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Introduction

Bioinformatics

This thesis is focused on the use of bioinformatics applied to molecular analysis to answer
scientific questions in the field of HLA and immunology. Bioinformatics is a tool that
helps develop a scientific vision; it informs the generation of queries, but also suggests
methodology to solve the queries. Bioinformatics is a relatively new cross-disciplinary field
of research, which has a broad and flexible definition due to its connections to concepts
and techniques from many fields.” It combines concepts from computer science and
biology into a platform for answering biological questions by computational methods.
Bioinformatics would not be possible without ideas from database design, algorithm
design, data standards, statistics, computer hardware, and computer programming, and
it would not have a purpose without important background knowledge and scientific
questions from the biological and biomedical fields. Bioinformatics represents an
exciting and promising field with a variety of applications, such as molecular biology,
metagenomics, evolutionary biology, protein modeling, and drug design. Perhaps most
pertinently, bioinformatics has applications in the queries which apply the analysis of
biological sequences, including peptide, RNA, and DNA sequences.

Deoxyribonucleic acid(DNA) is the long, double-helical polymer of nucleotides contained
within nearly all cells of all living things. Although some methylation and epigenetic
information can be passed to offspring,? DNA contains most of the inherited information
for living organisms. The collection of DNA contained within human cells is referred to as
the human genome, the bulk of which is made up of 23 chromosome pairs containing
approximately 20,000 - 25,000 protein-encoding genes.? Humans, like nearly all mammals
are diploid, which means that each chromosome contains a pair of homologous
sequences. One copy of the genome is inherited from both the individual’s father and
the mother. The chromosome pairs are arranged in “H” shaped chromosomes, and paired
chromosomes are joined near the center in a structure called a centromere. A single copy
of the human genome contains approximately 3 billion nucleotide bases, so the entire
genome including both paired copies consists of approximately 6 billion nucleotides.
In addition to the 23 chromosomes, humans inherit 16.6kb* of mitochondrial DNA,
contained within intracellular mitochondria and nearly always inherited from the mother.’
Patterns within the DNA serve specific biological purposes, which continue to be studied
and elucidated. Early analysis of the genome suggests that the genome contains tens of
thousands of genes, but only 1% of Single Nucleotide Polymorphisms (SNPs) will affect
protein function®. More recent studies suggest that the genome is rich with regions of
DNA containing functional polymorphism, with estimates of the functional DNA ranging
from 15%7 to 80%?2. It is not just expressed regions that are important; there is evidence
that the non-coding regions? are full of polymorphism that suggest biological function.
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The Central Dogma of Molecular Biology™ is the widely accepted theory of how genes
bring about protein function. Within the nucleus, RNA polymerase binds to specific
promoter sequences nearby a gene and transcribes the DNA into precursor messenger
RNA (pre-mRNA). While still in the nucleus, post-transcriptional modifications, including
the splicing of intron sequences and polyadenylation, mature the pre-mRNA into a
processed messenger RNA (mRNA). The mRNA leaves the nucleus and is subsequently
translated into functional proteins by ribosomes. A cell’s ribosomes bind to a messenger
RNA, and decode the nucleotide sequence to create a very specific amino acid sequence,
where every sequence of three nucleotides (codons) encodes a specific amino acid.

Genes are most commonly referred to as the regions of DNA that encode a protein. Genes
are generally expressed as proteins, but gene expression can vary greatly among cell
types, and is directly affected by environmental factors. The translation of messenger RNA
into a protein can also be regulated by the actions of microRNAs, which complement the
MRNA sequence and inhibit translation.”” A single gene can encode multiple functioning
protein isoforms by way of alternative splicing. Alternative splicing provides a great deal
of flexibility in how organisms can adapt to different conditions, and how to express genes
at different developmental stages, implying that nearly any estimations of gene counts or
proportions of the genome that are functional are an underestimation of the variety of
the functionality that is encoded in the human genome."

Analysis of genes or regions is interesting and informative, but an individual gene does
not act alone. The genome has pieces and components that interact with each other
in unexpected ways, and the function of a gene must be considered in the context of
neighboring genes, haplotypes, chromosomes, the entire genome, and the local cell
microenvironment. The expression of one gene can change the behavior of another
gene, possibly affecting expression levels. In different cell types, DNA structures might be
methylated, which can activate or deactivate genes, providing flexibility in expression in
cell types and stages of development. While it is convenient to view the genome as a static
structure, in truth it is a dynamic system.

Although 99.9% of the genome is identical between humans,’ there is still significant
polymorphism between individuals. Genomes differ by many individual SNPs, and by
sequence insertions or deletions, and in some cases major recombinations or genomic
rearrangements. Patterns of individual SNPs can be studied to improve our understanding
of historical evolutionary diversions, and analysis of these patterns allows comparison
of individuals from varying ethnicities. More importantly, polymorphism between
individuals can bring about changes in the biological function. Polymorphism can result
in amino acid differences in proteins, or change the regulatory function of genes. Analysis
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of the polymorphism, whether at gene level or on the level of the entire genome, helps to
explain the biological differences that make an individual unique.

Molecular Analysis

The study of genetics, and the nature of DNA and its role in inheritance is an ever-evolving
field. As new discoveries are made, it is critical to develop new techniques and systems of
understanding. As techniques and technologies advance,’ increasing amounts of data
are being generated, and the amount of data being generated requires researchers to
develop new ways to represent, analyse, and share data.

The most clear way to study genomics is by determining the actual nucleotide sequence
of the DNA. Identifying DNA sequences extends our capability of analyzing not just
specific polymorphism, but determining the composition of entire genes or regions.
Sanger Sequencing’” was invented in the late 1970s and quickly became the standard
sequencing platform for several decades, and specific software tools were developed
for accurately interpreting the sequencing data. Further platform developments led to
Next-Generation-Sequencing (NGS), a general term encompasses a variety of sequencing
technologies focused on higher throughput and efficiency improvements.’’” The
efficiency improvements naturally lead to more rapid accumulation of data, and higher
sample throughput. With NGS, more targeted regions could be analyzed, and data from
individuals could be compared against each other, and thus it became necessary to
develop more precise assembly and analysis tools. The usefulness of NGS technologies are
limited by the short reads, which is partially resolved by technologies of third generation
sequencing, including Pacific Biosystems SMRT sequencing,”® and Oxford Nanopore
single-molecule sequencing with the MinlON.”” Nanopore sequencing allows direct
analysis of long stretches of DNA in individual reads, which provides more insights into
the phasing and patterns of polymorphism in genes compared to short reads.

High-throughput gene sequencing technologies enable cheap and fast access to entire
human genomes, and even facilitate comparisons of the patterns across populations and
ethnicities. However, interpretation of sequencing data must be performed using specific
algorithms. Sequence data can be interpreted by one of two major techniques: by aligning
reads against a reference sequence in order to identify polymorphisms relative to the
reference, or by using algorithms that perform de novo assembly, where read sequences
are assembled into a continuous nucleotide sequence consensus without the need
of a genomic reference. Reference-based analysis has the advantage of using previous
knowledge of sequence patterns to quickly determine the most likely sequence of the
sample, but de novo assembly, while more difficult and computationally intensive, may
uncover sequence with novel genomic structure. As the tools for analysis of genetic data
have advanced, the quantity of data has increased, creating a need to improve analytical
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capabilities, both in how to store data, and how to accurately analyze it. This has led to
improved algorithms for alignment and genome assembly, and new systems for storing
and understanding the data.

One of the earliest alignment strategies was the Needleman-Wunsch (NW) algorithm,
published in 1970, which can find the optimum alignment of any two nucleotide or
protein sequences. This algorithm is widely used, but has some limitations in accuracy
and applicability. Smith-Waterman (SW) algorithm?’ is similar to the NW algorithm, but
has the benefit of identifying accurate local alignments, which might have been hidden
by the global alignment scores calculated by NW. These algorithms are created for the
comparison of any two nucleotide sequences, and have been adopted for the purpose
of aligning sequencing reads against a reference. The Basic Local Alignment Search
Tool (BLAST) algorithm has a different approach, it was developed to quickly compare
approximate local alignments of a query sequence against a database of references,?? and
remains a useful tool for identifying sequence similarities. Multiple sequence aligners, such
as Clustal,” were designed to compare multiple sequences together, which also provides
the capability to perform phylogenetic analysis. With the advancement of sequencing
technologies, alignment algorithms such as LAST? or minimap2% were developed for
specific platforms, and can accommodate read errors and sequence deletions. Algorithms
were also developed for the purposes of identifying haplotype patterns.?® Population
genomics software such as Pypop?” use multipurpose algorithms, especially expectation
maximization, to identify haplotype frequency patterns in population samples.?? Many
alignment and analysis algorithms are provided with easy-to-use software application
programming interfaces (APIs), such as those included in Biopython,?” which promotes
a community of sharing and reuse by enabling bioinformaticians to easily use common
algorithms.

Although these advances are rapidly developing at sometimes unbelievable speed, It is
important to consider all of the technology and analytical advancesin a larger timeframe. It
is without meaning that we refer to a set of technology as “Next”-Generation-Sequencing
or“Third"-Generation-Sequencing. Tools are regularly superseded when new questions or
applications require new approaches. New algorithms and data standards are developed
continuously. What has become clear is that the genome is a complex, dynamic living
structure, and analysis algorithms evolve to match that complexity. It is clear that new
tools and scientific strategies will continue to be necessary for answering the new scientific
questions.
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Applications of Bioinformatics in Molecular Analysis

As technologies for molecular analysis advance, they can be applied to new projects. The
classic example of bioinformatics analysis is the development of the Human Genome
Project,*® which took place approximately during the years 1990-2003. This project was an
international collaboration, funded by the National Institutes of Health, Wellcome Trust
Sanger Institute in Cambridge, UK, and was carried out in laboratories in countries around
the world. The challenge of generating the first draft sequence of the human genome has
been completed, and has provided a nearly-perfect map and sequence of the collection
of human DNA. The completion of the project does not represent the conclusion of a
scientific question, but represents more the beginning of the field of study of genomic
analysis. The major functions of most of the content of genome was widely unknown,
and questions were raised about the specific function of the DNA, especially in regions
that do not encode proteins. This accomplishment marked the assembly of one individual
genome, and naturally it raised questions about what makes individuals different, and
how the DNA sequence in humans relate to each other. The goal of sequencing an
individual genome progressed into the goals of sequencing multiple genomes, and the
sequencing platforms and analysis tools also moved forward to match, bringing with
them a reduction in the cost of sequencing. The concept of a $1000 genome has been
commonly referenced as a benchmark for sequencing cost, but advances in sequencing
technology have continuously reduced the cost of sequencing,’’ turning the concept of a
$1000 genome from an idea into an achievable goal.

The 1000 Genomes Project,”” enabled by the reduced difficulty and lower cost of
sequencing a human’s genome, is a natural extension of the Human Genome Project. It has
the major aims of comparing sequences and structures within the genome in the context
of populations. Individuals from 26 populations have been compared, and each genome
discovered varied from the known references by 4.1 million - 5 million sites. The data
obtained for this project has been extensively collected and curated. The 1000 genome
data is available for the public; polymorphism can be explored easily in the genome
browser, and summaries of polymorphism and SNPs for a region, including population
frequencies, can be downloaded and used in bioinformatics analysis. Polymorphisms
are mapped to locations within the genome assembly, and for many SNPs metadata are
often available as well, such as references to published articles and results from disease
association studies.

Polymorphism identified from whole genome sequencing can be applied to Genome-
wide association studies (GWAS), a category of high-throughput bioinformatics
techniques which are designed to detect the effect of single nucleotide polymorphisms
on the causality or relationship with disease. DNA microarrays are designed with a
variety of (500,000 - 1,000,000 or more) oligonucleotides that correspond to selected
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polymorphisms across the genome. This enables the high-throughput detection of
specific polymorphism across the genome, which can be statistically analyzed to identify
correlations with a trait or disease. GWAS studies can be designed for a specific purpose,
where groups of patients and controls are compared to determine general patterns of
sequence polymorphism. Statistical tests can determine the significance of differences
between the patient and control groups and suggest linkages of specific polymorphism
with disease.

High throughput sequencing has applications outside of sequencing genomes. It also
enables metagenomics analysis, where research strategies aim to quickly identify the
presence of a variety of species, rather than to complete a full and accurate genome
sequence. The ability of an investigator to identify the presence of diverse species applies
to many real-world problems. One could investigate what organisms are present in a
water sample to compare environments of different bodies of water,*? or the presence of
pathogens in soil* that can indicate the health of land a farmer wants to plant in. Analysis
of an individual’s gut microflora can also give clues to their health and inform medical
decisions,* demonstrating that clinical decisions can be made without determining an
entire genome sequence.

Molecular analysis can also be used to track evolutionary patterns of an organism. Nick
Loman used the MinlON to sequence the Zika Virus® as the disease migrated across South
America. Samples were collected at various locations which were affected by the Zika
infection at different time points. Genetic differences can be mapped to geographical
locations, which provide a real-world mapping of how the virus evolves, spreads, and
infects individuals. Nanopore sequencing was also applied to monitor the spread of
the Ebola virus across West Africa,® demonstrating that molecular analysis and high
throughput sequencing provide important clues in the spread of infectious disease.

Each of these applications require new ways of thinking, and new algorithms and
techniques to interpret the data. Specifically built bioinformatics tools can be created
to address specific questions, including the prediction of functional sequence patterns.
Some software packages will search for the target sites for restriction enzymes within an
assembled DNA sequence, and generate visualizations of the restriction site locations.
This can indicate where enzymes will act on a sequence, and gives indications about the
genomic context of the sequenced region. Likewise, tools have been created to use known
patterns to identify putative alternative splice sites,” or the presence of Alu elements
in a given nucleotide sequence,* which can indicate sequence that affects splicing or
expression of a gene.
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HLA and the MHC

In the human genome, Chromosome 6 stands out as unique and exceptional compared
to the other chromosomes. The short arm of Chromosome 6 contains the human Major
Histocompatibility Complex (MHC). Polymorphism is present across the genome in similar
patterns,duetoevolutionary patternsand random mutations, but Leffler et al.have foundin
their comparisons of human and non-human primate polymorphism, that polymorphisms
on chromosome 6 are on average much more densely packed compared with any other
chromosome.** When the MHC region is excluded from analysis, chromosome 6 shows a
nearly identical pattern of polymorphism to the other chromosomes, clearly illustrating
the differences in the MHC polymorphism compared to the other loci.
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Figure 1. A map of the human MHC region located on the short arm of Chromosome 6. The MHC is rich
with genes; it contains HLA class | and class Il genes, non-expressed HLA pseudogenes, several genes related
to peptide loading and immune function, as well as many genes without known immune function, such as
olfactory receptors (not shown). HLA-DPB1 and -DPA1 (Chapter 8) can be seen near the far left (centromeric) end,
and mark the beginning of the classical class Il region. HLA-DQB1, -DRB1, -DRB3/4/5, and -DRA (Chapters 6 & 7)
are also located within the class Il region. HLA-A, -B, and -C, as well as many class | pseudogenes are located in
the HLA class | region (Chapters 1, 5, & 9), which lies closer to the telomeric end of the chromosome. Reproduced
with kind permission of Prof. Steven GE Marsh, Anthony Nolan Research Institute, London, UK [http://hla.alleles.
org/alleles/index.html]*
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The MHC region developed by a series of recombinations and duplications.”# The
recombinations can occur by several different mechanisms. Recombinations may be
focused at specific positions within the genome, which may vary among populations.”
Sometimes these recombinations can result in copy number changes, where the same
gene is encoded at multiple loci. Recombinations are relatively rare events, around one
in every 100 meioses for any stretch of 1 million bases,* and with the exception of these
rare recombinations, the MHC is inherited as a single inheritable haplotype. The concept
of a“haplotype” was developed originally around 1967 by Ruggero Ceppellini to describe
the idea of HLA antigens being segregated to each of the two chromosomes,* but outside
of the HLA community it can be used to describe any linked genetic determinants that
both lie on the same chromosome which are inherited together. In analysis of HLA and
the MHC, the phrase “haplotype” might be used in reference to two SNPs on the same
chromosome, or the combined genotyping of multiple complete HLA alleles. “Haplotype
can be, perhaps more informatively, used to refer to the complete collection of HLA and
non-HLA genes within one of an individual’s two copies of the MHC. Many of the genes
within the MHC in linkage disequilibrium (LD), which means that alleles at two loci are
inherited together at higher rates than they would if they were randomly inherited. LD
can allow researchers and clinicians to make inferences about sequence at different loci

”

without actually sequencing that region.*

The MHC region is rich with genes, including both HLA and non-HLA genes (Figure 1). The
Human Leukocyte Antigen (HLA) genes are the most relevant and heavily-studied genes
in this region. The HLA gene system was originally referred to as HL-A,* referring to the
human version of the MHC molecules, but in 1968 upon determining that multiple genes
contribute to the system, the genes were renamed as HLA-A, HLA-B, HLA-C, etc. The HLA
genes are divided into two major classes (HLA class | and class Il) which differ in function
and morphology. The MHC also has a class lll region,” but the genes in this region, unlike
class I and Il molecules, do not seem to be primarily responsible for antigen presentation.
The HLA genes are the most polymorphic in the human genome,” to the point that HLA is
commonly referred to as hyperpolymorphic. Each HLA locus has distinctions which define
the genes, but alleles at each loci contain their own polymorphism. The variation in HLA
alleles is vast, and this diversity is critical to maintain variability in immune function for the
survival of mankind.

HLA-A, -B, and -C are the classical HLA class | genes, which are expressed on nearly all
nucleated cells. The HLA class | molecule is formed by a heterodimer of a class | subunit,
encoded by a HLA class | gene, and the nearly non-polymorphic beta-2 microglobulin,
which is encoded on chromosome 15. The class | HLAs have the primary function of
binding intracellular peptides and presenting them on the cell surface. These intracellular
peptide antigens, which have been degraded by the proteasome, are presented to CD8+
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(cytotoxic) T-cells, which are able to distinguish between self vs non-self antigens and
trigger a cytotoxic immune response, thereby destroying the cell with an unrecognized
antigen. In this way, HLA class | serves as a marker of cell health, and can be used to
communicate that a cell is damaged by e.g. a virus.

The HLA class Il molecule, in contrast to the HLA class |, is formed of two heterodimer
proteins, an alpha and beta subunit. The alpha and beta subunits are encoded by two
HLA genes (e.g. HLA-DPA1 and HLA-DPB1 respectively) which are encoded in the MHC.
The resulting proteins form a heterodimer which is expressed on the cell surface. Another
major distinction from HLA class | is that class Il is expressed mainly on antigen presenting
cells, such as macrophages and dendritic cells, and B-cells. An antigen presentation cell
can endocytose extracellular particles, load the peptide antigens into the peptide binding
groove of the class Il heterodimer, and present them on the cell surface. HLA class Il
interacts with CD4+ (helper) T-cells, and when helper T-cells are activated by a foreign
antigen, they can begin an immune response by proliferating and by secreting cytokines.

The cluster of genes within the MHC perform a variety of interrelated functions.”® The HLA
genesare the most notable within this region, but the non-HLA genes areimportant to note
as well. Many of the MHC genes, such as HLA and the Tumor Necrosis Factor (TNF) genes,
are core to the functions of immunity and inflammation, but some genes are responsible
for a different set of functions. Genes responsible for olfactory receptors also lie within the
MHC, and these loci may be linked to preferences for mate selection.”” The MHC has also
been linked to an individual’s preference for food or drink,*? although further studies are
necessary to identify if the preferences correlation is with an HLA gene directly, or by the
behavior of olfactory genes in linkage disequilibrium with the correlated sequence.

Although it is convenient to think of haplotypes as having the same organization of
genes in a single pattern, there are several common haplotype patterns within the
human MHC.? Specific alleles at one HLA locus are often inherited alongside alleles at a
different locus, which defines haplotypes that are more frequently observed than others.>
Some haplotype organizations have been conserved throughout a long evolutionary
history.”* These haplotypes generally remain conserved over time, likely due to beneficial
interactions between the genes on the same haplotype, or a protective effect. Common
haplotypes are useful for defining general haplotype patterns, but more insight can be
found by analyzing the HLA genes and MHC of the wider population.
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Analysis of the MHC

Early DNA-based analysis methods like RFLP?® use restriction enzymes to digest pieces of
DNA, and the lengths of the resulting fragments allow comparison of the restriction sites
and genomic context between samples. RFLP has the benefit of detecting some changes
in sequence without knowledge of the specific difference, at the expense of very low-
resolution analysis. Even so, comparisons of the fragments generate biological data which
can be analyzed and compared among individuals. RFLP techniques have led to a more
advanced understanding of chromosome arrangement and DNA sequence structure.
Techniques with higher resolution, however, can lead to improved understanding of the
underlying DNA sequence and the structure of protein-coding genes.

The introduction of Sanger sequencing in 19777 and PCR in the mid 1980s*” led to the
development of Sequence-Specific Oligonucleotide (SSO) probes, which hybridize specific
sequences. SSO has enabled the detection of specific HLA alleles,”® and these techniques
were further developed into Sequence Specific Primers (SSP). SSO and SSP are both
considered to be low-intermediate resolution, as multiple alleles might be detected by a
single probe. SSO, SSP, and Sanger Sequencing require more complex analysis software,
but since these techniques use probes that target individual DNA sequences, they allow
analysis of localized polymorphisms, and typing of individualized SNPs. With Sanger
sequencing, combined with clever primer design and PCR strategies, it is also feasible to
analyze targeted genes for specific analysis.”

The IPD-IMGT/HLA% database is the standard repository for reference sequences of HLA
alleles. As sequencing technologies have improved, submissions of allele data to the
repository has increased at high rates. Contrary to other nucleotide databases, HLA alleles
in IPD-IMGT/HLA are given official names according to the World Health Organization
(WHO) nomenclature committee.® HLA allele names are divided into four fields, which
are assigned to represent polymorphism that determines the encoded protein, as well
as polymorphism in the intron and UTR regions. After the HLA gene name, the first field
represents an allele group, which often correlates with serological typing. The second
field distinguishes polymorphism that encodes a unique protein, while the third field
distinguishes synonymous exon-level polymorphism which does not encode an amino
acid difference. The fourth field encodes non-coding differences, i.e. intron and UTR
polymorphism. As determined by the WHO nomenclature committee, class | sequences
must, at a minimum, be represented by unique nucleotide sequences for exons 2 and 3,
which form the antigen presentation domain of the HLA molecule. Likewise, class Il alleles
must be represented by at minimum an exon 2 sequence. This represents a minimum
requirement for the amount of data that must be included to represent the polymorphism
within an HLA allele.
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The HLA Dictionary®’ is a collection of HLA alleles with their corresponding serological
typing. The dictionary is a manually constructed set of data generated in a combined
effort from laboratories across the world. Initial versions began as a book-based
dictionary, but it has advanced into software-based tools. It is now feasible and common
to download a digital PDF containing the known serological subtypes of a large number
of HLA alleles, and a digital copy of the data dictionary is available at the IPD-IMGT/HLA
website. Although the HLA dictionary is not complete, as the full set of mappings of HLA
alleles to their serotypes are not available, some attempts have been made in predicting
serotypes based on amino acid sequences using machine learning methods.®? Efforts
like this are becoming more difficult, because the variety in HLA sequences and lack of
known serological equivalents provide challenges in identifying the serological function
of unknown HLA molecules.

The National Marrow Donor Program has performed extensive studies on how population
diversity is related to HLA. This is of critical importance, because certain ethnicities have
much higher probabilities of finding an HLA-compatible donor.®* The NMDP provides
publicly accessible data on HLA allele and Haplotype Frequencies,**** and much of the
available data shows differences between ethnicities. The NMDP has put a lot of effort into
the generation of data standards and microservices, %% that are intended to ensure the
transmission of high-quality genotypes, and enable better analysis of HLA data.

HLA Matching for Transplantation

Both stem cell transplantation, as well as solid organ transplantation involve at their core
the introduction of non-self cells to an immune system, which is trained to respond to
such foreign material. This creates complications that must be overcome, in order for
the transplantation to be successful. Immunosuppressive drugs have been developed to
suppress the immune system’s natural response, but these drugs do not act specifically.
Weakening an immune system leaves an individual susceptible to threats that are
encountered in daily life, where exposure to normally trivial pathogens presents an
increased risk of disease. A better strategy is to disguise the non-self tissue and trick the
immune system into identifying non-self tissue as self.

Matching of HLA alleles in a transplantation setting allows an immune system to
recognize non-self tissue as self, thereby reducing the effects of an immune response.
Serological methods can distinguish between HLA antigens, but matching based on these
methodologies have widely been replaced by DNA-based methods. DNA-based matching
can be performed at varying resolutions based on fields of HLA nomenclature. Matching
of the first field, the allele group, is effectively the same as antigen level matching in
many cases. Matching on the second field, which represents coding exon polymorphism,
ensures that the complete protein sequence is identical. The third and fourth fields



Introduction | 21

represent polymorphism that are not reflected in the protein sequence, but matching on
these fields provides a higher resolution patient-donor comparison.

For solid organ transplantations, the identification of donor-specific HLA antibodies in
the recipient provides the most important contra-indicator for transplantation, and high
resolution typing of HLA is useful for defining the HLA epitopes. Since epitopes act as a
target for Donor Specific Antibodies (DSAs),% and epitopes are defined by DNA sequence,
molecular analysis gives insights into the actual immunogenic components of the HLA
molecule. This indicates that typing and matching of HLA alleles in high resolution is an
important consideration in solid organ transplantations.

In the Stem Cell Transplantation setting, typing of HLA based on the DNA sequence is a
primary consideration.”” Matching of HLA alleles provides vast improvements to outcomes.
Due to the difficulty and cost in sequencing extended regions of DNA, especially the
complex regions within introns, many typing methods are not based on full length
sequences. They are likely focused on exons 2 and 3 in class | loci, and exon 2 for HLA
class Il. These regions encode the antigen presentation domain of the HLA molecule, and
are also the most polymorphic regions, and therefore typing of these regions provides
the most information about the behavior of the HLA antigen and subsequent biological
behavior.

It has also been shown, however, that in addition to exon matching, high resolution
matching of HLA types results in improved SCT outcomes.”” There are many potential
reasons for this. Full-length HLA sequences provides more complete information about
the entire gene, rather than just the peptide sequences of the antigen presentation
domain. The exons outside of the antigen presentation domain do affect the behavior of
the protein, and polymorphism within the trans-membrane region or the leader peptide
can affect the function as a cell surface protein.”? Sequence within the introns and UTRs
may affect the behavior of promoter sequences, or may interact with microRNAs,” either
as an encoding or target sequence. In addition to high resolution typing of full-length HLA
sequences, there are further improvements to outcomes when extended HLA haplotypes
are considered. Petersdorf et. al. have shown that matching of extended HLA haplotypes
in addition to HLA alleles provides improved outcomes in SCT matching.”4”* The exact
mechanisms of the improvements from the haplotype effect are not fully elucidated. It
may be related to cooperative interactions between protein heterodimers encoded on
the same haplotype, or due to linkage disequilibrium, where matching of HLA alleles
results in the matching of sequence that was not explicitly sequenced and typed.

There are biological and bioinformatic approaches that can improve or ease analysis
of haplotypes. Haplotypes can be identified by physically linking polymorphism using
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laboratory techniques,” and population genetics software such as PyPop? can identify
the most likely haplotype patterns. The most promising approaches may be capture
techniques, which can be designed for sequencing and analysis of the entire MHC region
at once. Region Specific Extraction,”” a technique that uses oligonucleotide probes and
biotinylated nucleotides to enrich and extract sequence across the MHC, has had some
success in identifying haplotype differences between individuals. It has also been useful in
identifying HLA allele differences,” which could give clues to evolutionary lineages. There
are also attempts to analyze HLA and MHC data from whole-genome sequencing data.”
Every attempt to identify and match polymorphism in the HLA is performed with the goal
of identifying the most relevant polymorphism linked to transplantation outcome, or
correlations with disease.

Immunogenetics

A human is constantly under attack from outside threats, whether it be viruses, bacteria,
parasites, or other pathogens. In the course of human evolution, the immune system
has evolved to detect and respond to the presence of non-self pathogens. Due to the
role the immune system plays, it is not surprising that it has been linked to a variety of
human diseases. A critical component of the immune system is the HLA molecule, which
is responsible for antigen presentation. While class | is primarily responsible for presenting
intracellular peptides, class Il often presents peptides derived from extracellular
pathogens, which have been phagocytosed and digested by immune cells. HLA class |
and Il are recognized by immune cells, e.g. T cells and NK cells, resulting in a cell-mediated
immune response,® but HLA can also be a target of antibodies and B cells, which can
trigger a humoral response.t’ The immune system has evolved to trigger these responses
against non-self antigens, and reactions against self may indicate an autoimmune disease.

Determining immunogenicity can be performed using high-resolution sequencing
techniques. High resolution sequencing defines the amino acid sequence of the HLA
protein, and even small differences in amino acid sequences may result in animmunogenic
response.?Itis even likely that the immunogenic epitopes may be a combination of amino
acids on both of the two proteins in a heterodimer.® Techniques to match HLA alleles
based on direct analysis of epitopes is a promising approach to determine transplant
compatibility.? Algorithms such as PIRCHE® can predict epitopes which are presented
through indirect antigen presentation pathways. These epitopes are also likely to trigger
an immune response, and has been shown to be important in determining what epitopes
may affect transplantation outcome.®

Defining HLA polymorphism is important for reasons besides transplantation as well.
Polymorphism within the MHC has been linked to a variety of diseases, drug sensitivity, or
antibiotic allergies. These linkages are often identified through GWAS studies or statistical
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methods, but it can be initially unclear if the polymorphism is directly linked to disease-
causing biological differences, or if the association is in linkage disequilibrium with a
functional polymorphism elsewhere.

Multiple Sclerosis and its links with the MHC are well established.®” There are well-known
haplotype patterns that are linked with the progression®# of or protection® from the
disease. The correlation of multiple sclerosis are originally linked to specific SNPs by
statistical methods, but the link between these polymorphisms and the causality of the
disease is still being explored. Structural differences HLA-DRB1*15:01 molecule may
indicate differences that lead to disease,’” but some evidence suggests that a SNP within
HLA-DRA (rs8084), which can create an alternative splice variant, may also affect the HLA-
DR heterodimer and play a role in disease causality.

Molecular analysis is also important to define SNPs that can affect protein expression.
Most analysis of gene expression has been correlated with the 5" UTR,? which contains
gene promoter sequences, but there is growing evidence that the 3’ UTR can also affect
expression.”? The rs9277534 SNP within the 3’ UTR of HLA-DRB1 has been linked to
higher or lower expressed HLA-DPB1 alleles.”* The mechanism is not completely clear,
but there is some evidence that microRNAs may interact with the region containing this
SNP?” All of these correlations indicate that high-resolution molecular analysis is critical to
understanding HLA, the MHC and how polymorphism defines immunogenicity.

The Future

Molecularanalysis of HLA and theirroleinthe MHCis an ever-evolving process. Categorizing
the function of HLA began with serological methods, which identify the expressed
molecules and reactivity of anti-HLA antibodies at low resolution. The transition to
molecular analysis, focused on exon analysis provides more detailed polymorphism data,
and a new nomenclature which defines polymorphism based on serological equivalents,
but also creates more challenges in analysis. As focus switches from exon analysis to full-
length gene analysis, more discoveries are made about the function of noncoding DNA
and its role in transplantation and diagnostics. Further enlightenment is provided by
increasing resolution from individual genes to studies of linkage disequilibrium and MHC
haplotypes, which are extended to the relationship of the MHC with the entire human
genome. These advances create new ways of thinking, create new scientific questions,
and require new techniques for analysis. Bioinformatics plays a critical role in the creation
and answering of these questions, and will continue to be present in the field of molecular
analysis and immunogenetics in the future.
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Outline of the Thesis

The applications of bioinformatics to answer real-world biological questions requires a
good foundation in supportive techniques and technologies. Generating meaningful
and high-quality data enables high quality analysis. This thesis is divided into two main
themes. Chapters 2-5 describe techniques related to the generation and analysis of HLA
sequencing data. Chapters 6-9 describe answers to scientific questions that are obtained
by using bioinformatic approaches to evaluate and interpret data obtained by using
available sequencing techniques.

For accurate and meaningful analysis of HLA polymorphism, it is necessary to have
the availability of high quality full-length reference sequences. Chapter 2 discusses
Saddlebags, the software tool for the submission of full-length allele sequences to the
EMBL/ENA database. This step simplifies the process of including an HLA allele in the IPD-
IMGT/HLA database, the standard database for HLA reference sequences.

For laboratories to unambiguously communicate an allele typing with each other,
it is necessary to have a community-wide consensus on reference sequences and
nomenclature. The International HLA and Immunogenetics Workshop is an opportunity
for members of the community to come together and cooperate to improve the inter-
laboratory communication. Comparison and analysis of HLA sequences employ the
IPD-IMGT/HLA database as a standard reference. Chapter 3 is a report on the full-length
sequencing and genotyping of HLA allele sequences, and submission to IPD-IMGT/HLA.

Chapter 4 is focused on the validation of the HLA genotyping method using the Oxford
Nanopore MinlON single-molecule sequencer. The use of long read sequencing to
unambiguously type HLA alleles has a lot of potential, but since nanopore sequencing is
a new technology with a unique read quality profile, the HLA typing using this platform
must be validated. This chapter describes the validation procedure and how it was
implemented into clinical diagnostics.

In order to type HLA alleles, it is first necessary to accurately amplify the genes, without
losing or misrepresenting the data. Chapter 5 describes a multiplexed HLA amplification
protocol for 11 HLA loci, and how it was validated for specificity and robustness. The
resulting amplicons can be used in a variety of NGS typing protocols, and therefore
represents an important step in the process of generating unambiguous HLA typing.

A common scientific theme in this thesis is HLA haplotypes. Individual HLA genes do not
act alone, but are part of an intricate system. Chapter 6 is about the HLA-DRA gene, which
has been commonly thought to be monomorphic due to its limited protein polymorphism.
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This study demonstrates that the identification of full length allele polymorphism within
this gene forms distinct patterns with HLA-DRB1, HLA-DRB3,4,5, and HLA-DQB1. These
patterns extend and redefine the previous assumptions of HLA haplotype patterns, and
indicates a need to change from a static view of haplotypes to a more flexible MHC gene
organization.

The way that HLA-DRA relates to HLA haplotypes is most apparent in haplotypes
that contain HLA-DRB1*13 alleles. These alleles have been shown to have reduced
immunogenicity, which cannot be explained by the HLA-DR13 antigens alone. Chapter
7 shows that including HLA-DRA in HLA-DR~HLA-DQ haplotypes extends our current
understanding of these sequences, and the realization that HLA-DRB1*13 alleles do
not have defining epitopes may help to explain why HLA-DR13 has such enigmatic
immunogenicity. This leads to a conclusion that haplotype patterns in the MHC in general
may be more flexible than what is commonly understood.

The HLA-DP region is unique compared to the rest of the HLA loci. HLA-DPB1 and HLA-
DPAT1 are situated in a head-to-head orientation, with 2.5 kb of intergenic sequence which
contains the promoter regions of both genes. HLA-DPB1 nomenclature is unique in that
allele groups are not linked with serological subtypes, and instead alleles are assigned their
own allele group and named based on the order of discovery. Chapter 8 describes the
sequencing a panel of full-length HLA-DPA1~promoter~HLA-DPB2 sequences. Clustering
of these haplotypes by the intergenic 5’ HLA-DP sequence shows distinct patterns within
the hypervariable regions of HLA-DPB1. This redefines our understanding of HLA-DPB1
haplotypes, and could lead to a more functional HLA-DP nomenclature.

Early typing of HLA was performed by serological methods, which are defined by how
antibodies or immune cells interact with epitopes on an HLA antigen. These methods
have widely been surpassed by sequence-based methodology, but determining the
relationship between sequence and serology is an important question that is not fully
understood. Chapter 9 describes an approach to predict the serological subtype of
HLA-B15 alleles which have not been tested by serological methods.

Each of these studies have an important place in the HLA field, as well as general scientific
and biological studies. Together, they form a story about how bioinformatics can be used
to create scientific queries, and how it can be applied to HLA research questions. This
sheds some light on how HLA sequence defines the HLA antigen, and how HLA alleles
relate to the full MHC haplotypes.
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Abstract

Submission of full-length HLA allele sequences presents a unique challenge, both for
high-throughput sequencing laboratories and smaller diagnostic laboratories. HLA's
extensive polymorphism means that accurate representation and annotation of
allele sequence is of critical importance, and curators of nucleotide databases must
establish submission formats to ensure high-quality data and prevent ambiguities.
The IPD-IMGT/HLA database is established as the standard repository for HLA
sequences, and it is a major goal of the 17th International HLA and Immunogenetics
Workshop to fill the IPD-IMGT/HLA database with full-length HLA sequences. The
process of preparing sequence annotation and metadata is cumbersome and
error prone, and it is desirable to create a straightforward and concise method of
preparing sequence submissions. We introduce Saddlebags, a software tool for
rapid generation of HLA (novel) full-length allele sequence submissions. HLA allele
sequences are submitted first to EMBL European Nucleotide Archive (EMBL-ENA),
and metadata is gathered for subsequent preparation of an IPDIMGT/HLA formatted
submission. Combining these steps into a pipeline reduces effort and minimizes
errors for submitting laboratories. This software has been used by Maastricht
University Medical Center Transplantation Immunology Laboratory to submit 79
novel alleles to EMBL-ENA, and the tool is freely available for the HLA community.
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Introduction

Full-Length HLA Sequences

Historically, full-gene sequencing of HLA genes has been difficult and expensive’. Modern
NGS?? and single molecule sequencing technologies?, such as MinlON?, allow laboratories
to more easily sequence a full-length gene, rather than just exon regions®. One of the major
goals of the 17th International HLA and Immunogenetics Workshop is to fill the IPD-IMGT/
HLA allele database with full-length sequences, while replacing or confirming incompletely
defined sequences. This collection of full-length HLA genomic sequences is critical for full-
length sequence analysis and HLA allele assignment. Simplifying the submission process
encourages laboratories to submit high-quality novel and confirmatory sequences, when
otherwise they might not provide their sequences due to the human effort required.

Submitting sequences to IPD-IMGT/HLA is a process of several steps, outlined in figure 1.
This pipeline is non-trivial, and effort is required in gathering the sequence data and
metadata. Specifically designed software, such as Saddlebags, can alleviate these efforts.
Saddlebags performs the necessary intermediate step of submission to EMBL-ENA, to
ease the process of inclusion in IPD-IMGT/HLA.

IPD-IMGT/HLA Database

The IPD-IMGT/HLA database’ is a centralized repository for immunological data,
especially HLA nucleotide sequences. IPD-IMGT/HLA maintains a curated database of HLA
allele sequences. Each HLA allele is assigned an informative name using standard HLA
nomenclature?, which has been designed to be unambiguous and informative. IPD-IMGT/
HLA represents a centralized and standardized repository for HLA knowledge, and it is a
resource for acquiring standard reference sequences. A variety of software analysis tools
are dependent on the sequences they provide.

Centralizing HLA sequence information allows for analysis techniques that are unavailable
when data is scattered and inconsistent. IPD-IMGT/HLA can be leveraged by researchers
to analyze alignments, find patterns, and understand the behavior of the MHC system.
This enables more specific studies on whole-gene polymorphism in HLA that would have
otherwise been impossible.

IPD-IMGT/HLA has a more strict set of submission guidelines when compared with
general nucleotide repositories. For an HLA sequence to be included in the IPD-IMGT/
HLA database, it must satisfy sequence quality standards, and provide all the required
additional information related to the sample. The most tangible requirement is that the
sequence must be included in another publically available database. This requirement is
satisfied by EMBL-ENA, or any of the other partner archive in the International Nucleotide
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Figure 1. Allele submission to major databases requires several steps. Full length HLA sequences are
provided by the submitter. Saddlebags facilitates submission at EMBL/ENA and prepares for subsequent
submission at IPD-IMGT/HLA

Sequence Database Collaboration (http://www.insdc.org/), an international initiative to
share data amongst major databases. This software uses EMBL-ENA as the intermediate
sequence repository, where submissions are uploaded to acquire an accession number,
which is necessary for the sequence to be submitted to IPD-IMGT/HLA.

EMBL-ENA Database

The European Molecular Biology Laboratory (EMBL, http://www.ebi.ac.uk/) is responsible
for maintaining the European Nucleotide Archive (ENA, http://www.ebi.ac.uk/ena). EMBL-
ENA is a repository for a variety of biological nucleotide sequences, including HLA®. The
database is used by a variety of research and diagnostics laboratories, and they receive
sequence submissions from a range of sources.

EMBL-ENA accepts sequence submissions via REpresentational State Transfer (REST,
http://www.ics.uci.edu/~fielding/pubs/dissertation/rest_arch_style.htm). REST is a
software architecture style, which is used to transfer and process data over standard HTTP
protocols. REST enables laboratories to submit formatted sequences to EMBL-ENA, and
receive validation feedback quickly. This allows laboratories to submit data using custom
software tools, such as Saddlebags, as an alternative to standard web interfaces.
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Material and Methods

Saddlebags: The Software

Saddlebags was designed to streamline the process of preparing allele submissions
for IPD-IMGT/HLA. The Saddlebags software is open source, and available at our
department’s Github page (https://github.com/transplantation-immunology-maastricht/
saddle-bags). It was released under the GNU General Purpose License 3.0 (https://www.
gnu.org/licenses/gpl-3.0.en.html), which allows users to modify the software for their
own purposes, while promoting attribution. The software is written in Python 2.7, which
is commonly used for bioinformatics tools, and is able to run on a variety of platforms
(Windows, Mac, or Linux) with minimal setup. Protein translation is handled by Biopython
(Version 1.6.8, http://biopython.org). The software includes Pyinstaller (Version 3.2, http://
www.pyinstaller.org/) specification files, which allow users or developers to generate new
executables for Mac and Windows.

Saddlebags presents a simple user interface, which is intuitive to users. The interface
provides Saddlebags’ main functionality, flat file generation and sequence submission
to EMBL-ENA. An executable for windows is provided for download, so submitting
laboratories will not require any scripting knowledge.

Results

Saddlebags: The User Interface

Submitters can download a Saddlebags executable for Windows, which provides the
main functionality of allele submission at EMBL-ENA (Figure 1) to support downstream
submission at IPD-IMGT/HLA. The executable will launch a user interface, which is easy to
use, and includes only a few interactive elements for simplicity. It is designed to be used
from top to bottom, for a logical flow of data.

M An HLA Allele Submission Generator ol @ [
Saddlebags is an HLA Allele Submission Generator.

You can generate an allele submission text file for
the EMBL-ENA nuclectide database. You must choose:

Begin an EMBL-ENA submission

Begin an IPD-IMGT/HLA submission |

How to use this tool I Contacting and Citing MUMC I

Bxt

Figure 2. Saddlebags User Interface.
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When the program is launched, the first window provides initial instructions to the user
(Figure 2). The window provides buttons, which guide the user, and begin the process
of generating a text submission for EMBL-ENA. The [How to use this tool] or [Contacting
and Citing MUMC] buttons are used to gather more information about the submission
process. The software was designed anticipating that in the future we will automatically
generate and submit sequences to IPD-IMGT/HLA.

The process of creating an EMBL-ENA sequence submission is straightforward. Formatted
sequences can be provided in the submission form (Figure 3), and the required sequence
metadata is provided in a Submission Options subform (Figure 4). The automatically

p
W Create and Submit an EMBL-ENA Sequence Submission === |

This tool will generate an HLA allele submission for
the EMBL-ENA nuclectide database.
If you provide login credentials, you may automatically submit the sequence.
For more information:

How to use this tool | Example Sequence

Annotated Sequence:
lraggagcagagggatcaggocgaagteccagggccccaggegTagcTCTCagggteTCaggccecgaagycggtatatgy A
ATGGCCGICATGGCGCCCCGAACCCTCCTCCTGCTACTCTCGGGGGCCCTGGCCCTGACCCAGACCTGGGCGE
gtgagtgcggggtcgggagggaaaccgectetgcggggagaagcaaggggccctectggcggaggcgcaggaccggggga s
GCTCCCACTCCATGAGGTATITCTTICACATCCGTGICCCGGCCCGGCCGCGEGGAGCCCCGCTTCATCGCCGIGGGCTACL &
gtgagtgaccccggoccggggcgcaggtcacgacccctcatcccccacggacgggccaggtcgoccacagtctccgggte
GITCICACACCATICCAGATARTGTATGGCTGCGACCTGGGGCCGGACGGGCEGCTTCCTCCGCGGGTACCGGCAGGACGCC
gtaccaggggccacggggcgectccctgategectatagateteccgggetggectcccacaaggaggggagacaattgg
ACCCCCCCRAGACACATATGACCCACCACCCCATCTCTGACCATGAGGCCACCCTGAGGTGCTGGGCCCTGGGCTICTAC ~

] T »

1) Submission Options | 2) Annotate Exons & Introns | 3) Generate an EMBL-ENA submission |

Allele Submission Preview:
I J.:‘»ULGLC—"UU.'IUL_J.‘J‘SJ" B
mRNA join(1..300,301..373,504..773,1015..1290,1870..2145,2248..2
/gene="HLA-A" i
fallele="Allele:01:02"
/product="MHC class I antigen"
CDsS join(301..373,504..773,1015..1290,1870..2145,2248..2364,280
/transl table=1
/codon_start=1

| B -

SIERE e R R RS

" ] [

4) Save Submission to My Computer |

5) Upload Submissicn to EMBL-ENA |

Bxit |

Figure 3. User Interface for generating an EMBL-ENA sequence submission. The nucleotide sequence
demonstrates the correct format of a “complete” genomic HLA sequence using lowercase and uppercase
nucleotides. The genomic features of the sequence were identified and formatted using NMDP BeTheMatch
Allele Calling Tool / Gene Feature Enumeration services. The submission is performed over the internet via REST,
and after EMBL verifies the sequence, the EMBL sequence accession number is

used for subsequent IPD-IMGT/HLA submission.
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M Choose EMBL Submission Options o] ® (=23
Sample ID: sample_12345 -
Gene: HLA-A
& HLA Class1 " HLA ClassT
Allele Local Name: Allele*01:02MstNew6 =

By default, you submit to the EMBL test servers,
where submissions are regularly deleted.
change this option if you want to submit te the live EMBL envirenment.
Login Credentials will not be stored, but they will be sent
to EMBL via REST during allele submission.

