
£ o === 1R ] o o o
s °le= [PRRPeeRR2s
12236410 A G=0,1929 66 6
rs376289951 A G=0,0026 G
rs577996797 C A=0,0026 £
rs41268456 G A=0,0024 A E
rs186300848 A G=0,0004 G §
rs374009364 A NA G
rs754650505 G NA A
rs61731104 C T=0,0393

rs61731103 T C=0,0389 N
rs61731101 T C=0,0226 &
rs3863720 G A=0,0166 @
rs35223984 C T=0,0096

rs2331994  C T=0,4978 T T
153747956 G G=0,4776 A A
1510797666 A A=0,4513 c c
rs1052632 G G=0,4455 A A
rs3845423  C C=0,4405 T TT
152275469  C C=0,4403 A A A
rs6674136  C C=0,388 T TT
rs2331993 G A=0,2173

rs3789357  C T=0,2165

13789359 T C=0,2143

rs2236411  C G=0,1058

rs73050362 A G=0,0607

rs2236412 T C=0,0519

rs28540353 G T=0,0389

rs76696261 G A=0,0284

rs58860674 G C=0,028

rs7545452 T C=0,025

rs59252681 C T=0,0248 o
rs6667601  C A=0,0236 5
rs112526759 G A=0,0104 =~
1559353588 G C=0,0102 ¢ g
rs111999364 G A=0,0102 =
rs75073791 G A=0,0098

rs138270245 A G=0,0052 G

rs544605726 T G=0,0038

rs187522902 G A=0,0034

rs150946490 C T=0,0034

rs139847219 C A=0,0034

rs143252572 A T=0,0034

rs571532490 T C=0,0026 c
1560526084 G T=0,0026 T
1543032425 G T=0,0026 T
1531730583 T C=0,0026 c
15184678860 G A=0,0004| A

rs536473637 A T=0,0002 | T

1548708632 A G=0,0002| G

rs2877545 C  NA

151318693907 G NA

base21657 A NA
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