& Submit to EMBL TEST / DEMO environment.
" Submit to EMBL LIVE / PROD environment.

EMBL Username: email.address@provider.nl b

Figure 4. EMBL-ENA Sequence Submission Options. The metadata required for an EMBL/ENA submission is
gathered and validated using a simple desktop input form. Configuration values (except login information) are
retained for subsequent submissions.

generated flat files created for EMBL-ENA have a specific text format, established by the
database curators, and metadata from the options form are used to populate the flatfile text.

An EMBL-ENA accession number is required to complete the IPD-IMGT/HLA submission,
so the EMBL-ENA submission represents a necessary intermediate step. Validating the
sequence is not instantaneous, a confirmation including a sequence accession number is
provided by EMBL in subsequent emails.

Saddlebags stores a configuration file on your local computer to store data from recent
submissions. Any relevant sequence data that is provided or calculated during EMBL-
ENA submission is maintained for downstream submission to IPD-IMGT/HLA. Sequence
metadata, but not user passwords, will be stored in the configuration file, to ease the
process of submitting multiple sequences.

Saddlebags: Quick Start Instructions

The process of submitting an HLA allele to the IPD-IMGT/HLA database can be described
in four main steps (Figure 1). Submitting laboratories will provide full-length HLA
sequences for Step 1. Steps 2-3 are facilitated by the Saddlebags software. We provide
here a more detailed set of instructions, so users can rapidly evaluate the tool for use in
their own laboratories. These instructions assume the user has downloaded a Saddlebags
executable for Windows from our department’s Github page.

Step 1 - Sequence a full-length HLA gene
HLA sequences which lack intron regions may be acceptable for inclusion in the EMBL-
ENA and IPD-IMGT/HLA databases, but this tool is intended for full-length HLA nucleotide
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sequences, from the 5'to 3'UTRs. Sequencing methodology is the choice of the submitting
laboratory, and details of the sequencing method can be included in the IPD-IMGT/HLA
submission metadata.

Step 2 - Identify Sequence Features

The HLA protein function and structure depends on the exon boundaries and splicing
behavior of the gene’s nucleotide sequence. The exon boundaries of these regions implies
biological function, and identifying the feature boundaries is required for submissions of HLA.

Saddlebags is able to identify the sequence features in the provided HLA sequence. The
software will connect to the Allele Calling Tool (ACT) provided by the National Marrow
Donor Program (http://act.b12x.org/ui/). The service uses an implementation of Gene
Feature Enumeration’?to provide information about intron/exon boundaries, which is
interpreted by Saddlebags to provide an annotated genomic sequence. The service is
able to annotate full-length HLA sequences. In cases where the ACT is unable to provide
reliable exon information, the sequences can be annotated manually by the submitter.

Saddlebags: Sequence Input Format

To facilitate rapid use by a submitting laboratory, a simple sequence input format was
devised. This format is automatically generated by Saddlebags’ feature annotation tool,
and in most cases it is not necessary to format sequences manually. Submitters can use the
“Example Sequence” button on the Saddlebags interface to see a representative example
of the sequence formatting style. Nucleotide sequences are entered using standard
unambiguous IUPAC nucleotide characters’’. If the sequence contains ambiguous or
nonstandard nucleotide characters, Saddlebags will warn the user before submission.
Saddlebags will attempt to interpret the ambiguous nucleotides, but the submission
is subject to the standards of the receiving database, which do not generally allow
ambiguous characters in HLA allele sequences.

The user must provide a full-length HLA allele, sequenced in the 5’ to 3’ direction. For
consistency, the sequences are annotated and arranged in a standard input format, which
assumes that an HLA allele holds a consistent general structure. The sequence must have
a UTR, at both the 5’and 3’ends. Between the 5’and 3'UTRs, the gene contains alternating
exons, with introns distributed between them. After the automatic annotation, genomic
features are indicated by both lowercase and uppercase nucleotide characters. Exon
sequences are specified using uppercase characters, while introns and UTRs are lowercase
characters. Space, tab, and newline characters are completely disregarded by Saddlebags.
These characters are removed before the exon boundary indexes are calculated, and are
used to visually organize the allele’s genomic features. Each exon or intron is placed on a
separate ling, to clearly distinguish the features.
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The exons represent coding regions, and these sequences are translated to a peptide
sequence to represent the predicted HLA protein. Saddlebags does not require a specific
count of exons, but will respond if the required genomic features are missing. If a UTR or
exon is missing, the interface will present a descriptive warning message with the nature
and location of the problem, to allow the submitter to respond.

Manually assigning exon boundaries requires nontrivial effort and knowledge of common
HLA sequences. To alleviate the efforts required in annotation, a table of the sequences
surrounding the most common intron/exon boundaries was created (Table 1). This table
can be accessed from the software’s Github page. The submitter can find the common
boundary sequences using this table, or by combining this information with the relevant
alignments from the IPD-IMGT/HLA database.

Step 3 - Prepare and submit an EMBL-ENA sequence submission
To prepare the EMBL-ENA submission, the user must provide the allele sequence, critical
sequence metadata, and valid login credentials for the EMBL website.

1) Launch the Saddlebags software, and press [Begin an EMBL-ENA submission]
Executables for Windows are provided on our department’s Github page.

2) (Optional) Press [Example Sequence] to see an example of formatted sequence
data and metadata.

This will discard and replace any sequence data in the form with a sample nucleotide
sequence, containing a few sample exons and introns. This sample represents a
formatted HLA allele, and demonstrates the correct sequence format.

3) Provide a well-formatted HLA allele sequence.

This tool requires a full-length sequence, including a 5'and 3’ UTR and all exons and
introns. Paste this sequence into the “Annotated Sequence” field. You may annotate
the genomic features automatically in subsequent steps, or annotate manually.

4) Press[Submission Options] to provide the necessary sequence metadata.
Metadata, such as sample ID, HLA locus, and locally-assigned allele name are specified
on this options window. You must also provide EMBL-specific information, including
valid login credentials, and a reference to the Project / Study to which this sequence
is to be assigned.

5) Press [Annotate Exons & Introns] to format your nucleotide sequence.

This will use the NMDP / BeTheMatch ACT service to align against the relevant HLA
allele, identify your genomic features, and format your input sequence to a structure
that can be interpreted by Saddlebags.

6) Pressthe [Generate an EMBL-ENA submission] button
Some sequence validation is performed, and a text submission is generated based on
the input provided by the user. You may inspect the document visually, and you have
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7)

an opportunity now to verify that all your sequence data and metadata are correct.
The user is able to save a local copy of the submission, if desired.

Press the [Upload Submission to EMBL-ENA] button to upload your submission
to EMBL.

Saddlebags is configured to point at the “test” submission servers by default. You
must use [Submission Options] to instruct Saddlebags to use the live servers, but it is
recommended that you test your sequence submissions in the test environment first.
If Saddlebags encounters problems in the submission step, attempts will be made
to inform the user about the nature of the error. Although sequences are submitted
nearly instantly, EMBL-ENA must validate the submission. If there are no problems,
the EMBL sequence accession number will be provided via email. The sequence
accession number is necessary for subsequent submission to IPD-IMGT/HLA.

Step 4 - Prepare and submit an IPD-IMGT/HLA sequence submission

The IPD-IMGT/HLA database requires submissions in a standard flatfile format which is similar

in appearance to the EMBL-ENA flatfile. Submissions can be made using their web interface
(https://www.ebi.ac.uk/ipd/imgt/hla/subs/submit.html). Future versions of Saddlebags will
allow these flatfiles to be prepared and submitted directly to IPD-IMGT/HLA.

' Premature Stop Cedon Detected @

‘: A Premature stop codon found:
W Protein Position (24/367)
This is indicated by a /pseude flag in the sequence submission.
Double check your protein sequence,
this might indicate a missense mutation.

Translated Protein:
MAVMAPRTLLLLLSGALALTQTW*AGSHSMRYFFTSVSRPGRGEPRFIAVGYV
DDTQFVRFDSDAASQKMEPRAPWIEQEGPEYWDQETRNMKAHSQTDRANL
GTLRGYYNQSEDGSHTIQIMYGCDVGPDGRFLRGYRQDAYDGKDYIALNEDL
RSWTAADMAAQITKRKWEAVHAAEQRRVYLEGRCVDGLRRYLENGKETLQR
TDPPKTHMTHHPISDHEATLRCWALGFYPAEITLTWQRDGEDQTQDTELVE
TRPAGDGTFQKWAAVVVPSGEEQRYTCHVQHEGLPKPLTLRWELSSQPTIPIV
GIAGLVLLGAVITGAVVAAVMWRRKSSDRKGGSYTQAASSDSAQGSDVSLTA
CKv*

Protein in EMBL Submission:
MAVMAPRTLLLLLSGALALTQTW

Figure 5. Example warning message for an invalid protein sequence. It identifies the location of potential
issues with sequence interpretation to allow the submitter to respond.
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HLA-A HLA-B HLA-C
CCGAGG|ATGGCC GCCGAG|ATGCTG GCCGAG|ATGCGG
ACCGAG|ATGCGG
5’UTR | Start Exon 1
GCCAAG|ATGCTG
GCGGAGIATGCTG
GGGCGG|GTGAGT GGGCCG|GTGAGT GGGCCT|GTGAGT
End Exon 1 | Start Intron 1 GGGCAG|GTGAGT GGGCTG|GTGAGT GGGCCG|GTGAGT
GGACCG|GTGAGT
CCCCAG|GCTCCC CCCCAG|GCTCCC CCCCAG|GCTCCC
End Intron 1 | Start Exon 2
CCCCAG|GCTCTC CCC.AG|GCTCCC
AGGACG|GTGAGT AGGCCG|GTGAGT AGGCCG|GTGAGTG
End Exon 2 | Start Intron 2 AGGCCG|GTGAGT AGGACG|GTGAGTG
AGGCCA|GTGAGTG
GGCCAG|GTTCTC GGCCAG|GGTCTC GGCCAG|GGTCTC
End Intron 2 | Start Exon 3
GGCCAG|GTTCTC
GCACGG|GTACCA GCGCTG|GTACCA GCGCGG|GTACCA
End Exon 3 | Start Intron3
GCACGG|GTACCG GCGCGG|GTACCA GCGCAG|GTACCA
CGTCAGIACCCCC CATCAG|ACCCCC CGTCAG|AACACC
End Intron 3 | Start Exon4  TGACAG|ACGCCC CGTCAG|AACCCC
CGTCAG|AACGCC
GATGGG|GTAAGG GGAGGG|GTAAGG GATGGG|GTAAGG
End Exon 4 | Start Intron 4 GATGGA|GTAAGG
GCTGGG|GTAAGG
TCCCAG|AGCTGT TCCCAG|AGCCGT TCCCAG|AGCCGT
End Intron 4 | Start Exon 5 TCCCAG|AGCCGT TCCCAG|AGCCAT TCCCAG|AGCCAT
TCCCAG|AGCCAT TCCCAG|GGCCAT
GCTCAG|GTGGAG GTTCAG|GTAGGG GCTCAG|GTAGGG
End Exon 5 | Start Intron 5
GCTCAG|GTGGGG GCTCAG|GTAGGG
CCACAG|ATAGAA CCACAG|GTGGAA CCACAG|GTGGAA
End Intron 5 | StartExon6  CCACAG|TTAGAA
TCACAG|ATAGAA
CTGCAA|GTAAGT CTGCGT|GTAAGT CTGCGT|GTAAGT
End Exon 6 | Start Intron 6
TTGCGT|GTAAGT
CCCCAG|GCAGTG CTCCAG|GCAGCG CCCCAG|CCAGCA
End Intron 6 | Start Exon 7
CTCCAG|CCAGCG CCCCAG|GCAGCA
End Exon 7 | StartIntron7  GTAAAG|GTGAGA GTAAAG|GTGAGA
End Exon 7 | Start 3’ UTR GCTTGA|AAAGGT
End Intron 7 | Exon 8 | 3'UTR  CTATAG|TGTGA|GACAGC CTGTAG|CCTGA|GACAGC

TABLE 1. Common splice-site boundaries for class | HLA alleles
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Protein Translations

As we were submitting sequences, we encountered an issue regarding stop codons. In
biology, premature or atypical stop codons will change the protein expression of the gene,
likely resulting in null alleles™. When such sequences were encountered in Saddlebags,
the translated peptide sequence was invalid, and EMBL-ENA was unable to handle the
submission. As a workaround, logic was added to Saddlebags to better interpret the
exonic sequences. When coding sequences contain a premature stop codon, or the
sequence length is not a multiple of three nucleotides, the software will provide the most
correct translation available, and warn the submitter that their protein may not be what
is expected (Figure 5). The warning messages clearly specify the nature and location of
the unexpected sequence, allowing submitters to identify and respond to problems with
their sequence.

Discussion

We have created a software tool to be used for rapid submission of full-length HLA
sequences to EMBL-ENA for subsequent submission at IPD-IMGT/HLA. Submitting novel
sequences, or submitting full-length sequences for previously incomplete alleles, will help
to centralize HLA knowledge, allowing for more focused research. Saddlebags requires
full-length sequences, and therefore promotes HLA submissions of high-quality, full-
length allele sequences to the IPD-IMGT/HLA database, which is a major goal of the 17th
International HLA and Immunogenetics Workshop.

Sometools have been developed for the purpose of submitting HLA sequences to standard
databases. Sequin (https://www.ncbi.nlm.nih.gov/Sequin/) is available from NCBI, and can
be used for submission to the Genbank database. Sequin has the advantage of providing
graphical alignment and sequence feature editing functions, but does not support online
submission of sequences. Sequin is intended for Genbank submission, and although
Genbank accession numbers are acceptable for inclusion in IPD-IMGT/HLA submissions,
EMBL-ENA is widely used as the intermediate nucleotide database. Typeloader’ is a web-
based tool developed at DKMS Life Science Lab. Although Typeloader is able to generate
EMBL-formatted flatfiles, it does not perform the online REST submission as required
by EMBL-ENA. The software that is available for download requires submissions in the
GenDX XML format, which precludes its use in many submitting laboratories. Saddlebags
provides the added value of automated submission specifically to EMBL-ENA, while not
being constrained to a single sequencing or analysis platform

When we transfer genomic data, data standards are an important consideration. The
format required for Saddlebags is understandable by the HLA community, but more
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strictly defined data standards are desirable. To remain relevant, it is important to use
standards decided by the community, to promote research and shareability of data.
XML is a common data transmission format, which is extended by the well-defined HML
standard™. HML is a structured blueprint for data, promoted by NMDP, which provides
placeholders for immunogenetic sequence data, as well as relevant metadata. NMDP
regularly provides tools to promote the use of standards by the HLA community, and
HML is already supported by several Genomic Software vendors and HLA laboratories.
In addition to Saddlebags current functionality of automated feature annotation of full-
length HLA sequences, future versions of Saddlebags will support HML input, where
feature annotations are either provided, or generated automatically.

The Saddlebags software is in regular use in the Maastricht University Medical Center
Transplantation Immunology Laboratory, and has been used for 79 novel allele
submissions’ to date. Users are encouraged to download an executable for Windows,
evaluate the software, and use for their own (novel) HLA allele submissions. Users of the
Saddlebags Submission Tool are encouraged to cite this publication in their manuscripts.
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Abstract

The gold standard for typing at the allele level of the highly polymorphic Human
Leukocyte Antigen (HLA) gene system is sequence based typing. Since sequencing
strategies have mainly focused on identification of the peptide binding groove,
full-length sequence information is lacking for >90% of the HLA alleles. One of
the goals of the 17th IHIWS workshop is to establish full-length sequences for as
many HLA alleles as possible. In our component “Extension of HLA sequences by
full-length HLA allele-specific hemizygous Sanger sequencing” we have used full-
length hemizygous Sanger Sequence Based Typing to achieve this goal. We selected
samples of which full length sequences were not available in the IPD-IMGT/HLA
database. In total we have generated the full-length sequences of 48 HLA-A, 45 -B
and 31 -C alleles. For HLA-A extended alleles, 39/48 showed no intron differences
compared to the first allele of the corresponding allele group, for HLA-B this was
26/45 and for HLA-C 20/31. Comparing the intron sequences to other alleles of the
same allele group revealed that in 5/48 HLA-A, 16/45 HLA-B and 8/31 HLA-C alleles
the intron sequence was identical to another allele of the same allele group. In the
remaining 10 cases, the sequence either showed polymorphism at a conserved
nucleotide or was the result of a gene conversion event. Elucidation of the full-length
sequence gives insight in the polymorphic content of the alleles and facilitates the
identification of its evolutionary origin.
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1. Introduction

The human leukocyte antigen (HLA) loci are located on the short arm of chromosome 6
and belong to the most polymorphic gene system described in the human genome [1].
The HLA molecules play a pivotal role in the immune response, and the huge variability of
these molecules has ensured an adequate immune defense against a variety of invaders
[2]. Due to the critical role in organ and stem cell transplantation and associations with
diseases, HLA gene polymorphism has been studied extensively by molecular typing
methods [3]. HLA gene sequencing has been performed since the early 1990s [4], with
the focus on the exons which encode the peptide binding groove [5]. This has resulted
in identification of thousands of HLA alleles, but generated limited data on full-length
gene sequences [6]: the major reason that the IPD-IMGT/HLA database [7] has high ratios
of incomplete alleles ranging from 98% for HLA-DRB1 to 84% for HLA-C in the database
release 3.27.0 [8].

With increasing knowledge of HLA and new developments in sequencing strategies and
approaches, laboratories are moving to the full length amplification and sequencing of
HLA genes [3, 9, 10]. However, accurate analysis of the complete gene is impaired by the
lack of intron data in the IPD-IMGT/HLA database. Most HLA allele assignment software
programs circumvent the problem by either disregarding the introns completely, or by
comparing them with the intron sequences of the first allele of the allele group that is fully
known. One of the major goals of the 17th IHIWS was to perform full-gene typing of the
classical class | and class Il genes through the application of next generation sequencing
(NGS) technologies. Not all HLA laboratories have adopted NGS technologies, but have
interesting samples and Sanger sequencing available. Our full-length hemizygous Sanger
Sequencing approach results in unambiguous full length typing results by separation of
the alleles by group-specific amplification for class | and class Il genes [11]. Therefore, we
have organized the component “Extension of HLA allele sequences by full-length HLA
allele-specific hemizygous Sanger sequencing (SSBT)" to facilitate active participation in
the workshop of all laboratories, regardless of the sequencing approach they are using.

The specific goal of this workshop component was to extend the sequences of as many
incompletely covered HLA alleles as possible by full-length unambiguous (hemizygous)
Sanger Sequencing.The Maastricht SSBT approach [11, 12] enables full-length sequencing
and separates the alleles based on available low-resolution typing data. The NGS methods
currently in use are based on short-read shotgun approaches, which might result in
phasing problems of polymorphic sites/SNPs. Until now, single molecule long read
sequencing (SMS) technology has had limitations due to the relatively high error rate at
the individual read level, resulting in a high rate of insertion or deletion errors. Both NGS
and SMS impair accurate analysis of homopolymer stretches and repetitive sequences
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[8]. Due to these shortcomings the Sanger Sequence Based Typing method of separated
alleles remains the best reference sequence method for HLA high resolution typing. This
SSBT method can be applied to identify and confirm sequence polymorphism in novel
alleles, alleles with unknown intron and exon sequences, or sequences generated from
NGS/SMS data that are difficult to interpret due to homopolymer stretches or phasing
issues. Previous approaches with Sanger sequencing revealed three kinds of ambiguities:
(a) genotype ambiguity due to cis-trans polymorphism, (b) allele ambiguity due to
polymorphism outside the peptide-binding groove and (c) ambiguities due to incomplete
sequences. By using the SSBT Maastricht approach of group-specific amplification and
Sanger sequencing both ambiguity types (a) and (b) are resolved by hemizygous and
full-length sequencing, respectively, whereas the third ambiguity type (c) is addressed
by the workshop efforts to complete the sequences of as many HLA alleles as possible.
Furthermore, the group-specific priming minimizes the problem of jumping PCR that
could result in in vitro artifactual hybrid sequences, which is a potential problem with
long amplicons [13-15].

During the workshop component “Extension of HLA allele sequences by full-length HLA
allele-specific hemizygous Sanger sequencing (SSBT)", participants submitted samples
based on the selection that the full-length sequence of the submitted HLA alleles was
unknown. Initial selection was focused on HLA class | alleles. Participants had the choice
of performing the sequencing in their own laboratory with provided SSBT reagents from
Maastricht, or sending DNA to the Maastricht laboratory for sequencing. A total of 155
samples were submitted, resulting in identification of the extended full-length sequences
of 145 different class | alleles in this workshop component. All sequences were compared
with the genomic sequences of the first allele of the same allele group, with other alleles
of the same allele group and/or with alleles from other allele groups, depending on the
differences found.

2. Material and methods

2.1 DNA isolation and regular HLA typing

Genomic DNA was isolated either manually with QIA-AMP kits following the supplier’s
protocol (Qiagen, Westburg, Leusden, The Netherlands) or with the salting out method
[16], or automated with EZ1 (Qiagen) or Maxwell kits (Promega, Madison, Wisconsin, USA).
Concentration and purity of DNA samples were measured at 260 nm and 260/280 nm.The
HLA alleles included from samples submitted by the participants were previously typed
by the laboratory of origin, based upon sequencing the exons encoding the peptide
binding groove minimally.
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2.2 SSBT method

The SSBT method was performed as previously described [11, 12]. In brief: a group-specific
amplification product of the full-length allele of interest was generated using group-
specific primers in the 5’ and 3’ UTRs. Sanger sequencing was performed with generic
sequencing primers in both forward and reverse direction by means of cycle sequencing,
using the 3730 DNA-analyzer for electrophoresis. Sequencing analysis was performed with
the SeqPilot software (JSI medical systems, Kippenheim, Germany), intron analysis was
done manually or by using Lasergene (DNA Star, Madison, Wisconsin USA). The full-length
sequence was confirmed by sequencing 2 different polymerase chain reaction products
for each allele. In cases where two alleles belong to the same allele group, sequencing
was performed with Oxford Nanopore MinlON 1D? or 2D sequencing [17] to obtain the
allele sequence in isolation for correct phasing. In these cases, the MinlON sequence was
confirmed with heterozygous Sanger sequencing, approving all polymorphic positions.

2.3 NGS typing

For 14 samples the SSBT results performed in this workshop were used to confirm NGS
data previously obtained by the Vienna laboratory. This NGS method was based on
parallel sequencing of small fragments. DNA was amplified by long range PCR using locus
specific primers. The amplification products were purified using ExoSap (Biotechrabbit,
Biozym, Berlin, Germany). They served as template for library preparation: fragmentation
was achieved enzymatically and adapters were subsequently attached to the fragments
(NebNext, New England Biolabs, Ipswich, Massachusetts, USA). After a further purification
step using magnetic beads (HighPrep PCR Cleanup System, MAGBIO Genomics,
Gaithersburg, Maryland, USA) size selection of 400 bp long fragments was accomplished
using E-gel (Invitrogen, Life Technologies, Carlsbad, California, USA). These fragments
were re-amplified (NebNext New England Biolabs, Ipswich, Massachusetts, USA); the
concentration was adjusted, the fragments were attached to lonSpheres and emulsion
PCR was performed (OneTouch, Life Technologies, Carlsbad, California, USA). The products
of the emulsion PCR were enriched and loaded onto an lon Chip (Life Technologies,
Carlsbad, California, USA). Finally, the sequence was determined on an lonTorrent Personal
Genome Machine (Life Technologies, Carlsbad, California, USA). Data analysis was done
using two independent software (HLA TypeStream Life Technologies, Carlsbad, California,
USA, NGSengine, GenDx, Utrecht, The Netherlands).

2.4 Submission to EMBL (ENA) and IPD-IMGT/HLA

All extended sequences have been submitted to the EMBL ENA database with the aid
of the Saddlebags software, an ENA submission tool developed by Matern et al [18]. In
short, full length sequences, alongside EMBL credentials and relevant sample data, are
converted into an annotated EMBL allele submission, which is uploaded to EMBL ENA,
using standard web protocols. Accession numbers were obtained within 48 hours, and
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the retrieved annotated sequences were used for manual submission to the IPD-IMGT/
HLA database, providing all additional information manually. Both the EMBL accession
numbers as well as the obtained IPD-IMGT/HLA submission numbers are indicated in
tables 1-4.

2.5 Comparison of genomic sequences

The obtained genomic sequences were compared with the genomic sequence of the
first allele of the same allele group with the lowest numbered allele name for which a
full length sequence was known e.g. the sequence of HLA-A*01:17 is compared to the
genomic sequence of HLA-A*01:01:01:01, whereas the sequence of C*02:29 is compared
to the genomic sequence of C*02:02:02:01, since the full-length genomic sequence of
C*02:02:01 is not yet known. The only exception is the B*40 group. Within this group
two different evolutionary lineages are recognized, identified by numerous nucleotide
differences in both exons and introns. In this group comparison was based on exon 1: when
exon 1 was identical to B*40:01, the genomic sequence was compared with B*40:01:01
as first allele of the same allele group, if exon 1 was identical to B*40:02, the genomic
sequence was compared with B*40:02:01:01, the first allele of the same allele group. Only
differences in the intron sequences were considered. When differences were observed,
the genomic sequence of the allele was compared to other alleles of the same allele group
to determine whether the intron sequences were already known for that allele group. If
the sequence was not yet known for the allele group, the sequence was compared to
the genomic sequences of all other allele groups to enable identification of previously
conserved and variable positions, and possible recombination or gene conversion events
between different allele groups.
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HLA allele EMBL accession number IPD-IMGT/HLA submission number
A*01:03:01:02 LT618820 HWS10029815
A¥*02:22:01:01 LT618825 HWS10029781
A*03:01:03 LT976502 HWS10051195
A*26:08 LT934331 HWS10029821
A¥29:10:01 LT971013 HWS10051163
A¥29:95 LT618817 HWS10029811
A*32:01:01:04 LT934313 HWS10029823
A*30:10 LT604089 HWS10029783
B*08:09 LT618798 HWS10029785
B*27:12 LT604095 HWS10029553
B*27:19 LT969621 HWS10051011
B*35:12:01 LT604097 HWS10029789
B*35:43:01 LT934312 HWS10029829
B*39:01:24 LT934333 HWS10029827
B*39:31 LT604098 HWS10029791
B*40:23 LT632312 HWS10029793
B*42:02:01:02 LT934330 HWS10029825
B*57:04:01 LT618823 HWS10029795
C*07:01:01:14Q LT898183 HWS10029799
C*03:05 LT934335 HWS10029831
C*04:07 LT618809 HWS10029797

Table 1. Confirmatory extended full length sequenced HLA alleles with EMBL accession numbers and IPD-
IMGT/HLA submission numbers.
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HLA-A allele comparedto EMBL accession number IPD-IMGT/HLA submission number Number of samples

A*01:01:03  A*01:01:01:01  LT604086 HWS10029539 1
A*01:17 A*01:01:01:01  LT618839 HWS10029541 1
A*01:25 A*01:01:01:01  LT618801 HWS10029543 1
A¥023501  A*02:01:01:01 LT618840, LT934427, HWS10029643, HWS10029877, 3
LT969580 HWS10050963
A*02:67 A*02:01:01:01  LT985838 HWS10051867 1
A*02:113:01N A*02:01:01:01  LT965076 HWS10051015 1
A*02:140  A*02:01:01:01 LT960366 HWS10050135 1
A*02:161  A*02:01:01:01 LT618802 HWS10029527 1
A*02241  A*02:01:01:01 LT969582 HWS10050961 1
A¥02:242  A*02:01:01:01 LT969601 HWS10050959 1
A¥03:0501  A*03:01:01:01 LT618838 HWS10029525 1
A*03:10 A*03:01:01:01  LT618837 HWS10029523 1
A¥03:53 A*03:01:01:01  LT960360 HWS10050137 1
A¥03:123:01  A*03:01:01:01 LT969578 HWS10050965 1
A¥03:143  A*03:01:01:01 LT960367 HWS10050139 1
A*11:03 A*11:01:01:01  LT618803 HWS10029547 1
A*11:04 A*11:01:01:01  LT618824 HWS10029535 1
A*11:29 A*11:01:01:01  LT618804, LT969581 HWS10029537, HWS 10050967 2
A*11:126  A*11:01:01:01  LT935656 HWS10029899 1
A*23:18 A*23:01:01:01  LT960361 HWS10050143 1
A*24:0225  A*24:02:01:01 LT618805 HWS10029489 1
A¥24:0226  A*24:02:01:01 LT985839 HWS10051869 1
A*24:02:65  A*24:02:01:01 LT960354 HWS10050145 1
A*24:25 A*24:02:01:01  LT969583 HWS10050973 1
A*24:31 A*24:02:01:01  LT969600 HWS10050981 1
A¥24:32 A*24:02:01:01  LT934429 HWS10029879 1
A¥24:54 A*24:02:01:01  LT604085 HWS10029491 1
A*24:135:01  A*24:02:01:01  LT960356 HWS10050147 1
A*25:11 A*25:01:01:01  LT970871 HWS10051171 1
A*26:09 A*26:01:01:01  LT970916 HWS10051169 1
A*26:26 A*26:01:01:01  LT960364 HWS10050149 1
A*26:27 A*26:01:01:01  LT970911 HWS10051167 1
A*26:47 A*26:01:01:01  LT934428 HWS10029875 1
A*26:52 A*26:01:01:01  LT604087 HWS10029495 1
A*30:11:01  A*30:01:01  LT604090 HWS10029507 1
A*31:12 A*31:01:02:01  LT934430 HWS10029881 1
A*31:13 A*31:01:02:01  LT976488 HWS10051193 1
A*32:11Q  A*32:01:01:01 LT960355 HWS10050151 1

A*32:15 A*32:01:01:01 LT971377 HWS10051177 1
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HLA-B allele comparedto EMBL accession number IMGT submission number Number of samples

B*07:10 B¥07:02:01:01 LT962901, LT971385 HWS10050491, HWS10051161 2
B*07:15 B¥07:02:01:01 LT604084 HWS10029515 1
B*07:20 B*07:02:01:01 LT985837 HWS10051871 1
B*07:22:01 B*07:02:01:01 LT969547 HWS10050983 1
B*07:26 B*07:02:01:01 LT906668 HWS10029645 1
B*07:31 B*07:02:01:01 LT969542 HWS10050985 1
B*07:69 B*07:02:01:01 LT960369 HWS10050153 1
B*07:92 B*07:02:01:01 LT971378 HWS10051175 1
B*07:104 B*07:02:01:01 LT935653 HWS10029901 1
B*07:129 B*07:02:01:01 LT618806,LT618816 HWS10029519, HWS10029517 2
B*07:161N B*07:02:01:01 LT898199 HWS10029475 1
B*15:01:06 B*15:01:01:01 LT960357 HWS10050157 1
B*15:33 B*15:01:01:01 LT969540 HWS10050987 1
B*18:12:01 B*18:01:01:01 LT969541 HWS10050989 1
B*27:09 B*27:02:01:01 LT934434 HWS10029885 1
B*27:10 B*27:02:01:01 LT604094 HWS10029549 1
B*27:17 B*27:02:01:01  LT604096 HWS10029551 1
B*27:30 B*27:02:01:01 LT962903 HWS10050495 1
B*40:08 B*40:02:01:01 LT934329 HWS10029873 1
B*40:229 B*40:02:01:01 LT934309 HWS10029817 1
B*41:21 B*41:01:01 LT969543 HWS10050993 1
B*44:21 B*44:02:01:01 LT934433 HWS10029887 1
B*44:37:01 B*44:02:01:01 LT965073 HWS10050767 1
B*44:55 B*44:02:01:01 LT969539 HWS10050991 1
B*53:07 B*53:01:01 LT972227 HWS10051191 1

B*55:11 B*55:01:01 LT618841 HWS10029571 1
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HLA-C allele compared to

EMBL accession number

IMGT submission number

Number of samples

C*01:44 C¥01:02:01:01  LT934432 HWS10029895 1
C*02:29 C*02:02:02:01  LT934435 HWS10029893 1
C*02:44 (C*02:02:02:01 LT604099 HWS10029573 1
C*02:106 C*02:02:02:01 LT960362 HWS10050163 1
C*03:08 C*03:02:01 LT898186 HWS10029529 1
C*03:16 C*03:02:01 LT575485 HWS10029599 1
C*03:35:01 C*03:02:01 LT632317,T934332 HWS10029581, HWS10029833 2
C*03:44 C*03:02:01 LT934436, HWS10029897, 2
C*03:74 C*03:02:01 LT962900 HWS10050489 1
C*04:01:22  C*04:01:01:01 LT971249 HWS10051165 1
C*04:41 C*04:01:01:01  LT965072 HWS10050765 1
C*04:108 C*04:01:01:01  LT604100 HWS10029597 1
C*05:01:05 C*05:01:01:01  LT969623 HWS10051017 1
C*05:13 C*05:01:01:01  LT985859 HWS10051881 1
C*07:01:08  C*07:01:01:01 LT970872 HWS10051173 1
C*07:55N C*07:01:01:01  LT906666 HWS10029647 1
C¥12:10:02  C*12:02:02:01 LT960359 HWS10050171 1
C*14:11 C*14:02:01:01 LT969548 HWS10050997 1
C*16:07:02  C*16:01:01:01 LT960353 HWS10050173 1
C*16:74 C*16:01:01:01 LT618815 HWS10029595 1

Table 2 (a-c). New extended full length sequenced HLA alleles with identical intron sequences compared
to the first allele of the same allele group for (A) HLA-A alleles, (B) HLA-B alleles and (C) HLA-C alleles.
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3. Results

3.1 Confirmation of full-length sequences

In total, 145 alleles were studied during the workshop. The genomic sequence of 124
of them were not known in the IPD-IMGT/HLA database v3.29, and 21 sequences were
already submitted in 2017 by other laboratories, but were not yet confirmed. Therefore,
we confirmed these alleles by full-length sequencing and submitted them to EMBL
and IPD-IMGT/HLA. The confirmed alleles and their EMBL and IPD-IMGT/HLA accession
numbers are listed in table 1. The full-length sequences were compared with the known
genomic sequence in the database, and no differences were found, with the exception of
HLA-B*27:12. The genomic sequence of the database (v 3.29) showed 5 G nucleotides in
intron 2 from position 684 to 688. However, we identified in a B*27:12 sequence (cell id
44302 IPD-IMGT/HLA) 6 G nucleotides at these positions, as is the case for all other B¥27
genomic sequences known. Furthermore, sequencing B*27:12 from three other unrelated
individuals revealed in all cases also 6 G nucleotides at these positions. In the more recent
database version 3.30, an additional allele has been assigned, B¥27:12:01:02, that has 6
G nucleotides at position 684 in intron 2, whereas the original B*¥27:12 was renamed to
B*27:12:01:01, with 5 G nucleotides. The B¥27:12:01:01 was identified by sequencing with
NGS (PacBio), whereas B*27:12:01:02 was sequenced with hemizygous Sanger based
sequencing. It is tempting to speculate that the 5G variant might be a sequencing artefact,
considering the difficulty NGS has with identifying homopolymers correctly [19].

3.2 Extension of sequences not yet known

During the workshop, full-length sequences were determined for a total of 134 samples
with 124 different alleles, of which the full length genomic sequence was not yet known
(IPD-IMGT/HLA v3.29). All sequences were compared with the genomic sequences of
either the first allele of the same allele group with the lowest numbered allele name, with
other alleles of the same allele group, and/or with alleles from other allele groups, selected
based on the polymorphisms found.

3.2.1 Alleles with no differences in the intron sequences compared to first allele of the same
allele group

The majority of the alleles studied showed no differences in their intron sequences with
the intron sequences of the first allele of the same allele group. These alleles are listed
for HLA-A, -B and -C in tables 2 A-C, respectively, including the EMBL accession number
and IMGT submission number. The first allele of the same allele group to which the intron
sequences were compared is included. In total 39/48 HLA-A, 26/45 HLA-B and 20/31
HLA-C genomic sequences showed no differences with the first allele of the same allele
group in their intron sequences.
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Allele Compared to Differences a EMBL accession IPD-IMGT/HLA
number submission number
A*01:37  A*01:01:01:01 13C1032T LT618800 HWS10029545
A*36:03 A*36:01 12 G670C LT604091 HWS10029533
A*74:03 A*74:01:01 11 C125T LT976505 HWS10051241
A*74:06 A*74:01:01 12 G490C, G504C, C509T LT604092 HWS10029513
B*35:42:01 B*35:01:01:01 5UT G-201A, 5UT A-90G, 5UT A-88G, 11 LT618812 HWS10029559
G89C, 3UT G2932A
B*40:16 B*40:01:01 12 A561C, 13 C1465T, I5 G2483T, 16 LT618827 HWS10029565
G2536A, 16 G2620T
B*40:20 B*40:02:01:01 12 G688-,12 G707C, 12 G709T LT632314 HWS10029563
C*04:11 C*04:01:01:01 12 C514T, G544A, C553G LT618833 HWS10029575
C*14:05 C*14:02:01:01 12 A672G LT934437 HWS10029891
C*¥15:11 C*15:02:01:01 5UT A-301T, 11 G196T LT985876 HWS10051885

Table 4: New extended full length sequenced HLA alleles with differences in the intron sequences to all
alleles of the same allele group.

al = intron, 5UT = 5’ untranslated region, 3UT = 3’ untranslated region, number indicates the position of the
genomic sequence according to IPD-IMGT/HLA database

The presence of Questionable and Null alleles in this table indicates that the difference
causing the aberrant expression is located in the exons that were already previously
assigned.Thereisonealleleincluded with the suffixQ, A*32:11Q, which has three nucleotide
differences compared to A¥32:01:01:01.The variation at position 563 of the cDNA results in
a change of Cys164 into Phe164. This change impairs the normal disulfide bond between
Cys164 and Cys101 [20], most likely affecting the expression of the molecule as previously
described [21]. Three null alleles are included in table 2. Two of their respective sequences
(A*02:113:01N, C*07:55N) contain a nucleotide mutation which immediately introduces
a stop codon [22, 23], and in the third sequence (B*07:161N) an insertion of a nucleotide
caused a frameshift, resulting in a downstream premature stop codon [7].

3.2.2 Alleles with no differences in the intron sequences compared to other alleles of the same
allele group

In 39 cases differences were identified between the intron sequences of the studied allele
compared to the first allele of the same allele group. In these cases the sequences were
compared to other alleles of the same allele group in the order of the allele number. In
table 3 the alleles are listed that showed no intron differences with another allele of the
same allele group; including the differences with the first allele of the same allele group
and the first ranked allele with identical intron sequences. In total there were 5 HLA-A, 16
HLA-B and 8 HLA-C alleles that belonged to this group of alleles.

The null allele in this table (B*39:25N) has a deletion of two nucleotides in exon 3, resulting
in a frameshift and premature stop codon.
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3.2.3 Alleles with differences in the intron sequences compared to all other alleles of the same
allele group

Table 4 comprises the remaining alleles that did not fit in the previous two groups. We
studied these alleles in more detail by comparing their sequences with all genomic
sequences of the corresponding HLA locus currently known (IPD-IMGT/HLA database vs
3.30).

The allele A*01:37 showed, apart from the difference in exon 4, also a difference in intron 3
compared to A*01:01:01:01, namely C1032T. The position 1032 was previously thought to
be a conserved position for the HLA-A locus, as all other HLA-A alleles known have a C at
this position. Furthermore, the difference in exon 4 between A*01:37 and A*01:01:01:01,
C755T is a rather striking change, there are only 3 other HLA-A alleles with a T at this
position, A*¥02:131, A*11:172 and A*29:75. The sequence CAGGACAC at positions 748-755
is conserved among the classical class | genes HLA-A, B and C. No known HLA-B or -C
alleles has a T at this position 755.

Comparing the intron sequences, the allele A*36:03 showed only one difference with
A*36:01 inintron 2 G670C. A*36:01 is the only A*36 allele of which the full-length genomic
sequence is known. Comparing this position 670 with other allele groups revealed the
presence ofa Cin A*11, 23, 24,29, 31, 32,33 and 74. Since we also observed a difference at
the start of exon 3 between A*36:03 and A*36:01, we compared the polymorphic positions
at the 3’ end of intron 2 and the 5’ end of exon 3, for all these allele groups as illustrated
in table 5A. From this comparison it is clear that the sequence of A*36:03 is identical to
A*36:01 from the 5’ end of the allele up to intron 2 position 617 and from position 739 in
exon 3 up to the 3’ end. The sequence from position 670 up to and including position 734
is identical to the sequence of the HLA-A*23 and *24 allele group, implying that the allele
A*36:03 might originate from an inter-allelic gene conversion event with an A*36 and an
A*23 or A*24 allele.

Up to now the genomic full-length sequences of 7 A*74 alleles are known, 4 of them
having identical intron sequences (A*74:01:01, 74:01:02, 74:01:03 and 74:01:06), the
others having differences in intron 2, 3, 5 and 7 as illustrated in table 5B. The intron
sequence of A*74:03 is identical to A*74:01:01 except for position 125 in intron 1. This C
was a conserved nucleotide in all HLA-A alleles, butis a T in A*74:03. The A*74:06 has one
nucleotide difference with all other alleles, in exon 2, position G422C. When comparing
the intron sequences, the allele A*74:06 shows 3 differences in intron 2 with the first allele
of the allele group, A*74:01:01, and only one difference in intron 3 with A*74:02:01:02. This
suggests two possible evolutionary origins for this allele, it either arose from A*74:02:01:02
with two point mutations (422, 1427), or it arose from a recombination between A*74:01
with A*74:02 together with a single point mutation (422). Whether intermediate alleles
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exist is unclear, there remain 27 A*74 alleles of which the genomic sequence is not yet
elucidated.

The B*35:42 was identified as a new allele when we started sequencing exons 1-5 for HLA
class | alleles, since there were two nucleotide differences between this allele and the
B*35:01:01:01 in exon 1 [24]. Sequencing full-length revealed additional differences in the
5"UTR and in intron 1 as shown in table 5C. Since these differences were all located next
to each other without any other polymorphic positions in between, we speculated that
the 5’ part of the B*35:42 was derived from another allele group. When comparing this 5’
part with other alleles in the IPD-IMGT/HLA database there were 4 allele groups identified
with identical sequences, B*18, 27, 37 and the alleles of the B*40:02 lineage (table 5C).
Therefore, it seems plausible that the B*35:42 allele is the result of a gene conversion
between a B*35 allele and an allele of either B*18, 27, 37 or 40:02 lineage, with the cross
over point located in intron 1 between position 89 and 146.

The B*40:16 allele belongs, according to the exon 1 sequence, to the B*40:01 lineage.
Comparing the intron sequences with those of B*40:01:01 revealed 5 differences, as
indicated in table 4. Two of these differences are due to a point mutation in B*40:01:01
compared to the other B*40:01 alleles: at positions 15 2483 and 16 2620 the B*40:01:01 is
the only B¥40 allele with a G, all other B*40 alleles have a T nucleotide at these positions.
Concerning the C at position 561 in intron 2, this nucleotide is associated with a deletion
of two nucleotides at positions 566 and 567 in all other B*40 alleles known today. The
B*40:16 is the only allele that has a C561 together with CT at positions 566 and 567.
Interestingly, the T at position 1465 in intron 3 is unique among the HLA-B*40 alleles, all
other B*40 alleles have a C at this position. Furthermore, this T1465 is only present in 4
other B alleles, all belonging to the B*15 group. The final difference 16 G2536A concerns
a mutation of a previous conserved position, all other B alleles have a G at this position.

The B*40:20 allele belongs to the B*40:02 lineage and has 3 nucleotide differences with
B*40:02:01:01, all located adjacent to each other in intron 2 (table 5D). We have therefore
compared this part of the sequence with all other B alleles, and found this combination
(.688/689, G691, C707,T709) to be unique for the B*15 and B*46 allele groups. Extending
the SNP analysis to exon 3 revealed identity between the sequence of B*40:20 and the
B*15/46 allele group up to and including position 792, suggesting that B*40:20 is the
result of a recombination event between the B*40:02 and the B*15/46 allele group.

Also the C*04:11 showed 3 nucleotide differences with C*04:01:01:01 adjacent to each
other in intron 2 (table 5E). This TAG sequence was not present in any of the other C*04
alleles, but was present in the C*01 and C*03 alleles. Comparison of the sequence around
this part showed that the 3’ end of exon 2 was also different from C*04:01:01:01, but was
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identical to the C*01 allele group. The C*03 allele group showed an additional difference
with C*04:11 at position 473. Therefore, we can conclude that the C*04:11 is the result of a
recombination event between C*04:01:01:01 and the C*01 allele group.

The C*14:05 allele differs from all other C*14 alleles in intron 2 at position 672, having a G
instead of an A. Many of the C allele groups have a G at this position. Comparison of the
adjacent SNPs shows that position 744 in exon 3, immediately adjacent to the SNP at 672,
also shows a difference with the C*14 alleles (table 5F). An A at this position 744, without
any other SNPs between 672 and 744, is also present in C*06 and C*12:03 lineage (which
differs from C*12:02 lineage in exon 3). The C*¥14:05 might be the result of a recombination
between C*14 and C*06/12:03, but since this recombination includes only 2 SNP positions
it might as well be the result of a double mutation.

Comparing the intron sequences of C*15:11 with those of C*15:02:01:01 revealed two
differences, one in the 5 UTR at position -301 A to T, and one in intron 1 at position 196 G
to T. Since there were also differences in exon 2 between C*15:11 and C*15:02:01:01 we
have compared the full-length sequence with other C alleles. The T'’s at position -301 and
196 are also present in C*02, 04 and 14 alleles, but the C*04 and 14 alleles differ in exon
2 from C*15:11. However, the sequence of the C*02 alleles in exon 2 is identical to the
C*15:11 allele and differs from the C*15 alleles (table 5G). Therefore, it seems plausible
that the C*15:11 allele arose by a recombination event between a C*02 and a C*15 allele.

Table 5A:

12a E3
HLA-A* 580 593 617 670 673 675 681 700 726 734 739 747 756
1 C C T C G A T C A A A G C
29/31/32/33/74 C @ T @ A G C T A G A G/C T/C
23/24 @ C A C G G C C C G T G T
36:03 T T T C G G C C C G A G C
36:01 T T T G G G @ C A A A G C
Table 5B:

E1 E2 12 13 15 17

HLA-A* 67 422 490 504 509 1427 2394 2842 2850 2862 2863 2868

74:01:01-74:01:03,A G G G C C C A T C A C
74:01:06

74:01:04 A G G G C C A A T C A C
74:02:01:01 T G C C T C C G C T G T
74:02:01:02 T G C C T T C A T C A C
74:.06 T C C C T C C A T C A C
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Table 5C:

5'UT E1 11 E2
HLA-B* -201 -90 -88 25 72 89 146 148 225 231
35 G A A G
35:42:01 A G C

18/27/37/40:02lineage A G G C T C C G C T

Table 5D:

12 E3
HLA-B* 561 566 567 588 688/689 691 707 709 736 785 792 836 850
40:01 lineage A C T G T C G G A A C C
40:02 lineage C G G G G G C A A C C
40:20 C G C C
15/46 C C T A A G
Table 5E:

E2 12 E3
HLA-C* 256 272 331 348 419 432 442 471 514 544 553 694 704 737 744
01 T G C G A T G
04:11 G G A A C A A T
04:01 G G A A G A A A C G C C A A T
Table 5F:

12 E3
HLA-C* 553 672 744 835
06/12:03 lineage G C
14 C A T T
Table 5G:
5'UT I E2 12

HLA-C* -301 196 248 400 552 694
02 G .
15 A G G C C G

Table 5: Comparison of part of the sequence between alleles/allele groups to show the gene conversion
event (reflected by the different grey shades) that resulted in the allele (A) HLA-A*36:03, (B) HLA-A*74:06,
(C) HLA-B*35:42:01, (D) HLA-B*40:20, (E) HLA-C*04:11, (F) HLA-C*14:05 and (G) HLA-C*15:11.

al = intron, E = exon, 5UT = 5’ untranslated region, number indicates the position of the genomic sequence
according to IPD-IMGT/HLA database
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3.3 Comparison of full-length sequences obtained by SSBT and by NGS

For 14 alleles full length sequences were obtained with both SSBT and lonTorrent NGS.
Comparing the results of the full length sequences revealed no differences between the
different sequencing approaches. Eleven of the alleles are present in table 2 (A*02:35:01,
A*11:126, A¥24:32, A*26:47, A*31:12, B¥07:104, B*27:09, B¥44:21, C*01:44, C*02:29 and
C*03:44), two of them in table 3 (B*18:18, B*18:33) and one in table 4 (C*14:05). For the
latter one, both SSBT and NGS identified a G at position 672, that is not present in any of
the other C*14 alleles.

4. Discussion

In this workshop component “Extension of HLA allele sequences by full-length HLA allele-
specific hemizygous Sanger sequencing (SSBT)’, the full-length sequences of 145 different
class | alleles were obtained and submitted to the EMBL and IPD-IMGT/HLA database.
The strategy to select those alleles that were not yet fully known in the database (IPD-
IMGT/HLA vs3.29 July 2017), enabled us to focus resources, efforts and skills to identify
the unknown parts of the sequence in the IPD-IMGT/HLA database. During the process,
the full-length sequences of 21 of these alleles have been already submitted by other
laboratories, and therefore our submissions were considered as confirmatory sequences.
For the other 124 alleles, we provided the newly identified full-length sequences, including
48 HLA-A alleles, 45 HLA-B alleles and 31 HLA-C alleles.

Comparing tables 2 (intron sequences identical to the first allele in the group) and 3
(intron sequences not identical to the first allele in the group) we observed that for HLA-B,
some allele groups are only present in table 2 and not in table 3 and vice versa. HLA-B*07
is only present in table 2, and is completely absent in table 3, whereas B*35 is only present
in table 3 and is lacking in table 2. This may imply that for the allele groups that are only
present in table 2, there is little variation in the intron sequences among that group. This
was indeed the case for the allele groups B*07, 27, 44, 53 and 55. The B*15 allele group
showed two different general types, based on differences in the sequences of 5’ UTR, I
and I2; the other introns are comparably similar to each other. The B*40 allele group was
previously reported to consist of two separate lineages, that show differences throughout
the whole genomic sequence, and are correlated with the serological groups B60 and
B61 [25]. The B*41 group shows a difference at the end of intron 2, with 7 alleles having
a T709 and 8 alleles G709. This position is correlating with 6 polymorphic nucleotides at
the 5" end of exon 3, indeed pointing to two different lineages within this allele group.
The phylogenetic trees of the genomic sequences of HLA-B*40 and B*41, illustrating
the presence of the two different lineages, are depicted in figure 1 A and B, respectively.
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Interestingly, the alleles outside of the two clusters in the HLA*B*40 tree were previously
assigned serologically as B48 like (B*40:10 and B*40:12) or as B21 (B*40:26) [26].

For B*55, we observed a separation into two groups at the 3’ UTR end of the sequence,
based upon the sequence between position 2708 and 2718, where there are either 8
or 9 G nucleotides present. The same was observed in the B¥54 and B*56 allele group,
although the number of alleles sequenced is much lower than for B*55. There are 19
alleles with 9 G nucleotides, 2 B*54, 12 B*55 and 5 B*56, whereas there are only 7 alleles
with 8 G nucleotides, 1 B¥54, 4 B*55 and 2 B*56.The latter ones were all sequenced in 2015
or later, but unfortunately the method of sequencing, NGS or Sanger, is not mentioned.
Since we had the experience with B*27:12 (described in the results), we sequenced in
addition to B*56:04 and B*56:07 (table 3) 4 other individuals with 3 different B*56 alleles
that we had available in our laboratory with the SSBT Sanger method and all of them had
9 G nucleotides. Whether the nucleotide difference is due to sequencing with NGS needs
further investigation.

For the majority of the B alleles in table 3, there is only one nucleotide difference with
the first allele of the allele group. Within three of the allele groups (B*35, B*39 and B*56),
there are only a few alleles identified with the intron sequences identical to the first allele
or even none, e.g. B¥39:01:01:01 is the only B*39 allele with a T2407, all other B*39 alleles

o

A

B61-like

B60-like

0.002

Figure 1A
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Figure 1B
Figure 1. Phylogenetic tree of HLA* B* 40 (A) and B* 41 (B).

A multiple sequence alignment was performed on full length sequences available in the IPD-IMGT/HLA-database
(vs 3.32.0, [7]) for HLA-B* 40 (A) and B*41 (B) alleles. Only those alleles were included that contain continuous
sequence data including at least part of the 5’ and 3’ UTR. Trees were constructed using the Clustal Omega 1.2.1
algorithm [36]. In Fig. 1A the two clouds B60-like and B61-like include the following alleles:

B60-like (ordered from top to bottom): B*40:353, B*40:01:02:07, B¥40:321, B*40:147, B*40:01:02:04, B*40:79,
B*40:01:52, B*40:14:03, B*40:16, B*40:23, B*40:114:01, B*40:72:01, B*40:72:02, B*40:01:02:03, B*40:01:02:06,
B*40:117, B*40:30, B*40:316, B*40:130:02, B*40:346, B*40:01:43, B*40:01:45, B*40:01:02:01, B*40:01:04,
B*40:245, B*40:170, B*40:01:07, B*40:01:40, B*40:31, B*40:42, B*40:52, B*40:48, B*40:01:03, B*40:273, B*40:285,
B*40:01:02:02, B*40:150, B*40:54, B*40:01:02:05.

B61-like (ordered from top to bottom): B¥40:20:01:02, B*40:20:01:01, B*40:08, B*40:229, B*40:11:02, B*40:06:04:02,
B*40:06:04:01, B*40:06:01:02, B*40:06:01:01, B*40:64:01:02, B*40:64:01:01, B*40:04, B*40:303, B*40:02:01:04,
B*40:02:01:03, B*40:296, B*40:90, B*40:27:01, B*40:11:01, B*40:37, B*40:13, B*40:302, B*40:356, B*40:309,
B*40:05:01:02, B¥40:05:01:01, B*40:345N, B*40:347, B*40:334, B*40:305, B*40:304, B*40:02:24, B*40:02:01:05,
B*40:02:01:02, B*40:50, B*40:03:01:02, B*40:02:01:01.
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have a C at this position. In the other two cases (B*14, 57) as well as in the case of B*18,
there are more alleles with sequences identical to the first one of this group (see column
‘compared to’), but also more alleles with sequences identical to the one in the table (see
column ‘no differences with’), implicating a lineage evolutionary origin. For B*18 it was
found that the positions mentioned (I3 1126, 15 2170 and 3UT 3014) were associated with
each other in 44/48 alleles, resulting in TAT sequence in 11 alleles and CGC in 33 alleles,
although the last nucleotide at position 3014 was not always known.

There are many different reasons for elucidating the full-length sequence of HLA alleles.
Although the sequence of the introns is non-coding, there might be important information
located in these regions. They may uncover information about the evolutionary origin, as
indicated above. Especially in those cases where limited differences are present in the
exon sequences, the intron sequences may indicate possible recombination events, and
can narrow the location of cross-over positions. In this respect it is worth mentioning the
differences in natural selection pressure on introns and exons of the MHC system due
to functionality. The non-coding regions may identify polymorphism affecting splicing
that subsequently could influence expression levels and/or structure of the molecule [27].
Given that 90% of causal autoimmune disease variants are located within non-coding
regions of the genome [28], intronic differences may harbor genomic elements which
play a functional role in disease pathogenesis. Recently, it was identified that intron 4 of
HLA-B encodes a microRNA (has-miR-6891) [29]. This microRNA has been shown to have
an impact on the expression of nearly 200 transcripts in vitro, with a direct impact on
metabolic pathways, including immune response networks [30]. Strikingly, we observed
differences in all introns and 5’ and 3’ UTR regions, except in intron 4 for HLA-A, -B and
-C (see tables 3 and 4). However, analyzing the IPD-IMGT/HLA database revealed the
presence of polymorphic positions in the intron 4 sequences of all three classical HLA
genes, but they are rather conserved within the allele groups.

With resolving the full-length sequence of HLA alleles, it seems possible to elucidate the
evolutionary origin more easily than with exon sequencing alone. In table 4 the HLA alleles
are listed that show intron sequences different from the other alleles of the same allele
group, except A*74:06, which seems to be the result of either a double point mutation
or a gene conversion of two different alleles from the A*74 group. Three of the alleles
(A*01:37, A*74:03, B*40:16) show a change of a conserved nucleotide, most probably
due to a single point mutation. In the remaining 6 cases the allele was found to be the
combination of two different sequences, one derived from the same allele group, the other
from another allele group, implicating that the allele was the result of an intragenic inter-
allelic gene conversion event. In four of them (A*36:03, B*40:20, C*04:11, C*14:05) only a
segmental gene conversion occurred, with the size of the segments ranging from 65 to
345 nucleotides. These segments might represent some of the DNA sequence cassettes
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that have been reported to be exchanged between different HLA alleles to generate
new variants for adaptation to the exposure of new and evolving pathogens [31]. This is
supported by the fact that all segments contain at least part of an exon, encoding one or
more different amino acids. In two of them (B*35:42:01, C*15:11) the 5" end of the gene is
completely exchanged, one including exon 2, the other up to and including part of intron
1. In these latter two cases it is unclear whether part of the adjacent sequence has been
exchanged as well and to what extent. The B*35:42 was associated with a C*04, which is
a common association in the Caucasian population, the sequence 5’ upstream of B*35:42
was not investigated. The C*15:11 was present with a B¥27, which is a very uncommon
association. However, C¥02 with B*27 is a very common association, implying that the
C*15:11 might originate from a C*02 in which a large part of the gene (from intron 2 to at
least the end of the gene) is changed by a gene conversion event.

The method of group-specific Sanger sequencing for HLA class | was developed a few years
ago [11, 12], selecting group-specific primers in the 5’ and 3’ UT regions according to the
sequences known at that time. Recently, the sequences on both sides of the gene have
been extended and for some alleles the 3’ end sequence was identified up to 1100 bp after
the stop codon. The question that arises here is what part does still belong to the gene to
enable correct allele assignment. For HLA-C it is known that there is a SNP variation 35 kb
upstream of the gene, that might affect the expression level of the cell surface encoded
molecule [32] and recently also polymorphism at the 5’ end of the gene was reported to
regulate NK cell-specific HLA-C expression [33]. Also for class Il there is discussion to what
extend the sequence is part of the gene and should be included to define allelic resolution.
It remains to be determined whether individual STR variation should be included as HLA
allele sequence. In fact, the mutation rate of STR sequences, especially dinucleotide repeats,
is several orders of magnitude higher than the mutation rate of unique DNA sequences
in the genome [34]. Therefore, including STR variation as HLA variation is questionable
and will lead to an exponential increase in the number of alleles. Furthermore, both
Sanger sequencing as well as NGS on all platforms encounter problems to analyze STRs
in a reliable way due to strand-slippage replication [35], with the consideration that there
might already be some errors in the IPD-IMGT/HLA database in these STR rich regions. With
the single molecule sequencing that enables long reads, the fast identification of many
full-length allele sequences is envisaged for the near future. Therefore, it is now time for the
HLA community to discuss and define which parts of the genome belong to a specific gene
and must be identified to acquire allelic resolution typing.

Since this workshop component has been successful in resolving full-length sequences
of HLA alleles with unknown parts, we will continue this component in the upcoming
18th International Histocompatibility Workshop and extend it to class Il alleles. Those
laboratories that have class | and/or class Il alleles available of which the full-length
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sequences are not known, are welcome to participate by submitting these alleles. Further
information will soon be available on the IHIWS website or can already be obtained by
contacting the corresponding author.
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Abstract

Matching of the HLA gene polymorphisms by high-resolution DNA sequence
analysis is the gold standard for determining compatibility between patient and
donor for hematopoietic stem cell transplantation. Single molecule sequencing
(PacBio or MinlON) is a newest (third) generation sequencing approach. MinlON is a
nanopore sequencing platform, which provides long targeted DNA sequences. The
long reads provide unambiguous phasing, but the initial high error profile prevented
its use in high-impact applications such as Human Leukocyte Antigen (HLA) typing
for HLA matching of donor and recipient in the transplantation setting. Ongoing
developments on the instrumentation and basecalling software have improved the
per-base accuracy of 1D? nanopore reads tremendously. In the current study, we
used 2 validation panels of samples covering 70 of the 71 known HLA class | allele
groups to compare 3rd field sequences obtained by MinlON with Sanger sequence-
based typing (SSBT) showing a 100% concordance between both data sets. In
addition, the first validation panel was used to set the acceptance criteria for the use
of MinlON in a routine setting. The acceptance criteria were subsequently confirmed
with the 2nd validation panel.

In summary, the present study describes the validation and implementation of
the nanopore sequencing HLA class | typing method and illustrates that nanopore
sequencing technology has advanced to a point where it can be used in routine
diagnostics with high accuracy.

Acronyms / Definitions

HLA: Human Leukocyte Antigen

MHC: Major Histocompatibility Complex
SCT: Stem Cell Transplantation

SOT: Solid Organ Transplantation

SBT: Sequence-based Typing

SSBT: Sanger Sequence-based Typing
NGS: Next-Generation Sequencing
TGS: Third-Generation Sequencing
STR: Short Tandem Repeat

UTR: Untranslated Region

SNP: Single Nucleotide Polymorphism
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Introduction

Human Leukocyte Antigen (HLA) is the human Major Histocompatibility Complex (MHC),
a group of genes comprising the most polymorphic loci in the human genome.” The
HLA genes are encoded within the short arm of the human chromosome 6, and they are
grouped by both function and morphology into two general classes, HLA classes | and II.
The hyperpolymorphism of HLA is demonstrated in the IPD-IMGT/HLA database,? which
currently lists 18,691 class | and 7,065 class Il HLA alleles (release 3.38.0). The nucleotide
polymorphism is reflected in the protein polymorphism, which allows the HLA class | or
class Il molecules to present a wide variety of intra- and extracellular antigens, respectively.

HLA polymorphism enables the immune system to respond to a large variety of pathogens
and diseases, but creates challenges in performing solid-organ (SOT) and stem-cell
transplantation (SCT) requiring HLA typing. Both SOT and SCT involve the introduction
of non-self tissue to the body, and have the inherent risk of adverse immune response.
In SOT, mismatched donor HLA can induce the production of donor-specific anti-HLA
antibodies, which can bind to the HLA on the transplanted tissue,® triggering antibody-
mediated organ rejection. Although matching of patientand donor HLA alleles may not be
possible due to low organ availability, high-resolution typing of HLA alleles identifies the
amino acid sequence and consequent epitope structure of the HLA molecule, providing
insight in the targets of the anti-HLA antibodies.** In SCT, T-cells in the donor allograft
may recognize the HLA-peptide complexes expressed on recipient tissue as non-self,
triggering global immune activation leading to graft-versus-host disease. High-resolution
HLA typing for SCT is especially critical, since allele mismatches are linked with sometimes
fatal adverse side-effects.%”

High-resolution HLA typing has further applications in the area of drug hypersensitivity,?
like abacavir and carbamazepine. HLA-B*57:01 has been correlated with hypersensitivity to
abacavir,’® a drug commonly used to treat HIV, whereas HLA-B*15:02 has been correlated
with hypersensitivity to carbamazepine,”® a drug used in epilepsy treatment. Typing for the
HLA-B alleles informs the caregiver’s choice of treatment methods and prevents adverse
drug interactions. Furthermore, the HLA region is correlated with the highest numbers of
human diseases in the human genome,’” and high-resolution sequencing allows refinement
of our understanding of the function of HLA and its relationship to the causality of diseases.

In recent decades, increased understanding of the HLA genetics, advances in DNA
sequencing technology, and a general lack of allele-specific antisera have led to a shift in
HLA typing methodology. Serological methods have often been replaced or supplemented
by DNA sequence-based methods, allowing analysis of HLA at the nucleotide level.”?
Sanger Sequencing was developed in 1977, and Sanger Sequence Based Typing (SSBT)
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has been the gold standard for HLA allele assignment for many years. However, with the
increase in available HLA allele sequences the heterozygous Sanger sequencing approach
became more and more cumbersome, due to the increase in ambiguous typing results,
which needed additional sequencing to resolve. This problem could be circumvented
by group-specific full length amplification and separate sequencing of the alleles,’
albeit this requires a preceding low resolution typing to determine the allele groups.
Technological advances led to Next Generation Sequencing (NGS), intended to be faster
and cheaper than Sanger-based sequencing and with the huge advantage of separate
allele sequencing. These technologies, including reversible terminator (lllumina),” and
semiconductor (lon Torrent)’® methods are commonly used for HLA typing,’”” but have
the disadvantage of short sequences, impairing with correct alignment and phasing of
the alleles. Third Generation Sequencing (TGS) is the term used to describe a new era of
sequencing technologies that are focused on the analysis of single molecules, i.e. long
stretches of DNA without the need to fragment the DNA into smaller pieces as is the case
for NGS based techniques. TGS includes single polymerase molecule (Pacific Biosystems)™
and nanopore-based sequencing (Oxford Nanopore)'™ technologies.

The MinlON? is a portable nanopore sequencing platform that generates ultra-long reads
and requires little initial equipment investment. MinlON uses a flowcell which contains a
membrane with a grid of embedded nanopores, each of which is capable of binding to
a DNA molecule. An electrical potential difference between both sides of the membrane
is applied, generating a current across the membrane. Single-stranded DNA is passing
through the pore with help from an accompanying motor protein.?’ As nucleotides pass
through the pore, disruptions in the current and resulting electrical signal are measured
by the MinlON integrated circuits. This signal is characteristic of the bases that are present
within the pore, due to the varying size and morphology of the nucleotides. Software tools
can translate the electrical signal back to the original nucleotide sequence, in a process
known as“basecalling”?*#The MinlON is capable of natively sequencing a piece of single-
stranded DNA, in a process known as 1D sequencing. A quality improvement is provided
by MinlON 1D? protocols, where the sample preparation results in double-stranded DNA
with adapter proteins attached to both ends, allowing both strands of the DNA to be
individually sequenced. The MinlON basecallers pair two complementary single-stranded
reads in-silico, resulting in a single, higher-accuracy read. The quality of the basecalling of
a MinlON read is represented by the per-base Phred quality scores,? which were averaged
over the length of each 1D? read to calculate the mean. The mean reported Phred score
over all the reads was found to be 18.5, which corresponds to 98.6% read accuracy. For the
hyperpolymorphic HLA genes, in which each nucleotide difference can actually account
for another allele, a high level of accuracy is essential to obtain reliable results. With
reaching this high level of accuracy, typing of the hyperpolymorphic HLA genes by this
MinlON approach came into the picture.
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We and others earlier described the potential of using the MinlON as sequencing platform
for the analysis of HLA,?32 but up till now it has not been used in routine diagnostics. In
the current paper we describe the complete validation process of full length HLA class |
single molecule sequencing and typing method using the Oxford Nanopore MinlON and
the implementation in the routine diagnostic setting.

Material and Methods

Samples and Validation process

In order to validate the MinlON approach for reliable HLA typing, quality standards and
validation metrics needed to be created. To this end, a panel of samples with known HLA
high resolution typing was sequenced and typed with the standard 1D? MinlON protocol.
The initial panel consisted of 33 samples, which cover 70 of the 71 known class | allele
groups, excluding HLA-B*83, which was not available in our laboratory (see table 1). This
panel was subjected to the MinlON 1D?approach, with a focus on comparing results
with our Sanger sequencing results (see supplementary table 1), and determining read
quality and coverage statistics. For each sample in the initial validation, read coverage
was measured on each MinlON run, for each demultiplexed MinlON barcode, for each HLA
locus within a barcode, and for both HLA alleles at a locus.

Acceptance criteria were defined in the initial validation panel, and the defined criteria
were verified by sequencing and HLA-typing a second panel of 67 samples (402 alleles)
from our laboratory in a secondary validation phase parallel to Sanger sequencing
(supplementary table 2). The samples were sequenced and analyzed using the combined
analysis approach, with optimizations based on the initial validation. The samples were
also typed using full-length allele-specific Sanger SBT (SSBT) approach.’ Typing results
from MinlON were compared with the SSBT results. Accuracy of HLA allele assignment of
these samples was considered based on criteria defined in the initial validation.

MinlON Sequencing

The MinlON sequencing and analysis method is outlined in Figure 1. The procedure starts
with the PCR amplification of 300 ng DNA, purified and isolated from peripheral blood
samples and according to the descriptions outlined in Voorter et al.” The full-length
gene-specific amplification primers are located in the 5’ and 3’ UTRs of the HLA-A, -B
and -C genes (Table 2). In order to be able to sequence several samples simultaneously,
specific Oxford Nanopore tag and barcode sequences were added to the primers.
The tag sequence coordinates the base calling and demultiplexing software, and the
barcode sequence is used to sort multiplexed samples. After amplification, presence
of PCR products was confirmed by agarose gel electrophoresis, and PCR products were
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purified using CleanPCR magnetic beads (GC Biotech, Waddinxveen, the Netherlands). In
addition, by using a bead versus DNA ratio of 1:1 during the purification, primer dimers
were removed simultaneously. Subsequently, up to nine samples (27 PCR products) were
equimolar pooled, with equal distribution between loci, to a total quantity of 1300 ng DNA.

Gene  Direction Sequence, 5'-3’ IMGT/HLA gDNA position
HLA-A  Forward GGATACTCACGACGCGGAC -137--119

HLA-A  Reverse GGGAGCACAGGTCAGCGTGGGAAG 3075-3098

HLA-B  Forward GGCAGACAGTGTGACAAAGAGGC -420--398

HLA-B  Reverse CTGGGGAGGAAACACAGGTCAGCATGGGAAC 3040-3070

HLA-C  Forward TCAGGCACACAGTGTGACAAAGAT -327--304

HLA-C  Reverse TCGGGGAGGGAACACAGGTCAGTGTGGGGAC 3067 -3098

Table 2. Amplification Primers. This table contains the gene-specific amplification primers. Only the sequence
that complements the HLA UTR sequence is shown, the amplification primers also include a section of sequence
containing MinlON Tag sequences, as well as DNA barcodes, as provided by Oxford Nanopore.

Pooled samples were further prepared for MinlON sequencing using the 1D?sequencing
kit (SQK-LSK308, Oxford Nanopore) and following manufacturer’s protocol with a few
minor adjustments. In short, the amplicon strands are end-repaired and dA-tailed using
the NEBNext End Repair/dA tailing module (NEBnext). These end-repaired amplicons
were purified using Clean PCR beads and ligated with 1D? adapters, which allows the
nanopore to capture the complement strand immediately after the template. After
another purification step, sequencing adapters were ligated onto the amplicons, which
ensures that the DNA strands can enter the nanopore. The MinlON, with an attached flow
cell, was connected to a computer and quality control was performed, which checks for
available and active nanopores, the R9.5 flow cell was primed and 75 pl of the prepared
1D? library was loaded into the flow cell for sequencing.

The sequencing run was performed for 16 hours, and was controlled by MinKNOW
software, which collects the 1D read data. Basecalling was performed initially using
Albacore software (v2.3.1, Oxford Nanopore, Oxford, UK), later updated to Guppy
software (v3.2.4). The basecaller first converts electrical signal from the 1D reads into a
nucleotide sequence, and the sequence within 1D reads from complementary strands are
subsequently paired and combined into higher-accuracy 1D? reads. 1D? reads containing
the MinlION tag and barcode sequences were demultiplexed inititally by Porechop (v0.2.3)
3, later updated to the same Guppy software. Porechop/Guppy removes the non-HLA tag
and barcode sequences from the reads, and sorts the reads into fastq files corresponding
to each barcode sequence.
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Data analysis and interpretation were performed by a combined approach, using two
separate software packages: SegPilot SeqNext (NGS) HLA module (v4.4.0, JSI, Ettenheim,
Germany) and GenDx NGSengine (v2.11.0.11444, GenDx, Utrecht, The Netherlands). Both
are configured to ignore the regions containing amplification primers. Analysis of the
sorted HLA 1D? read data was performed in both software packages independently, and
any discrepancies between the two programs were analyzed in detail.

Sanger SBT

HLA sequences obtained by MinlON sequencing were compared with typing results
from full length group-specific Sanger SBT,’* which is considered the gold standard for
HLA typing in our laboratory. In brief, DNA was isolated and amplified using group- and
allele-specific primers for the HLA class | genes. The DNA product was sequenced on a
Sanger 3730 analyser (Applied Biosystems), and sequence analysis and allele calling were
performed using the JSI SegPilot SeqHLA module.

DNA Isolation: MinlON 1D2
Blood, Buffy Coat, Buccal Swab, etc. S R
equencing
!
PCR Amplification: T
Gene Specific, Barcoded 1D? Basecalling:
! Albacore / Guppy
Cleanup: T
Magnetic Beads . .
Demultiplexing:
! Porechop / Guppy
Loci & Sample — ~
Pooli
ooling Analysis: Analysis:
l GenDx NGSengine JSI SegPilot NGS
Library Preparation:
End Repair, 1D2 Adapter Ligation

( Interpretation & Allele Calling J

Figure 1. MinlON Sequencing and Analysis

The first column depicts the steps of sample preparation, while data generation and analysis is in the second
column. Data analysis is performed in a combined analysis approach, where the results from two software
packages are compared for accurate allele calls.




86 | Chapter4

Results

Initial Validation

For the initial validation panel, consisting of 33 samples covering 70 of the 71 known
HLA class | allele groups (see table 1), HLA-A, B and C were successfully amplified and
sequenced using the MinlON sequencing method. Data were analyzed and interpreted
using two separate software packages: SeqPilot SeqNext (NGS) HLA module (v4.4.0, JSI,
Ettenheim, Germany) and GenDx NGSengine (v2.11.0.11444). Since HLA analysis software
programs specifically designed for MinlON data were not yet available, we have chosen
to use a combination of two different HLA analysis programs, both able to deal with data
from all common NGS platforms and kits. Comparisons of the typing results with the
results of Sanger full-length class | HLA sequence based typing (SSBT) reveals that the
MinlON 1D? sequencing protocol and redundant analysis approach was 100% concordant
with the SSBT typings to third-field resolution (supplementary table 1).

While the majority of the samples was correctly typed to three fields in both software
tools immediately, some manual interpretation was necessary in a small percentage of
the typing results. Due to the presence of homopolymer stretches, in 14.1% of the cases
one of the nucleotides within the homopolymer sequence was ignored in the NGSEngine
software, resulting in an ambiguous typing result (see A in supplementary table 1). This
nucleotide was however correctly identified with the other analysis program, resulting in
a correct allele assignment and therefore a correct final HLA typing. For 3 alleles (1.5%) a
discrepancy was observed between the allele call obtained with NGSengine and SeqPilot
NGS (see Bin supplementary table 1). In these cases, SeqPilot correctly assigned the allele
to two fields, but a region in the introns containing an STR (short tandem repeat) sequence
was misaligned, resulting in misalignment of the exon and therefore incorrect third-field
allele call. These alleles were, however, correctly typed to the third field by NGSengine,
and manual inspection of the analysis details easily resolved the discrepancy. In a single
sample NGSengine was unable to assign an allele for HLA-A (see Cin supplementary table
1), while the same MinlON sequence data in SegPilot NGS gave the correct typing without
any problems. Repeating the sample did not solve the problem, whereas other samples
with the same typing did not demonstrate this problem. Another problem observed
during this initial validation was co-amplification of HLA-Y with HLA-A in samples that
were positive for HLA-A*30, *31, *33 and *34. Therefore it was decided to include all
pseudogenes in the program analysis to remove any off-target reads.

During initial validation difficult positions and regions were monitored. In most cases
it concerned homopolymer or repeat sequence regions in the introns of the genes, not
affecting the HLA typing result at the 3rd field level. In these cases the difficult region was
automatically ignored in the program. In few cases a difficult region was present in an
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Sample ID HLA-A* HLA-B* HLA-C*

1 01:01:01:01 30:01:01 15:10:01 42:01:01 03:04:02 17:01:01

2 02:06:01:01 02:06:01:04 51:01:01 59:01:01 01:02:01 14:02:01

3 02:01:01:01 - 52:01:01 73:01 07:01:01 15:05:01

4 01:02 66:01:01:01 58:01:01 58:02:01 03:02:02:01 06:02:01

5 02:01:01 36:01 15:03:01:02 51:01:01 01:02:01 12:03:01

6 02:01:01 31:01:02:01 15:01:01:01 67:01:01 07:02:01 -

7 26:01:01:01 30:02:01:01 18:01:01 40:01:02 03:04:01:01 05:01:01:01
8 24:02:01:01 32:01:01:01 14:01:01:01 18:01:01 07:01:01 08:02:01:02
9 01:01:01:01 31:01:02:01 08:01:01 40:01:02 03:04:01:01 07:01:01
10 01:01:01:01 03:01:01:01 08:01:01 45:01:01 06:02:01:03 07:01:01

11 02:06:01:01 30:02:01:01 18:01:01 39:08 05:01:01 07:02:01
12 29:02:01:01 69:01:01:01 39:06:02:01 55:01:01 01:02:01 07:02:01
13 03:01:01:05 66:01:01:01 15:03:01:02 52:01:01:01 02:10:01:01 12:02:02:01
14 43:01 74:01:01 15:03:01:02 44:03 02:10:01:01 08:04:01
15 02:01:01 34:01:01 40:02:01 56:02:01 01:02:01 15:02:01:01
16 30:01:01 33:01:01:01 53:01:01 81:01 04:01:01 08:04:01
17 02:01:01 24:02:01:01 44:02:01:01 49:03 05:01:01:02 07:01:01
18 03:01:01:05 25:01:01:01 37:01:01:01 47:01:01:03 06:02:01:01 -

19 02:03:01 02:07:01 38:02:01 46:01:01 01:02:01 07:02:01
20 01:01:01:11 02:01:01 35:04:01 82:01:01:01 03:02:02:01 04:01:01

21 02:01:01 - 44:09 50:01:01:01 05:01:01:02 -

22 24:02:01:01 26:02:01 40:06:01:01 54:01:01 01:02:01 08:01:01:01
23 24:02:01 33:03:01 15:07:01:02 15:16:01:02 03:03:01 14:02:01:02
24 26:01:01:01 74:01:01 81:01 78:01:01:02 16:01:01 18:01

25 23:01:01:01 32:01:01:01 41:02:01 44:03:01 04:01:01 17:03:01
26 11:01:01:01 24:02:01 27:06 48:01:01 01:02:01 08:01:01:01
27 01:01:38L 02:01:01 15:17:01:01 57:01:01:01 06:02:01 07:01:02
28 02:01:01 25:01:01:01 15:78:01 38:01:01:01 03:04:01:01 12:03:01:01
29 30:09 80:01:01:02 07:02:01 81:01:01 07:02:01 18:02

30 11:01:01:01 68:01:02:01 40:01:02 55:01:01 01:02:01 07:02:01

31 24:02:01:01 29:01:01:01 07:05:01 27:02:01:04 02:02:02 15:05:02
32 24:17 33:03:01 07:02:01 15:02:01:01 07:02:01:03 08:01:01:01
33 02:01:01:01 24:02:01 07:02:01 13:02:01:01 06:02:01:01 07:02:01

Table 1. Samples included in the initial validation.
Samples were selected to cover 70 of the 71 known HLA-A,B,C allele groups. HLA-B*83 was not included, as it
was not available in our laboratory.



88 | Chapter4

exon, resulting in an ambiguous typing result if this region would be ignored. However,
in most cases the second analysis program was able to analyse this region reliably and
therefore the ambiguity was resolved by this second program. In some cases the difficult
region concerned a homopolymer in an exon, e.g. the homopolymer C region in exon 4
of HLA-A which bears either 7, 8 or 9 C nucleotides and is difficult to distinguish. Since
this region is defining several null alleles, we recommend to resolve these cases by either
Sanger sequencing of exon 4 or another method which enables detection of null alleles.

Read Distribution

During the initial validation, read distribution between barcodes, loci, and alleles were
compared and used toidentify imbalances in amplification or sequencing, as well as to define
minimum coverage values. During this process it was noticed that the same barcodes gave
consistent imbalanced sequence results between different runs and this was independent
of the sample. The imbalance in read coverage between the different barcodes could not
be explained by differences in amplification efficiency since equimolar pooling of the
amplicons was performed before library preparation. Therefore, we assumed that it was an
effect of the library preparation, most probably due to the ligation of the adapters. In total,
24 barcode sequences were tested and 2 panels of barcodes were designed to optimize
balanced read coverage between different samples. Since each run consists of 9 samples
the balance was optimized to be between 10 and 13% for each barcode.

With the equimolar pooling of HLA-A, -B and —C of one sample, the read coverage
between the different loci from one sample were comparable and therefore no adaptation
in the pooling process was needed. Concerning the allelic distribution, we used the
heterozygous positions to determine the median percentage of the second allele being
the second most abundant nucleotide at this position. In our initial validation values for
the second allele were varying between 36% and 47%, irrespective of the locus. Since
all typing results were correct, the criterion of allelic distribution was set at a minimum
of 35% for the second allele. In samples that were homozygous for one or more of the
HLA genes typed, the software program SeqPilot showed in 3 cases the presence of a
second allele (see D in supplementary table 1), but in all cases the read proportion was
significantly less than the threshold of 35%.

During this initial validation the read coverage per allele was assessed in the NGSEngine
program as well. Since the barcode panel was not yet optimized during this validation, the
read coverage per allele varied enormously, from 26 to 4070 reads. Even the allele with
only 26 reads was correctly typed, indicating that the minimum coverage can be rather
low. A minimum coverage per allele was set conservatively at 150 reads, ensuring that
typing results are supported by sufficient coverage.
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Second Validation

The criteria established with the initial validation, as described above, were verified with a
second validation panel.This panel consisted of 67 diagnostic samples that were sequenced
for HLA-A, -B and —-C with both group-specific Sanger SBT and MinlON and analyzed with
SeqPilot NGS and NGSengine software packages. These samples comprised 15 different
HLA A, 22 different HLA-B and 13 different HLA-C allele groups (supplementary table 2).

In total 198 HLA typing results (98.5%) obtained to the third field level by MinION
sequencing were found to be identical to third field level typing by Sanger sequencing,
taking the software differences as identified in the initial validation into account (see
A and B supplementary table 2). In one sample that was homozygous for HLA-C the
NGSEngine software showed the presence of a second allele, but the proportion was
below the threshold of 35% (see Cin supplementary table 2) In two cases (1%), no typing
result was obtained by both programs (see D in supplementary table 2), because of
lack of amplification of one of the HLA genes. In one case (0.5%) a correct typing result
was obtained by one program, whereas the other program was not able to analyse the
sequences due to insufficient number of reads (see E in supplementary table 2). The
criterion of 150 reads per allele and minimal allele distribution of 35% - 65% were verified
in all heterozygous samples. The read coverage in the homozygous samples always
exceeded 150 reads, and typing results were evaluated in detail by two different persons
to ascertain homozygosity.

Discussion

In the current study, the MinlON full-length HLA sequencing approach with a combined
analysis strategy using SeqPilot NGS and NGSengine software packages, was validated
in two steps; an initial validation with 33 samples including all HLA class | allele groups
except HLA-B*83, and a second validation running 67 diagnostic samples in parallel
with Sanger sequencing. All sample typing results were compared with our previously
described group-specific Sanger sequence based typing approach and all were verified
to be correct. Validation was focused on three-field analysis, because one of the programs
was not able to take the intron sequences into account in the HLA typing results, and
because there is still a huge lack of full length reference allele sequences. Furthermore, the
presence of homopolymeric regions in the introns also interfered with fourth field allele
assignment. Overall, this study showed that the MinlON nanopore approach for high
resolution HLA typing was valid for diagnostic purposes and as such is now implemented
in the routine laboratory setting for high resolution typing of HLA class I.
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The current NGS approaches for HLA typing are based on lllumina, lon Torrent, and
PacBio technologies, which each have advantages and disadvantages. One of the major
advantages of MinlON single molecule sequencing is the generation of long reads that
span the entire HLA gene, which allows unambiguous phasing of polymorphism across
the gene. Since the HLA genes are very homologous, correct separation of genes and
alleles can be a challenge with small DNA pieces. However, the long reads provided by
MinlON can be easily separated by locus and allele, allowing accurate analysis of multiple
HLA genes and alleles. Furthermore, the MinlON technology is based on the sequencing
of each different PCR strand by directing it through a nanopore, ensuring the sequencing
of each PCR strand only once, instead of multiple times like in other approaches. This
procedure ensures detection of all different variants in a sample.

Another major advantage is the low price of the equipment, making it feasible to introduce
itin even small HLA laboratories with a limited number of samples. Furthermore, the small
size of the MinlON allows its use in virtually any laboratory without the need for enormous
dedicated desk space for equipment. Concerning turnover time, sequencing and allele
calling using the MinlON approach requires a similar timeframe to other NGS methods,**
with comparable or even less hands-on time. For high throughput laboratories Oxford
Nanopore provides the GridlION and PromethlON equipment, which can run 5 and 24/48
flow cells at once, respectively.

Analysis of read quality can be challenging, and it is important to choose read quality
metrics that are meaningful and unambiguous. The Phred quality scores as reported within
the MinlION reads are estimates based on the confidence the neural network within the
basecaller has in its interpretation of an electric signal. Since the neural network is trained
based on reads from known non-HLA DNA sequences, any variation between the nature
of the training samples and the targeted DNA may have an influence on read quality.
Additionally, as with many sequencing platforms, MinlON faces challenges in analyzing
regions containing STRs and homopolymers, and STR/homopolymer length is regularly
underestimated in the reads. The reason for this is again that the training of the neural
network has been established with mostly micro-organism sequences, that don't have
any STR or homopolymer regions. This is different to the reason for problems with STR/
homopolymers in other NGS methods, which are based on incorporation of nucleotides in
the sequence. For sequencing with the MinlON, adequate training of the neural network
with human sequences or even HLA sequences might solve this problem and open the
door to ultrahigh resolution typing of both class | and class Il to the allelic resolution level.

The use of 1D? MinION reads, which are created by pairing two single-stranded reads into
a single sequence, provides both advantages and challenges. Read pairing and discarding
of unpaired reads reduces the amount of data by over half, which is reflected in the final



Long-read nanopore sequencing validated for HLA typing in routine diagnostics | 91

read coverage. On the other hand, this 1D’ method enables a higher reliability in SNP
calling. Since random base calling errors can be resolved with additional read coverage,
the use of 1D sequencing seems to be feasible in the future for the described MinlON
approach as well.

MinION is a long-read sequencing platform, and the length of a sequenced region is in
fact limited by the sample preparation, and not by the sequencing platform. Read lengths
of 2MB have been reported for the MinlON platform,* which is sufficient for sequencing
the whole HLA class | or class Il region. Methods like probe capturing® or genomic
fishing might enable isolation of the MHC region, providing the possibility to abolish
PCR amplification and even determine the arrangement of HLA haplotypes by MinION
sequencing in the future.

MinlON and nanopore sequencing have evolved rapidly from a low quality sequencing
platform for research purposes to the now available high standard third generation
sequencing method, that can be used to define the hyperpolymorphic HLA genes. Further
development and improvement of the 1D procedure will provide higher coverage, lower
hands-on time and faster base-calling technology and therefore improve HLA typing in
the near future. Overall, the present study describes the validation and implementation
of the nanopore sequencing HLA class | typing method and illustrates that nanopore
sequencing technology has advanced to a point where it can be used in routine diagnostics
with high accuracy.
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Supplementary Table 1. Typing results of the initial validation.

This table shows the HLA-A, -B and -C typing results of the 33 samples included in the
initial validation panel. Typing results obtained using MinlON sequencing and analysis by
NGSengine or SeqPilot NGS are compared with the typing result obtained using Sanger
sequencing and analysis by SeqgPilot SBT.

* Ambiguous typing result in NGSengine caused by an ignored nucleotide in an

homopolymeric region.

T Discrepancy between the typing result of NGSengine and SeqgPilot NGS, caused

by a misalignment of an STR region in SeqPilot NGS.

£ No typing result by analysis using NGSengine.

§ Incorrect second allele assignment of a homozygous sample by SeqPilot NGS.
Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
1 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01

HLA-A Allele 2 *30:01:01 *30:01:01 *30:01:01
2 HLA-A Allele 1* *02:06:01 *02:06:01 *02:06:01
*02:602
3 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:59
*02:388
4 HLA-A Allele 1 *01:02 *01:02 *01:02
HLA-A Allele 2 *66:01:01 *66:01:01 *66:01:01
5 HLA-A Allele 1 *02:01:01 *02:01:01 *02:01:01
HLA-A Allele 2 *36:01 *36:01 *36:01
6 HLA-A Allele 1 *02:01:01 *02:01:01 *02:01:01
HLA-A Allele 2 *31:01:02 *31:01:02 *31:01:02
7 HLA-A Allele 1 *26:01:01 *26:01:01 *26:01:01
HLA-A Allele 2 *30:02:01 *30:02:01 *30:02:01
8 HLA-A Allele 1+ no typing *24:02:01 *24:02:01
HLA-A Allele 2+ no typing *32:01:01 *32:01:01
9 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *31:01:02 *31:01:02 *31:01:02
10 HLA-A Allele 1* *01:01:01 *01:01:01 *01:01:01
*01:04N
HLA-A Allele 2* *03:01:01 *03:01:01 *03:01:01
*03:221N
*03:279N
1 HLA-A Allele 1 *02:06:01 *02:06:01 *02:06:01

HLA-A Allele 2 *30:02:01 *30:02:01 *30:02:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
12 HLA-A Allele 1 *29:02:01 ¥29:02:01 ¥29:02:01
HLA-A Allele 2 *69:01:01 ¥69:01:01 ¥69:01:01
13 HLA-A Allele 1 *03:01:01 *03:01:01 *03:01:01
HLA-A Allele 2 *66:01:01 *66:01:01 ¥66:01:01
14 HLA-A Allele 1 *43:01 *43:01 *43:01
HLA-A Allele 2 *74:01:01 *74:01:01 *74:01:01
15 HLA-A Allele 1 *02:01:01 *02:01:01 *02:01:01
HLA-A Allele 2 *34:01:01 *34:01:01 *34:01:01
16 HLA-A Allele 1 *30:01:01 *30:01:01 *30:01:01
HLA-A Allele 2 *33:01:01 *33:01:01 *33:01:01
17 HLA-A Allele 1 *02:01:01 *02:01:01 *02:01:01
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
18 HLA-A Allele 1 *03:01:01 *03:01:01 *03:01:01
HLA-A Allele 2 *25:01:01 *25:01:01 *25:01:01
19 HLA-A Allele 1 *02:03:01 *02:03:01 *02:03:01
HLA-A Allele 2 *02:07:01 *02:07:01 *02:07:01
20 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele2  *02:01:01 *02:01:01 *02:01:01
21 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:59
*02:388
22 HLA-A Allele T *24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2 *26:02:01 *26:02:01 *26:02:01
23 HLA-A Allele 1* %*24:02:01 *24:02:01 *24:02:01
*24:11N
HLA-A Allele 2* *33:03:01 *33:03:01 *33:03:01
*33:73N
24 HLA-A Allele T *26:01:01 *26:01:01 *26:01:01
HLA-A Allele 2 *74:01:01 *74:01:01 *74:01:01
25 HLA-A Allele T *23:01:01 *23:01:01 *23:01:01
HLA-A Allele 2* *32:01:01 *¥32:01:01 *32:01:01
*32:01:23
¥32:102
26 HLA-A Allele 1* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *24:02:01 ¥24:02:01 ¥24:02:01
27 HLA-A Allele 1 *01:01:38L ¥01:01:38L *01:01:38L
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01
¥02:59

*02:388
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Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
28 HLA-A Allele 1* *02:01:01 ¥02:01:01 ¥02:01:01
#02:59
*02:388
HLA-A Allele 2* *25:01:01 *25:01:01 *25:01:01
¥25:32
29 HLA-A Allele 1 *30:09 *30:09 *30:09
HLA-A Allele 2 *80:01:01 *80:01:01 *80:01:01
30 HLA-A Allele 1* *11:01:01 *11:01:01 *11:01:01
*¥11:01:53
*11:01:64
HLA-A Allele 2 *68:01:02 *68:01:02 *68:01:02
31 HLA-A Allele 1 *¥24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2 *29:01:01 ¥29:01:01 ¥29:01:01
32 HLA-A Allele 1 *24:17 *24:17 *24:17
HLA-A Allele 2 *33:03:01 *33:03:01 *33:03:01
33 HLA-A Allele 1 *02:01:01 *02:01:01 *02:01:01
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
1 HLA-B Allele 1 *15:10:01 *15:10:01 *15:10:01
HLA-B Allele2  *42:01:01 *42:01:01 *42:01:01
2 HLA-B Allele 1 *51:01:01 *51:01:01 *51:01:01
HLA-B Allele2  *59:01:01 *59:01:01 *59:01:01
3 HLA-B Allele 1 *52:01:01 *52:01:01 *52:01:01
HLA-B Allele 2 *73:01 *73:01 *73:01
4 HLA-B Allele 1 *58:01:01 *58:01:01 ¥58:01:01
HLA-B Allele 2 *58:02:01 *58:02:01 *58:02:01
5 HLA-B Allele 1 *15:03:01 *15:03:01 *15:03:01
HLA-B Allele2  *51:01:01 *51:01:01 *51:01:01
6 HLA-B Allele T *15:01:01 ¥15:01:01 ¥15:01:01
HLA-B Allele 2 *67:01:01 ¥67:01:01 ¥67:01:01
7 HLA-B Allele 1+ *18:01:01 *18:01:25 *18:01:01
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
8 HLA-B Allele 1 *14:01:01 *14:01:01 *14:01:01
HLA-B Allele2  *18:01:01 *¥18:01:01 *18:01:01
9 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele2  *40:01:02 *40:01:02 *40:01:02
10 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele2  *45:01:01 *¥45:01:01 ¥45:01:01
1 HLA-B Allele 1+ *18:01:01 *18:01:25 ¥18:01:01

HLA-B Allele2  *39:08 *39:08 ¥39:08
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Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
12 HLA-B Allele 1 *39:06:02 ¥39:06:02 ¥39:06:02
HLA-B Allele 2 *55:01:01 ¥55:01:01 ¥55:01:01
13 HLA-B Allele 1 *15:03:01 ¥15:03:01 ¥15:03:01
HLA-B Allele2  *52:01:01 *52:01:01 ¥52:01:01
14 HLA-B Allele 1 *15:03:01 *15:03:01 ¥15:03:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
15 HLA-B Allele 1 *40:02:01 *40:02:01 *40:02:01
HLA-B Allele 2 *56:02:01 *56:02:01 *56:02:01
16 HLA-B Allele 1 *53:01:01 *53:01:01 *53:01:01
HLA-B Allele2  *81:01 *81:01 *81:01
17 HLA-B Allele 1 *44:02:01 *44:02:01 *44:02:01
HLA-B Allele2  *49:03 *49:03 *49:03
18 HLA-B Allele 1 *37:01:01 *37:01:01 *37:01:01
HLA-B Allele2  *47:01:01 *47:01:01 *47:01:01
19 HLA-B Allele 1 *38:02:01 *38:02:01 *38:02:01
HLA-B Allele 2 *46:01:01 *46:01:01 *46:01:01
20 HLA-B Allele T *35:04:01 *35:04:01 ¥35:04:01
HLA-B Allele2  *82:01 *82:01 *82:01
21 HLA-B Allele 1 *44:09 *44:09 *44:09
HLA-B Allele2  *50:01:01 *50:01:01 *50:01:01
22 HLA-B Allele T *40:06:01 ¥40:06:01 ¥40:06:01
HLA-B Allele 2 *54:01:01 ¥54:01:01 ¥54:01:01
23 HLA-B Allele 1 *15:07:01 *15:07:01 *15:07:01
HLA-B Allele2  *15:16:01 *¥15:16:01 *15:16:01
24 HLA-B Allele 1 *78:01:01 *78:01:01 *78:01:01
HLA-B Allele2  *81:01 *81:01 *81:01
25 HLA-B Allele 1 *41:02:01 *41:02:01 *41:02:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
26 HLA-B Allele 1 *27:06 *27:06 *27:06
HLA-B Allele2  *48:01:01 *48:01:01 *48:01:01
27 HLA-B Allele 1 *15:17:01 ¥15:17:01 ¥15:17:01
HLA-B Allele 2 *57:01:01 ¥57:01:01 ¥57:01:01
28 HLA-B Allele 1 *15:78:01 ¥15:78:01 ¥15:78:01
HLA-B Allele 2 *38:01:01 *38:01:01 ¥38:01:01
29 HLA-B Allele 1 *07:02:01 *07:02:01 ¥07:02:01
HLA-B Allele 2 *81:01 *81:01 *81:01
30 HLA-B Allele 1 *40:01:02 *40:01:02 *40:01:02
HLA-B Allele2  *55:01:01 *55:01:01 *55:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
31 HLA-B Allele 1 *07:05:01 *¥07:05:01 ¥07:05:01
HLA-B Allele 2 *27:02:01 ¥27:02:01 ¥27:02:01
32 HLA-B Allele 1 *07:02:01 ¥07:02:01 ¥07:02:01
HLA-B Allele 2 *¥15:02:01 *15:02:01 ¥15:02:01
33 HLA-B Allele 1 *07:02:01 *07:02:01 ¥07:02:01
HLA-B Allele 2 *13:02:01 *13:02:01 *13:02:01
1 HLA-C Allele 1 *03:04:02 *03:04:02 *03:04:02
HLA-C Allele 2t *17:01:01 *17:01:02 *17:01:01
2 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-CAllele2  *14:02:01 *14:02:01 *14:02:01
3 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele2  *15:05:01 *15:05:01 *15:05:01
4 HLA-C Allele 1 *03:02:02 *03:02:02 *03:02:02
HLA-C Allele2  *06:02:01 *06:02:01 *06:02:01
5 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *12:03:01 *12:03:01 *12:03:01
6 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2§ - ¥07:02:11 -
7 HLA-C Allele 1 *03:04:01 *03:04:01 *03:04:01
HLA-C Allele2  *05:01:01 *05:01:01 *05:01:01
8 HLA-C Allele 1 *07:01:01 ¥07:01:01 ¥07:01:01
HLA-C Allele 2 *08:02:01 ¥08:02:01 ¥08:02:01
9 HLA-C Allele 1 *03:04:01 ¥03:04:01 *¥03:04:01
HLA-C Allele2  *07:01:01 *¥07:01:01 *¥07:01:01
10 HLA-C Allele 1 *06:02:01 *06:02:01 *06:02:01
HLA-C Allele2  *07:01:01 *¥07:01:01 *¥07:01:01
1 HLA-C Allele 1 *05:01:01 *05:01:01 *05:01:01
HLA-CAllele2  *07:02:01 *07:02:01 *07:02:01
12 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele2  *07:02:01 *07:02:01 *07:02:01
13 HLA-C Allele 1 *02:10:01 ¥02:10:01 ¥02:10:01
HLA-C Allele2  *12:02:02 ¥12:02:02 ¥12:02:02
14 HLA-C Allele 1 *02:10:01 ¥02:10:01 *02:10:01
HLA-C Allele 2 *08:04:01 *08:04:01 *08:04:01
15 HLA-C Allele T *01:02:01 *01:02:01 *01:02:01
HLA-CAllele2  *15:02:01 *15:02:01 *15:02:01
16 HLA-CAllele 1 *04:01:01 *04:01:01 *04:01:01

HLA-CAllele2  *08:04:01 *08:04:01 *08:04:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot FL Sanger
17 HLA-C Allele 1 *05:01:01 ¥05:01:01 ¥05:01:01
HLA-C Allele2  *07:01:01 *¥07:01:01 *¥07:01:01
18 HLA-C Allele 1 *06:02:01 ¥06:02:01 ¥06:02:01
HLA-C Allele 2§ - *06:123 -
19 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-CAllele2  *07:02:01 *07:02:01 *07:02:01
20 HLA-C Allele 1 *03:02:02 *03:02:02 *03:02:02
HLA-CAllele 2 *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
21 HLA-C Allele T *05:01:01 *05:01:01 *05:01:01
HLA-C Allele 2§ - *05:142 -
22 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2* *08:01:01 *08:01:01 *08:01:01
*08:130N
23 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *14:02:01 *14:02:01 *14:02:01
24 HLA-C Allele T *16:01:01 *16:01:01 *16:01:01
HLA-C Allele2  *18:01 *18:01 *18:01
25 HLA-C Allele 1* *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
HLA-C Allele2  *17:03:01 *17:03:01 *17:03:01
26 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2* *08:01:01 *08:01:01 *08:01:01
*08:130N
27 HLA-C Allele 1 *06:02:01 *06:02:01 *06:02:01
HLA-C Allele 2 *07:01:02 *07:01:02 *07:01:02
28 HLA-C Allele 1 *03:04:01 *03:04:01 *03:04:01
HLA-C Allele 2 *12:03:01 *12:03:01 *12:03:01
29 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele2  *18:02 *18:02 *18:02
30 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele2  *07:02:01 *07:02:01 *07:02:01
31 HLA-C Allele 1 *02:02:02 ¥02:02:02 ¥02:02:02
HLA-C Allele 2 *15:05:02 ¥15:05:02 ¥15:05:02
32 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2* *08:01:01 ¥08:01:01 ¥08:01:01
*08:130N
33 HLA-C Allele 1 *06:02:01 ¥06:02:01 *06:02:01

HLA-C Allele2  *07:02:01 *07:02:01 ¥07:02:01
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Supplementary Table 2. Typing results of the second validation.

This table shows the HLA-A, -B and -C typing results of the 67 samples included in the
second validation panel. Typing results obtained using MinlON sequencing and analysis
by NGSengine or SeqgPilot NGS are compared with the typing result obtained using Sanger
sequencing and analysis by SeqgPilot SBT.

*

Ambiguous typing result in NGSengine caused by an ignored nucleotide in an
homopolymeric region.

T Discrepancy between the typing result of NGSengine and SeqgPilot NGS, caused
by a misalignment of an STR region in SeqPilot NGS.

ES Incorrect second allele assignment of a homozygous sample by NGSEngine.

§ No typing result by NGSengine and SeqgPilot NGS, due to no amplification of one
of the HLA genes.

I No typing result by SeqgPilot NGS, due to insufficient number of reads.

Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
1 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
2 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *25:01:01 *25:01:01 *25:01:01
3 HLA-A Allele 1* *32:01:01 *32:01:01 *32:01:01
*32:01:23
*32:14
4 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *31:01:02 *31:01:02 *31:01:02
5 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2 *26:01:01 *26:01:01 *26:01:01
6 HLA-A Allele 1* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *26:01:01 *26:01:01 *26:01:01
7 HLA-A Allele 1 *25:01:01 *25:01:01 *25:01:01
HLA-A Allele 2 *68:01:02 *68:01:02 *68:01:02
8 HLA-A Allele 1* *02:01:01 *02:01:01 %02:01:01
*02:740
HLA-A Allele 2 *68:01:01 *68:01:01 *68:01:01
9 HLA-A Allele 1* *11:01:01 *11:01:01 ¥11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *68:01:02 *68:01:02 *68:01:02
10 HLA-A Allele 1 *23:17:01 *23:17 *23:17

HLA-A Allele 2 *74:01:01 *74:01:01 *74:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
1 HLA-A Allele 1 #26:01:01 *26:01:01 ¥26:01:01
HLA-A Allele 2 *68:01:02 *68:01:02 *68:01:02
12 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
13 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
14 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:01:132
*02:740
15 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
16 HLA-A Allele 1* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *11:01:01 *11:01:01 *11:01:01
17 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2 *68:01:02 *68:01:02 *68:01:02
18 HLA-A Allele 1 *26:01:01 *26:01:01 #26:01:01
HLA-A Allele 2 *30:02:01 *30:02:01 *30:02:01
19 HLA-A Allele 1% *02:01:01 *02:01:01 #02:01:01
*02:740
HLA-A Allele 2* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
20 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *03:01:01 *03:01:01 *03:01:01
*03:279N
21 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
22 HLA-A Allele 1 *01:01:01 ¥01:01:01 *01:01:01
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
23 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
24 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
25 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *68:01:02 *68:01:02 #68:01:02
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
26 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
27 HLA-A Allele 1 *24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2 *26:01:01 *26:01:01 *26:01:01
28 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
29 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *29:02:01 *29:02:01 *20:02:01
30 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
31 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2 *31:01:02 *31:01:02 *31:01:02
32 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01
*02:740
33 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *03:01:01 *03:01:01 *03:01:01
*03:279N
34 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *03:01:01 *03:01:01 *03:01:01
*03:279N
35 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
36 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *29:02:01 *29:02:01 *20:02:01
37 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 %02:01:01
*02:740
38 HLA-A Allele 1 *02:05:01 *02:05:01 *02:05:01
HLA-A Allele 2 *31:01:02 *02:06:01 *31:01:02
39 HLA-A Allele 1* *02:01:01 *02:05:01 *02:01:01
*02:740
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
40 HLA-A Allele 1* *02:01:01 *02:01:01 #02:01:01
*02:740
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
41 HLA-A Allele 1 *29:02:01 *29:02:01 *29:02:01
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
42 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *25:01:01 *25:01:01 *25:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
43 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *02:06:01 *02:06:01 *02:06:01
44 HLA-A Allele 1 *03:01:01 *03:01:01 *03:01:01
HLA-A Allele 2 *30:01:01 *30:01:01 *30:01:01
45 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01
*02:740
46 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:206 *03:279N
*03:279N
47 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
48 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01
*02:740
49 HLA-A Allele 1§ No PCR No PCR *01:01:01
HLA-A Allele 25 Product. Product. *11:01:01
50 HLA-A Allele 1 *24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
51 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
52 HLA-A Allele 1% *02:01:01 *02:01:01 #02:01:01
*02:740
HLA-A Allele 2 *29:02:01 *29:02:01 *¥20:02:01
53 HLA-A Allele 1% *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
54 HLA-A Allele 1 *24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2* ¥32:01:01 *32:01:01 *32:01:01
*32:01:23
55 HLA-A Allele 1 *24:02:01 *24:02:01 *24:02:01
HLA-A Allele 2* *32:01:01 *32:01:01 *32:01:01
*32:01:23
56 HLA-A Allele 1* *03:01:01 *03:01:01 *03:01:01
*03:279N
HLA-A Allele 2 *26:08 *26:08 *26:08
57 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2 *02:01:01 *02:01:01 *02:01:01
58 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01

*02:740




Long-read nanopore sequencing validated for HLA typing in routine diagnostics | 105

Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
59 HLA-A Allele 1* *11:01:01 *11:01:01 *11:01:01
*11:01:53
*11:01:64
HLA-A Allele 2 *24:02:01 *24:02:01 *24:02:01
60 HLA-A Allele 1 *01:01:01 *01:01:01 *01:01:01
HLA-A Allele 2* *02:01:01 *02:01:01 *02:01:01
*02:740
61 HLA-A Allele 1* *02:01:01 *02:01:01 #02:01:01
*02:740
HLA-A Allele 2 *29:02:01 *29:02:01 *20:02:01
62 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2* *03:01:01 *03:01:01 *03:01:01
*03:279N
63 HLA-A Allele 1 *26:01:01 *26:01:01 *26:01:01
HLA-A Allele 2 *68:03:01 *68:03:01 *68:03:01
64 HLA-A Allele 1 *33:03:01 *33:03:01 *33:03:01
HLA-A Allele 2 *74:01:01 *74:01:01 *74:01:01
65 HLA-A Allele 1* *02:01:01 *02:01:01 *02:01:01
*02:740
HLA-A Allele 2 *02:05:01 *02:05:01 *02:05:01
66 HLA-A Allele 1 *31:01:02 *31:01:02 *31:01:02
HLA-A Allele 2 *68:01:01 *68:01:01 *68:01:01
67 HLA-A Allele 1* *01:01:01 *01:01:01 *01:01:01
*01:01:63
*01:01:68
1 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 *44:02:01 *44:02:01 *44:02:01
2 HLA-B Allele 1 *15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *18:01:01 *18:01:01 *18:01:01
3 HLA-B Allele 1 *27:05:02 *27:05:02 *27:05:02
HLA-B Allele 2 *35:03:01 *35:03:01 *35:03:01
4 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *15:01:01 *15:01:01 *15:01:01
5 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *38:01:01 *38:01:01 *38:01:01
6 HLA-B Allele 1 *51:01:01 *51:01:01 *51:01:01
7 HLA-B Allele 1+ *18:01:01 *18:01:25 *18:01:01
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
8 HLA-B Allele 1 *27:05:02 *27:05:02 *27:05:02
HLA-B Allele 2 *44:27:01 *44:27:01 *44:27:01
9 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01

HLA-B Allele 2 *27:05:02 ¥27:05:02 *27:05:02
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
10 HLA-B Allele 1 *14:01:01 ¥14:01:01 *14:01:01
HLA-B Allele 2 *15:03:01 ¥15:03:01 #15:03:01
1 HLA-B Allele 1 ¥07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 ¥45:01:01 *45:01:01 *45:01:01
12 HLA-B Allele 1 *07:02:01 *07:02:01 ¥07:02:01
HLA-B Allele 2 *51:01:01 *51:01:01 *51:01:01
13 HLA-B Allele 1 ¥39:01:01 *39:01:01 ¥39:01:01
HLA-B Allele 2 *40:06:01 *40:06:01 *40:06:01
14 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
15 HLA-B Allele 1 *¥15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *51:01:01 *51:01:01 *51:01:01
16 HLA-B Allele 1 *35:01:01 ¥35:01:01 ¥35:01:01
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
17 HLA-B Allele 1 *35:01:01 *35:01:01 ¥35:01:01
HLA-B Allele 2 ¥40:01:02 ¥40:01:02 ¥40:01:02
18 HLA-B Allele 1 *38:01:01 ¥38:01:01 ¥38:01:01
HLA-B Allele 2 *56:01:01 ¥56:01:01 *56:01:01
19 HLA-B Allele 1 *07:02:01 *¥07:02:01 *07:02:01
HLA-B Allele 2 *44:02:01 *44:02:01 *44:02:01
20 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *49:01:01 *49:01:01 *49:01:01
21 HLA-B Allele 1 ¥41:01:01 *41:01:01 *41:01:01
HLA-B Allele 2 *44:02:01 *44:02:01 *44:02:01
22 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 ¥55:01:01 *55:01:01 *55:01:01
23 HLA-B Allele 1 *35:01:01 *35:01:01 *35:01:01
HLA-B Allele 2 *56:01:01 *56:01:01 *56:01:01
24 HLA-B Allele 1 *40:02:01 *40:02:01 *40:02:01
HLA-B Allele 2 ¥44:02:01 *44:02:01 *44:02:01
25 HLA-B Allele 1 ¥08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 ¥44:02:01 *44:02:01 *44:02:01
26 HLA-B Allele 1 ¥15:01:01 ¥15:01:01 *15:01:01
HLA-B Allele 2 *44:03:01 ¥44:03:01 *44:03:01
27 HLA-B Allele 1 ¥27:05:02 ¥27:05:02 ¥27:05:02
28 HLA-B Allele 1 *08:01:20 *08:01:20 *08:01:20
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
29 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
30 HLA-B Allele 1 *15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *51:01:01 *51:01:01 *51:01:01
31 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
32 HLA-B Allele 1 *¥39:01:01 *39:01:01 *39:01:01
HLA-B Allele 2 *44:02:01 *44:02:01 *44:02:01
33 HLA-B Allele 1 *¥15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *40:01:02 *40:01:02 *40:01:02
34 HLA-B Allele 1 *27:05:02 *27:05:02 *27:05:02
HLA-B Allele 2 *44:02:01 *44:02:01 *44:02:01
35 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *15:01:01 ¥15:01:01 *15:01:01
36 HLA-B Allele 1 *35:02:01 ¥35:02:01 ¥35:02:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
37 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 *15:01:01 *¥15:01:01 ¥15:01:01
38 HLA-B Allele 1 *40:11:01 *40:11:01 *40:11:01
HLA-B Allele 2 *50:02 *50:02 *50:02
39 HLA-B Allele 1 *15:15 *15:15 *15:15
HLA-B Allele 2 *15:39:01 *15:39:01 *15:39:01
40 HLA-B Allele 1 *40:06:01 *40:06:01 *40:06:01
HLA-B Allele 2 *46:01:01 *46:01:01 *46:01:01
41 HLA-B Allele 1 *¥44:02:01 *44:02:01 *44:02:01
42 HLA-B Allele 1 *18:01:01 *18:01:01 *18:01:01
HLA-B Allele 2 ¥56:01:01 *56:01:01 *56:01:01
43 HLA-B Allele 1 *15:17:01 *15:17:01 *15:17:01
HLA-B Allele 2 *39:05:01 *39:05:01 *30:05:01
44 HLA-B Allele 1 *07:161N *07:161N *07:161N
HLA-B Allele 2 ¥42:02:01 *42:02:01 *42:02:01
45 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *08:01:01 *08:01:01 *08:01:01
46 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *35:01:01 *¥35:01:01 *35:01:01
47 HLA-B Allele 1 *35:01:01 *35:01:01 *35:01:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
48 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 *39:01:01 *39:01:01 *¥309:01:01

49 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
50 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *39:01:01 *39:01:01 *39:01:01
51 HLA-B Allele 1 *¥35:01:01 *35:01:01 *35:01:01
HLA-B Allele 2 *¥57:01:01 *57:01:01 *57:01:01
52 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
53 HLA-B Allele 1 *¥15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *35:01:01 *35:01:01 *35:01:01
54 HLA-B Allele 1| *40:02:01 no typing *40:02:01
HLA-B Allele 2|| *50:01:01 no typing *50:01:01
55 HLA-B Allele 1t ¥18:01:01 *18:01:25 *18:01:01
HLA-B Allele 2 *39:01:01 ¥39:01:01 *39:01:01
56 HLA-B Allele 1 *45:01:01 ¥45:01:01 *45:01:01
HLA-B Allele 2 *49:01:01 ¥49:01:01 ¥49:01:01
57 HLA-B Allele 1 *39:01:01 *¥39:01:01 ¥39:01:01
HLA-B Allele 2 *44:02:01 *44:02:01 ¥44:02:01
58 HLA-B Allele 1 *39:01:01 *¥39:01:01 *30:01:01
HLA-B Allele 2 *44:27:01 *44:27:01 *44:27:01
59 HLA-B Allele 1 *35:01:01 *35:01:01 *35:01:01
HLA-B Allele 2 *58:01:01 *58:01:01 *58:01:01
60 HLA-B Allele 1 *08:01:01 *08:01:01 *08:01:01
HLA-B Allele 2 *15:01:01 *15:01:01 *15:01:01
61 HLA-B Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-B Allele 2 *¥44:03:01 *44:03:01 *44:03:01
62 HLA-B Allele 1 ¥15:01:01 *15:01:01 *15:01:01
HLA-B Allele 2 *44:03:01 *44:03:01 *44:03:01
63 HLA-B Allele 1 *14:01:01 *14:01:01 *14:01:01
HLA-B Allele 2 *35:48 *35:48 *35:48
64 HLA-B Allele 1 *49:01:01 *49:01:01 *49:01:01
HLA-B Allele 2 *51:01:01 *51:01:01 *51:01:01
65 HLA-B Allele 1 *35:17:01 *35:17:01 *35:17:01
HLA-B Allele 2 *58:01:01 *¥58:01:01 *58:01:01
66 HLA-B Allele 1 *35:12:01 ¥35:12:01 *35:12:01
HLA-B Allele 2 *45:01:01 *¥45:01:01 *45:01:01
67 HLA-B Allele 1 *55:01:01 *55:01:01 *55:01:01
HLA-B Allele 2 *57:01:01 *57:01:01 *57:01:01
1 HLA-C Allele 1 *05:01:01 *05:01:01 *05:01:01

HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
2 HLA-C Allele 1 *03:04:01 *03:04:01 *03:04:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
3 HLA-C Allele 1 *02:02:02 *02:02:02 *02:02:02
HLA-C Allele 2* *12:03:01 *#12:03:01 *12:03:01
*12:225
4 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
5 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
6 HLA-C Allele 1 *05:01:01 *05:01:01 *05:01:01
HLA-C Allele 2 *15:02:01 *15:02:01 *15:02:01
7 HLA-C Allele 1* *03:04:01 *03:04:01 *03:04:01
*03:172
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
8 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *07:04:01 *07:04:01 *07:04:01
9 HLA-C Allele 1 *02:02:02 *02:02:02 *02:02:02
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
10 HLA-C Allele 1 *02:10:01 *02:10:01 *02:10:01
HLA-C Allele 2 *08:02:01 *08:02:01 *08:02:01
11 HLA-C Allele 1 *06:02:01 *06:02:01 *06:02:01
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
12 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2 *15:02:01 *15:02:01 #15:02:01
13 HLA-C Allele 1* *12:03:01 *12:03:01 *12:03:01
*12:225
HLA-C Allele 2 *15:02:01 *15:02:01 *15:02:01
14 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
15 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *14:02:01 *14:02:01 *14:02:01
16 HLA-C Allele 1* *03:04:01 *03:04:01 *03:04:01
*03:172
HLA-C Allele 2 *04:01:01 *04:01:01 #04:01:01
17 HLA-C Allele 1* *03:04:01 *03:04:01 #03:04:01
*03:172
HLA-C Allele 2* *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
18 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2* *12:03:01 ¥12:03:01 ¥12:03:01

*12:225
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
19 HLA-C Allele 1 *05:01:01 *¥05:01:01 *05:01:01
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
20 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
21 HLA-C Allele 1 *05:01:01 *05:01:01 *05:01:01
HLA-C Allele 2t *¥17:01:01 *17:01:02 *17:01:01
22 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
23 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *04:01:01 *04:01:01 *04:01:01
24 HLA-C Allele 1 *02:02:02 *02:02:02 *02:02:02
HLA-C Allele 2 *05:01:01 ¥05:01:01 *05:01:01
25 HLA-C Allele 1 *02:02:02 *02:02:02 ¥02:02:02
HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
26 HLA-C Allele 1 *03:03:01 ¥03:03:01 *03:03:01
HLA-C Allele 2 *16:01:01 ¥16:01:01 *16:01:01
27 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
28 HLA-C Allele 1 *03:04:01 *03:04:01 ¥03:04:01
HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
29 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2 *16:01:01 *16:01:01 *16:01:01
30 HLA-C Allele 1 *¥01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *03:03:01 *03:03:01 *03:03:01
31 HLA-C Allele 1 *03:04:01 *03:04:01 *03:04:01
HLA-C Allele 2 *¥07:02:01 *07:02:01 *07:02:01
32 HLA-C Allele 1 *07:04:01 *07:04:01 *07:04:01
HLA-C Allele 2% ¥12:03:01 *12:03:01 *12:03:01
*12:225
33 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *03:04:01 *03:04:01 *03:04:01
34 HLA-C Allele 1 *02:02:02 *02:02:02 *02:02:02
HLA-C Allele 2 *05:01:01 *05:01:01 *05:01:01
35 HLA-C Allele 1 *03:04:01 *03:04:01 ¥03:04:01
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
36 HLA-C Allele 1 *04:01:01 *04:01:01 *04:01:01
HLA-C Allele 2 *16:01:01 ¥16:01:01 *16:01:01
37 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01

HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
38 HLA-C Allele 1* *03:04:01 *03:04:01 *03:04:01
*03:172
HLA-C Allele 2 *06:02:01 *06:02:01 *06:02:01
39 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *03:03:01 *03:03:01 *03:03:01
40 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *08:01:01 *08:01:01 *08:01:01
*08:130N
41 HLA-C Allele 1 *07:04:01 *07:04:01 *07:04:01
42 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
43 HLA-C Allele 1 *07:01:02 *07:01:02 *07:01:02
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
44 HLA-C Allele 1 *07:18 *07:18 *07:18
HLA-C Allele 2 *17:01:01 ¥17:01:01 ¥17:01:01
45 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2 *07:02:01 *07:02:01 *07:02:01
46 HLA-C Allele 1§ No PCR No PCR *04:01:01
HLA-C Allele 2§ Product. Product. *07:02:01
47 HLA-C Allele 1* *04:01:01 *04:01:01 *04:01:01
*04:82
*04:134
*04:217N
48 HLA-C Allele 1 *07:01:01 *07:01:01 ¥07:01:01
HLA-C Allele 2* #12:03:01 *12:03:01 %12:03:01
*12:225
49 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2+ *07:148 - R
50 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
51 HLA-C Allele 1* *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
HLA-C Allele 2 *06:02:01 *06:02:01 *06:02:01
52 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2 *16:01:01 *16:01:01 *16:01:01
53 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *04:01:01 *04:01:01 *04:01:01
54 HLA-C Allele 1 *02:02:02 *02:02:02 *02:02:02

HLA-C Allele 2 *06:02:01 ¥06:02:01 *06:02:01
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Sample Locus NGSengine SeqPilot NGS SeqPilot Sanger
55 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2* *12:03:01 *12:03:01 *12:03:01
*12:225
56 HLA-C Allele 1 *06:02:01 *06:02:01 *06:02:01
HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
57 HLA-C Allele 1 *07:04:01 *07:04:01 *07:04:01
HLA-C Allele 2* *12:03:01 ¥12:03:01 ¥12:03:01
*12:225
58 HLA-C Allele 1 *07:04:01 *07:04:01 *07:04:01
HLA-C Allele 2* ¥12:03:01 *12:03:01 #12:03:01
*12:225
59 HLA-C Allele 1 *04:01:01 *04:01:01 *04:01:01
HLA-C Allele 2 *07:18 *07:18 *07:18
60 HLA-C Allele 1 *03:03:01 *03:03:01 *03:03:01
HLA-C Allele 2 *07:01:01 *07:01:01 *07:01:01
61 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2 *16:01:01 *16:01:01 *16:01:01
62 HLA-C Allele 1 *01:02:01 *01:02:01 *01:02:01
HLA-C Allele 2 *04:01:01 *04:01:01 *04:01:01
63 HLA-C Allele 1 *07:02:01 *07:02:01 *07:02:01
HLA-C Allele 2 *08:02:01 *08:02:01 *08:02:01
64 HLA-C Allele 1 *07:01:01 *07:01:01 *07:01:01
HLA-C Allele 2 *16:01:01 *16:01:01 *16:01:01
65 HLA-C Allele 1* *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
HLA-C Allele 2 *07:18 *07:18 *07:18
66 HLA-C Allele 1* *04:01:01 *04:01:01 *04:01:01
*04:134
*04:217N
HLA-C Allele 2 *06:02:01 *06:02:01 *06:02:01
67 HLA-C Allele 1 *03:03:01 *03:03:01 #03:03:01
HLA-C Allele 2 *06:02:01 *06:02:01 #06:02:01
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Abstract

The rapid progress of Human Leukocyte Antigen (HLA) typing techniques has
contributed to improving the outcome of hematopoietic stem cell transplantation
(HSCT). However, unambiguous HLA typing remains challenging. Next Generation
Sequencing (NGS) has been shown to resolve the HLA typing ambiguity and simplify
HLA typing workflows. The aim of this study is to develop a multiplexed full-gene
PCR assay for eleven HLA loci that can be used on any NGS platform to provide
additional information to the traditionally sequenced regions. The entire gene of
HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5, DQB1, DQA1, DPB1 and DPA1 were amplified
in four multiplexed reactions. A DNA reference panel of 47 samples representing
the most common allele groups was selected to evaluate this novel assay using the
lon Torrent sequencing platform. The specificity and sensitivity of this assay was
confirmed on additional 158 samples from a local Caucasian control cohort. Full gene
sequences from start to stop codons including some UTR regions were obtained for
all eleven HLA loci with complete gene coverage and sufficient read-depth for 3619
alleles. The whole amplicon was analysed for HLA class | genes, while only exons
were analysed for class Il genes. All alleles were amplified as expected with 100%
concordance at full gene resolution for HLA class | and exon resolution for HLA class
Il loci when compared with previously used NGS or Sanger sequencing methods. In
summary, the novel multiplexed PCR approach for full-gene HLA typing enabled for
alarge amount of genetic information to be generated in a simple and fast workflow.
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1. Introduction

The human major histocompatibility complex (MHC) is known as the most complex region
of the human genome. It contains several human leukocyte antigen (HLA) loci including
the classical class | and class Il genes namely HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5, DQB1,
DQAT, DPB1 and DPAT1 that play an important role in the adaptive immune responses.’
The HLA genes encode for a series of highly polymorphic cell surface antigens and
represents the fundamental ability of recognition of self-versus non-self through the
presentation of class | and class Il antigens to CD8+ T cells and CD4+ T cells, respectively.?
In transplantation, this mechanism has to be modulated for successful engraftment.?

The allelic polymorphisms of classical HLA genes generally cluster at exons 2 and 3.
Variations in these exons that encode for the antigen recognition site (ARS) of HLA
molecules can affect the specificity of antigen presentation and trigger T cell alloreactivity.
HLA disparity at the ARS induces allo-immune reactions by the engrafted donor T-cells
recognizing the foreign host-derived antigens and escalating to the detrimental graft-
versus-host disease (GVHD) or vice versa, the recipient immune system recognises foreign
donor haematopoietic cells and leads to graft failure or rejection. Therefore, HLA genotype
matching at the ARS between the donor and the recipient is critical to prevent GVHD,
graft failure, rejection and to improve the overall outcome of haematopoietic stem cell
transplantation (HSCT) as demonstrated by multiple large-scale studies.* %% More recently,
Mayor et al showed that better matching, found when typing is done at high resolution
that includes exons outside the ARS, introns and untranslated regions, can significantly
improve outcomes for recipients of HSCT and should be prospectively performed at
donor selection.’

Polymorphisms are also present in other exons and regions of HLA genes, albeit at
different frequency. HLA typing laboratories are obliged to distinguish null alleles such as
A*24:09N, B*51:11N, C*04:09N, DRB4*01:03N and DRB5*01:08N, in which the differences
to the common alleles reside outside of the ARS, for solid organ and haematopoietic
transplant.”” Furthermore, the complexity of HLA genes beyond the ARS has been shown
to have an impact on the regulation of gene expression. Variants within the untranslated
regions (UTRs) can regulate the level of surface expression. For example, variants in the
3'UTR of HLA-C can bind to a microRNA, has-miR-148, resulting in relatively low surface
expression of alleles that bind this microRNA and high expression of HLA-C alleles that
escape post-transcriptional regulation.”” Similarly, polymorphism in the introns of HLA
genes can affect the splicing process of messenger RNA (mRNA) and result in lowly
expressed proteins. For example, HLA-A*24:02:01:02L allele carries a polymorphism in
intron 2 position g708G>A that alters the splice site prior to exon 3 and results in low
level of expression of this allele.”? Information on the expression level of HLA proteins is
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equitably important in the assessment of transplantation outcome since variations in the
expression of HLA molecules can influence the strength of alloreactivity proportionally
and consequently can result in direct implications for transplants with mismatched HLA
genes. In 2015, Petersdorf et al reported an association between an expression marker,
rs9277534, located in the 3'UTR of DPB1 and the risk of developing acute GVHD in patients
who had high expression DPB1 alleles and received a DPB1 mismatched HSCT.” Therefore,
it is necessary to detect single nucleotide polymorphism (SNP), insertion and deletions
(indels) located in the expanded exons, intronic and regulatory regions of HLA genes in
order to provide unambiguous information of the genomic constitution as well as gene
expression.

Given 23,907 HLA alleles have been discovered since 1987 (IPD-IMGT/HLA database, release
v3.37 http://www.ebi.ac.uk/imgt/hla)," the majority of these alleles are defined based on
the sequence of exon 2 and 3 for HLA class | genes and exon 2 for HLA class Il genes.” A
HLA genotyping method that allows the full gene sequence to be determined is required
to complete the reference database and to facilitate the unambiguous HLA matching of
the donor and recipient for HSCT. In this study, we describe the development of 11 full
gene-specific PCR assays (HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5, DQB1, DQA1, DPB1 and
DPAT1) that amplify the entire gene sequence contiguously from 5’ to 3’ UTRs of the genes.
We define our method as full gene as it amplifies the protein coding regions of the genes
(from start to stop codon) as well as all introns and parts of the untranslated regions.

2. Materials and methods

2.1 Sample selection and DNA extraction

To validate the primer specificity, a DNA reference panel of 47 samples representing
the common HLA antigen groups was selected. All samples were previously well-
characterised in-house by either a long range PCR assay or the commercial AllTypeTM
Next Generation Sequencing (NGS) based typing method on the lon Torrent platform.
Subsequently, 158 DNA control samples from the Western Australian Busselton cohort’s,
who are predominantly of Caucasian ethnicity with previously reported HLA genotypes,
were included in this study to confirm primer specificity and sensitivity. DPB1 alleles were
selected based on those most commonly seen and available in our local population.

All genomic DNA was extracted from peripheral white blood cells or B-cell transformed
cell lines using the DNA Midi Kit (Qiagen, Germany) on the QIAsymphony SP instrument
according to the vendor’s protocol. The concentration and purity of extracted DNA
were assessed by the optical density (OD) 260/280 ratio of 1.8-2.0. Samples were then
normalized to a concentration of 25ng/mL.
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Figure 1. Long-range amplification primer locations for contiguous amplification of HLA genes.
The green and red shadings represent untranslated and coding regions, respectively. The amplified products are
depicted by the arrow black lines

2.2 Primer design

Eight locus-specific PCR primer pairs for HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5 and DPB1
were designed to generate full-length gene amplicons from 5'UTR to 3'UTR using the
genomic references from notable databases such as GenBank, dbSNP, the 1000 genomes
project and IPD-IMGT/HLA databases. DQB1, DQA1 and DPA1 amplification primers were
adapted from previous studies.”

Two specific long-range PCR primer pairs for DQB1*02 alleles were designed to increase
the coverage spanning from exon 2 to exon 3 (DQB1*02 pair #1) and exon 4 to exon 6
(DQB1*02 pair #2) in heterozygous samples. In addition, one specific PCR primer pair for
DRB1*04 and DRB1*07 alleles spanning from exon 2 to exon 3 was also designed to address
issues of preferential amplification against these alleles in heterozygous individuals. The
primer sequences and location of HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5, DPB1, DQB1*02,
DRB1*04, DRB1*07 are available upon request to the corresponding author under a non-
disclosure agreement. A schematic representation of the gene coverage is shown in
Figure 1.
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2.3 Polymerase chain reaction (PCR) for the full gene method

The eleven genes were amplified in four multiplexed reactions. For the amplification of the
HLA class | genes and sub-segments of the DQB1*02 gene, a multiplexed PCR method was
applied. The sub-segment amplification of DQB1*02 allele was kept separate from the full
gene DQB1 PCR to prevent formation of non-specific products in the reaction. From here
on, this multiplexed amplification is known as ‘Class I/DQ2 multiplex’ The amplification of
the eight HLA class Il genes was performed in three separate reactions. The first included
a single-locus amplification of DQB1, the second, a multiplex reaction that includes
DRB1, DRB3 and DRB4 genes (DRB multiplex) and the final reaction, a multiplex PCR that
includes the sub-segment of DRB1*04, DRB1*07 alleles, and full gene products of DQA1,
DPA1, DPB1, DRB5 genes (Class Il multiplex).

2.3.1 Class I/DQ2 multiplexed amplification:

HLA-A, HLA-B, HLA-C and DQB1*02 genes were amplified in 25mL reaction volume
consisting of 50ng of genomic DNA, 1.25U of the high fidelity PrimeSTAR GXL DNA
polymerase (Takara Bio Inc, Shiga, Japan), 1X PrimeSTAR GXL buffer (Takara Bio Inc, Shiga,
Japan), 200mM dNTPs mix (Takara Bio Inc, Shiga, Japan), 0.1mM of HLA-A primers, TmM
of HLA-B primers, 0.1TmM of HLA-C, and 0.2mM of DQB1*02 primers. Amplification was
performed on a Eppendorf Mastercycler Pro (ThermoFisher Scientific, Massachusetts,

Class I/DQ2 multiplex HLA-DQB1
1 2 3 4 5 12 3 4 5

B (4.8Kkb)
A (3.3kb)
C (3.0kb)
DQ2 (3.0kb)

DQB1 [7.1kb)

DO2 (1.0kb)

DR17,DR14

DR52

DR13,DR15

DR52

DR9,DR15

DR53
DRS2,0R5: [

DR7,DR13
DR7,DR11
DRS52,DR53

DRB4 (16kb)
DRB3 (15kb)
DRB1 (10-15kb)

DRB5 (15kb)
15kb DPA1 (10kb)
DPB1 (8.8kb)

DQA1 (7.4kb)
3kb

DRB multiplex Class Il multiplex

Figure 2. Electrophoresis image on 0.7% gel of amplified products from five DNA samples using locus
specific primers. Number 1 to 5 above the lanes represent samples R97-0900270, R05-0114117, Q94-0050546,
Q94-0053272, Q94-0055912, respectively. The first lane in each gel presents bands of the 1 kb plus DNA ladder.
The size of the bands and the corresponding HLA loci are indicated on the right side of the figure. The 1 kb band
in class 1/DQ2 multiplex was designed to be at low concentration, therefore, the band was not clearly visible on
the agarose gel
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USA) using the following rapid 2-step PCR cycling conditions: primary denaturation at
94°C for 2 min, followed by 30 cycles of 98°C for 10 s and 68°C for 3 min.

2.3.2 DQB1 amplification:

DQB1 was amplified in 25mL reaction volume consisting of 50ng of genomic DNA, 1.25U
of PrimeSTAR GXL DNA polymerase (Takara Bio Inc, Shiga, Japan), 1X PrimeSTAR GXL buffer
(Takara Bio Inc, Shiga, Japan), 200mM dNTPs mix (Takara Bio Inc, Shiga, Japan), and 0.2mM
of each primer. Amplification was performed on the Veriti thermal cycler (ThermoFisher
Scientific, Massachusetts, USA) with adjusted ramp speed to simulate the GeneAmp 9600
thermal cycler as follows: primary denaturation at 94°C for 2 min, followed by 30 cycles of
98°C for 10 s and 68°C for 3 min.

2.3.3 DRB multiplexed amplification:

DRB1/DRB3/DRB4 were amplified in 25mL reaction volume consisting of 50ng of
genomic DNA, 1.25U of PrimeSTAR GXL DNA polymerase (Takara Bio Inc, Shiga, Japan),
1X PrimeSTAR GXL buffer (Takara Bio Inc, Shiga, Japan), 200mM dNTPs mix (Takara Bio
Inc, Shiga, Japan), and 0.2 - 0.4mM of each primer. Amplification was performed on a
Eppendorf Mastercycler Pro (ThermoFisher Scientific, Massachusetts, USA) using the
following rapid 2-step PCR cycling conditions; primary denaturation at 94°C for 2 min,
followed by 30 cycles of 98°C for 10 s and 68°C for 4 min.

2.3.4 Class Il multiplexed amplification:

In the Class Il multiplex reaction, 50ng of genomic DNA was amplified with the GoTaq
Long PCR Master Mix (Promega, Wisconsin, USA) and 0.02 — 0.2mM of each primer pair.
Amplification was performed on a Eppendorf Mastercycler Pro (ThermoFisher Scientific,
Massachusetts, USA) using the following PCR cycling conditions; primary denaturation at
94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 9 min, and a
final extension at 72°C for 10 min.

The amplification products were quantitated by loading 2mL of the PCR product on
a 0.7% agarose gel. Once the positive bands of the correct size were confirmed, the
amplified products were subsequently pooled at a fixed-volume ratio (determined
empirically) (Class I/DQ2 multiplex [20ml], DQB1 [23ml], DRB multiplex [23ml], and Class
Il multiplex [10ml]) prior to PCR purification. The amplicon pool was then purified using
0.6X Agencourt AMPure beads (Beckman Coulter, USA) on the automated liquid handler
Microlab STAR Line (Hamilton, Nevada, USA) and eluted in a final volume of the 80ml
which is sufficient to perform library preparation twice if required. The purified amplicon
pool was then ready for library preparation for Next-Generation Sequencing (NGS) on the
lon Torrent platform.
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2.4 AliTypeTM PCR method

The 47 samples from the DNA panel were genotyped for all 11 loci using the One Lambda
AllTypeTM protocol in a single multiplexed reaction. The amplification was performed
as per manufacturer’s recommendation. The amplified products were purified using
0.6X Agencourt AMPure beads (Beckman Coulter, USA) on the automated liquid handler
Microlab STAR Line (Hamilton, Nevada, USA) and eluted in 25ml of molecular grade water
(Sigma-Aldrich, Missouri, USA). The purified AllTypeTM products were then ready for
library preparation and lon Torrent sequencing.

2.5 In-house long-range PCR method

The 158 samples from the WA Busselton cohort were HLA typed for HLA-A, HLA-B, HLA-C,
DRB1, DPB1, DQB1, DQAT and DPAT using the in-house long range PCR on the lon Torrent
NGS platform. DRB3, DRB4 and DRBS5 loci for this cohort were typed using an in-house
developed PCR and Sanger Sequencing-Based Typing (SBT).

The in-house long-range PCR amplified the promoter to 3'UTR of class | genes, DQA1 and
DPA1, and the ARS (exon 2 to exon 3) of DRB1, DPB1 and DQB1. Briefly, HLA-A, HLA-B,
and HLA-C were amplified in separate PCR in 25mL reaction volume consisting of 50ng
of genomic DNA, 1U of Elongase enzyme Mix (Invitrogen, California, USA), 5X buffer B
(Invitrogen, California, USA), 200mM dNTPs mix (Invitrogen, California, USA), TmM of
MgCl,, 5% DMSO (Sigma Aldrich, Missouri, USA), and 0.2mM of HLA-A primers, 0.2mM
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Figure 3 The minimum read-depth detected across the amplicon in each HLA locus. The round and triangle
dots specify the minimum read depth in each DNA sample and the average depth, respectively. The black line
represents the threshold of 20 reads
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of HLA-B primers, and 0.2mM of HLA-C, respectively. The PCR cycling conditions were as
follows: primary denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 62°C
for 30 s, and 68°C for 3 min.

For single-locus amplification of DQB1, DQA1 and DPA1 gene, the target amplicon
was amplified in 25mL reaction volume consisting of 50ng of genomic DNA, 1.25U of
PrimeSTAR GXL DNA polymerase (Takara Bio Inc, Shiga, Japan), 1X PrimeSTAR GXL buffer
Takara Bio Inc, Shiga, Japan), 200mM dNTPs mix Takara Bio Inc, Shiga, Japan), and 0.2mM
of each primer. The PCR cycling conditions were as follows: primary denaturation at 94°C
for 2 min, followed by 30 cycles of 98°C for 10 s, 62°C for 30 s and 68°C for 3 min.

Lastly, for singleplex amplification of DRB1 and DPB1, 50ng of genomic DNA was amplified
with the GoTag Long PCR Master Mix (Promega, Wisconsin, USA) and 0.2mM of each primer
pair. The PCR cycling conditions were as follows: primary denaturation at 94°C for 2 min,
followed by 30 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 3 min, and a final extension
at 72°C for 10 min. The amplified products were subsequently pooled into a single tube,
ready for library preparation and lon Torrent sequencing.

2.6 Library preparation for lon Torrent Sequencing

The library preparation workflow was identical for all HLA amplicons generated by either,
the novel full gene, AllTypeTM or in-house long range PCR methods. Library preparation
was adapted from the manufacture’s protocol for lon Xpress Plus Fragment Library Kit
and lon Xpress Barcode Adapters Kit (ThermoFisher Scientific, Massachusetts, USA) to be
fully automated on the liquid handler Microlab STAR Line (Hamilton, Nevada, USA) and to
reduce total library preparation time.

Briefly, 35ml of the amplicon pool was enzymatically sheared, ligated with the dual
adapters containing unique indexed sequence on one end and a P1 adapter on the
other end, and size-selected using a dual bead-based protocol. The fragment size and
concentration of each library was quantitated using the LABChip DNA High Sensitivity
assay (PerkinElmer, Massachusetts, USA). Each barcoded library was then normalized
and subsequently pooled at equimolar concentration into a single tube. A maximum
of 48 libraries were pooled for lon Torrent sequencing to ensure a minimal of 20X
coverage across approximately 90 kb of nucleotide bases per sample. In the secondary
amplification, the barcoded library pool was amplified using primers complementary to
ligated adaptors and KAPA HiFi HotStar ReadyMix (Roche, Basel, Switzerland) for 8 cycles.
The concentration and size of the multiplexed library pool was quantitated using the
QuBit dsDNA High Sensitivity assay (ThermoFisher Scientific, Massachusetts, USA) and
diluted to 130pmol/ml for template preparation on the lon Chef System (ThermoFisher
Scientific, Massachusetts, USA). The template preparation for 400 to 600 base-pair libraries
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was fully automated on the lon Chef system using lon 520 & lon 530 EXT kit (ThermoFisher
Scientific, Massachusetts, USA) and sequencing was performed on the lon GeneStudio
S5XL system using lon S5 EXT Sequencing kit on lon 530 chip (ThermoFisher Scientific,
Massachusetts, USA).

2.7 Data analysis and HLA allele assignment

The signal processing, base calling, trimming and de-multiplexing of raw data were
performed by the Torrent Suite 5.10.1 (ThermoFisher Scientific). The quality-filtered
sequences are sorted according to the index sequence of lon Xpress barcodes and FASTQ
files are generated ready for HLA allele analysis.

The HLA allele assignment was performed using GenDX NGSengine software version 2.13
with IMGT/HLA database version 3.35.0 (GenDx, Utrecht, The Netherlands). The amplicon
sequence was analysed for HLA class | genes, while only the exons were analysed for class
Il genes. Intronic analysis of class Il genes was also attempted using NGSengine (GenDx,
Utrecht, The Netherlands), however, hindered by various issues. Firstly, the analysis of
intron 1 and intron 2 of DRB1 by the NGSengine software resulted in several thousand
base-calling errors due to the mis-mapping of short reads in highly repetitive regions
which resulted in the requirement of a large number of manual edits to rectify. This
amount of manual curation was laborious and significantly increased the analysis time
of the DRB1 gene. Additionally, the inclusion of DPB1 introns in some cases resulted in
incorrect assignment of phase by the NGSengine software due to the lack of reference
sequence, and the inability to link polymorphisms with short reads. The software seemed
to favour alleles that were found to be the best match regardless of the length of reference
sequence available. The sequencing of these samples with long read chemistry confirmed
that the allele call provided using the short read technology was in fact incorrectly phased.
HLA data from all methods were stored in the laboratory information management
system of the Department of Clinical Immunology according to the standard operating
procedures and available for genotype concordance comparison. HLA allele concordance
results were compared manually.

2.8 Assessment of PCR and Sequencing quality

The full gene assay was validated against the following PCR acceptance criteria: i) the
amplicon was of correct band size within + 10% of the theoretical size of the amplicon,
ii) the absence of HLA allele dropout, iii) allelic balance should be between 20% to 80%,
but not less than 10%, iv) the results obtained with the novel full gene assay must provide
equal or higher resolution typing than the current typing assay in 100% samples tested, v)
the full gene assay should be sufficiently robust to eliminate any repeat testing of routine
samples, therefore, the failure rate should be less than 5%.
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The sequencing results of an lon 530 chip on the lon S5/XL system were also assessed
against established acceptance criteria: i) the number of reads and total bases should be
between > 9 million reads and > 1.5 Gbases, respectively, ii) the minimum loading density
of ISP is > 60%, poor loading results in reduced sequencing data output, iii) the mean
and mode of read-length is 260bp + 10% and 350bp + 10%, shorter read lengths may
result in a higher number of genotyping ambiguities due to the inability to resolve cis/
trans ambiguities, iv) polyclonality is < 40%, high number of polyclonal ISPs will reduce
the sequencing data output, iv) primer dimer sequence < 2%, which ensures that there is
efficient removal of small fragments, v) enrichment percentage and key signal score have
to meet a minimum of 99% and 40, respectively.

3. Results

3.1 HLA full gene amplification

After the optimal PCR conditions (such as annealing temperature of primers, concentration
of Mg2+ and dNTPs, cycling conditions with associated ramp speed) were determined,
specific full-gene amplified products of HLA genes were found in all tested samples. The
end result was three multiplex and one single locus PCR reaction that amplified all eleven
HLA classical genes with specificity and sensitivity.

In the class I/DQ2 multiplex, three bands were observed at approximately 3 kb, 3.3 kb
and 4.8 kb, which were concordant with the theoretical fragment sizes according to the
genomic reference sequence and IPD-IMGT/HLA database for HLA-C, HLA-A and HLA-B,
respectively. The specific enriched sub-segment of the DQB1*02 allele spanning from exon
2 to exon 3 overlapped with the full-length amplified products of HLA-C in size at 3 kb.
Therefore, the two bands could not be distinguishable using gel agarose electrophoresis.
The sub-segment of DQB1*02 allele spanning from exon 4 to exon 6 was designed to be at
low concentration to prevent over representation of this fragment and therefore the band
was not clearly visible on the agarose gel (Figure 2).

A single band at 7.1 kb was detected in the single gene amplification for DQB1 locus. The
PCR products from DRB1 gene varied in size depending on the DRB1 sub-type ranging
from 10 kb to 15 kb, while DRB3 and DRB4 genes were detected at 15 kb and 16 kb,
respectively. In the class Il multiplex, three to four bands were observed at 7.4 kb (DQA1),
9.8 kb (DPB1), 10 kb (DPA1) and 15 kb (DRB5), the presence of the DRB5 gene is dependent
on the DRB haplotype of the sample (Figure 2).

As part of the optimisation for DRB1, additional specific primer pairs for DRB1*04/07
was included in the class Il multiplex reaction to increase the coverage over exon 2 and
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3 for the two allele groups. The primer mixture of specific primer pairs for DRB1*04/07
and locus specific primer pairs for DQA1/DPA1/DPB1/DRB5 was titrated empirically to
ensure adequate representation of all products and to avoid PCR bias towards the smaller
amplicon. The PCR products of the DRB1*04 and DRB1*07 specific primer pairs were
observed at 4.8 kb and 3.7 kb, respectively, in the presence of the other HLA class Il genes
(See Figure 1 in the supplementary data).

3.2 HLA sequencing on the lon S5 system

The full gene sequencing of eleven classical HLA loci was performed for 47 samplesin a single
run on the lon GeneStudio S5 system. The assessment of sequencing metrics against the NGS
acceptance criteria are shown in Table 1. A total of 14.7 million reads and 4.43 Gigabases
of sequencing data were available for downstream analysis following quality filtering. The
number of reads per sample ranged from 150,271 to 446,303 and averaged at 300,954 +
57537 reads. Overall, all sequencing metrics met the acceptance criteria, except for the
polyclonality filter which was higher than the threshold of 40%. High polyclonality reduces
the useable data, however the number of usable reads was above the acceptance criteria for
an lon 530 chip and therefore the sequencing run was suitable for HLA allele analysis.

The analysis of sequence read length distribution from a representative data file was
performed using FastQC tool (Babraham Bioinformatics, U.K.) in order to determine the
proportion of 400 to 600 base-read fragments in lon Torrent sequencing as per specification
by the manufacturer. There was approximately 20% of all detected reads longer than 400 base
pairs and ranging up to 700 base pairs (44,707 of 216,639 sequence reads). Sequence reads
ranging between 300 to 400 base pairs made up 37% (80,591 of 216,639) of all the reads and
the mode of all sequences were detected at 360 base pairs in length (35,181 of 216,639 reads).

Sequencing Criteria Acceptance limit for lon 530 chip Sequencing Run Pass limit
Number of reads 9 - 12 million sequence reads 14.7 million reads Yes
Total bases 1.5 - 4.5 Gbases 4.43 Gbases Yes
ISP loading % > 60% 91% Yes
Polyclonality % <40% 41.9% No
Reacength Mod of 50bp 2 10% Mode o 205p o
Low Quality Filter <25% 14.8% Yes
Enrichment 399% 100% Yes
Key Signal > 40 76 Yes
Internal control Correct allele assigned Yes Yes

Table 1: Assessment of the sequencing metrics against the acceptance limit for an lon GeneStudio S5XL
run using an lon 530 chip.
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3.3 Evaluation of multiplex full gene PCR method

3.3.1 Minimal read-depth assessment

To evaluate the novel full gene PCR method, we assessed the minimal read-depth, and
allelic balance in all eleven HLA loci derived from the mappable sequence reads defined
by NGSengine software. A minimal read-depth of 20 reads was assigned for all loci. Of the
824 HLA sequenced alleles (47 samples x 11 loci), insufficient coverage (less than 20 reads
in the ARS) excluded allele assignment for one DRB3*01:01:02 and one DRB5*02:02 allele
in sample Q94-0056288 and Q95-0051198, respectively (Figure 3). Overall, the failure rate
for not meeting the minimal read-depth was 0.24% (2 of 824).

On further investigation, the poor read coverage in exon 2 of DRB3 and DRB5 genes was
absent when reads from the FASTQ files of Q94-0056288 and Q95-0051198 were mapped
to the human genome reference sequence using LAST aligner for parallel confirmation
(Figure 2 in supplementary data). The minimal depth measured in exon 2 for DRB3*01:01:02
and DRB5*02:02 allele was 64 and 105, respectively. This indicated that the discrepancy
in the allele analysis was not related to the efficiency of PCR amplification of these two
alleles, but due to the mapping algorithms used to map and align the sequence reads in
NGSengine.
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Figure 4. The allelic balance in heterozygous HLA loci defined by NGSengine software. The round and
triangle dots specify the percentage of the second allele detected in each DNA sample and the average depth,
respectively. The black line represents the threshold of 10%. There was no average data for heterozygosity in
HLA-DRBS5 as there was only one heterozygous HLA-DRB5 individual in the DNA reference panel
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3.3.2 Assessment of allelic balance

There was no evidence of allele dropout in any of the tested samples. To validate that the
HLA alleles from both chromosomes were amplified uniformly, the estimated percentage
of the minor allele across the whole gene in a heterozygous sample was calculated by the
NGSengine software and illustrated in Figure 4. Of the 448 results for HLA class | genes,
DPA1, DRB3/4/5 loci, the minor or second allele was detected at a minimum of 35% across
all heterozygous positions, suggesting that both of the HLA alleles were amplified and
represented sufficiently for accurate HLA typing. The allelic balance for the amplification
of DQA1 was above 15% in 188 results. On the other hand, there was evidence of allelic
imbalance in DRB1, DQB1 and DPB1 genes, however, all samples met the pre-determined
threshold of 10% using additional locus specific primers in the amplification mix.

3.4 HLA genotyping resolution of the evaluation DNA panel

The previous genotyping results for HLA-A, HLA-B, HLA-C, DRB1, DRB3/4/5, DQB1, DQAT,
DPB1 and DPA1 obtained using the AllTypeTM NGS typing method were available for
comparison with the novel full gene PCR assay. As a result of differing typing resolution
due to the amplicon coverage, concordance was determine by defining whether the
reported allele was within the string of alleles of the ambiguous result.

Of the 47 samples in the DNA panel, the novel full gene typing results were 100%
concordant to the 3rd field for all HLA loci compared with the AllTypeTM method. With the
addition of exon 1 in all class Il genes, the full-gene assay provided higher resolution than
the AllTypeTM method for DRB1 (5 of 94), DQB1 (49 of 94) and DPB1 (6 of 94) loci (Table
2 and 4). Ambiguous results were observed in 2/94 (2.1%) DQB1 and 24/94 (25.5%) DPB1
alleles, using the novel full gene method, due to the inability to resolve phase ambiguities
with short read technology in heterozygous samples (Table 3 and 4). Additionally, the
novel full-gene assay is unable to amplify the DQB1*03:276N allele, an allele that contains
a 3.7kbp deletion upstream of intron 1 which is the location of the 5 DQB1 primer binding
site. Therefore, in an individual who is homozygous for DQB1*03:01:01, it is not possible to
exclude the presence of DQB1*03:276N on the other chromosome. As the result, one DQB1
result was reported with allele ambiguity of DQB1*03:01:01/03:276N (Table 3 and 4).

At the 4th field resolution, the full gene assay provided equal resolution for HLA-A and
HLA-B compared to AllTypeTM PCR method. There were 24 of 94 HLA-C results with
intronic ambiguities, which were fully resolved by AllTypeTM amplicons, due to the
presence of polymorphisms in the UTR that are not covered by the full gene assay (See
Table 1 in the supplementary data). The primer design of HLA-B was extended to include
1500bp downstream of the stop codon to resolve the 4th field resolution of alleles such
as B*51:01:01 and B*40:01:02. Unfortunately, the NGSengine software does not allow the
alignment of the 3’ end of HLA-B genes resulting in ambiguous typing results for these
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alleles. For this evaluation, these alleles were resolved through manual curation using
LAST aligner and IGV software.

In summary, the novel full gene HLA genotyping assay provided equal resolution in the 3rd
field for class | genes compared to the AllTypeTM method and better resolution for class Il
genes due to the addition of exon 1 of HLA genes. However, the presence of DQB1*03:276N
allele cannot be excluded in individuals with only one copy of DQB1*03:01:01 allele and
there are still several HLA-C alleles that cannot be resolved to 4th field resolution due to
polymorphisms in the UTR regions outside of the region amplified.

3.5 HLA genotyping resolution of the WA Busselton control cohort

To confirm primer specificity and sensitivity, 158 samples of the WA Busselton control’
cohort were tested. A total of 2795 alleles (158 individuals x 8 loci x 2 alleles, 120 DRB3
alleles, 105 DRB4 alleles and 42 DRBS5 alleles) were identified and compared to genotyping
results obtained with the Sanger SBT method (for DRB3/4/5) or in-house long range NGS
method (for all other HLA loci). The novel full gene and the previous in-house methods
were 100% concordant to the 3rd field for all HLA class | genes, 99.7% for DRB1 (315 of 316
results), 99.7% for DQB1 (315 of 316 results), 98.1% for DPB1 (310 of 316 results), 95.2%
for DRB5 (40 of 42 results) and 100% for all other loci. The disparity at 3rd field were due
to multiple reasons including: (1) novel polymorphism detected in the additional exons,
which were not typed in the former method, and resulted in different allele name or (2)
homozygous genotype in the ARS but heterozygous type in other exons (See Table 2 in
the supplementary data).

As observed previously in the panel validation, the full gene PCR method provided
significantly higher resolution compared to the partial gene typing method. The full gene
assay provided higher resolution than the previous partial gene in-house typing method
by 8.2% for DRB1 (26 of 316), 49.7% for DQB1 (157 of 316), 17.7% for DPB1 (56 of 316),
66.7% for DRB3 (80 of 120), 100% for DRB4 (105 of 105) and 83.3% for DRB5 (35 of 42) due
to the extension beyond the ARS for all class Il genes (Table 2). However, there were still
several DQB1and DPB1 results that could not be resolved to the allelic level due to the
DQB1*03:01:01/03:276N ambiguity and the inability to phase heterozygous DPB1 alleles
as mentioned previously (Table 3 and 4).
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Locus Ambiguity Full gene result Number of alleles Number of alleles Comment
(DNA reference panel) (WA Busselton panel)

DRB1 04:07:01/04:92 04:07:01 0 6 Resolved at codon 207 in exon 4
03:01:01/03:01:08 03:01:01 0 1 Resolved at codon 112 in exon 3
09:01:02 / 09:31 09:01:02 1 7 Resolved at codon (-21) in exon 1
12:01:01/12:10 12:01:01 2 9 Resolved at codon (-16) in exon 1
15:02:01/15:140/ 15:02:01 2 3 Resolved at codon (-2) and (2) in exon 1
15:149

DQB1 02:02:01/02:02:06 02:02:01 1 22 Resolved at codon (-21) in exon 1
03:01:01/ 03:01:01 16 65 Resolved by the presence of exon 1
03:01:41/03:01:43/
03:276N/
03:297
03:02:01/03:289 03:02:01 4 30 Resolved at codon (-12) in exon 1
03:02:01/03:289 03:289 1 2 Resolved at codon (-12) in exon 1
05:01:01/05:01:24 05:01:01 1" 35 Resolved at codon (-6) in exon 1
06:01:01/06:01:15 06:01:01 6 3 Resolved at codon (-11) in exon 1

DPB1 01:01:01/417:01 01:01:01 0 18 Resolved at codon 194 in exon 4
03:01:01/104:01:01 03:01:01 0 12 Resolved at codon 205 in exon 4
03:01:01/104:01:01 104:01:01 0 3 Resolved at codon 205 in exon 4
05:01:01/135:01 05:01:01 0 6 Resolved at codon 205 in exon 4
105:01:01/ 665:01 105:01:01 4 4 Resolved at codon (-22) and (-14) in exon 1
13:01:01/107:01 13:01:01 2 13 Resolved at codon (-22) and (-14) in exon 1

ity resolved by the full gene assay but not the AllTypeTM or the in-house long-range

igul

: HLA amb

Table 2
assay.



A novel multiplexed 11 locus PCR assay using next generation sequencing | 131

Locus Ambiguity cannot be resolved Number of alleles Number of alleles Comment
(DNA reference panel) (Busselton Panel)
DQB1* 03:01/03:276N 1 6 The presence of DQB1*03:276N cannot be excluded in this
sample, which only had one copy of DQB1*03:01:01 detected.

06:02/06:84, 06:04/06:39 2 0 Unable to determine phase due to short read-length

DPB1* 04:01/702:01, 104:01/124:01 4 4 Unable to determine phase due to short read-length
03:01/351:01, 04:02/463:01 8 8 Unable to determine phase due to short read-length
03:01/124:01, 04:01/350:01 2 22 Unable to determine phase due to short read-length
01:01/162:01, 02:01/461:01 2 4 Unable to determine phase due to short read-length
02:01/416:01, 04:02/105:01 4 6 Unable to determine phase due to short read-length
04:01/126:01, 04:02/105:01 2 24 Unable to determine phase due to short read-length
02:01:02/414:01, 19:01/106:01 2 0 Unable to determine phase due to short read-length
03:01/104:01, 05:01/135:01 0 4 Unable to determine phase due to short

read-length

ies that cannot be resolved by the novel full-gene PCR method.

Allelic ambigui

Table 3
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DNA Reference Panel Busselton Panel

Locus Number of alleles AlltypeTM  Full-gene Number of alleles In-house Full-gene

A 94 100% (94/94) 100% (94/94) 316 100% (316/316) 100% (316/316)
B 94 100% (94/94) 100% (94/94) 316 100% (316/316) 100% (316/316)
C 94 100% (94/94) 100% (94/94) 316 99% (314/316) 100% (316/316)
DRB1 94 95% (89/94)  100% (94/94) 316 92% (290/316) 100% (316/316)
DRB3 34 100% (34/34) 100% (34/34) 120 33% (40/120)  100% (120/120)
DRB4 28 100% (28/28) 100% (28/28) 105 0% (0/105) 100% (105/105)
DRB5 10 100% (10/10) 100% (10/10) 42 16% (7/42) 100% (42/42)
DQB1 94 45% (42/94) 97% (91/94) 316 48% (153/316) 98% (310/316)
DQA1 94 100% (94/94) 100% (94/94) 316 100% (316/316) 100% (316/316)
DPB1 94 68% (64/94) 74% (70/94) 316 60% (190/316) 78% (246/316)
DPAT 94 100% (94/94) 100% (94/94) 316 100% (316/316) 100% (316/316)

Table 4. HLA genotype results that are resolved to the third-field resolution by the full-gene PCR assay
compared with AllType and in-house long-ranged method

4. Discussion

The main goal of this study was to develop a method that could provide full-length gene
characterisation for all eleven HLA genes without sacrificing the processing time or typing
cost for high-resolution HLA results. This full gene PCR method enables the sequencing
of the protein coding region of the genes including all exons, introns and some of the
UTR regions. There are several NGS based HLA typing methods described in the current
literature however these methods amplify exon 2 and 3 of the class Il genes mostly
and exclude other parts of the genes. These approaches lead to ambiguous results and
potentially omit the identification of novel nucleotides that are located outside of the ARS
including those that could result in a non-expressed allele’®?'. Furthermore, the full gene
assay described here is the first to include full length gene amplification for all 11 loci
including the lower expression genes such as DRB3/4/5, DQAT and DPA1 in multiplexed
reactions whereby all 11 loci are amplified in only 4 amplification reactions. Other full
gene methods’™ 2?2 amplify each of the HLA genes separately, requiring more reactions
per individual and therefore increasing the HLA typing cost, and downstream processing
time. The described NGS based method using contiguous multiplexed full-length PCR
products can therefore circumvent these issues.

The current study allows for a large amount of genetic information in a streamlined
workflow. The entire workflow from DNA extraction, PCR set-up, PCR purification,
quantitation, library preparation, template preparation and sequencing was fully
automated on robotic liquid handling systems with minimal hand-on requirement. From
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the extraction of genomic DNA to the completion of sequencing analysis of up to 48
samples, the complete workflow was performed in 4-days, which is reasonable processing
time to generate high-resolution allele definition for clinical HLA genotyping. Together
with the multiplexed reaction approach, the amplicons were pooled prior to purification
using SPRI AMPure beads in order to simplify the workflow and reagent cost. Lastly, allele
assignment using the NGSengine software for 48 samples can be completed in 3 hours
with minimal manual manipulation.

Validation of the novel full-gene HLA genotyping assay was conducted against several
criteria from specificity of PCR products, sufficient sequence read-depth, allelicbalance and
genotype resolution. Specific amplified products were observed on the electrophoresis
image in all four reactions. It is also important to note that the DNA quality and purity
are crucially important in long ranged PCR as the amplified products can be as large as
16 kb (DRB4) and therefore required auxiliary care and investment in a high quality DNA
extraction method. Sufficient read-depth was obtained to accurately assign HLA alleles in
all 47 samples of the reference panel. The low coverage in the 3’ end of exon 3 in DRB3,
and the 3'UTR in HLA-B was not related to the efficiency of long-range PCR, but due to the
limitation in alignment algorithm of GenDx NGSengine. This highlights that in addition
to optimising genotyping method, it is extremely crucial to apply high stringency for
bioinformatics analysis tool to ensure accurate HLA genotypes.

There was no allele dropout observed in this study. However, there was evidence of
preferential amplification against DQB1*02, DRB1*04 and DRB1*07 alleles in the presence
of DQB1*06 or DRB1*01, respectively. This issue was rectified by the addition of specific
allele group amplification of DQB1*02, DRB1*04 and DRB1*07 in which the amplified
products spanning from exon 2 to exon 3 of the genes. The predicament of preferential
amplification observed in DRB1 gene could potentially due to the limitation of multiplexed
PCR in amplifying multiple targets at different size in a single reaction. According to the
IPD-IMGT/HLA database, DRB1*07:01:01 allele can extend more than 16,000 bp in length
compared to DRB1*01:01:01 allele which is approximately 11,000 bp in length. There is
a noticeable difference in length between the two alleles. Physical properties of target
sequence such as target length, GC content or secondary structures were shown to
inherently influence the PCR bias and result in preferential amplification as reported in
previous studies. 4%

The advantages of full-length genotyping method were highlighted by the identification of
novel positions in the exons and regions that were not included in the current partial gene
typing methods. The full gene typing assay had 100% concordant to the the 3rd field for
all class I genes compared to the AllTypeTM and in-house long range NGS typing method,
and significantly higher resolution for several class Il genes with the addition of exon 1.
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Furthermore, three novel alleles were identified including one DQB1*03, one DPA1*02
and one DRB3*02 in which the novel alleles differ in one nucleotide position in exon 1 of
DQB1*03:01:01, exon 4 of DPA1*02:01:01 and exon 1 of DRB3*02:02:01, respectively. This
full gene assay therefore provides an opportunity for HLA typing laboratories to complete
the IPD-IMGT/HLA sequence database with full length sequence, identify novel alleles
and allow studies into the impact of high resolution HLA typing on HSCT outcomes.

The full gene assay was limited in the ability to resolve all 4th field ambiguities due to
the incomplete coverage of the UTR regions in several of the genes. HLA sequences,
particularly the UTR regions, are being continually extended, making primer design
that encompasses these new sequences unmanageable. Therefore, the cost benefits of
continuingly redesigning primers beyond the protein coding regions of the gene needs
to be considered. Our full gene method covers all exons and introns but is limited by the
inability to completely resolve 4th field ambiguities in the UTR regions of class | genes, the
inability to amplify the null allele DQB1*03:276N and the lack of appropriate software for
analysis of introns in class Il genes. To our knowledge there is no commercially available
typing method that is able to distinguish DQB1*03:276N allele from DQB1%*03:01:01 and
therefore resolve this ambiguity. Although we were able to demonstrate the amplification
of full gene products for the class Il genes, the sequence analysis of these genes was
restricted due to factors not related to PCR amplification. The introns of class Il genes were
omitted from analysis due to the prevalence of large numbers of repetitive sequence in
the introns, mainly observed in the DRB and DPB1 genes, which resulted in a large number
of erroneous base calls. In addition, when the analysis of DPB1 included the introns of
the gene, the NGSengine software assigned phase incorrectly in the absence of reference
sequence and the inability to link polymorphisms in one or more of the ambiguous
alleles. The exclusion of the introns in DPB1 resulted in accurate allele calling albeit with
increased allele ambiguity. The sequence data for the complete amplicons are however
stored and could be re-analysed for contiguous full-gene sequence to further improve
the genotyping resolution of these genes when further improvements in bioinformatics
tools are made.

Many of the ambiguities reported using this assay were the result of the inability to phase
due to short read chemistry. Even though this assay was validated and tested using the lon
Torrent platform, the full gene PCR assay has been applied to single molecule sequencing
on the Oxford Nanopore MinlON and PacBio sequencing platforms for completely phased-
defined sequencing. With the advancements in the field of single molecule sequencing,
bioinformatics and the collaborative international effort to extend the HLA reference
database by the International HLA & Immunogenetics Workshop, it may be feasible to
obtain 4th field typing resolution for the class Il genes in the future. Nevertheless, the
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newly developed assay has the capability to make several contributions to the efficiency
of HLA genotyping in the routine diagnostic HLA laboratory.
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Abstract

HLA-DRA encodes the alpha chain of the HLA-DR protein, one of the classical HLA class
Il molecules. Reported polymorphism within HLA-DRA is currently limited compared
with other HLA genes, as only a single polymorphism encodes an amino acid
difference in the translated protein. Since this SNP (rs7192, HLA00662.1:9.4276G>T
p.Val217Leu) lies within exon 4, in the region encoding the cytoplasmic tail, the
resulting protein is effectively monomorphic. For this reason, in-depth studies on
HLA-DRA and its function have been limited. However, analysis of sequences from
the 1000 Genomes Project and preliminary data from our lab reveals unrepresented
polymorphism within HLA-DRA, suggesting a more complex role within the MHC
than previously assumed. This study focuses on elucidating the extent of HLA-
DRA polymorphism, and extending our understanding of the gene’s role in HLA-
DR~HLA-DQ haplotypes. 98 samples were sequenced for full-length HLA-DRA, and
from this analysis, we identified 20 novel SNP positions in the intronic sequences
within the 5711 bp region represented in IPD-IMGT/HLA. This polymorphism gives
rise to at least 22 novel HLA-DRA alleles, and the patterns of intronic and 3’ UTR
polymorphism correspond to HLA-DRA~HLA-DRB345~HLA-DRB1~HLA-DQB1
haplotypes. The current understanding of the organization of the genes within
the HLA-DR region assumes a single lineage for the HLA-DRA gene, as opposed to
multiple gene lineages, such as in HLA-DRB. This study suggests that the intron and
3" UTR polymorphism of HLA-DRA indicates different lineages, and represents the
HLA-DRA~HLA-DRB345~HLA-DRB1~HLA-DQB1 haplotypes.
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Introduction:

HLA

Human Leukocyte Antigen (HLA) is the name given to the Major Histocompatibility
Complex (MHC) in humans. The primary function of class Il HLA is the presentation of
extracellular peptides on the cell surface. When combined with an antigen, class Il HLA
creates a complex on the cell surface that acts as a ligand for T-cell receptors. T-cells
interact with presented antigens to distinguish “self”and “non-self” peptides, and they can
subsequently trigger an immunogenic response, giving HLA a critical role in the adaptive
immune system.

The HLA molecule can present a variety of peptides from self or non-self antigens,
providing individuals and populations with the capability to respond to a variety of
pathogens. The variability is provided by the polymorphism in the HLA proteins, especially
in the subunits responsible for antigen presentation. The protein polymorphism is
reflected in the nucleotide sequence polymorphism, making the MHC on chromosome
6 the most hyperpolymorphic region of the human genome.” Polymorphism within HLA
genes provides it's capability to detect and respond to foreign tissue, which can create a
complication for solid organ and stem cell transplantations (SCT). Matching of HLA genes
reduces immunogenic response and the subsequent transplant-related complications,
such as organ rejection and graft-versus-host disease. In addition to genotype matching,
matching for SCT based on phased haplotypes can also affect both GVHD and disease
recurrence? Although HLA polymorphism is vast and complex,® some patterns of
polymorphism can be observed with the help of publicly available databases, such as the
1000 Genomes Project’ or IPD-IMGT/HLA?

Due to its critical role in immune response, HLA is associated with a large number of
human diseases.® GWAS studies have found, just within the HLA-DR region, associations
with Multiple Sclerosis,” Alzheimer’s disease,® penicillin allergy,® Ulcerative Colitis,’” and
dry eye disease,’’ among many others. The biological mechanisms that bring about a
disease can vary widely,’ and statistical correlations to individual SNPs may not imply a
functional role for the polymorphism, but may be linked to a different locus, meaning
the SNP serves as a proxy to functional polymorphism. Studies of the polymorphism
within HLA are necessary to clarify the mechanisms and patterns of inheritance of disease
associations within this region.

Polymorphism in non-coding regions of the HLA genes, such as introns and UTRs, is
not expressed in the protein, but it can have significant effects on biological function,
such as changes in expression levels and expression regulation. The promoter region
is contained in the UTR sequence upstream of the HLA coding regions, and HLA is rich
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with microRNA encoded sequences,’? including some encoded within the introns of
HLA-DRA.”™ Polymorphism within either the encoding microRNA sequences or within the
expressed messenger RNA can affect HLA expression, or may affect a variety of functions
in human biology.

HLA-DR

HLA-DR is one of the class Il HLA proteins. Like the other class Il molecules, HLA-DR
comprises a heterodimeric alpha and beta chain, which are encoded by five genes located
within the human chromosome 6. HLA-DRA encodes the HLA-DR alpha chain, and the
beta chain can be encoded by one of four distinct genes, most commonly HLA-DRBI1.
The beta chain can also be encoded by one of the HLA-DRB3, HLA-DRB4, or HLA-DRBS5,
genes, which are generally expressed at lower levels than HLA-DRB1,’# and may or may
not be present in a given haplotype, depending on the associated HLA-DRB1 gene.” HLA-
DR molecules encoded by the different HLA-DRB genes generally present overlapping
sets of peptides, but in some cases distinct HLA-DR proteins have been shown to present
distinct, or even complementary peptide repertoires.’ The alpha chain’s ability to interact
with multiple beta chains allows the formation of multiple potential protein heterodimers,
and therefore ensures the expression of at least one HLA-DR molecule.

HLA-DR can be contrasted with the other class Il proteins in that the polymorphism is
determined primarily by the beta chain. This lack of known polymorphism is exhibited
in the IPD-IMGT/HLA database, a repository for HLA reference sequences which serves
as the standard knowledge base for HLA research.’? Recent releases of the IPD-IMGT/HLA
database (up to 3.37.0, July 2019) contain 7 HLA-DRA reference allele sequences, a count
which is unchanged since release 3.4.0 (April 2011), and which is notably fewer than the
132 alleles for HLA-DPA1, 183 for HLA-DQAT1, or 3,171 HLA-DRB alleles (3.37.0). Six of the
seven HLA-DRA sequences are provided as full-length sequences, from 5’ UTR to 3’ UTR,
including introns.” There are four known SNPs within the HLA-DRA exons, two each in
exons 3 and 4. Three of the four exon SNPs are silent mutations, and therefore do not
change the encoded protein. The sole amino acid polymorphism in HLA-DRA (rs7192,
HLA00662.1:9.4276G>T p.Val217Leu)®is located in the region of exon 4, which encodes the
cytoplasmic tail of the HLA-DR alpha chain.”” This SNP defines the difference between the
two HLA-DRA proteins, HLA-DRA*01:01 and HLA-DRA*01:02.% This polymorphism results
in two distinct proteins, but since the functional change is in a region unrelated to antigen
presentation, the encoded protein is considered monomorphic.?’ HLA-DRA is, however,
marked by notable intronic polymorphism. In contrast to the nearly monomorphic exons,
IPD-IMGT/HLA (release 3.37.0) shows 60 SNP positions and two major deletions in the
HLA-DRA introns.
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HLA Gene Organization

Within humans, the HLA-DRA gene is situated within one of the known HLA haplotype
patterns, which are defined by the ubiquitous HLA-DRB1 gene. Haplotype patterns vary
in which HLA-DRB1, HLA-DQA1 and HLA-DQB1 alleles are present, and also determine
the presence or absence of protein-coding HLA-DRB3,4,5 genes. The haplotypes are
also marked by non-coding pseudogenes, including HLA-DRB2,6,7,8, and 9. These
pseudogenes are products of historical duplication and recombination events,?
and although their biological function, if any, is unknown, they can provide valuable
evolutionary perspective.

Data from non-human primates exhibit much more polymorphism within the HLA-DRA
gene than has been defined within humans.?? In addition, haplotype patterns with
distinct organizations of HLA-DRB genes and pseudogenes have been identified within
non-human primates, suggesting that ancestral haplotype patterns have extensive
variation.”

Evidence from the 1000 Genomes Project database combined with observed patterns in
non-human primates suggests that the HLA-DRA gene as seen in IPD-IMGT/HLA represents
an underestimation of the total polymorphism that exists in the gene. This study seeks to
define the polymorphism within HLA-DRA using the MinlON single-molecule nanopore
sequencing approach, which provides an appealing platform for full-length HLA-DRA
sequencing and phasing. Furthermore, this study explores whether the HLA-DRA
polymorphism defines general sequence patterns, and aims to elucidate associations and
it's patterns of inheritance with HLA-DRB3/4/5, HLA-DRB1, and HLA-DQBI.

Material and Methods:

Initial analysis was performed on the HLA-DRA region of the 1000 Genomes Project
database.*The ensembl database provides variant frequency data from the 1000 Genomes
Project,” which was downloaded in the form of a table of SNP information in the region
near the HLA-DRA locus. SNP locations were filtered by a minimum minor allele frequency
(MAF) of 1%, and correlated with corresponding positions within IPD-IMGT/HLA. SNPs
were categorized by genomic feature, and by whether they are also represented in IPD-
IMGT/HLA.

A panel of samples was selected for subsequent MinlON sequencing of HLA-DRA. 98
Samples were chosen based on their availability in the laboratory, and stratified based on
the known HLA-DRB types. The panel was selected so that each HLA-DRBT1 allele group, as
distinguished by the first field of standard HLA nomenclature,? was included for complete
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HLA-DRB1 coverage. Each sample was typed at the HLA-DRB1, HLA-DRB3/4/5 and HLA-
DQB1 loci using Sanger SBT (SSBT).%

DNA was isolated using the QiaAMP DNA Blood mini kit (Qiagen, Hilden, Germany) from 5
ml EDTA blood. In short, the blood was incubated in ammonium chloride for erythrocyte
lysis and washed with PBS. The cell pellet was incubated with Qiagen protease at 56°C for
10 minutes, and subsequently applied to the QiaAMP column. The columns were then
used according to the manufacturer’s instructions. DNA concentration and quality was
assessed using spectrophotometry with the DeNovix DS-11 FX, (Denovix, Wilmington, DE,
USA) with a minimum requirement of 100 ng of DNA at a concentration of 100-200 ng/ul.

Primers were designed to amplify the full-length HLA-DRA gene (Supplementary Table
3) to form an amplicon 8.7 kb in length. The amplicon spans the 5.7 kb HLA-DRA gene as
represented in IPD-IMGT/HLA, with an additional 1 kb of sequence on the 5’ end and 1.9 kb
of the downstream 3’ sequence. Samples were amplified using the Expand Long Template
PCR System (Roche, Basel, Switzerland) according to protocols outlined in Voorter et al.?®

The PCR amplicons were prepared for sequencing using standard Oxford Nanopore 1DA2
protocols (Oxford Nanopore, Oxford, UK). The amplicons were cleaned using 1:1 CleanPCR
beads (GCbiotech, Waddinxveen, the Netherlands). The Oxford Nanopore 96x barcoding
kit was used to affix barcode sequences by annealing to the universal MinlON barcode tag
sequence included in our MinlON amplification primers (Supplementary Table 3). After a
secondary cleanup using CleanPCR beads, the barcoded samples were pooled, and the
ends of the double-stranded DNA were repaired, and prepared for sequencing by affixing
an adenine nucleotide. Barcoded amplicons were further ligated with 1DA2 sequencing
adapters and sequenced using Oxford Nanopore 1DA2 Sequencing.

The 1DA2 reads were basecalled and paired using Albacore (v2.3.3, Oxford Nanopore,
Oxford, UK).The nanopore reads are demultiplexed, and barcode sequences were removed
using PoreChop (v0.2.3).” Nanopore Prospector? is a set of scripts developed for various
analysis of nanopore reads in the context of HLA, which was used for subsequent SNP
analysis of the HLA-DRA reads. Reads were filtered based on expected amplicon length
and homology with the expected HLA-DRA sequence, to exclude any off-target reads.
From an alignment of the 1DA2 nanopore reads against a known HLA-DRA*01:01:01:01
reference from IPD-IMGT/HLA, heterozygous positions were identified and used in
combination with the k-means clustering algorithm?*3° to phase the reads into two pools,
each representing one of an individual’s HLA-DRA alleles. The pool of reads for each allele
was realigned to the same reference, and SNPs were identified and categorized based on
which genomic feature (exon, intron, or UTR) they lie within.
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From the analysis of full-length nanopore reads, sequence patterns were identified within
each genomic feature, providing a basis to separate sequences into clusters based on
major patterns of polymorphism. Sequence motifs were defined based on observations
of general SNP patterns, and these motifs were used to cluster the sequences. Inclusion
within a sequence pattern cluster was determined based on arule thata sequence can have
only a single nucleotide difference from a pattern cluster’s motif, allowing us to observe
general polymorphism patterns while allowing some minor polymorphism. There are
two homopolymer regions, at IPD-IMGT/HLA genomic positions 848 (“A” homopolymer,
8-11 bases) and 1828 (“A” homopolymer, 9-10 bases), which present a challenge for
analysis and interpretation using only MinlON reads. These positions were disregarded
in the pattern clusters, but were confirmed via SSBT for novel alleles. Individual sequence
pattern clusters were combined into a full-length sequence pattern for each sequence.
This allowed clustering of the HLA-DRA alleles by general patterns of polymorphism, and
these sequence clusters were used in subsequent haplotype analysis.

The sequence patterns were analyzed in the context of the corresponding HLA-DRB1, HLA-
DRB3,4,5, and HLA-DQB1 genes. Pypop 0.7.0°" was used to identify haplotype patterns
based on the expectation maximization algorithm, and sample haplotype frequencies
were used to phase the HLA-DRA polymorphism against the corresponding HLA-DRB and
HLA-DQB1 alleles.

Sequences containing novel polymorphisms were validated and submitted to EMBL-
ENA, and subsequently to IPD-IMGT/HLA. Allele names were assigned by the WHO
Nomenclature Committee in August 2019. This follows the agreed policy that, subject to
the conditions stated in the most recent Nomenclature Report,? names will be assigned
to new sequences as they are identified. HLA allele names and ENA accession numbers are
shown in Table 2. Confirmatory sequencing was performed on the HLA-DRA gene using
the Sanger-based allele-specific sequencing approach previously described by Voorter
et al.* using primers shown in Supplementary Table 3. Sequence polymorphisms were
identified using Lasergene 15 (Version 15.2.0, DNASTAR. Madison, WI. USA.) and compared
against the results from MinlON sequencing and known polymorphism within IPD-IMGT/
HLA. Secondary analysis and confirmation of the 1DA2 reads was performed using GenDx
NGSEngine (Version 2.11.0.11444, GenDx, Utrecht, The Netherlands)
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Results

A schematic overview of the known polymorphism found by analysis of the 1000 Genomes
Project data is presented in Figure 1. In this analysis we were able to confirm the 62
polymorphisms that are represented in IPD-IMGT/HLA, and suggest an additional 120
polymorphic positions that are not represented. Every polymorphism that is found in either
IPD-IMGT/HLA, or our panel of MinlON sequences were also found in the 1000 Genomes
Project data. Each SNP in 1000 Genomes Project data includes a measure of the Minor
Allele Frequency (MAF), which represents the percentage of sequences which possess the
second-most common allele, and provides an estimation of how polymorphic a position
is. The 1000 Genomes Project represents sequences of over 2500 individuals, and SNPs
can have a variety of population frequencies. Some rare SNPs have MAF values that are
rounded to 0% and thus SNPs with MAF < 1% were disregarded in our analysis. Within
exons 3 and 4, no additional common SNPs were identified. Interestingly, a single SNP
(rs16822586, HLA00662.1:9.405G>C p.Val-10Leu) with a MAF of 3.9% was reported within
Exon 1, but this SNP was not found in either IPD-IMGT/HLA or in the sequence analysis of
our sample panel. At this position the minor C allele results in a Valine -> Leucine amino
acid change in the leader sequence of the protein, where it may affect translocation of the
HLA protein to the cell surface. The minor allele is rarely found in the European population,
and is more common (3-7%) in the African and Eastern Asian populations.

HLA-DRA Exon Polymorphism

From our HLA-DRA full-length sequencing panel, known exon polymorphisms from IPD-
IMGT/HLA were confirmed, but no novel exon SNPs were identified. Furthermore, there
are no novel combinations of these four SNPs; every sequence follows one of five patterns,
as seen in Table 1. Since we did not encounter the HLA-DRA*01:02:01 pattern, every HLA-
DRA sequence identified in our panel matches one of four exon patterns. For the purposes
of haplotype analysis, the HLA-DRA sequences were clustered based on matching exon
sequences known in IPD-IMGT/HLA, for example, HLA-DRA*01:02:03-like sequences.

The Pypop haplotype analysis was used to phase known HLA-DRA polymorphisms against
nearby HLA-DRB and HLA-DQB1 genes. Pypop provided sample haplotype frequency
estimates based on sample population genotypes, which were used to phase the HLA
alleles in the HLA-DR region. A comparison of the HLA-DRA exons with the nearby HLA-
DRB1 can be seen in Figure 2. Some patterns become apparent when looking closely
at the exon patterns and the nearby genes. A notable example is the green pattern of
HLA-DRA*01:02:03-like sequences, which is only found in the HLA-DRB1*15 allele-group.
Each of the 14 sequences is found to be in a haplotype with HLA-DRB5*01:01 and HLA-
DRB1*15:01:01, demonstrating a strong correlation between HLA-DRA*01:02:03-like
sequences and HLA-DRB1*15:01:01.
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Figure 1: Schematic overview of polymorphism within the HLA-DRA region

A representation of HLA-DRA polymorphism as seen in the 1000 Genomes Project. The black vertical bars below
the figure represent all polymorphism as represented in the 1000 Genomes Project. SNPs that are represented
in IPD-IMGT/HLA (up to release 3.37.0) have a longer vertical bar than the SNPs without IPD-IMGT/HLA
representation. SNPs with a Minor Allele Frequency(MAF) > .01 are also represented with a vertical bar above the
figure, with a height reflecting the MAF. Blue regions are exons, and yellow regions represent UTRs. Some HLA-
DRA alleles feature one or both of the two major intron 4 deletions, shown in red. Missense SNPs are indicated
by a red circle below the SNP marker.

EX3:3617 EX3:3665 EX4:4203 EX4:4276
HLA-DRA*01:01:01 G C C G
HLA-DRA*01:01:02 G A T G
HLA-DRA*01:02:01 G C C T
HLA-DRA*01:02:02 G A C T
HLA-DRA*01:02:03 A A C T

Table 1. Exon Polymorphism PatternsHLA-DRA has four exonic SNPs, contained within exon 3 and 4, which are
found in one of five distinct SNP patterns. These SNPs are shown with their gDNA positions as seen in genomic
alignments from IPD-IMGT/HLA. EX4: 4276 is the only SNP which encodes an amino acid difference. This SNP
lies in the cytoplasmic tail region of exon 4, and it defines the difference between HLA-DRA*01:01 and HLA-
DRA*01:02 proteins. Neither HLA-DRA*01:02:01, nor any novel exon polymorphisms or combinations of known
SNPs were identified within our sequencing panel.

Another distinct pattern can be seen in haplotypes containing HLA-DRB1*07 alleles.
Based on the HLA-DRA exon patterns, the HLA-DRB1*07 sequences are split into two
haplotypes with distinct HLA-DQB1 and HLA-DRB4 types. Every sequence with HLA-
DRA*01:01:01-like exons (Red) is correlated with HLA-DQB1*02:02. This haplotype also
has a HLA-DRB4*01 sequence, but the second field cannot be determined from the HLA-
DRA exon pattern alone. Every sequence with HLA-DRA*01:01:02-like exons (Yellow)
forms a haplotype with HLA-DQB1*03:03, and a HLA-DRB4*01:03:01:02N, demonstrating
another correlation pattern between the HLA-DRA exons and a null HLA-DRB4 allele.
The HLA-DRB1*04 column has only a single sequence with the HLA-DRA*01:01:02 exon
pattern, and this is also correlated with a HLA-DRB4*01:03:01:02N allele, strengthening
the connection between HLA-DRA and HLA-DRB4.
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HLA-DRA Exons vs. HLA-DRB1 Group

100% W HLA-DRA*01:01:01

HLA-DRA*01:01:02

B HLA-DRA*01:02:02

B HLA-DRA*01:02:03
75
50
25%
0%

10
(n 18) (n 15) (n= 32) (n= 12) (n 6) (n 6) (n=4) (n 23) (n 6) (n 43) (n 7) (n 16) (n 8)

Figure 2. HLA-DRA Exon patterns vs HLA-DRB1 groups.

This figure shows the relationship of the exon sequences from our sequencing panel, and their linked HLA-DRB1
alleles. HLA-DRB1 groups are represented as vertical columns, and the four colors represent the proportion of
haplotypes that have one of the known HLA-DRA exon patterns. A fifth exon pattern, which matches the HLA-
DRA*01:02:01 allele, is listed in IPD-IMGT/HLA but was not identified in our panel.
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HLA-DRA Intron & UTR Patterns vs HLA-DRB1 Group

100% 19

75%

EEEEEREN
=

50%

25%

o 01 03 04 07 08 09 10 1 12 13 14 15 16
(n=18) (n=15) (n=32) (n=12) (n=6) (n=6) (n=4) (n=23) (n=6) (n=43) (n=7) (n=16) (n=8)
Figure 3. Patterns of HLA-DRA Intron & UTR polymorphism forms distinct haplotype patterns with HLA-DRB1.
The HLA-DRA intron & UTR patterns are represented by the distinct colors, and each column represents a HLA-
DRB1 group. In many cases, such as in HLA-DRB1*03 and HLA-DRB1*07, the HLA-DRA polymorphism pattern
indicates a proxy for determining the HLA-DRB345~HLA-DRB1~HLA-DQB1 haplotype. See Supplementary Table
2 for a summary of the SNP patterns and haplotypes.
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HLA-DRA 3'UTR vs HLA-DRB1 Group
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Figure 4. HLA-DRA 3’ UTR compared with HLA-DRB1.

This shows the relationship between the 3’ UTR of HLA-DRA with HLA-DRB1. Distinctions between the 3’ UTR
sequences is defined by polymorphism outside the region represented by IPD-IMGT/HLA, which is reflected in
the pattern names. Haplotype patterns between HLA-DRA and HLA-DRB~HLA-DQB are apparent, especially in
the case of HLA-DRB1*13.

HLA-DRA Intronic Polymorphism vs HLA-DRB1 genes.

The known HLA-DRA sequence in IPD-IMGT/HLA is represented as a region 5711 base
pairs in length, and few studies have analyzed the sequence outside this region. Our PCR
amplicon covers a region about 3000 bases further than the IPD-IMGT/HLA region, and
while the patterns of polymorphism within these regions were used for the purpose of
pattern identification, the identification of novel alleles is restricted to the intron and
UTR regions as represented in IPD-IMGT/HLA. Within this region, 20 novel SNP positions
were identified within the introns, which combined with the 60 currently known intronic
polymorphic positions in IPD-IMGT/HLA brings the total to 80. Every polymorphism
identified is also found within the 1000 Genomes Project data. These 20 novel SNPs form
the basis for 22 novel alleles, shown in Table 2.3

Clustering analysis of the intron patterns revealed distinct patterns of polymorphism
within the introns and UTRs. The sequence clustering identified the major patterns of
inheritance, while allowing some minor polymorphism between allele sequences. The
population haplotype analysis resulted in phasing of the HLA-DRA polymorphism against
HLA-DRB1 and HLA-DRB345 genes, which revealed distinct HLA-DRA~HLA-DRB345~HLA-
DRB1~HLA-DQB1 haplotype patterns. Inheritance patterns become apparent when the
HLA-DRA introns, represented by the different colors, are compared with HLA-DRBT,
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as summarized in Figure 3. It is clear that some HLA-DRA intron patterns, especially
pattern #1, are correlated with many different HLA-DRB1 groups, but looking closely
at the HLA-DRB1 groups reveals distinct patterns. One notable pattern can be seen in
the allele group HLA-DRB1*10. In this column, each HLA-DRA allele has a light-green
polymorphism pattern (#16), which is not found on the haplotype of any other HLA-
DRB1* group. Furthermore, each of these sequences is observed to be present on a HLA-
DRA*01:01~HLA-DRB1*10:01~HLA-DQB1*05:01 haplotype.

Further haplotype patterns can be observed by closer analysis of the individual HLA-
DRB1 groups. For instance, HLA-DRB1*03 correspond to three HLA-DRA intron patterns,
representing three distinct haplotypes. HLA-DRA intron pattern 1 (Blue) corresponds
to the haplotype HLA-DRB3*02:02~HLA-DRB1*03:01~HLA-DQB1*02:01. Likewise,
HLA-DRA intron pattern 14 (Cyan), represents the haplotype HLA-DRB3*01:01~HLA-
DRB1*03:01~HLA-DQB1*02:01. The remaining intron pattern 15 (Black) is two sequences,
one of which is a HLA-DRB3*01:01~HLA-DRB1*03:02~HLA-DQB1*04:02 haplotype, and
the other matches the pattern 14 haplotype, possibly indicating a recombination.

HLA-DRB1*07 shows three patterns in the HLA-DRA introns, which support the patterns
observed in the HLA-DRA exons. In this case, HLA-DRA intron pattern 1 (Blue) represents
a haplotype HLA-DRB4*01:03~HLA-DRB1*07:01~HLA-DQB1*02:02. Intron pattern 4
(Green) indicates the HLA-DRB4*01:01~HLA-DRB1*07:01~HLA-DQB1*02:02 haplotype,
while pattern 7 (Purple) represents the distinct haplotype HLA-DRB4*01:03:01:02N~HLA-
DRB1*07:01~HLA-DQB1*03:03, demonstrating a distinction of the HLA-DRB4*01 alleles
based on the HLA-DRA intron sequences, and providing more evidence on the correlation
between the introns of HLA-DRA, and the HLA-DRB1 and HLA-DRB4 types.

Closer comparisons of the HLA-DRA 3’ UTR with the phased HLA-DRB and HLA-DQB1
genes elucidated more specific haplotype patterns, as seen in Figure 4. This is most notable
within the HLA-DRB1#*13 column, which is correlated with 7 HLA-DRA 3’ patterns. Each
HLA-DRA pattern defines one of 5 distinct haplotypes. For example, pattern 2 indicates
HLA-DRB3*02:02~HLA-DRB1*13:01~HLA-DQB1*06:03, patterns 6 and 8 represents HLA-
DRB3*03:01~HLA-DRB1*13:02~HLA-DQB1*06:04, while patterns 7 and 9 represent HLA-
DRB3*01:01~HLA-DRB1*13:01~HLA-DQB1*06:03. Similar patterns between the HLA-DRA
3" UTR and HLA-DR~HLA-DQ haplotypes can be identified in the other HLA-DRB1 groups,
see Supplementary Table 1 for HLA-DRA SNPs and haplotype information.
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Discussion:

Our sequencing analysis reveals considerable polymorphism within HLA-DRA, indicating
that this gene is more polymorphic than what is commonly assumed. Newly identified
polymorphism is located in the Intron and UTR sequences, and no novel polymorphism
or SNP patterns were identified in the exons. Full-length single molecule nanopore
sequencing has enabled unambiguous phasing of the polymorphism across the gene, an
achievement which may not be possible by traditional short-read NGS analysis of an HLA
gene with little available reference sequence and relatively low heterozygosity.

SamplelD Allele Local Name EMBL-ENA Accession# IPD-IMGT/HLA Allele Name
19583 HLA-DRA_MUMC_01 LR606129 HLA-DRA*01:02:02:05
19583 HLA-DRA_MUMC_02 LR606128 HLA-DRA*01:02:02:06
2271 HLA-DRA_MUMC_03 LR606130 HLA-DRA*01:02:02:03
17728 HLA-DRA_MUMC_04 LR606275 HLA-DRA*01:01:01:05
20910 HLA-DRA_MUMC_05 LR606131 HLA-DRA*01:01:01:07
8394 HLA-DRA_MUMC_06 LR606132 HLA-DRA*01:02:02:04
22611 HLA-DRA_MUMC_07 LR606127 HLA-DRA*01:02:02:08
47732 HLA-DRA_MUMC_08 LR606122 HLA-DRA*01:02:02:14
20492 HLA-DRA_MUMC_09 LR606124 HLA-DRA*01:02:02:07
98 HLA-DRA_MUMC_11 LR606274 HLA-DRA*01:01:01:04
152 HLA-DRA_MUMC_12 LR606123 HLA-DRA*01:02:02:02
25945 HLA-DRA_MUMC_13 LR606277 HLA-DRA*01:02:02:10
25945 HLA-DRA_MUMC_14 LR606276 HLA-DRA*01:01:01:10
25689 HLA-DRA_MUMC_16 LR606278 HLA-DRA*01:02:02:09
23030 HLA-DRA_MUMC_17 LR606279 HLA-DRA*01:01:01:08
17728 HLA-DRA_MUMC_18 LR606125 HLA-DRA*01:01:01:06
39183 HLA-DRA_MUMC_20 LR606281 HLA-DRA*01:02:02:12
47506 HLA-DRA_MUMC_21 LR606280 HLA-DRA*01:01:01:12
45817 HLA-DRA_MUMC_22 LR606282 HLA-DRA*01:02:02:13
24673 HLA-DRA_MUMC_23 LR606283 HLA-DRA*01:01:01:09
47506 HLA-DRA_MUMC_24 LR606285 HLA-DRA*01:01:01:11
39183 HLA-DRA_MUMC_25 LR606126 HLA-DRA*01:02:02:11

Table 2 - Novel HLA-DRA Alleles. Alleles with novel polymorphism were confirmed using SSBT. These alleles
were submitted to EMBL-ENA using Saddlebags software,*? and subsequently to IPD-IMGT/HLA. The allele names
have been officially assigned by the WHO Nomenclature Committee in August 2019.%
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No novel polymorphic positions were identified within the exons of HLA-DRA, every
sample in our panel matches one of the known exon patterns. Interestingly, the exons
showed no novel combinations of the SNPs, every combination of our exon SNPs matches
one of four previously known exon sequences. The fifth exon pattern represented in IPD-
IMGT/HLA corresponds to HLA-DRA*01:02:01, and this pattern was not found in our panel.
The conserved exons suggest a strong selective pressure on the expressed alpha subunit
of the HLA-DR protein, which could contrast the classic understanding of HLA, which
maintains that the polymorphism of HLA proteins provides the flexibility of an individual’s
immune system. This widespread variability provides a species the ability to present a
wide variety of peptides, enabling the defense against many threats.

The conserved exons within HLA-DRA suggest a different selective pressure. In class Il
HLA proteins, the alpha subunit typically presents a lower level of polymorphism than
the corresponding beta subunit, which is most apparent in HLA-DR; HLA-DRA expresses
2 distinct proteins in humans, which can be paired with any of the expressed HLA-DRB
genes, encompassing at least 2,226 proteins. Although the HLA-DRB genes are expressed
at varying levels,* HLA-DRA is always expressed at slightly higher levels.3* This, combined
with the absence of any known null HLA-DRA alleles, suggests that HLA-DRA is essential
for HLA-DR expression. The variety in expressed HLA-DRB genes and alleles leads to
variability in the structure of the beta protein. It is conceivable that selective pressures
keep the alpha subunit well conserved, as variability within HLA-DRA could lead to
incompatible alpha and beta subunits.

Althoughthere are only afew known SNPs within the exons of HLA-DRA, this polymorphism
can still affect the behavior and function of the HLA-DRA protein. In addition to the
coding SNP found in exon 4 (rs7192, HLA00662.1:9.4276G>T p.Val217Leu), one functional
difference can be observed in rs8084 (HLA00662.1:9.3665C>A p.lle109=), a C>A SNP
within exon 3 of HLA-DRA. Although the polymorphism results in a synonymous amino
acid sequence, an A nucleotide at this position creates an AG sequence, which is a known
splice acceptor sequence.® In the case of HLA-DRA, this polymorphism can produce an
alternative splice variant, where the mRNA is missing the first 75 bases of exon 3. We have
preliminarily observed the existence of this splice variant using amplification primers
specific to cDNA containing the splice variant, but the viability of the alternatively spliced
variant is not fully understood. Future studies may elucidate the role of this polymorphism
on splicing and the function of the HLA-DR protein, it’s interaction with T-Cell receptors,
and potential explanations for mechanisms of disease associations.

While not as polymorphic as the other class Il alpha genes (HLA-DQA1 and HLA-DPA1),
there is extensive polymorphism within the intron and UTR sequences in HLA-DRA. The
function of the variation in the introns, and potential off-target effects are not yet known.
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The Ventor group has extensively explored the general patterns in polymorphism within
the non-coding regions within the human genome, by comparing the known pathogenic
variants in the non-coding and regulatory elements.* They found that regions of the
genome which contain regulatory sequences are more often “constrained’, meaning they
have less variability in the patterns of nucleotides, demonstrating that observations of the
patterns of polymorphism within non-coding regions may help identify or understand
the regulatory behavior of non-coding regions.

The 3" UTR sequence of some class Il HLA genes has been shown to be characteristic for
the gene and surrounding sequence,’” and this insight informed our further haplotype
analysis focused on the HLA-DRA 3’ UTR sequences. Specific analysis of the 3" UTR provides
more refined clusters than clusters based on whole-gene intron patterns, and allows a
better understanding of how HLA-DRA polymorphism can be used as an indicator for
identifying HLA-DR~HLA-DQ haplotypes. IPD-IMGT/HLA represents HLA-DRA alleles as a
5.7kb region, including 1.4kb of sequence representing the intron 4 and the 3’ UTR of
the gene. Our amplicon and sequencing results cover an additional 1.9kb of 3’ sequence
beyond the IPD-IMGT/HLA region. Interestingly, several of our identified alleles (HLA-
DRA*01:01:01:12, HLA-DRA*01:02:02:08, HLA-DRA*01:01:01:01, HLA-DRA*01:01:01:02,
HLA-DRA*01:01:01:03), whileidentical within the IPD-IMGT/HLA region, showed significant
polymorphism in the downstream 3’ region. This polymorphism is not reflected in the
IPD-IMGT/HLA allele sequences and HLA allele names, but does represent divisions in the
HLA-DR~HLA-DQ haplotypes (Figure 4). This reinforces that the 3’ region is significant to
identification of genomic context, and that it is important to collect as much sequence as
feasible, to expand HLA databases and our understanding of HLA haplotypes.

SNPs within the introns and UTR sequences of HLA-DRA have been correlated with a
variety of human diseases.”’’ These polymorphisms may have direct influence on the
behavior of the HLA protein. Polymorphism within promoter or microRNA-encoding
sequences may change expression of a protein, and polymorphism within introns or exons
can introduce alternative splice variants, perhaps changing the way HLA interacts with
T-Cells.* HLA-DRA exon polymorphism shows an association of HLA-DRA*01:02:03 with
HLA-DRB1*15:01. HLA-DRB1*15:01 has well known associations with Multiple Sclerosis,*
and the biological mechanisms of the disease are being explored. This association is most
likely not the result of a single gene or SNP, but the disease is related to haplotype effects®
and the combined function of multiple genes within the MHC. Polymorphism can often
not be assigned a distinct function, but it acts as a proxy to disease-related functionality
elsewhere. Elucidating the polymorphism across the whole HLA region enabled more
refined disease associations, and may give clues to the potential disease function.
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HLA-DRB1 alleles evolved from a series of duplications and recombinations.?? Historical
recombinations and duplications can cause similar genes to relocate, which in the case
of HLA-DRB results in multiple genes, which have some functional homology but have
distinct genomic context. Recombination can also resultina non-functioning pseudogene.
The recombined genes and pseudogenes are inherited through evolution, which allows
some allele-level polymorphism, but generally maintains the haplotype organization. The
concepts of recombination and duplication also apply to other loci, such as HLA-DRA. We
propose that loci that are currently defined as a single HLA gene may actually represent
distinct gene lineages.

The traditional view of gene organization within the HLA-DR region is the existence of
well-defined, and distinct genes, which exist in a small number of distinct organizations.
HLA-DRA within non-human primates displays more variability”** than what is known
in humans, they have a similar HLA-DRA gene with distinct patterns of inheritance. We
have shown that, like what has been observed in cynomolgus monkeys,* SNP patterns
within HLA-DRA can present divisions in the haplotypes that were thought to represent a
single lineage, demonstrating that these haplotype patterns represent their own distinct
lineages. Future studies will explore the nature of these haplotype lineages, and how the
haplotype frequencies relate to human ethnicities.

While HLA typing is the major consideration for SCT, Petersdorf et al. have shown that
it is important to consider haplotypes in addition to individual HLA genotypes.”? In
retrospective studies, transplantations where haplotypes were matched in addition to
genotypes, resulted in reduced numbers of cases of GVHD. A clinician must find a balance
between disease recurrence and graft vs host disease, and knowledge of haplotypes gives
important clues. This study has shown that SNPs within the introns and UTR of HLA-DRA
can, in some cases, give clues towards the haplotypes of the related genes. The effects of
haplotype matching on transplantation outcome are not fully understood, and analysis of
the entire haplotype region allows more detailed understanding of the haplotype and it's
relation to outcomes.

A long term goal for many HLA laboratories is to analyze the entire HLA region as a single
haplotype sequence, rather than individual genes. Techniques to extract sequence from
entireregionsare beingdeveloped,?but presentanewsetof challengesinimplementation.
They depend on region-specific probes, and rely on secondary molecules, such as biotin
and streptavidin, which can affect the behavior and sequencing results, especially in a
nanopore sequencing setting. Interpretation of the region presents another challenge.
HLA genes share significant homology, the HLA region presents many distinct patterns of
gene organization due to recombinations.
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Nevertheless, the HLA field is moving towards interpreting HLA as an inherited haplotype.
Except in cases of recombinations and duplications, the unit of inheritance is not distinct
genes, but an entire haplotype region. Interpreting HLA as a collection of randomly
assembled, unrelated genes leaves gaps in our analysis of haplotype effects related to
gene organization, transplantation, and disease associations. As an HLA community, it is
valuable to represent, store and analyze the HLA region as a haplotype, allowing more
refined and specific analysis of the interactions between genes and misunderstood
haplotype effects, with the aim of improving our understanding of HLA and how it can
affect a human's health and transplantation outcomes.
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Abstract

The IPD-IMGT/HLA database lists 2,696 HLA-DRB1 alleles, of which 380 (14%) are
assigned as HLA-DRB1*13. HLA-DRB1*13 exists on haplotypes which have well-
defined linkages with specific HLA-DRB3 and HLA-DQB1 alleles. Serotyping of
HLA-DRB1*13 antigens is made difficult by a lack of distinguishing monospecific
antibodies. HLA-DRB1*13 haplotypes have been previously shown to have reduced
immunogenicity, providing a protective effect against both autoimmune disease
and recurrent miscarriage. Analysis of amino acid polymorphism reveal that HLA-
DRB1*13 has no amino acid patterns that uniquely characterize the allele group. The
conservation of the exons of HLA-DRB1*13 is likely due to a selective pressure to
maintain alleles with reduced immunogenicity. The divisions of the haplotypes by
the HLA-DRA 3" UTR polymorphism suggest that the HLA-DRB1*13 allele group is not
completely understood, and genes and haplotypes that are currently considered to
be individual lineages likely represent multiple distinct lineages. This study explores
how HLA-DQB1~HLA-DRB1*13~HLA-DRB3~HLA-DRA haplotypes are extended
and redefined by sequence polymorphism in the 3’ UTR of HLA-DRA, and how this
haplotype-wide polymorphism relates to epitopes that define HLA-DR13 subtypes
and the subsequent immunogenicity of the HLA-DR13 molecule.
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1. Introduction

1.1 HLA

Human Leukocyte Antigen (HLA) is a set of genes on chromosome 6 which make up the
human Major Histocompatibility Complex (MHC). HLA molecules have a critical role in the
adaptive immune system, and matching of HLA alleles can reduce adverse side effects
in stem cell[1] and solid organ[2, 3] transplantations. In standard HLA nomenclature,[4]
HLA alleles are given specific and meaningful names. The names are divided into four
colon-delimited fields. As a general rule, the first field indicates a distinction in the allele’s
serological equivalent, while the second, third, and fourth fields indicate differences in
the allele’s amino acid (2™ field) or non-coding nucleotide sequence(3 and 4% field). This
nomenclature is useful for defining and grouping alleles by their serological or molecular
characteristics, but HLA is rife with exceptions to these general rules. Counterexamples
can be found in nearly all HLA loci,[5] but the most notable exception is in the HLA-DPB1
locus, where the lack of distinguishing serological typing means that individual HLA-DPB1
alleles are often assigned to their own individual allele group, with sequentially assigned
group numbers. More pertinently, the HLA-DRB1*13 allele group contains individual allele
sequences which share sequence homology, but do not share identical serological typing.
Defining alleles based on sequence homology illustrates a shift away from serological
typing towards molecular typing, and laboratories often discontinue serological typing
once molecular typing techniques became available.[6]

The IPD-IMGT/HLA database[7] (release 3.38.0) currently lists 2,696 HLA-DRB1 alleles,
making it the most polymorphic HLA class Il locus. Of these alleles, 380 (14%) have been
categorized as HLA-DRB1*13, the second highest allele count of the 13 HLA-DRB1 allele
groups (HLA-DRB1*04 comprises 417 alleles). The nucleotide polymorphism is reflected
in the amino acid polymorphism, and HLA-DRB1*13 contains at least 295 distinct protein
sequences. Although they share sequence homology, specific HLA-DR13 alleles are known
to have separate patterns of evolution due to historical recombinations.[8] In most cases
these allele groups are meant to represent alleles with similar serological behavior, they
allow for significant polymorphism in both the nucleotide and amino acid sequences, and
a single variation in amino acid sequence can have strong effects on peptide binding.[9]

HLA-DR13 is known to be difficult to type serologically, due to a lack of monospecific
antibodies and distinguishing antisera.[10] Distinguishing DR13 subtypes by serology is
only feasible using multiple antibodies, and can therefore only be detected by comparing
reactivities from a variety of antisera. Laboratories often use intricate panels of sera to test
for the presence of expressed HLA-DR13 antigens. Even with well-defined serology panels,
it can be a challenge to identify which expressed HLA molecule, or more specifically which
epitope, is the target of an antibody. Attempts have been made to correlate HLA-DR13
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serological typing with the polymorphism within the nucleotide sequence,[11] which
has revealed some correlations with the sequence patterns and serological and cellular
types. In addition, there have been attempts to assign serological specificities of specific
HLA alleles based on their peptide sequences in silico.[12] The use of a neural network,
combined with the known serology of well-categorized allele sequences has shown
some success. Unfortunately, since new alleles with unknown serological types continue
to be discovered, and since prediction models are trained based on known serological
typings, neural network-based models have not been accepted as a complete model for
determining serological types.

1.2 HLA Haplotypes

The MHC has evolved through a long history of recombinations and gene duplications.
[13] An individual HLA gene may be formed by a translocation or duplication, or even
a recombination of two separate HLA Loci.[8] These recombinations and duplications
are reflected in the offspring,[14] creating an MHC region which contains distinct
homologous genes, and polymorphism in the copy numbers of homologous genes. The
separate genes are subjected to separate selective pressures, and therefore develop their
own polymorphism, specific to their distinct evolutionary lineages.[15] This is especially
apparent in the HLA-DR region.[16] Haplotypes which contain HLA-DRB1*13 are, like
HLA-DRB1*03,11,12, and 14, marked by the presence of a HLA-DRB3 gene. HLA-DRB3
serves a similar function to HLA-DRB1 in that they both encode the beta subunit of the
HLA-DR protein. Similarly, haplotypes with HLA-DRB1*04,07 or 09 alleles are marked by
an additional HLA-DRB4 gene, haplotypes with HLA-DRB1*15 and 16 have an additional
HLA-DRBS5 gene, but haplotypes with HLA-DRB1*01, 08, and 10 do not have an additional
expressed HLA-DRB gene. All HLA haplotypes are further marked by the presence of HLA-
DRB pseudogenes, which have over time lost their function as expressed proteins, but
share some evolutionary history with the expressed HLA-DRB genes. The presence of
multiple copies of the beta subunit provides more variability in both the expressed HLA,
and in the MHC haplotype as a whole.

Specific haplotype patterns have been conserved over a long evolutionary history,[17]
resulting in alleles with longstanding linkages to alleles at another locus. The haplotype
associations vary by ethnicity, but alleles or groups have well-known associations with
nearby HLA genes. HLA-DRB1*13 has well-documented linkages to HLA-DQB1 and
HLA-DRB3, for example 3.6% of haplotypes in caucasians carry HLA-DQB1*06:03~HLA-
DRB1*13:01~HLA-DRB3*01:01 alleles.[18] These associations imply that many class
Il proteins are commonly expressed together. Due to the strongly linked inherited
haplotypes, results from serological tests can be difficult to specifically define, due to
ambiguities in which loci or epitope is responsible for the antibody interactions.
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We recently included HLA-DRA in studies of haplotypes in the HLA-DR~HLA-DQ region,
which showed that common haplotype patterns are refined, and in some cases split by
HLA-DRA sequences.[19] Thisis especially apparentin the HLA-DRB1*13 haplotypes, which
demonstrated the most drastic divisions in haplotype patterns. This study explores and
redefines HLA-DQB1~HLA-DRB1*13~HLA-DRB3~HLA-DRA extended haplotypes defined
by sequence polymorphism in the 3" UTR of HLA-DRA, even the region downstream
of the gene as represented in IPD-IMGT/HLA, and explores how this haplotype-wide
polymorphism relates to epitopes that define HLA-DR13 subtypes and how they affect
the immunogenicity of the HLA-DR13 molecule.

2. Material and Methods

2.1 Sequencing and Haplotype Analysis

Sequencing and analysis of HLA-DRA has been described previously.[19] For specific
analysis of HLA-DRB1*13 haplotypes, 37 samples which had available DNA and which had
previously typed positive for HLA-DRB1%*13 were selected. The samples were previously
typed to at least 2 fields for HLA-DRB1, HLA-DRB3, and HLA-DQB1 by Sanger SBT.[20]
HLA-DRA was amplified using primers that span an 8.7kb region, covering the 5.7kb
HLA-DRA region represented in IPD-IMGT/HLA, and a 2.9kb of extended UTR sequence.
These amplicons were full-length sequenced using 1DA2 MinlON sequencing. Novel HLA-
DRA polymorphism within the IPD-IMGT/HLA region was confirmed using allele-specific
Sanger SBT. Haplotype patterns were elucidated by phasing the polymorphism of HLA-
DRA against HLA-DRB1, HLA-DRB3,4,5, and HLA-DQB1 with the expectation maximization
algorithm[21] as implemented in Pypop (v0.7.0).[22]

2.2 Epitope Analysis

Alignment of amino acid sequences were obtained from the IPD-IMGT/HLA database[7]
(release 3.38.0). Alleles from each HLA-DRB1 group were selected for comparison, (Table 1)
based on the availability of distinct full-length sequences. Class Il HLA allele sequences in IPD-
IMGT/HLA must have an available exon 2 sequence,[4] but full-length amino acid sequences
are not available for every allele, with many alleles missing sequence from exons 1,4,5,0r 6.
The first four allele sequences with nearly full length sequences were selected for analysis.

HLA-DRB1*13 subtype amino acid differences were determined using alignments of the
amino acid sequences from the distinct HLA-DRB1*13 amino acid sequences from IPD-
IMGT/HLA. These alignments were analyzed with specific focus on amino acid differences
within the HLA-DRB1*13 allele group. Differences in the amino acid sequences were
identified and summarized, and were phased against the HLA-DQB1~HLA-DRB1*13~HLA-
DRB3~HLA-DRA haplotype patterns shown previously.[19]
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2.3 Polymorphic Index

Polymorphic positions were identified from alignments of genomic sequence for all
available HLA-DRB1 sequences in IPD-IMGT/HLA (release 3.38.0). Polymorphic index[23]
(P1) is calculated by dividing the count of polymorphic positions within a region by the
length of a region, and serves as an estimation of how polymorphic a region is. Pl was
calculated for alleles within all HLA-DRB1 groups, both for exon 2 alone and for the
combined intron and UTR sequences.

01:01:01:01 07:04 10:19 13:04
01:02:01:01 07:09 10:25 14:01:01
01:03:01 07:27 11:01:01:01 14:02:01:01
01:13 08:01:01 11:02:01:01 14:03:01
03:01:01:01 08:02:01:01 11:03:01 14:04:01
03:02:01 08:03:02:01 11:04:01 15:01:01:01
03:04:01 08:04:01 12:01:01:01 15:02:01:01
03:06 09:01:02:01 12:02:01:01 15:03:01:01
04:01:01:01 09:21 12:10 15:04
04:02:01 09:31 12:17 16:01:01
04:03:01:01 09:32 13:01:01:01 16:02:01:01
04:05:01:01 10:01:01:01 13:02:01:01 16:04:01
07:01:01:01 10:03 13:03:01 16:07

Table 1. HLA-DRB1 allele sequences which were included for determination of characteristic epitopes.
For each allele group, four alleles were selected and aligned using IPD-IMGT/HLA[7] web interface. The second
field of HLA nomenclature[4] represents amino acid differences, and alleles with unique amino acid sequence
were selected, starting with the lowest second-field identifiers. Some alleles were not used in analysis based on
unavailable amino acid sequence data.
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HLA-DRB1 Polymorphic Index Polymorphic Index
Allele Group Characteristic AAs # (Exon 2) (Introns & UTRs)
01 3 0.36 0.00087

03 3 0.45 0.00084

04 5 0.53 0.00198

07 6 0.33 0.00072

08 3 0.29 0.00544

09 5 0.19 0.00059

10 7 0.14 0.00024

11 1 0.52 0.00191

12 4 0.26 0.01943

13 0 0.45 0.00617

14 0 0.36 0.00868

15 2 0.49 0.00165

16 0 0.23 0.00048

Table 2. Characteristic amino acids and Polymorphic Index of HLA-DRB1 allele groups.

Characteristic amino acids are polymorphic positions that consistently show the same amino acid for all alleles
within a group, but are not found in another allele group. Amino acid polymorphism may function as epitope
differences, which may determine differences in amino acid interaction and differences in serological behavior.
Characteristic amino acids are shown alongside calculated Polymorphic Index, which gives a rough estimate of
the polymorphism of a gene feature region. HLA-DRB1%*13 is not noticeably different than other allele groups,
and does not fully explain the enigmatic serology and immunogenicity of HLA-DRB1*13.

HLA-DQB1 HLA-DRB1 32 37 47 57 71 86 HLA-DRB3 HLA-DRA N
06:03 13:01 H N F D E \Y% 3%01:01 01:02:02:05/08 16
06:03 13:01 H N F D E \Y% 3%02:02 01:01:01:03/06/07 11
06:04 13:01 H N F D E \Y% 3*01:01 01:02:02:08 1
06:03 13:01 H N F D E \% 3*03:01 01:02:02:08 1
06:04 13:02 H N F D E G 3*03:01 01:02:02:01/03/08 10
06:09 13:02 H N F D E G 3*03:01 01:02:02:04 2
03:01 13:03 Y Y Y S K G 3*01:01 01:02:02:06 2

Table 3. HLA-DQB1~HLA-DRB1%*13~HLA-DRB3~HLA-DRA Haplotype Patterns

The general HLA-DRB1 haplotype patterns identified in Matern et al.[19] The HLA-DRB1*13 subtype haplotypes
are marked by differences in the associated HLA-DRA and HLA-DRB3 alleles. Multiple HLA-DRA alleles exist on the
same haplotypes, which is indicated by a / in the fourth-field typing. HLA-DRB1*13 subtypes are distinguished
by polymorphic amino acid positions, also shown. Each of these polymorphic positions are located within HLA-
DRB1 exon 2, and no other region was found to contain amino acid differences. These amino acid polymorphisms
indicate epitope differences which may affect antibody interaction and immunogenicity.
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3. Results and Discussion

3.1 Polymorphism in HLA-DRB1*13

Characteristic amino acids were defined as polymorphic amino acid positions that have
a consistent amino acid for every common allele within a HLA-DRB1 group (e.g. HLA-
DRB1*13), which is not found in other groups at the same locus. Characteristic amino
acids were assigned to their corresponding HLA-DRB1 group (Supplementary Table 1)
and counted and summarized (Table 2). Characteristic amino acids were identified for
10 of the 13 HLA-DRBT1 allele groups, but none were identified for HLA-DRB1*13,14, and
16. Every amino acid polymorphism in molecules within these three allele groups can
also be identified within another HLA-DRB1 allele group. Epitopes, the immunogenic
components of a molecule that act as recognizable targets of specific antibodies,[24]
have structure which is determined by the amino acid sequence. The lack of characteristic
amino acid sequences which define these allele group therefore indicates a lack of
characteristic epitopes. Comparisons of the subtypes of HLA-DRB1*13 did however reveal
several amino acid differences between individual HLA-DRB1*13 alleles (Table 3). Every
identified allele-distinguishing amino acid lies within exon 2, which encodes the part of
the HLA molecule responsible for antigen presentation, suggesting epitope differences
that may cause distinct serological behavior between alleles within the same group. These
findings should be interpreted in the context of the available data. As a general rule, all
HLA class Il sequences in IPD-IMGT/HLA must have an available exon 2 sequence, but
several groups did not have four available full-length amino acid sequence. Certain alleles
(e.g.07:27,10:03, 10:19, 10:25) were missing sequence representing some combination of
exons 1,4,5,6, but none are missing exons 2 or 3.

Polymorphicindex was measured in order to compare the polymorphism of HLA-DRB1*13
relative to the other HLA-DRB1 allele groups, as shown in Table 2. The comparisons are
focused both on exon 2, and for the combined intron and UTR sequences. The polymorphic
index for the HLA-DRB1*13 allele group was not noticeably higher or lower than other
groups. This suggests that polymorphism within the HLA-DRB1*13 allele group does not
alone explain the differences in serological behavior, but more insight can be derived
from looking at alleles in the context of HLA-DR~HLA-DQ haplotypes.

HLA-DRB1*13 has been correlated with protection from autoimmune disease[25,
26] and recurrent miscarriage[27]. The mechanisms of the protective effect have not
been completely elucidated. The correlation is not specific to a single haplotype or
ethnicity, suggesting that the presence of the specific HLA-DR13 molecule, rather than
the associated haplotype, provides the effect. It may be that the HLA-DR13 molecule
interacts preferentially with T-regulatory cells, providing an immunosuppressant effect.
[25] Bettencourt et. al suggest the effect could be explained by a preferential deletion
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of cells expressing the HLA-DR13 molecules during thymic selection, resulting in a less
immunogenic repertoire of T-cells.[26] Some studies suggest that HLA-DR13 may not
express the serological determinants necessary to start an immune response,[11] implying
a lack of a specific and consistent epitope to interact with an antibody. Regardless of the
specific mechanism, the protective effect is related to the HLA-DR13 molecule, which
is determined predominantly by the amino acid sequence. The lack of characteristic
HLA-DRB1*13 epitope sequences, combined with the polymorphism in the antigen
presentation epitopes likely explain the lack of monospecific HLA-DRB1*13 antibodies
and antisera, and gives clues about the reduced immunogenicity and protection from
autoimmune disease.

3.2 3' UTR indicates Haplotypes and Expression

The 3’ untranslated region of HLA genes is increasingly found to indicate haplotype
and genomic context information, and polymorphism within this region has been
used to identify the presence or absence of genes.[28, 29] The 3’ UTR also contains
polymorphism which is indicative of expression of HLA molecules, whether soluble[30]
or cell-surface HLA. The well-known rs9277534 SNP in the 3’ UTR of HLA-DPB1 has been
correlated with expression levels of the DP molecule on the cell surface,[31-33] and is
subsequently becoming a consideration in stem cell transplantations. The 3’ UTR also
contains one or more polyadenylation sites,[34] and polymorphism within this region can
alter the structure of mRNA transcripts. 3’ polymorphism has also been linked to disease
prevalence[35] and is increasingly being studied to determine links with infection or
parasite susceptibility.[36]

The 3’ UTR of HLA-DRA is marked by interesting sequence features, splicing behavior, and
patterns of polymorphism. The 3’ UTR region represented in IPD-IMGT/HLA[7] (release
3.38.0) is 1394 bp in length, and contains at least 19 SNPs and 2 major sequence deletions.
These two deletions have intriguing sequence patterns. (Figure 1) The 34bp deletion
sequence (HLA00662.1:9.4625_4658del)[37] is located within a sequence motif repeat,
and the deleted sequence are one in a series of three repeats. These repeat sequences
are flanked by several regions of 4-5 base A-nucleotide repeats, which displays patterns
reminiscent of a historical sequence duplication or ALU region insertion.[38] Furthermore,
the smaller 8bp deletion (HLA00662.1:9.4910_4917del) forms a perfect reverse-
complement with the sequence 7 bases downstream, possibly indicating a hairpin loop
structure or sites of microRNA interaction. Interestingly, both of these sequence deletions
lie within an intron region, which is spliced out from the HLA-DRA 3’ UTR mRNA sequence.
The region also contains at least two polyadenylation sites,[39] which may provide
alternative polyadenylation behavior. In addition to the polymorphism represented
in IPD-IMGT/HLA, there are at least 28 additional SNPs in the 1.9 kb of downstream 3’
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sequence.[19] These observations indicate unexplored sequence function within the 3’
UTR of HLA-DRA, and demonstrate that this region is significant, both in its function and
role in identifying haplotypes and genomic context.

3.3 HLA-DRB1*13 Haplotypes

Different HLA-DRB1*13 alleles exist within distinct haplotype patterns, shown in Table
3. The haplotype patterns are shown phased against the HLA-DRB1*¥13 amino acid
differences, suggesting that epitope differences are linked with haplotype patterns. HLA-
DRB1*13 haplotypes are marked by the presence of an additional expressed HLA-DRB3
gene,[40] and they possess characteristic HLA-DRA, HLA-DRB3 and HLA-DQB1 alleles.
Polymorphism within the 3" UTR of HLA-DRA divides and extends the known haplotypes,
providing refinement in our understanding of the HLA-DR~HLA-DQ region. A notable
example is HLA-DQB1*06:03~HLA-DRB1*13:01~HLA-DRB3*01:01 haplotype, which
contains multiple HLA-DRA alleles (HLA-DRA*01:02:02:05 and HLA-DRA*01:02:02:08).
Although these alleles differ by only a single 5 UTR SNP in the 5.7kb region represented in
IPD-IMGT/HLA, they differ significantly in the gene’s downstream 3’ UTR region.[19]

Polymorphism that is outside the represented gene sequence can affect the expression of
HLA molecules,[32, 36] and in the case of HLA-DRA affect the haplotype definition. HLA-
DRA*01:02:02:08 lies on two haplotypes with distinct HLA-DRB1, HLA-DRB3 and HLA-
DQB1 alleles, which cannot be distinguished by the 5711bp HLA-DRA sequence region
alone. A C/T SNP (rs3129890), approximately 1200bp downstream of the IPD-IMGT/HLA
region, is correlated with the haplotype divisions, where the T allele indicates the HLA-
DRB1*13:01 haplotype, and the C allele indicates the HLA-DRB1%*13:02 haplotype. (i.e. HLA-
DRA*01:02:02:08~rs3129890C~HLA-DRB3*03:01~HLA-DRB1*13:02~HLA-DQB1*06:04 and
HLA-DRA*01:02:02:08~rs3129890T~HLA-DRB3*01:01~HLA-DRB1*13:01~HLA-DQB1*06:03)
Future studies will explore the strength of this linkage, and how it relates to population
differences, but this provides further evidence that there is value in analysis of the extended
full length gene and surrounding sequence, for HLA-DRA as well as the entire MHC.

3.4 HLA-DRB1*13 Gene Definition

Most definitions of a gene are based on a protein-encoding region at a specific locus within
a chromosome. The locus is described both by it’s relative position within a chromosome,
and by how it relates to nearby genes and polymorphism. Determining the cutoff between
allelic and gene distinctions is a controversial topic,[41] but it is valuable to define gene
loci based on the gene’s function and context within chromosomal haplotypes. Divisions
of HLA-DRB1*13 alleles onto distinct haplotypes supports the hypothesis that what is
currently known as HLA-DRB1*13 represent different genes, which have over time evolved
in their own separate lineages.
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HLA genes in this region have high levels of polymorphism, in allelic polymorphisms
within specific gene loci, and in the gene copy number variations, and in the context
of surrounding intergenic polymorphism. This demonstrates that the HLA-DR~HLA-
DQ region is more flexible than is commonly known. Newly identified divisions in the
known haplotypes of the HLA-DR~HLA-DQ region indicate a need for a more flexible
understanding of the gene organization within this region. The identification of HLA-
DRB3,4, and 5 as separate genes is generally accepted, but there is value in reanalysis of
the definitions of the genes, which may need to be further extended. This study observes
distinct divisions in HLA-DRB1 genes, but HLA-DQB1, HLA-DRA and other loci are
inherited on distinct haplotypes as well, and may also represent multiple distinct genes
with conserved sequence patterns. If this is indeed the case, our understanding of HLA
haplotypes, and our assumptions about the full-length MHC and the intergenic sequence
polymorphism between the HLA genes, require reinterpretation and further elucidation.
First attempts to address the full-length MHC regions have been realized already by
capture technology[42] and will continue to improve and give insight into patterns of full
MHC polymorphism and HLA gene organization.

3.5 Haplotypes in SCT

In addition to elucidating evolutionary lineages, defining MHC haplotypes provides
clinical value. Matching of high-resolution HLA alleles is the most important consideration
for improving outcomes for stem cell transplantations(SCT).[1, 43] A major focus is on
class Il matching based on HLA-DRB1, but lower-expressed[44] loci such as HLA-DQBT,
HLA-DRB3,4,5,[45, 46] or HLA-DPB1[31] are also important considerations. In additional
to individual loci, considering phased haplotypes of HLA loci provides further outcome
improvements,[47, 48] possibly due to the heterodimer interactions of multiple HLA loci
within the MHC, or additional untyped genes or SNPs that are linked to the typed sequence
polymorphism, or behavior of microRNA sequences encoded on the same haplotype.[49]
The importance of donor selection based on phased haplotypes is further confirmed by
the emergence of haploidentical transplantations,[50-52] where a single phased HLA
haplotype is matched between patient and donor, while disregarding mismatches on the
second haplotype. The mechanism of the haplotype effect is not understood, but is related
to interactions between both HLA and non-HLA factors. Regardless of the mechanism,
outcomes involving matched haplotypes provide more favorable outcomes than those
without haplotype matching.

This study has shown that 3’ UTR polymorphism of HLA-DRA extends currently extend
known HLA-DR~HLA-DQ haplotypes. These newly defined extended MHC haplotype
patterns are shown to be more flexible than commonly assumed, and may have important
considerations in matching for transplantations. The value of furthering our understanding
of HLA haplotypes is apparent in haploidentical transplantation, and confirms that there




174 | Chapter 7

is added value in sequencing and studying the intergenic regions and extending the
regions that are represented in standard databases. The lack of characteristic epitopes in
HLA-DRB1*13 clarifies the allele group’s enigmatic behavior and serological typing and
gives clues to the reduced immunogenicity of HLA-DRB1*13. This evidence indicates a
need to reconsider current understandings of HLA genes and their relationship with MHC
haplotypes.
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Abstract

DPB1 and DPA1 genes share the same promoter region. Single-nucleotide
polymorphisms (SNPs) within the regulatory regions of DP have been reported.
This study hypothesizes that by including the SNPs in the promoter region of DP,
extended haplotypes are defined and promoter polymorphism is more extensive
than what is currently reported.

In order to identify the SNPs in the region of interest, the entire DP region spanning
21.5 kb was amplified in 3 separate long-ranged PCR reactions. A DNA panel
consisting of 100 samples representing a broad range of DPB1 alleles were amplified
and sequenced using a dual sequencing strategy. BAM alignments were generated
and the mapped sequence alignments were analysed using IGV.

A total of 76 SNPs were identified and SNPs were clustered into 12 SNP-linked
haplotypes. Multiple sequence alignment of promoter sequences indicated four
distinct lineages within the connective region (CR) between two genes. The
relationship between DPA1, CR, DPB1 and amino acid motifs was strictly related
to HV1 and HV6 with minor exceptions. Of 12 promoter haplotypes, DPB1 alleles
observed with ProDP-4 were in complete linkage with HV1/2/5/6, rs9277534G SNP,
and highly immunogenic TCE group. Multiple extended haplotypes of different
intronic subtypes of the same DPBT1 alleles were also unravelled.

This new view on the full region haplotype shows the relation of polymorphism,
genes and alleles, and provides a basis for future functionality related nomenclature.
Lastly, the novel clustering of the DP extended haplotype warrants for future
investigations of DP haplotype matching in the outcome of HSCT.
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1. Introduction

Since the discovery of white blood cell antigen by Professor Jean Dausset, Professor Jon
van Rood and Rose Payne in 1954, there has been extensive scientific research into the
functionality of genetic diversity in the HLA (HU-1 and LA) system. The HLA gene family is
known as the most polymorphic system not only in the major histocompatibility complex
(MHC) but also in the entire human genome.? The extreme polymorphism in HLA system
isillustrated by an extraordinary number of 25,756 alleles that have been submitted to the
IPD-IMGT/HLA database (release v3.38 - http://www.ebi.ac.uk/imgt/hla).’

DPA1 and DPB1 are part of HLA class Il genes. Together, they encode for DP af-chain
heterodimers that are expressed on the cell surface of antigen presenting cells. DPA1 and
DPB1 have low linkage disequilibrium (LD) with other class Il loci, however, the LD between
DPA1 and DPB1 loci is strong.’ Interestingly, DPB1 and DPAT1 are oriented in opposite
directions.” Therefore, the region between the start codons, which is approximately 2.5
kb in length, contains the promoter and transcription regulatory regions of both DPA1
and DPB1 genes. Early investigations into genetic evidence for the regulation of DP
expression demonstrated that DPA1 and DPB1 are inducible by interferon y (IFN-y) and
the responsible region has been mapped to its promoter. In 1990, Nezu et al assessed the
region between -152 and -126 of the upstream sequence of DPB1 gene and concluded
that this region of 25 bp contains a critical IFN-y-responsive element.® Sugawara et al
(1992) reported the corresponding region for IFN-y inducibility in DPA1 was localized to
27 bp between -55 and -81 including the Y-box element of DPA1 promoter.®

There is previous evidence of polymorphism in the flanking region between DP loci. Varney
et al (1999) identified 8 single nucleotide polymorphisms (SNPs) 402 bp upstream from
exon 1 of DPB1 gene.” In one particular SNP haplotype named DP-PRO4, there were three
G/A transitions in the highly conserved X , Y and W’ box within the promoter of DPB1 gene.
A following study by Liu et al (2005) characterized 760 bp upstream from exon 1 of DPA1
gene and identified 21 SNPs in five Chinese ethnic populations.”” The data from this study
unveiled a SNP density of one SNP per 36 bp in this region, which was much denser than the
average level of one SNP per 1,900 bp in the human genome.”? These studies highlight the
presence of polymorphism in the promoter region at high density and in LD with DPA1 and
DPB1 alleles, however, the pattern of inheritance have not yet been fully elucidated.

Asof October2019, thereareover 1,519DPB1and 161 DPA1 alleles described in the IPD-IMGT/
HLA database and more are being identified given that the two genes are not traditionally
typed or included in donor selection strategies for haematopoietic stem cell transplantation
(HSCT). Several studies had attempted to investigate the clinical significance of DPB1
disparity in the HSCT and three models were proposed for DPB1 matching. Zino et al (2004)
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provided the first description of structural T-cell epitope (TCE) matching model,”® while Thus
etal (2016) described a DPB1 matching model based on the numbers of Predicted Indirectly
Recognizable HLA Epitopes (PIRCHE).™ Petersdorf et al (2015) proposed an expression model
that considers the difference in DPB1 allele specific cell surface expression level.” Petersdorf
and colleagues reported that mismatching of DPB1 at the expression level influences the
incidence and severity of GVHD. Until now, there was only one single SNP found within the
3" UTR of DPB1 that may serve as a marker for DPB1 expression even though the SNP itself is
likely not involved directly in the regulation of expression.

Given the extensive evidence of polymorphism in the intergenic region shared between
DPA1 and DPB1 loci, we envisage that the presence of SNPs may have an important role
in the regulation of cell surface expression. Information on the expression level of HLA
proteins is equitably important in the outcome of transplantation since the expression of
these proteins influence the strength of immune response.’® It is necessary to characterize
the SNPs in the promoter region of different DPAT and DPB1 alleles in comparison to SNP
pattern observed in the literature.’ "7

In this study, we describe a dual sequencing strategy using shotgun sequencing on lon
Torrent platform and single molecule sequencing on a MinlON platform to characterize
polymorphism in the DP region spanning over 21.5 kbp (including DPA1, DPB1 and the
intergenic region between two loci). We also present the allele and genotype results for
both DPA1 and DPB1 loci as part of haplotype analysis of a 100 selected samples.

2. Materials and Methods

2.1 Sample selection

A panel consisting of 100 samples including 12 cell lines from the 10* International
Histocompatibility Workshop (IHWS) and 88 control samples were included in this
study. The homozygous B-lymphoblastoid cell lines were chosen as it is known to be
consanguineous and have previously undergone intensive sequence analysis for the
entire MHC region. The control samples were selected to include as many available DPB1
alleles in our tested populations as possible.

All genomic DNA was extracted from peripheral white blood cells or B-cell transformed
cell lines using the DNA Midi Kit (Qiagen, Germany) on the QlAsymphony SP instrument
according to the vendor’s protocol. The concentration and purity of extracted DNA
were assessed by the optical density (OD) 260/280 ratio of 1.8-2.0. Samples were then
normalized to a concentration of 25 ng/ml.
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Figure 1: Schematic diagram represents the primer locations for the long-range amplifications of DP
region, covered by three separate PCR fragments.

The green and red boxes depict untranslated and coding regions of the gene, respectively, as defined in the IPD-
IMGT/HLA database. DPA1 and DPB1 loci were enveloped in a 10 kb and 9.8 kb, respectively. The 4.7 kb amplicon
included the 5’ UTR, transcription regulatory region and intergenic region of both DP genes.
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ProDP-5 CTIGAACTTAGTA|CCTC
|—Pr0DP—12 CTIGAACTTAGTA|CCTT
ProDP-9 CTIAAGCTCAATA|IGCTC
ProDP-2 CCIAAGCTCAATA|IGCTC
ProDP-8 CCIAAGCTCAATA|IGCGC

— ProDP-7 TTIAAGCTCAATA|ICCTC
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Figure 2: Phylogenetic tree of the DP Promoter sequences.

This tree shows the phylogenetic relationships of the 12 promoter sequences. The promoter sequences are
distinguished by 16 SNPs, which are shown with their positions in the GRCh37 reference assembly. ProDP-11 is
significantly different from the other eleven promoter sequences, it differs by an additional 60 SNPs, shown in
Supplementary Table 1. The first two SNPs, shown within a box, are within the regulatory region of DPA1, while
the last four SNPs, also boxed, are within the regulatory region of DPB1. The ten SNPs between the DPA1 and
DPB1 regulatory regions define the DP connective region (CR).
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2.2 Polymerase chain reaction (PCR)

The entire DP region spanning for 21.5 kbp was enveloped in three separate long-ranged
amplification as shown in the schematic diagram in Figure 1. Methods for full gene
amplification for shotgun sequencing including primer location, constituents of the
master mix and cycling conditions were adapted from previous studies.”””? Additionally,
the primers for multiplexed MinlON sequencing was extended in the 5’ end with the
universal sequences from Oxford Nanopore Technologies (ONT) and indices from the PCR
Barcoding Expansion 96 kit (EXP-PBC096). One microliter of each product was screened
on a 0.7% agarose gel. Once the positive bands of the correct size were confirmed, the
amplified products were purified with 0.6X Agencourt AMPure beads (Beckman Coulter,
USA) on an automated liquid handler Microlab STAR line (Hamilton, USA).

2.3 Library preparation for lon Torrent and Nanopore sequencing

Library preparation for lon Torrent sequencing was adapted from the manufacturer’s
protocol for lon Xpress Plus Fragment Library Kit and lon Xpress Barcode Adapters Kit
(ThermoFisher Scientific, USA) to be fully automated on the liquid handler Microlab STAR
Line (Hamilton, USA). Briefly, 35 ml of the amplicon pool was enzymatically sheared,
ligated with the dual adapters containing unique indexed sequence, and size-selected
using a dual bead-based protocol. The multiplexed library pool was diluted to 110 pmol/
ml for template preparation on the lon Chef System (ThermoFisher Scientific, USA).
The sequencing was performed on the lon GeneStudio S5XL system using lon S5 EXT
Sequencing kit on lon 530 chip (ThermoFisher Scientific, USA).

Library preparation for Nanopore sequencing was performed following the recommended
workflow for ligation sequencing SQK-LSK109 chemistry consisting of firstly an end-repair/
dA-tailing step to repair blunt ends and add an“Adenine”base to the 3’ end of the amplicon,
following by adapter and motor protein ligation onto the prepared ends using NEB ligase
enzyme (New England Biolabs, USA), and finally a bead-based purification step to enrich
the adapter-ligated fragments and remove unused nucleotides and enzymes. The final
prepared library pool was loaded into the MinlON R9.4 flow cell as per recommendation
from ONT. The sequencing data was collected for 24 hours using the default running script
for SQK-LSK109 chemistry by the MinKNOW data acquisition software.

2.4 Data analysis

The signal processing, base calling, trimming and demultiplexing of shotgun sequencing raw
data were performed by the Torrent Suite 5.10.1 (ThermoFisher Scientific, USA). The quality-
filtered sequences were sorted according to the indices of lon Xpress barcodes and FASTQ files
were generated ready for polymorphism analysis. The Fast5 files from Nanopore sequencing
were converted to FastQ files by Guppy base-caller and demultiplexed by Porechop (https://
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github.com/rrwick/Porechop). The FASTQ read data was further filtered by a minimum length
of 2 kbp and minimum Q-score of 7 using NanoFilt (https://github.com/wdecoster/nanofilt).

The generated nucleotide sequences in FASTQ file format from lon Torrent and Nanopore
sequencing platforms were mapped to hg19 (the human assembly GRCh37) reference to
create BAM alignments. The Integrative Genomics Viewer (IGV) browser were used to review
sequence alignments generated and to detect the presence of SNPs. Full gene analysis of
DPA1 and DPB1 was performed by GenDX NGSengine software 2.15 with IPD-IMGT/HLA
library version 3.37 (GenDx, The Netherlands). NGSengine software created a consensus
alignment to the IPD-IMGT/HLA reference sequence of the genotyped allele. For alleles
with incomplete full length sequence, such as the introns of DPB1, the software were able
to identify the HLA allele best matched in the available exon sequences when all distant
polymorphisms were linked by the use of single molecule sequencing. The microsatellite
region in intron 2 was excluded from the analysis (from gDNA position 8806 to gDNA
position 8807) due to the limitation of both technologies to characterize this segment.
Where novel sequences were identified by shotgun sequencing and confirmed by MinION
sequencing, assignment of a HLA type was based on aligning the novel sequence at the
gDNA, cDNA, and protein level to identify the most similar known HLA allele.

2.5 Multiple sequence alignment and phylogenetic tree analysis

Consensus sequences of the 2.5kb promoter sequences were aligned using ClustalW.? From this
multiple sequence alignment, a phylogenetic tree was calculated using the neighbour joining
algorithm.?’ The tree was visualized using The Interactive Tree of Life as shown in Figure 2.2

2.6 Haplotype analysis

DPA1~Promoter~DPB1 haplotypes were identified using one of two methods. In many
cases, the promoter sequences could be physically phased by using the full length MinlON
reads. Heterozygous polymorphisms in the overlapping region of PCR amplicons allows
polymorphism to be assigned to both the promoter, as well as one of the two DP genes,
resulting in direct physical phasing of the promoter haplotypes. In cases where there was
no heterozygosity in the overlapping regions and phasing polymorphism physically was
not possible, the haplotypes were phased using comparisons to homozygous cell lines
and inferred from the statistical haplotype analysis.

Haplotype analysis was performed using PyPop,” which implements the expectation
algorithm.?* Genotypes for each sample at DPA1, DPB1, and the promoter were correlated
with the TCE groups, asimputed using the functional distance calculations by Crivello et al,?
and the rs9277534 proxy for expression, imputed by Schone et al?® based on DPB1 exon 3
sequences. Pypop reported Hardy Weinberg Equilibrium constants and sample haplotype
frequencies, which were used to identify the DPA1~Promoter~DPB1 haplotypes.
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Table 1. Polymorphism located in the regulatory region between DPA1 and DPB1. ProDP-11 is significantly

different from the other eleven promoter sequences, it differs by an additional 60 SNPs, shown in Supplementary

Table 1.
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Promoter N DPA1 DPB1 HV1 HV2 HV3 HV4 HV5 HVé CR TCE  Expr SNP

ProDP_1 1 01:03 02:01 LFQG EEFV DEE ILEEE M GGPM 1 3 A
ProDP_1 30 01:03 04:01 LFQG EEFA AAE ILEEK M GGPM 1 3 A
ProDP_1 1 01:04 04:01 LFQG EEFA AAE ILEEK M GGPM 1 3 A
ProDP_1 10 01:03 04:02 LFQG EEFV DEE ILEEK M GGPM 1 3 A
ProDP_1 1 01:03 23:01 LFQG EEFV AAE ILEEK M GGPM 1 3 A
ProDP_1 1 01:03 33:01 LFQG EEFA AAE ILEEE M GGPM 1 3 A
ProDP_1 1 01:03 80:01 LFQG EEFV DED ILEEK M GGPM 1 3 A
ProDP_1 5 03:01 105:01 LFQG EEFV DEE ILEEK M GGPM 1 3 A
ProDP_1 1 01:03 126:01 LFQG EEFA AAE ILEEK M GGPM 1 3 A
ProDP_1 1 01:03 128:01 LFQG EEFA AAE ILEEK M GGPM 1 3 A
ProDP_1 3 01:03 138:01 LFQG EEFV AAE ILEEK M GGPM 1 3 A
ProDP_7 4 01:03 04:02 LFQG EEFV DEE ILEEK M GGPM 1 3 A
ProDP_10 1 01:03 04:01 LFQG EEFA AAE ILEEK M GGPM 1A 3 A
ProDP_1 13 01:03 03:01 VYQL EEFV DED LLEEK V DEAV 1 2 G
ProDP_1 4 01:03 06:01 VYQL EEFV DED LLEEE M DEAV 1 2 G
ProDP_1 1 01:03 11:01 VYQL QEYA AAE LLEER M DEAV 1 3 G
ProDP_1 1 01:03 20:01 VYQL EEFV DED LLEEK M DEAV 1 3 G
ProDP_1 3 01:03 21:01 VYQL EELV EAE ILEEE M DEAV 1 2 G
ProDP_1 1 01:03 36:01 VYQL EELV EAE ILEEK M DEAV 1 3 G
ProDP_1 7 01:03 104:01 VYQL EEFV DED LLEEK V DEAV 1 2 G
ProDP_1 1 01:03 124:01 VYQL EEFV DED LLEEK V DEAV 1 2 A
ProDP_1 1 01:03 130:01 VYQL EEFV DED LLEEK M DEAV 1 3 G
ProDP_1 1 01:03 05:01* LFQG EELV EAE ILEEK M DEAV 1 3 G
ProDP_6 4 02:07 19:01 LFQG EEFV EAE ILEEE | DEAV 1B 2 G
ProDP_6 1 02:12 85:01 VYQL EEYA AAE ILEEK M DEAV 1B 3 G
ProDP_1 2 01:03 15:01 VYQG QEYA AAE LLEER M VGPM 1 3 G
ProDP_1 1 01:04 15:01 VYQG QEYA AAE LLEER M VGPM 1 3 G
ProDP_1 3 01:03 18:01 VYQG EEFV DEE ILEEK M VGPM 1 3 G
ProDP_1 1 03:01 18:01 VYQG EEFV DEE ILEEK M VGPM 1 3 G
ProDP_2 16 01:03 02:01 LFQG EEFV DEE ILEEE M GGPM 1 3 A
ProDP_2 1 01:03 02:02 LFQG EELV EAE ILEEE M GGPM 1 3 A
ProDP_2 1 01:03 04:01* LFQG EEFA AAE ILEEK M GGPM 1 3 A
ProDP_2 1 01:03 416:01 LFQG EEFV DEE ILEEE M GGPM 1 3 A
ProDP_2 1 01:03 47:01 LFQG EEFV EAE ILEEE M GGPM 1 3 A
ProDP_2 1 01:03 81:01 LFQG EEFA DEE ILEEE M GGPM 1 3 A
ProDP_8 1 01:03 02:01 LFQG EEFV DEE ILEEE M GGPM 1 3 A
ProDP_9 3 01:03 02:01 LFQG EEFV DEE ILEEE M GGPM 1 3 A
ProDP_2 2 01:03 16:01 LFQG EEFV DEE ILEEE M DEAV 1 3 G
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Promoter N DPA1 DPB1 HV1 HV2 HV3 HV4 HV5 HVé CR TCE  Expr SNP

ProDP_2 1 01:03 652:01 LFQG EEFV DEE ILEEE M DEAV 1 3 G
ProDP_3 6 02:01 01:01 VYQG EEYA AAE ILEEK V DEAV 2 3 G
ProDP_3 1 02:02 01:01 VYQG EEYA AAE ILEEK V DEAV 2 3 G
ProDP_3 5 02:01 11:01 VYQL QEYA AAE LLEER M DEAV 2 3 G
ProDP_3 2 02:01 13:01 VYQL EEYA AAE ILEEE | DEAV 2 3 G
ProDP_3 3 02:01 17:01 VHQL EEFV DED ILEEE M DEAV 2 2 A
ProDP_3 1 02:01 86:01 VHQL EEFV DED ILEEE M GGPM 2 2 A
ProDP_4 4 02:01 09:01 VHQL EEFV DED ILEEE V DEAV 2 1 G
ProDP_4 8 02:01 10:01 VHQL EEFV DEE ILEEE V DEAV 2 1 G
ProDP_4 1 02* 10:01 VHQL EEFV DEE ILEEE V DEAV 2 1 G
ProDP_4 7 02:01 14:01 VHQL EEFV DED LLEEK V DEAV 2 2 G
ProDP_4 2 02:01 35:01 VHQL EEFV DED ILEEK V DEAV 2 2 G
ProDP_4 1 02:01 45:01 VHQL EEFV DEE LLEEK V DEAV 2 2 G
ProDP_5 5 02:02 01:01 VYQG EEYA AAE ILEEK V DEAV 3 3 G
ProDP_5 1 02:02 14:01* VHQL EEFV DED LLEEK V DEAV 3 2 G
ProDP_5 10 02:02 05:01 LFQG EELV EAE ILEEK M DEAV 3 3 G
ProDP_5 1 02:01 05:01 LFQG EELV EAE ILEEK M DEAV 3 3 G
ProDP_5 1 02:02 22:01 LFQG EELV EAE ILEEE M DEAV 3 3 G
ProDP_12 2 02:02 135:01 LFQG EELV EAE ILEEK M DEAV 3 3 G
ProDP_5 1 02:02 02:02* LFQG EELV EAE ILEEE M GGPM 3 3 A
ProDP_11 5 04:01 107:01 VYQL EEYA AAE ILEEE | DEAV 4 3 G

Table 2. DP Promoter sequences compared with the correlated DPB1 hypervariable regions.
Distinct correlations can be seen between the promoter sequences and hypervariable regions 1,5 and 6. The
imputed TCE group and expression SNP are also shown.
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DPA1 Prom DPB1 rs9277534 TCE

DPA1
Prom
DPB1
rs9277534
TCE

Table 3. Linkage disequilibrium constants

The Wn constant, a symmetric measure of linkage disequilibrium between multi-allelic loci, is used to compare
the strength of the linkage disequilibrium between loci and expression markers. Wn constants fall between 0
and 1, where 1 indicates the maximum observed linkage between loci, and the table cells are shaded to visually
show the strength of the linkage, where red represents a strong linkage, and blue/purple are weaker linkage.
DPA1, Promoter sequences, DPB1, the rs9277534 expression SNP, and imputed TCE group are compared.

Linkage Disequilibrium was estimated using the Wn statistic.?” This statistic is a number between 0 and 1 which
represents a symmetric measure of the correlation between two multi-allelic polymorphic loci. To estimate the
linkage between the promoter with DPA1 and DPB1, Wn was calculated on the 2-field typings of DPB1, DPA1 and
the promoter sequence, as well as the imputed expression SNP and TCE groups.

3. Results

3.1 Promoter SNP haplotypes

In the panel of 100 samples, 12 distinct promoter SNP haplotypes, named ProDP-1 to
-12, were inferred within the region between the start codons of DPA1 and DPB1 loci.
The promoter SNP haplotype can be distinguished by 16 characteristic SNPs (Table 1).
Frequency of transversions and transitions by nucleotide types was 43.75% for C/T (7),
37.5% for A/G (6), 12.5% for C/G (2) and 6.25% for T/G (1). ProDP-11 was distinctively
diverging from the rest of haplotypes, as it included additional 60 polymorphic positions
following a 12-base deletion. The polymorphic sites in ProDP-11 can be found in
Supplementary Table 1. The most commonly observed promoter SNP haplotype was
ProDP-1 (95 of 200), followed by ProDP-2 (24 of 200), and ProDP-4 (23 of 200). ProDP-3 and
ProDP-5 were both identified in 18 and 19 haplotypes, respectively. ProDP-8 and ProDP-10
were only observed once in the panel of 100 samples.

Through multiple sequence alignments, the patterns of SNP association suggest that
there were three distinct sections within the intergenic region between two DP loci. The
first segment consisted of two polymorphisms, rs2051548 and rs2856830, that are located
at (-243) and (-388), respectively upstream from exon 1 and within the transcription
regulatory region of DPA1. The connective region (CR) between the DP genes included
10 polymorphic sites as described in table 1, from rs9380340 to rs987870. The last four
substitutions, namely rs2071349, rs2071350, 33,043,565, rs140559351, located within 300
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bp upstream of DPB1 start codon, therefore within the regulatory region of this gene, and
made up the last segment of the intergenic region.

Within the CR between two the DP loci, four distinct lineages were observed based on the
sequence homology and haplotype-linked SNPs (Figure 2). The first pattern was defined as
CR1 consisting of multiple promoter SNP haplotype ProDP-1, ProDP-2, ProDP-7, ProDP-8,
ProDP-9 and ProDP-10. ProDP-6 and ProDP-10 haplotypes were classified as CRT1A and
CR1B, respectively, as they were from one clade as the aforementioned haplotypes in CR1.
The second pattern, CR2, consisting of ProDP-3 and ProDP-4 was delineated based on
the presence of 4 characteristic SNPs including rs9469344, rs9469345, rs60349783, and
rs987870. Likewise, the third pattern (CR3) was determined on the presence of another set
of 4 SNPs, rs9380340, rs9394130, rs9296073, and rs9296074, that were found in promoter
haplotype ProDP-5 and ProDP-12. Lastly, ProDP-11 sequence formed its own CR clade due
to the diverging polymorphism content compared to the remaining 11 CR sequences.

3.2 Analysis of promoter SNP haplotypes with the hypervariable region in DPB1
and the connective region (CR) in the intergenic section

DPA1~Promoter~DPB1 haplotypes were examined in respect of DPB1 amino acid
motifs, specifically 6 hypervariable regions HV1-HV6% % (also named A-F)’*# and CR in
the intergenic region between DP genes. There was a significant association between all
12 promoter SNP haplotypes, CR lineages and amino acid positions 84-87 in the HV6 at
near complete linkage as shown in Table 2, with only a few exceptions. The exceptions are
described in the result section 3.5.

The patterns of association between promoter haplotype contents and amino motifs in
DPB1 further highlighted there were potential multiple lineages within ProDP-1, which
was the most commonly observed haplotype and linked to numerous DPB1 alleles. The
first lineage of ProDP-1 sequence formed a haplotype with a distinct group of DPB1
alleles (DPB1*02:01, *04:01, *04:02, *23:01, *33:01, *80:01, *105:01, *126:01, *128:01,
*138:01) which were all correlated with LFQG in HV1, M in HV5 and GGPM in HV6. This
lineage was found in 55 of 200 haplotypes and in striking association with DPA1*01:03,
01:04 and 03:01 alleles. Interestingly, DPA1*01:03, *01:04 and *03:01 alleles share multiple
similarities in the amino acid composition. For instance, DPA1*01:04 and DPA1*03:01 only
differs from DPA1%*01:03 at one and five codons, respectively, in contrast to DPA1*02 and
DPA1*04 alleles with more than 15 different amino acids in comparison to DPA1*01:03
allele. The second pattern in ProDP-1 (33 of 200) was associated with only DPA1*01:03 and
the following DPB1*03:01, *05:01, *06:01, *11:01, *20:01, ¥21:01, *36:01, *104:01, *124:01,
*130:01 alleles. This lineage was in near complete agreement with amino acid motif
VYQL in HV1 (with one exception of LFQG found in one sample positive for DPB1*05:01,
described in 3.5) and 100% with DEAV in HV6 of DPB1 alleles. The third lineage in ProDP-1
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(7 of 200) was observed with DPB1*15:01, *18:01 and amino acid motif VYQG in HP1, M
in HV5 and VGPM in HV6. This lineage was also observed in association with DPA1*01:03,
*01:04 and *03:01 alleles.

ProDP-7 and ProDP-10 showed identical pattern of association as the first lineage in
ProDP-1 as both promoter SNP-linked haplotypes were linked to DPA1*01:03 ~ DPB1*04 ~
LFQGin HV1 ~ Min HV5 ~ GGPM in HV6. Likewise, ProDP-6 shared a common DEAV in HV6
as the second lineage in ProDP-1. However, the ProDP-1 and ProDP-6 haplotypes diverged
from HV1 through to HV5. The linkage between ProDP-10 and ProDP-6 to the associated
amino acid motifs GGPM and DEAV in HV6, respectively, was consistent with haplotype
content in the connective region and phylogenetic tree clades, therefore defined as CR1A
and CR1B.

ProDP-2 diverged into two subgroups based on the association with GGPM or DEAV amino
acid motifs in HV6. Interestingly, both lineages were in 100% correlation with DPA1*01:03
~ LFQG in HV1 ~ ILEEE in HV4 (with one exception of ILEEK found in one sample positive
for DPB1*04:01) ~ M in HV5 haplotype. The DPBT1 alleles in association with first ProDP-2
lineage (21 of 200 haplotypes) were DPB1*02:01, *02:02, *04:01, *47:01, *81:01, *416:01.
The DPA1*01:03 ~ HV1/4/5/6 of DPB1 haplotype in the first lineage of ProDP-2 was also
observed with ProDP-8 (1 of 200) and ProDP-9 (3 of 200). On the other hand, DPB1*16:01
and DPB1%*652:01 alleles were associated with the second lineage of ProDP-2 and DEAV
motif in HV6. DPB1*16:01 and DPB1*652:01 alleles share a high degree of exon sequence
homology with one single difference in codon 205 of exon 4, which encodes for the
transmembrane region of the DPB1 chain, whereas there are multiple differences in their
intronic sequences.

ProDP-3 and ProDP-4 SNP haplotypes have many common features within the connective
region (CR) between two DP genes and therefore clustered into two CR2 pattern. Two
promoter haplotypes only differed at one SNP rs2071350, which defined ProDP-4.
Interestingly, ProDP-4 (23 of 200) was observed in 100% agreement with VHQL in HV1,
EEFV in HV2, V in HV5 and DEAV in HV6 of DPB1*09:01, ¥10:01, *14:01, ¥35:01 and *45:01.
The pattern of association between promoter haplotype ProDP-3 and the hypervariable
region in DPB1 allele was not as distinctive as ProDP-4. ProDP-3 SNP haplotype (18 of 200)
was linked to DPB1*01:01,*11:01, *13:01, *17:01, *86:01 allele and DEAV motif in HV6 (with
one exception of GGPM in a sample positive for DPB1*86:01).

Promoter haplotypes ProDP-5 and -12 were grouped in CR3 and distinguished by a single
SNP (rs140559351). ProDP-5 was associated with DPB1*01:01, *02:02, *05:01, *14:01,
*22:01 and ProDP-12 was only observed with DPB*135:01. Both ProDP-5 and ProDP-12
were associated with DEAV in HV6 (one exception of GGPM found once in sample positive
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for DPB1*02:02). ProDP-5 sequences (19 of 200) were observed predominantly with
DPB1*05:01 and ProDP-12 sequences (2 of 200) were with DPB1*135:01. DPB1*05:01
and DPB1*135:01 alleles share high degree of exon sequence homology with one single
difference in codon 205 of exon 4, similar pattern as DPB1*16:01 and DPB1*652:01 alleles.

ProDP-11 was distinctive different from other promoter haplotypes. ProDP-11 was
exclusively in association with DPA1*04:01 and DPB1*107:01, found in 5 of 200
haplotypes. Interestingly, DPB1*107:01 and DPB1*13:01 alleles were identical in exon 2
and downwards. The two alleles only differed in two codons in exon 1, yet associated to
different DPA1 allele and promoter haplotypes. DPB1*13:01 was linked to ProDP-3 and
DPA1%*02:01 alleles; whereas DPB1*107:01 was associated with ProDP-11 and DPA1%*04:01.

3.3 Phylogenetic tree

The phylogenetic relationship among consensus sequence of the 12 promoter haplotype
sequence is depicted in Figure 2. The tree showed that promoter haplotype sequences
with the same CR pattern clustered together and supported the view on sequence
homology in the intergenic region. The majority of the sequences derived from Pro-DP1,
ProDP-6, ProDP-7, ProDP-10 were on one branch. This grouping pattern indicated that
ProDP-1, ProDP-6, ProDP-7 and ProDP-10 could be diverged from a common ancestral
gene. ProDP-2, ProDP-8 and ProDP-9 sequences clustered in a different clade as the
ProDP-1/6/7/10 branch, due to the additional SNPs in the 3’ end of the CR. ProDP-2,
ProDP-8 and ProDP-9 all shared one SNP rs2071349 in the regulatory region of DPB1 gene.
ProDP-3/4 and ProDP-5/12 haplotypes clustered into 2 separate branches consistent with
previously classification as CR2 and CR3 in the haplotype analysis. ProDP-11 linked-SNPs
formed a distinct branch and distanced from all other branches.

3.4 Promoter SNP haplotype analysis with TCE group and expression marker

The association between promoter SNP haplotype, TCE group and expression marker
is also shown in Table 2. There was no apparent pattern between promoter SNP-linked
haplotype, TCE group and expression marker as one promoter haplotype was observed
with DPB1 alleles from different TCE groups and both variants of rs9277534 SNP. However,
when the promoter haplotypes were clustered in respect of DPB1 amino acid motifs in the
HV, individual lineage within the promoter haplotype exhibited an agreement with the
expression model, and less so with the TCE model. For example, the first lineage in ProDP-1
was observed in strong association with poor immunogenetic and lowly expressed DPB1
alleles as they were all classified in TCE group 3 and linked to rs9277534A marker. On the
other hand, the second lineage in ProDP-1 was observed with DPB1 alleles from both
TCE group 2 and 3, while almost all samples in this lineage were linked to rs9277534G
marker with only one exception of DPB1*124:01 allele (rs9277534A). DPB1*124:01 and
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DPB1*03:01 alleles are identical in exon 2, yet different from intron 2 and downwards as
evidence of evolutionary recombination between exon 2 and exon 3.

Out of all promoter haplotypes, the association between ProDP-4, TCE and rs9277534A
marker was the most noticeable. All DPB1 alleles correlated with ProDP-4 were classified
as highly expressed allele due to their linkage with rs9277534G polymorphism in the
expression model. In regards to the TCE model, ProDP-4 haplotype was found in both TCE
group 1 and TCE group 2 alleles with high immunogenetic functionality. This group of
DPB1 alleles also had complete agreement in the amino acid motifs of HV1/2/5/6 and LD
with DPA1¥02:01 as mentioned previously.

The Linkage Disequilibrium constants are shown in Table 3. The Wn statistic, which
represents the strength of linkage disequilibrium between two multi-allelic loci, is shown
between DPA1, promoter SNP-linked haplotype, DPB1, the rs9277534 SNP, and TCE group.
The colour of the table cells depicts the strength of the linkage, where red represents
a strong linkage (maximum 1), and blue represents a weak linkage (minimum 0). DPB1
demonstrates a strong linkage to the rs9277534 expression SNP and TCE group due to the
use of DPB1 as a predictor of these loci, but these markers are not strongly linked to DPAT.
The promoter sequences were found to be strongly linked to DPA1, and less so to DPBI1.
Neither TCE group or expression SNP were correlated with the promoter sequences.

3.5 Exceptions in DP haplotype analysis and hypervariable amino acid motifs

There are a few exceptions in the DP haplotype analysis in respect of the hypervariable
amino acid motifs in DPB1 alleles. ProDP-1 was only observed with DPB1*05:01:01:New
~ DPA1*01:03 in one sample. The DPB1*05:01:01:New sequence in this sample had 17
differences in the intron 1 compared to the intronic sequence of other DPB1*05:01:01
sequences in the selected DNA panel, which were all in LD with ProDP-5 and DPA1*02
allele. Another exception was observed in a different sample, which was positive for
DPA1*01:03 ~ ProDP-2 ~ DPB1*04:01. DPA1*01:03 and DPB1*04:01 haplotype was
observed with ProDP-1 30 times, but only once with ProDP-2. The DPB1*04:01:01:New
allele in this sample was also different from other DPB1*04:01:01 alleles in the 5" UTR at
gDNA position -299.

Similar observations were found in ProDP-3 and ProDP-5 haplotypes. DPB1%¥86:01 allele
shared similarity in HV1 to HV5 with other DPB1 alleles associated with ProDP-3 haplotypes.
However, DPB1%*86:01 segregated with others at GGPM motif in HV6 as the exception.
DPB1*02:02:01 was seen in association with ProDP-2 as well as ProDP-5. DPB1%¥02:02:01:01
allele was linked to DPA1*01:03:01:01 and ProDP-2, whereas DPB1*02:02:01:02 was with
DPA1*02:02:02:01 and ProDP-5. The two DPB1*02:02:01 alleles were different at 22 sites
in the intron 1 sequence and therefore diverged into two different DPA1 ~ promoter ~
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DPB1 haplotypes. Likewise, DPB1¥14:01:01 allele was linked to DPA1*02:01:01 ~ ProDP-4
in 7 samples, however, only once was observed with DPA1%¥02:02:02 ~ ProDP-5. These
were the intronic subtypes of DPB1*14:01 alleles, where intron 1 region of these two
DPB1*14:01:01:New subtypes were distinctive different at 10 polymorphic sites.

4, Discussion

Polymorphisms in the entire 21.5 kb region containing the DP genes were evaluated in this
study. Specifically, the haplotype content within the intergenic region between DPA1 and
DPB1 genes were closely delineated. We have identified 76 SNPs and 12-base deletion in
approximately 2500 bp region between the two start codons in 100 samples and in which
12 promoter SNP haplotypes were inferred, named ProDP-1 to ProDP-12. The organization
of polymorphism in the DP promoter region was also elucidated using multiple sequence
alignments and classified into three segments. The first segment, located 388 bp upstream
of DPA1 exon 1 including the 5" UTR and transcription regulatory regions of this gene.
The connection region (CR) between two genes spanned for 1800 bp and consisted of
10 characteristic SNPs that diverged into three distinct lineages of the CR (without taking
into account polymorphisms in ProDP-11 haplotype). The last segments located 300 bp
upstream of DPB1 start codon and contained specific regulatory sequences, the X, Y and
W' box of the DPB1 gene.

SNP-linked haplotype analysis revealed that DPA1 has stronger linkage disequilibrium
(LD) with promoter SNP haplotypes than DPB1. The association between promoter SNP
haplotypes and DPA1 locus also highlights the similarities between DPA1*01:03,01:04 and
03:01 alleles as they shared the CR and promoter lineages, which were distinctive different
from DPA1*02 and DPA1*04 allele groups. In addition, sequence analysis of the whole
region gave insights on the association of hypervariable regions (HV) in exon 2 of DPB1,
promoter haplotype and correlated DPB1 allele groups. DPB1 antigen group was not as
well defined as other HLA loci due to the scarcity of distinguishing anti-HLA antibodies
and lower cell surface expression making serologically typing more challenging. Based on
the extended haplotypes, we could potentially cluster DPB1 alleles using their association
with DPA1 and promoter sequences. For example, our data suggested that DPB1*16:01
and DPB1*652:01 alleles were clustered as one based on the sequence homology and
functionality of the protein, which was however not reflected in the current nomenclature.

Through haplotype content analysis, the relationship between DPA1~promoter~DPB1
and amino acid motifs was strictly related to HV1 (position 8 to 11) and HV6 (position 84 to
87) with minor exceptions. Of 12 SNP-linked haplotypes, DPB1 alleles in LD with ProDP-4
stood out due to their complete agreement in VHQL motif in HV1, EEFV motif in HV2, V
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motif in HV5, DEAV motif in HV6 as well as high expression variant rs9277534G, and highly
immunogenic TCE group. The differences in HV3 and HV4 of each DPB1 allele associated
with ProDP-4 represented the immunogenicity of different B-chains in this group. This
observation was consistent with early observations by Cesbron et al?® in which the authors
indicated mismatches in the third and fourth HV of different DPB1 alleles can influence
the risk of graft-versus-host disease in bone marrow transplantation.

In this study, we have unravelled multiple unique LD of different intronic subtypes of the
same DPBI1 alleles. For example, DPB1*02:02:01:01 allele was seen in association with
DPA1%*01:03:01:01 and ProDP-2, where DPB1*02:02:01:02 was with DPA1*02:02:02:01 and
ProDP-5.The two DPB1*02:02:01 alleles were different at 22 sites in the intron 1 sequence
and therefore diverged into two different DPA1 ~ promoter ~ DPB1 haplotypes. Likewise,
there were also subtypes of DPB1*14:01:01 alleles. DPB1*14:01:01:01/02 was commonly
associated with ProDP-4 ~ DPA1*02:01:01 as observed in 7 samples, whereas the other
variant of DPB1*14:01:01:New was associated with ProDP-5 ~ DPA1%*02:02:02. The intron
1 region of these two DPB1%*14:01:01 alleles are distinctive different at 10 polymorphic
sites. Those DPB1 alleles shared identical sequence at exon 2 and 3, therefore based on
conventional matching at Antigen Recognition Site (ARS) these alleles would be considered
as DPB matched, yet they were on different extended haplotypes. Furthermore, they
would have the same TCE group based on exon 2, and the same expression SNP based
on exon 3, so we would never see the difference based on conventional matching. This
finding highlights the importance of full-gene or haplotype analysis, since SNP haplotype
diversity has important clinical implication as previously reported by Petersdorf et al
(2013).%°

The LD between DPA1 ~ Promoter ~ DPB1 was strong in our cohort. However, we need
to confirm these findings in other populations, which requires the collaborative effort by
the International HLA & Immunogenetics Workshop. It is important to expand the study
panel and investigate the same assigned allele in different populations as it was evident
in our study that intronic variations of one DPB1 allele could segregate to different DPA1,
promoter and extended haplotypes. In addition, we also observed certain haplotype
was restricted to the ethnicity. For example, ProDP-11 SNP haplotype was exclusively in
association with DPA1*04:01 ~ DPB1*107:01. This promoter haplotype was reported as
DP-PRO4 by Varney et al’” and Hap3 by Liu et al””. Both studies denoted that this haplotype
was observed in individuals with Southern Asian origin, which was also consistent with
the samples in our study cohort.

Overall, we report for the first time the clustering of polymorphisms in the DP region,
especially in the intergenic region between DPA1 and DPB1 genes. The polymorphic
clusters of the DPA and DPB alleles, the CR have been profiled. The linkage between DPA1
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~ promoter ~ DPB1 and amino acid motifs in HV1/HV6 is highly conserved and more
significant than previously described.® This new view on the full region haplotype shows
the relation of genes and alleles; and provides a basis for future functionality related
nomenclature. Lastly, the novel clustering of the DP extended haplotype warrants for
future investigations of DP haplotype matching in the outcome of HSCT and validate the
permissive view of DP matching.
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Abstract

HLA-B typing by serological approaches has defined the B15 serological group
and its subgroups (or splits) B62, B63, B75, B76, B77, as well as the serological
group B70 with its splits B71 and B72. The scarcity of sera with specific anti-HLA
antibodies makes the serological typing method difficult to discriminate between
the wide variety of HLA antigens, especially between the B15 antigen subgroups.
Advancements in DNA based technologies have led to a switch from serological
typing to high resolution DNA typing methods. DNA sequencing techniques assign
B15 specificity to all alleles in the HLA-B*15 allele group, without distinction of the
serological split equivalents. However, the presence of antibodies in the patient
defined as split B15 antigens urges the identification of HLA-B*15 allele subtypes of
the donor, since the presence of donor specific antibodies is an important contra-
indication for organ transplantation. Although the HLA dictionary comprises
information regarding the serological subtypes of HLA alleles, there are currently
394 B15 protein alleles out of 516 in the IPD-IMGT/HLA database (3.38.0) without
any assigned serological subtype. In this regard, we aimed to identify specific amino
acid patterns characteristic of each B15 serological split, in order to facilitate the
assignment of B*15 serological equivalents to alleles after high resolution molecular
typing. As a result, serological specificities of 372/394 not yet assigned alleles could
be predicted based on amino acid motifs. Furthermore, two new serological types
were defined and added, B62-Bw4 and B71-Bw4.
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Introduction

Serological typing has been used for a long time to determine HLA typing of patients
and donors. This method is based on complement-dependent cytotoxicity (CDC) test or
microlymphocytotoxicity assay, which measures the reactivity of a panel of sera containing
well-characterized anti-HLA antibodies [1]. This technique has also been performed in the
International Histocompatibility Workshops, and resulted in identification of different
serological specificities of HLA genes including HLA-B15. In the HLA-B15 antigen group
the serological splits B62,B63,B75,B76,B77 and the B70 group (B71 and B72 split antigens)
have been defined [2-6]. However, the scarcity of sera with specific anti-HLA antibodies,
in particular antibodies against serological splits or infrequent HLA antigens, makes it
highly challenging to discriminate the high variety of serologically defined HLA antigens.
Furthermore, the need for living cells to perform the CDC method creates additional
challenges. The advancements in DNA based technologies have led to a switch from
serological to high resolution DNA typing approaches to obtain a refined HLA typing of
patients and donors [7]. A major advantage of the high resolution full length sequencing
is the recognition of allele polymorphisms enabling distinction of epitopes. On the other
hand, identification of serological specificities remains important for transplantation,
especially for determination of donor specific antibodies (DSA) present in the patient’s
serum. When an antibody against a B15 split antigen in the serum of the recipient is
detected, the serological subtype of the B15 antigen present on the donor cells must be
identified in order to determine whether this anti-B15 antibody is donor specific. Because
DSA can mediate and promote acute and chronic graft rejection, the presence of DSA is an
important contraindication for solid organ transplantation [8, 9]. In our current practice,
high resolution typing of HLA-B*15 is always performed for kidney patients and living
donors. The serological subtype is determined using the HLA data dictionary [10] from the
IPD-IMGT/HLA database [11]. However, the number of alleles with assigned serological
split types is limited in the database, and serological typing by CDC is not always possible
to identify serological type due to aforementioned limitations. Without knowing the
B15 serological equivalent, the risk of rejection for patients having anti-B15-split HLA
antibodies is present and therefore all B*15 typed donors are considered contra-indicated
for transplantation for this patient.

The expert assignment given by the HLA data dictionary (available as searchable form in
the IPD-IMGT/HLA database) has been generated with the data obtained from different
sources, including WHO Nomenclature Committee [12] the International Cell Exchange
(UCLA program), National Marrow Donor Program, and recent publications and individual
laboratories [10]. There are 728 different B*15 alleles in the database (version 3.38.0),
37 of them are null or questionable alleles, and 516 are B15 antigens (based on 2 field
allele assignment). Of these 516 antigens, 394 are without any serological assignment
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in the IPD-IMGT/HLA database (version 3.38.0). Neural network (NN) analysis increased
the number of alleles assigned to serological split specificities [13] but these results
have already been included in the 2008 edition of the HLA data dictionary, as seen in
the IPD-IMGT/HLA database website. In this study, we aim to provide a reliable, fast and
straightforward method to predict serological specificities of HLA-B*15 alleles based on
amino acid sequence patterns. For this purpose, we identified specificamino acid patterns
for each B*15 serological subtype to predict the serological equivalents of B*15 alleles.
In addition, we identified two new HLA-B*15 alleles by full length allele specific Sanger
sequencing [14]; HLA-B*15:03:01:03 and HLA-B*15:16:01:03 and for both alleles we
predicted the serological specificity using our new approach and confirmed this by HLA
class | serological typing.

Materials and Methods

Dataset

HLA-B15 antigens: HLA-B*15 amino acid sequences included in the analysis have been
obtained from the IPD-IMGT/HLA Database (release 3.38.0), and each B*15 allele that
differs in the second field was considered as a potentially different antigen. Null and
questionable alleles were excluded. In this way, we identified 516 different HLA-B15
antigens in the IPD-IMGT/HLA Database (version 3.38.0) (Figure 1a).

B15 antigens used for analysis (B*15 alleles in the dictionary); The amino acid patterns of
the different serological B15 split antigens were analysed, using only alleles with defined
serological assignments in the HLA dictionary. The serological information from the expert

assignment was used, and when this assignment is not conclusive, then the sources WHO
and NN assignment were used. The original 2008 report of HLA data dictionary included
123 HLA-B*15 alleles, but the previously B¥95:30 is modified to B*15:27:02, resulting in
122 antigen-based HLA-B*15 alleles in total (Figure 1a). Out of the 122, 105 have been
assigned to a certain serological split antigen and these alleles have been used in this
study to analyse the amino acid motif for each serological subtype (Figures 1b and c and
table 1). For 6 alleles, the expert assigned serological type is discrepant since the sources
WHO assignment and Neural network (NN) gave different serological assignments (Figure
1c and table 2). The remaining 11 alleles have undefined expert assigned type (Figure 1c
and table 3).

B*15 alleles used for prediction (B*15 alleles not in the dictionary); 394 B*15 alleles in the
IPD-IMGT/HLA were not included in the HLA data dictionary (Figure 1d). We used this set
of alleles to predict the serological assignments by using the analysed amino acid patterns
(Figure 1d and table 1).
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Figure 1. Overview of the HLA-B15 antigens and B15 serological specificities reported in the IPD-IMGT/
HLA database. (a) Number of HLA-B*15 alleles in IPD-IMGT/HLA database (release 3.38.0) present or absent
in HLA dictionary. There are in total 516 HLA-B*15 alleles (based on 2 field allele assignment). (b) Serological
subtypes of B15 antigen, clustered according to the Bw6 and Bw4 epitopes. The new serological types B62 with
Bw4 and B71 with Bw4 epitope are added in red. (c) Distribution of the 122 B15 alleles present in the dictionary
according to serological assignment (for details see supplemental table 1). (d) Distribution of the 386 B15 alleles
absent from the dictionary according to predicted serological assignment (for details see supplemental table 2).
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Sequence Based Typing (SBT)

For ultrahigh resolution typing, full-length allele-specific sequencing was performed
by group-specific amplification and sequencing according to our previously published
protocol [14]. In brief, allele group specific amplification was performed with primers in
5" and 3’ untranslated regions followed by Sanger sequencing using generic sequencing
primers in both forward and reverse direction by means of cycle sequencing. The 3730
DNA-analyzer was used for electrophoresis whereas analysis was performed with SeqPilot
(JSI, Germany) and Lasergene (DNASTAR, Madison, Wisconsin) software, as previously
described [14].

Amino acid positions

exon 2 exon 3
Serological types & 45-46 63 65-67 70 77/80-83 166-167
B62 A MA E QIS/QIF/QIC N SNLRG EW
B62-Bw4 A MA E QIS N N,IALR EW
B63 A MA E RNM S N,IALR EW
B71 S EE N QIC/QIF/QIS N S,NLRG EW
B71-Bw4 S EE N QIC N N,IALR EW
B72 S EE E QIS N S,NLRG EW

Qls/Qly/

B75 A MA N QIC N SNLRG EW
B76 A MA E QIS N SNLRG DG/ES
B77 A MA N QIS N N,IALR EW

Table 1. Overview of characteristic amino acid motifs based on the alignment of B15 serological subtypes.
Amino acid motifs specific for each serological subtype are bold and grey shaded. Numbers represent the amino
acid positions according to alignments of full length amino acid sequences.
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Amino acid positions The information in the HLA dictionary

exon 2

65-67 70 77/80-83

SCUER Expert WHO NN Based on
166-167 assigned Assigned assigned aa pattern

Alleles 24 45-46 63

B*15:08 A MA N QIF N S,NLRG [EW B75/62 B75(15) B15 B75
B*15:15 A MA N QIS N S,NLRG [EW B75/62 B62(15) B15 B75
B*15:23 S EE N QC N NIALR |EW B70/B5/ Blank - Not assigned B71 Bw4
B*15:43 A MA E QIS N D,TLLR [EW B15 - B62 B62 Bw4
B*15:87 A MA E QIS N S,IALR EW B15 B15 B62 Bw4
B*15:115 S EE N QC N S,TALR |EW B70 - B70 B71 Bw4

Table 2. Overview of the six B*15 alleles with discrepant serological assignment in the dictionary, with on the
left side the characteristic amino acid motifs and on the right side the information from the dictionary and
the serological assignment prediction based on the amino acid pattern. Amino acid motifs specific for each
serological subtype are bold and grey shaded. Numbers indicate the amino acid positions, WHO refers to typings
assigned by World Health Organization, NN typings were assigned by Neural Network, aa refers to an amino acid
pattern.

Amino acid positions The information in the HLA dictionary
€x0n 2 Expert WHO NN Based on

Alleles 24 45-46 63 65-67 70 77/80-83 166-167 assigned Assigned assigned aa pattern
B*15:36 A MA E QIS N N, TALR |EW Undefined - B77 B62 Bw4
B*15:46 A KE E QIS N S,NLRG |EW Undefined B72(70)  B15B62
B*15:52 S EE N QC N SNLRG [EW Undefined B15 B71 B71
B*¥15:53 T KE E QIS N S,NLRG EW Undefined - Not assigned
B*15:62 S EE E QIS N S ,NLRG |EW Undefined - B70 B72 B72
B*15:68 S EE E QIS N S ,NLRG EW Undefined B35 B70 B72 B72
B*15:76 A MA N Qly Q S, NLRG EW Undefined = B15
B*15:86 A MA E QIS N S, ,NLRG EW Undefined - B15 B62 B62
B*15:91 S EE E QIS N S, ,NLRG ES Undefined - B70B72B12
B*15:101 A MA E Qly Q S, NLRG ES Undefined - B15 B46
B*15:106 A KE E QIS N S,NLRG [ES Undefined - B15 B62

Table 3. Overview of B*15 alleles with undefined serological assignment in the dictionary, with on the left side
the characteristic amino acid motifs and on the right side the information from the dictionary and the serological
assignment prediction based on the amino acid pattern. Unique amino acid motifs that prevent prediction of
serological assignment are bold and grey shaded. Numbers indicate the amino acid positions, WHO means
World Health Organization, NN means Neural Network, aa means amino acid.
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Amino acid positions

exon 2 exon 3
Alleles 24 45-46 63 65-67 70 77 80-83 166-167
B*15:143 A KE N QIS N S, NLRG EW
B*15:183 T MA E QIS N S, NLRG EW
B*15:202 A TA E QIS N S, NLRG EW
B*15:212 T KE E QIS N S, NLRG EW
B*15:239 A TE E QIS N S, NLRG EW
B*15:251 S MA E QIS N S, NLRG EW
B*15:259 A EE E QIS N S,NLRG EW
B*15:308 A TE N QIS N S, NLRG EW
B*15:336 T MA E QIS N S, NLRG EW
B*15:345 T MA N QIS N S,NLRG EW
B*15:376 S TE E QIS N S, NLRG EW
B*15:392 A MA G QIS N S, NLRG EW
B*15:429 S MA E QIS N S, NLRG EW
B*15:430 A MA E QIS N S, KLRG EW
B*15:434 S GE N QIC N S, NLRG EW
B*15:436 S GE N QIC N S, NLRG EW
B*15:504 A EE N QIC N S, NLRG EW
B*15:511 T EE E QIS N S, NLRG EW
B*15:525 A KE E QIS N S, NLRG EW
B*15:545 S MA E QIC N S, NLRG EW
B*15:553 A EE N QIF N S, NLRG EW
B*15:556 S MA E QIS N S,NLRG EW

Table 4. Overview of the 22 B*15 alleles with unique amino acid combinations preventing serological
assignment prediction. Unique amino acid motifs that prevent prediction of serological assignment are bold
and grey shaded. Numbers indicate the amino acid positions.
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HLA class | Serological Typing

Heparinized blood was collected and lymphocytes were isolated by centrifugation on
Ficoll-Hypaque. After counting the cells using pocH-100i (Sysmex) and adjusting to 4x10°
cells/ml, the serological typing was performed on this lymphocyte suspension using the
standard NIH complement dependent cytotoxicity (CDC) assay and a local set of sera. In
short, 1 ul cell suspension was added per well of typing plate, containing 1 ul of specific
typing serum, and incubated 30 min at 20°C. Complement activation was initiated by
addition of 5 pl rabbit complement (CEDARLANE®) and incubation at 20°C for 60 min. After
incubation with complement, FluoroQuench™ (Acridine orange (AO)/ ethidium bromide
(EB) (One Lambda)) was used for staining, reading the plates by fluorescence microscopy
after 10 min incubation at room temperature in the dark. Plates were scored based on
percentage of dead and live cells and evaluated for serological typing assignment.

Results

Identification of specific amino acid motifs for each B15 serological subtype

HLA-B15 represents one of the largest broad antigen groups with different serological
subtypes, containing B62, B63, B75, B76 and B77 specificities and is also associated with
B71 and B72 (belonging to the B70 broad antigen) (Figure 1b). Based on the 105 HLA-B*15
alleles with defined serological assignmentin the HLA dictionary we were able to identify 7
characteristic amino acid motifs for each serological type. These characteristic amino acid
motifs were located at positions 24, 45- 46, 63,65-67, 70 and 166-167 (table 1). In addition,
amino acids at position 77, 80, 81, 82 and 83 have already been described to characterize
the Bw4 and Bw6 motifs [15]. Bw4 specificity has been defined by the presence of N, D
or S at residue 77 and IALR, TLLR or TALR amino acid motifs at residues 80-83 [16]. Since
these motifs facilitate distinction between serological subtypes, they were included in the
analysis. B62 is the most common subtype and therefore used as a reference type. The
difference in amino acid pattern compared to B62 are highlighted/colored in the table
and these highlighted motifs are used to determine each serological subtype. The amino
acid pattern of 'RNM and S’ at locations 65-67 and 70 together with Bw4 motif enabled
prediction of B63 split antigen. Only the location 65-67 was already sufficient to specify
B63 serological subtypes since ‘RNM’ is highly conserved among B63 subgroup. Other
serological subtypes all have one of the following combinations: QIC, QIF, QIS or QIY. For
the B70 broad antigen the amino acids S and EE at locations 24 and 45-46 are specific,
whereas amino acid ‘N’ at location 63 specifies B71 and ‘E'indicates B72 split antigens. B75
and B77 can be distinguished from B62 by the presence of an N at position 63. B77 carries,
in addition to this N, the Bw4 motif, making this antigen in fact a B75-Bw4 type. Lastly, B76
antigen can be discriminated from B62 by the absence of the amino acids EW at locations
166 and 167. In the three known B76 antigens (B*15:12, 15:14 and 15:19), two different
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motifs are present, namely DG or ES. Since these amino acid patterns are quite distinct,
it seems more logical that the B76 is defined as missing the EW motif, which fits with the
serological finding that the B76 bearing cells react with less sera than the B62.

Furthermore, based on the 6 discrepant types (table 2), we were able to identify two
additional variants: B62-Bw4 which carries both a B62 and Bw4 pattern (B*15:43 and
B*15:87) and B71-Bw4, which bears both B71 and Bw4 pattern (B*15:23 and B*15:115).
These variants are included in the list of serological types (Figure 1b and table 1). The
remaining 2 discrepant HLA-B*15 alleles (B*15:08 and B*15:15) could be assigned to the
serological subtype B75 according to their amino acid pattern (‘N’at location 63 with Bw6
motif) (tables 1 and 2).

The amino acid patterns of the 11 HLA-B15 alleles that were unassigned in the dictionary
are shown in table 3. Based on this pattern 5 of them could be assigned to one of the 9
defined serological types. The remaining 6 alleles revealed unique amino acid patterns at
designated locations, indicated in grey in table 3, and therefore the serological type could
not be reliably predicted for these alleles.

Verification of B15 serological splits of 2 new B*15 alleles

Two new HLA alleles; HLA-B*15:03:01:03 and HLA-B*15:16:01:03 were identified during
routine high resolution DNA typing of a kidney patient and a donor by full length allele
specific sequencing method (Supplementary Figure 1). The full-length sequences were
confirmed by sequencing 2 different polymerase chain reaction products, from both
individuals. The HLA-B*15:03:01:03 was most similar to HLA-B*15:03:01:02 with one
nucleotide difference at position 1054 (G>T) inintron 3 while HLA-B*15:16:01:03 resembled
HLA-B*15:16:01:01 with a single nucleotide change at position 119 (G>C) in intron 1
(Supl. Figure 1). In both cases the new allele showed no amino acid differences with the
most similar allele, since the single nucleotide changes were detected in the introns. The
genomic sequences of these new alleles have been submitted to the EMBL Nucleotide
Sequence Database (accession numbers LT618821 and LT898179 respectively) using a
new allele submission tool called saddlebags [17] and to the IPD-IMGT/HLA database.
The names HLA-B*15:03:01:03 and HLA-B*15:16:01:03 have been officially assigned by the
World Health Organization (WHO) Nomenclature Committee [12]. Serological typing of
these two samples was performed and confirmed the presence of B70in the B¥15:03:01:03
sample and B63 in the B*15:16:01:03 individual, as was already assigned by the experts for
B*15:03 and B*15:16 respectively, as well as predicted by the amino acid composition.
The B*15:03:01:03 is most probably B72 subtype, but this could not be confirmed by CDC
method due to lack of B71 and B72 specific sera in our laboratory.
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Prediction of serological specificities of B*15 alleles without defined serological types
Amino acid motifs were applied to the B*15 alleles that were not included in the HLA
dictionary and were without assignment of serological subtype. 372 alleles out of 394
could be predicted to a serological subtype by using the amino acid pattern shown in table
1. The alleles and the prediction are indicated in supplementary table 1. The remaining 22
unassigned alleles revealed unique amino acid combinations at the determined amino
acid motif positions that were not present in the serological assigned alleles (Table 4). In
20 of these cases, it concerns either a change of amino acid 24, not being A or S, a change
of amino acid 45, not being E or M, or a change of the combination of these two motifs,
not being A-MA or S-EE. The influence of these amino acid changes compared to known
HLA-B15 subtypes on the serological reaction is unclear and could not be determined by
serological typing due to lack of viable cells with these B15 alleles.

Discussion

In this study, we provide a straightforward approach to predict serological splits of
HLA-B*15 alleles based on amino acid polymorphisms. HLA-B*15 represents the largest
broad antigen comprising 9 different serological splits. Currently, 516 HLA-B15 alleles
are found in the IPD-IMGT/HLA database (release 3.38.0 [11]), while no information
is available regarding serological subtype of 394 alleles. Advancements in molecular
techniques have led to a switch from serological typing to DNA typing of HLA alleles.
Although DNA typing enables easy and specific allelic distinctions, it does not provide
information about the corresponding serological type of HLA antigens by itself. Therefore,
despite the rapid increase in the number of identified HLA alleles, information about
their serological subtype remains limited. In addition, the scarcity of sera, especially
with anti-HLA antibodies against split antigens, limits serological methods to determine
serological splits. For instance, due to the unavailability of a B72 specific antiserum in our
laboratory, the serological type of the new HLA-B*15 allele, HLA-B*15:03:01:03, could be
only assigned as B70 by CDC serotyping. However, based on amino acid motifs identified
in this study, we could now assign this new allele to the B72 serological subtype. Thus,
our new approach facilitates the determination of serological subtype of HLA-B*15 alleles
based on their DNA sequence.

In 2003, the neural network (NN) analysis has been developed by a machine learning
model with the polypeptide sequences of HLA-A, HLA-B and HLA-DRBT1 alleles alongside
well-defined serological subtypes in order to predict the split assignments of 393
alleles [13]. Subsequently, this computational model was able to predict serological
assignments for most alleles (95% HLA-A, 85% HLA-B, 96% HLA-DRB1). The information
from this analysis has been included in the HLA Dictionary in 2008 [10]. However, this
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method is not generally available and demands expert skills to be executed. Therefore,
our new approach based on the distinct and specific amino acid patterns of each B15
serological split provides an easy and practical solution. After evaluation of the serological
subtypes of 105 alleles and determining the defining amino acid motifs, it was possible
to predict not only the serological types of 6 alleles with conflicting information about
their serological group in the HLA dictionary, but also 5 out of 11 HLA-B*15 alleles which
were undefined according to expert assignment and 372 out of 394 B*15 alleles that were
not yet assigned. The remaining 22 alleles carry different amino acids than the identified
motifs, warranting further analysis for definite serological assignments.

The number of antigens assigned to each serological split greatly varies. In total, B62 is the
largest subtype since it is the serological equivalent of 274 different B*15 alleles (both in
dictionary and predicted by us). The second subtype is B71 with 66 alleles assigned to this
split. Furthermore, different B*15 alleles have been assigned 43 to B72, 53 to B75, 32 to
B63, 7 to B76 and 4 to B77 serological subtype. The new types B62-Bw4 and B71-Bw4 were
assigned for 7 and 2 B*15 alleles. From the total of 516 B*15 alleles we were able to assign
488 to a specific serological split, whereas 28 remain undetermined, because their amino
acid patterns do not match with the identified ones. Since there is no empirical evidence
regarding their reactivity against any serological group, it is currently not possible to
reliably predict their serological subtype.

The serological subtype of HLA alleles is of particular interest in the setting of organ and
stem cell transplantation, especially when the patients’ sera contain antibodies against a
split antigen. Current techniques for antibody profiling of patient sera, such as Luminex
bead assays allow the identification of anti-HLA antibodies at the split level [18]. Since the
presence of donor specific antibodies (DSA) in the patient serum has been associated with
graft failure, the identification of donor HLA type at the split level remains to be crucial for
successful transplantation outcome [8]. For this reason, Eurotransplant, a non-profit organ
allocation organization of 8 European member countries, recommends transplantation
centers to report HLA typing for both organ donors and patients at the serological split
antigen level in order to obtain optimal organ allocation (ETRL Newsletter issue 9).

HLA typing of donor and patients for solid organ transplantation is at the moment
generally performed at low resolution. In this paper, we used high resolution full length
sequencing results to determine the crucial positions needed for serological subtyping
of B15. With this analysis we can now determine which method will obtain sufficient
information to perform the serological subtyping of this antigen. Since the NGS methods
with full length sequencing has become rather cost effective, these methods are ideal for
patients and living donors, because there are less time constraints. For deceased donors
this is not possible yet, because even the fastest NGS method will still take more than 24
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hrs. Therefore, we have also investigated whether the crucial amino acid positions can be
determined with the faster typing method of real time PCR using the LinkSeq technique.
We have therefore checked the primer recognition sites, recognizing one or more of the
crucialaminoacids determining the B15 subtypes. All primer combinations that recognized
a B15 subtype were used for the primary analysis to determine which combinations were
crucial to make the difference between the different serological subtypes. These crucial
primer combinations are indicated in supplementary table 3, together with the reactions
of the different B15 subtypes. From this table it is clear that each B15 subtype can be
recognized by a unique pattern of positive and negative reactions. This positive/negative
reaction pattern fits perfectly with the specific amino acid patterns identified in this
study. Therefore, accurate prediction of B15 subtypes from a potential deceased donor is
definitely possible, even during night shifts, revealing the possibility of exclusion based
on the presence of antibodies against a certain B15 subtype for a potential recipient.

The presence of donor specific antibodies is also important in the setting of stem cell
transplantation (SCT) as it can influence donor engraftment and transplant outcome
[19] and is especially important in the haploidentical transplantation setting, where one
HLA haplotype is completely mismatched with the patient. For SCT both patient and
donor high resolution HLA typing is performed in most centers, enabling conversion of
HLA-B*15 alleles to serological split equivalents with our approach, to determine whether
the antibodies present in the patient are indeed donor specific.

In conclusion, we provide a straightforward practical approach to predict serological
subtypes of HLA-B*15 alleles. This approach is useful for patients waiting for a stem cell
- or solid organ transplant, that have antibodies against B15 subtypes, by predicting the
donors B15 subtype and therewith circumventing donor specific antibodies that have an
impact on graft survival and acute and chronic rejection.
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Discussion

This thesis has touched upon many scientificand analytical themes through a bioinformatic
lens. It explores how we can identify, store, and catalog HLA polymorphism (Chapters
2,3,5), and new ways to think about the sequence patterns and role the polymorphism
plays in human biology (Chapters 4, 7, 9). It touches on the basic nature of DNA, and
how polymorphism affects the peptide sequence of the resulting protein (Chapters 7,9),
and how these protein-coding genes are arranged within the MHC (Chapters 6,7,8). It
discusses how non coding polymorphism can affect the expression of HLA on the cell
surface, and it explores how we can use this knowledge of polymorphism and apply it to
a transplantation immunology setting (Chapters 4, 5, 9), ultimately improving patient
outcomes. Bioinformatics has played a critical role in the development of these scientific
questions, as well as the analytical approaches used to answer them. This thesis shows
an urgent need to further develop bioinformatics science, and create new tools and
approaches for molecular analysis of DNA sequences, and how to manage and interpret
the growing pool of available data.

DNA Sequencing & Molecular Analysis

The techniques of DNA sequencing are regularly evolving. Like in biological evolution, new
sequence platforms (e.g. MinlON) are selected and improved, and platforms that are not
fit for survival (e.g. Roche 454) tend to disappear. The succession of developments in new
technologies bring with them cost reductions, as well as improvements in the throughput
and quality of the generated data. The four main costs in sequencing are equipment,
reagents, labor, and data analysis. The early 2000s saw the most rapid cost reductions
due to developments in technology, but costs continue to decrease in recent years. The
transition from Sanger to NGS sequencing saw some reductions in reagent costs, but the
labor cost reduction brought by the high throughput capabilities is most apparent. Those
costs are further reduced by the introduction of nanopore sequencing, which also has very
low upfront equipment costs, but the platform provides new challenges in data analysis.
The cost reductions have slowed in recent years,' likely because all of these platforms still
require comparatively expensive PCR amplification. It is clear that the most effective cost
reductions are provided by major platform shifts, especially those that implement new
sequencing technologies or eliminate expensive steps like PCR. The concept of a $1000
human genome has been realized, and is even being pushed further. In a recent Nanopore
Community Meeting in New York, Clive Brown, the CTO of Oxford Nanopore sequencing,
claimed that the current nanopore technology allows $725 genomes, and with minor
improvements the cost could push as low as $145.2 The current goal is a sub-$100 human
genome, but there’s no reason to assume this is an absolute minimum cost.
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As costs decrease, the opportunities for analysis of genomes are vastly improved. As
DNA sequencing and typing become more routine, the financial burdens of performing
DNA-based analysis in a clinical setting becomes less restrictive, and thus the amount of
available data is increased, extending our understanding of the existing polymorphism.
Full genome sequencing can circumvent the need for GWAS studies by increasing the
pool of observable polymorphism, and by directly identifying the relationship between
disease and genomes. The availability of full genome sequence allows researchers to
compare the differences in genomics between populations and species. Understanding
the distribution of polymorphism and how it has evolved provides context to our
evolutionary history, and indicates areas for exploration in the future.

Aside from cost reductions, new platforms bring with them improvements to research
capabilities. Traditional shotgun-based short read sequencers generate short reads,
perhaps a few hundred base pairs in length, which can identify unphased polymorphism
within a small region. MinlON sequencing is capable of sequencing long pieces of
continuous DNA, tens or hundreds of thousands of base pairs in length.? These individual
reads can span across complicated genomic features such as homopolymers and STRs,
and allows the phasing of polymorphism even across multiple genes. It can clarify the
organization of genes, and help to identify historic recombinations and patterns of
evolution.

DNA sequencing technologies give the ability to directly observe sequence polymorphism.
It allows the identification of SNPs, and provides techniques to infer the function and
features of SNP polymorphism. We can explore whether polymorphism affects splicing
behavior or expression levels of mRNA transcripts. Sequencing allows us to ask questions
about what polymorphism is common or rare, or is present in higher frequencies in distinct
populations. We can identify polymorphism that belongs to a gene, or polymorphism
that lies in intergenic non-coding regions. And, most pertinently, we can explore how this
polymorphism relates to the HLA genes and immunology.

Molecular Analysis & HLA

Patterns in graft rejection were identified by Dr. Rose Payne and Dr. Jon van Rood in the
late 1950s,** marking the beginning of serology-based HLA typing. Ever since, the level of
understanding and the resolution of identified HLA types has rapidly increased. Typing by
serology has been, and continues to be, gradually replaced by DNA-based typing methods.
It has become clear that increased resolution in HLA typing provides more understanding
of the nature of HLA genes and how to match them for transplantation compatibility.

The polymorphism that exists in HLA genes has been studied extensively, but the
alleles represented in IPD-IMGT/HLA only represents a small portion of the total HLA
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polymorphism.® Identifying the full extent, and understanding the polymorphism in the
context of its function has only been touched upon. We have some idea about the function
of an HLA molecule and how it interacts with the immune system and human disease, but
there are continued lessons to learn, and we will never reach a complete understanding of
all the complexities in this system. It is clear that high resolution sequence based typing is
currently the most effective way to study these genes, and to match for SCT.’

The full-length sequencing of HLA alleles regularly reveals novel allele sequences, and for
many laboratories the identification of novel polymorphism is a routine process. It seems
that every study related to HLA polymorphism, especially with a novel population or less-
studied loci (Chapter 6), identifies new polymorphism that has never been represented
before. In order to accurately compare HLA alleles and determine compatibility, it is
necessary to store and curate the data in an effective way. IPD-IMGT/HLA is the only HLA
database with WHO-assigned HLA nomenclature, and it is the best available repository of
allele sequence, which is made clear by its widespread adoption in clinical diagnostics and
integration with commercial software packages. Allele sequences, with corresponding
alignments and relevant metadata, are easily available to anyone interested in HLA.
Bioinformaticians can download allele sequences and analyze them for more specific
scientific questions, which has proven to be very useful for analysis in all projects in this
thesis. The WHO nomenclature committee has come up with effective, albeit imperfect,
nomenclature to represent polymorphism in a biologically meaningful way.?

Having the wealth of HLA polymorphism is valuable to individuals and the community,
but there are reasons laboratories may not submit novel polymorphism. First, filling the
database with all available data may present challenges in patient / donor allele matching;
with so many available allele sequences, it can be nearly impossible to identify a perfect
HLA match. Secondly, laboratories are often unwilling to commit the labor necessary to
create high-quality consensus sequences, gather relevant metadata and specific protocol
details, and submit novel sequences. The first difficulty will be resolved in future studies,
which identify what polymorphism is the most immunogenic, and which polymorphism is
the most important consideration for transplantation. Analyzing sequences in the context
of the most important polymorphism eases the burden of having so much available
data. The second difficulty can be resolved by easing the process of allele submission.
Saddlebags (Chapter 2) represents an attempt to ease the process of annotating and
submitting allele sequences. Adopting the software to support batch allele submission
to IPD-IMGT/HLA remains a major goal, in order to improve the amount of available high-
quality allele sequences.
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MHC and HLA Gene Organization

The MHC is a very complicated region of the human genome.®" It is dense with genes,
including HLA and genes related to inflammation and immune function, as well as some
genes with seemingly unrelated function, such as olfactory receptors. These genes are
arranged in common patterns, but early maps of the MHC are based on homozygous cell
lines, and likely do not represent the diversity in MHC gene organization. Matching of
MHC haplotypes in addition to HLA genotype is important in Stem Cell Transplantation,™
with benefits that are likely related to the interactions between the HLA and non-HLA
genes within the region. Even if the HLA genes were absent from the region, the MHC
is a fascinating collection of genes and provides countless opportunities for interesting
studies.

Diversity of HLA is apparent when aligning and comparing polymorphism in allele
sequences, and much can be learned by studying the individual polymorphisms and
alleles in HLA sequences. Meiotic recombinations, however, create a different kind of
diversity in this region, causing changes in haplotype arrangements.'>'* Recombinations
can take place in regions between genes, resulting in gene reorganizations which might
not be detected by normal HLA genotyping,’ but recombinations can also happen in
regions within genes (Chapter 3), resulting in hybrid allele sequences. Recombinations
are a major driving force behind much of the diversity in HLA sequences, and due to
homology between the HLA loci and the variability in haplotype patterns, it can raise
questions about what polymorphism belongs to what gene locus.

Defining a gene locus depends on a few factors. A gene is a region of DNA that encodes
a protein. It contains expressed exons, which are translated into proteins, and it often
contains introns, which are spliced from the mRNA sequence and do not affect the amino
acid sequence. The gene is surrounded by 5" and 3’ UTR sequences, which have functions
which are probably related to protein expression. But there still remains the question of
how much sequence is sufficient to define a gene. Certainly protein-encoding exons that
define the sequence and structure of the molecule should be included, and it is important
toknow intron sequences to determine the splicing behavior, buthow much UTR sequence
is sufficient? The longest 5’ UTR sequence in IPD-IMGT/HLA is 17,56 1bp (HLA-DQAT1), and
the longest 3’ UTR sequence is 11,200bp (HLA-DPA1). These are extreme examples, but
illustrate the difficulty in defining the region that contains an entire gene. | would posit
that any sequence that can be demonstrated to affect the expression or behavior of the
resulting protein, or any sequence that is in a mRNA transcript in the cytoplasm, should be
included in the gene definition.

The 5" UTR contains the promoter sequence for most genes, including HLA." The promoter
sequence, transcription start site, and regulatory regions e.g. activators and repressors,
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exist within the 5" UTR sequence. The length of the complete regulatory region can
vary depending on a gene, but it may be possible to estimate an upper bound based
on gene pairs with bidirectional'” promoters. A convenient example is the DPA1~DPB1
region, where two head-to-head genes are separated by 2.5kb of intergenic 5’ sequence
(Chapter 8). This suggests that 2.5kb could be argued as an acceptable 5’ UTR region to
represent a gene.

The 3’ UTR is perhaps less clear, although there is significant evidence for functional
sequence in this region. The 3’ UTR contains polyadenylation sites,'® which can affect
expression regulation by altering the poly-A tails on mRNA transcripts. In HLA-DPB1, the
rs9277534 SNP (4989bp downstream of HLA-DPB1), has been shown to be correlated
with DPB1 expression levels,’® and subsequent transplantation outcomes. It has been
suggested that this SNP may directly affect expression by interacting with microRNA
sequences,” but it is not completely clear if this is the functional polymorphism, or
represents a SNP with linkage disequilibrium to the functional differences. Deletions
in the 3’ UTR of HLA-G have been correlated with expression levels of soluble HLA-G,
which may have effects on the success of a pregnancy,?' or with susceptibility to parasite
infection.? It could be hypothesized that the 5’ UTR region is primarily responsible for
mRNA transcript regulation, and the 3’ UTR sequence is primarily responsible for post-
transcriptional and translational regulation, as evidenced by polymorphism related to
expression found in both the 52 and 3% UTRs of HLA-C. Furthermore, polymorphism
within the 3’ UTR is significant in identifying the genomic context of a gene,?? and thus
downstream polymorphism is an important indicator of haplotypes (Chapters 6 and 7).
All of this functional sequence should be represented when considering a complete gene.

It is clear that there are ambiguities in how we represent genes, and the overlapping
nature of coding sequence within the MHC creates many questions. The arrangement
of the genes relative to each other is not a completely solved problem. | believe that
the ultimate solution for storing and presenting MHC reference sequences is based on
complete and continuous MHC sequences. If we have unambiguous reference sequence
across the entire region, we can more completely compare how an individual’s MHC relates
to the rest of the population. This is a lofty goal, that is not feasible with current laboratory
and computational techniques. But techniques such as Region Specific Extraction? will
improve, and cooperative efforts like Dr. Paul Norman's 2021 Amsterdam workshop
component “Creating Fully Representative MHC Reference Haplotypes” are valuable steps
to achieving this goal.

It has become clear that the MHC is a dynamic region. It is not cold and static, and it
does not have a constant or consistent arrangement. Although haplotype patterns can be
conserved over long periods of human evolution,?® genes can be duplicated, recombined,
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and translocated, resulting in completely novel arrangements. The HLA gene loci as
we understand have been assigned are based on sequence homology and similarities
in biological function. While this is an established and effective way to represent HLA
polymorphism, it is useful to think of the HLA genes as flexible genes that lie in a flexible
MHC region. The extent of how flexibility of the region will be explored in the future.

Immunogenetics

Matching of HLA has been clearly demonstrated to be effective for Stem Cell
Transplantation,® with better outcomes with higher resolution typing.” Better results
are obtained still by matching of phased haplotypes in addition to matched high
resolution gene sequences." It is likely that by matching the HLA loci within the MHC,
we are also matching sequences that are in linkage disequilibrium with the typed
regions, which indicates more matched sequence. The importance of haplotypes and
linkage disequilibrium may be most apparent in the rise of haplo-transplants.332 While
these transplants do cause a donor T cell response against the recipient’s mismatched
HLA, there seems to be some apparent protective effect provided by the single matched
HLA haplotype. The mechanism of the protection is poorly understood, but it could be
hypothesized that the interactions between the linked loci in the matched haplotype
have an effect of silencing the genes on the mismatched haplotype. In general, for the
best possible matching and for the identification of permissive mismatches, it isimportant
to identify what polymorphism is the most clinically relevant. It is important to consider
which polymorphism is correlated with disease, and what polymorphism is the most likely
to generate an immune response if mismatched.

Exon 2 (class Il HLA) and exons 2 and 3 (class | HLA) are the regions that encode the
antigen presentation domain, and are therefore the most important polymorphism to
identify, but it is important to type polymorphism outside this region as well. The region
of exon 4 of HLA-A contains a C homopolymer region, and polymorphism here can result
in null alleles (Chapter 3). The rs9277534 expression SNP of HLA-DPB1 provides a clear
indicator of polymorphism that is related to the function of a gene. While the function
of this polymorphism is still being explored,® laboratories are already performing typing
methods based on this polymorphism.*

Considering the flexible nature of HLA genes, and the fact that alleles at one loci can
share functional epitopes (e.g. Bw4) with alleles at different loci, it can be more tangible to
compare alleles at a more functional level. This is the concept behind epitope matching;
Comparing epitope sequences between HLA molecules provides a more tangible
way to compare HLA alleles. The studies in this thesis explore the differences in amino
acid sequences of HLA alleles (Chapters 7, 8, and 9), but only hint that these epitopes
may be the target of antibodies. Determining which epitopes are the actual target of
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antibodies is critical to understanding the differences in immunogenicity of HLA alleles
and considerations for transplantation matching. This illustrates a shift in thinking about
HLA matching, from matching based on HLA alleles to matching based on differences in
epitopes or the SNPs that define them.

Epitope matching is not, of course, a new idea.* In the HLA-DRB genes, polymorphism
in the exon sequences has direct correlation with allele groups. Alleles with similar exon
sequences are clustered into allele groups, which is mostly correlated with serological
subtypes. This is an example of clustering allele sequences based on epitopes, and these
clusters can often be used to match patient and donor HLA. In the case of HLA-DP, allele
clusteringis notbased on serological information, because we haven'tidentified antibodies
that correspond to distinct HLA-DP alleles. The lack of serological typing means that we
cannot form HLA-DPB1 allele groups based on antigen differences. The nomenclature
indicates allele groups based on some sequence homology, but difficulties in identifying
general patterns means that HLA-DPB1 nomenclature does not indicate protein
function, and cannot be used for matching patient and donor alleles in a conventional
sense. However, there have been efforts to cluster and match HLA-DPB1 alleles based
on functional polymorphism. This thesis has discussed that polymorphism within the 5’
UTR can indicate haplotypes, which are correlated with HLA-DPB1 hypervariable epitope
regions. (Chapter 8) This helps identify allele clusters, which will be explored to find their
role in matching for transplantation. This may ultimately indicate a method to match HLA-
DP based on functional polymorphism.

Collaboration

It is increasingly clear that science is not done in isolation, and collaboration is the key for
successful projects. Tackling complex projects cannot be done by an individual, and the
benefit of the expertise of others plays a major role in the success of a project. Every one
of the projects in this thesis required collaboration, often international collaboration, with
other individuals in the field.

In order for the efforts of international researchers to be effective, it is necessary for some
coordination and consensus. The International HLA and Immunogenetics Workshop
(IHIWS) represents a culmination of collaboration in this field. The first international
workshop was hosted in Durham, North Carolina in 1964, with the aim of coming to a
consensus on the identification of serologically relevant antigens. The workshop will
continue with the 18th workshop in Amsterdam, in 2021. The workshop is a recurring
theme in this thesis. The sequencing of full-length HLA alleles (Chapter 3) was the result
of a workshop component at the 17th workshop, where Saddlebags (Chapter 2) was
used for the submission of allele sequences to EMBL ENA database. Sequencing of the
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HLA-DPA1~Promoter~HLA-DPB1 haplotypes (Chapter 8) will be continued at the 18th
workshop as well.

Bioinformatics is by definition a collaborative effort, as it is often described as an interface
between biological and computational sciences. It is the bridge between biological
scientific questions and the use of algorithms and computational methods to solve them.
When creating in-silico analysis tools and software, there is a benefit in designing software
to be reusable and flexible. NMDP Bioinformatics / CIBMTR has a major focus on creating
an environment of usable and sharable services for the community.® There is extensive
work being performed on how to transmit and communicate high-quality genotyping
data,**, and tools for annotating HLA alleles or share allele and haplotype frequencies.*
These tools are not kept for internal analysis, but are hosted online, and members of the
community are encouraged to use and share them, or possibly even improve them. This
spirit of collaboration is most apparent at the Data Standards Hackathon (DASH) events.
At a DASH hackathon, members of the community, whether focused on bioinformatics
analysis or not, come together to create or discuss software tools and data standards. This
spirit of collaboration has encouraged me to keep all of the software that | write as open
source,* with the hope that it is useful or reusable in a future study.

Future Perspectives

The studies presented in this thesis represent a single point in a continuous timeline. All of
these studies are performed in the context of both past and future studies; although are
carried out based on the current knowledge, formed by answers that have been obtained
in the past, they are also carried out with an eye to the future. This research was performed
with the intention that these discoveries will play a role in the questions that are asked in
the future.

The progression of sequencing technologies and their technological improvements
are constantly evolving. It is convenient to attach names like “next generation,” “third
generation,” “high resolution,” “ultra-depth,” or “full-length” to a technology or group of
technologies, but these phrases are only meaningful when considered in the context of
technological progression. The current generation of technologies are just that, the current
generation. We will continue to see paradigm shifts, improvements in the methodologies,
accuracies, cost, and throughput of sequencing techniques that will further increase the

available data, and the importance of analysis.

Sequence based typing of full-length HLA alleles is commonly performed by amplicon
sequencing, and that trend is reflected in the projects in this thesis. PCR primers were
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designed to cover a specific region that represents a gene. The sequencing of HLA-
DRA in Chapters 6 and 7 includes a larger region than the gene as represented in IPD-
IMGT/HLA, and the polymorphism identified in this surrounding region was found to be
important in defining distinctions in haplotype patterns. Likewise, Chapter 8 showed that
the intergenic promoter sequence is important in defining haplotype patterns. Moving
forward, we will need to expand our represented sequence. Not just by increasing the
length of available sequences, but by putting in context of the entire MHC and the human
genome.

Attempts to sequence the entire MHC are already in development,? and have the
potential to generate clear sequences of the entire MHC. Probe-based extraction methods
carry the promise of full-length MHC sequences, but it is necessary for the techniques
to be as robust as possible. Although region-specific extraction is demonstrated to be
possible using PacBio SMRT sequencing, early attempts to use MinlON to sequence DNA
extracted from an MHC region using this technique were not successful, likely due to poor
interactions with nanopores and biotinylated nucleotides. This indicates that haplotype
sequencing analysis will continue to require adaptations in the laboratory techniques
and sequencing platforms, as well as in bioinformatics interpretation and analysis. But the
results will help us to identify and define the flexible haplotypes in the MHC.

Just as the move from full-length gene sequencing to haplotype analysis reveals
additional value, considering MHC polymorphism in the context of the whole human
genome provides additional value. The MHC does not act alone, and although it is the
most complex region, it is important to consider how polymorphism in the MHC relates
to the whole human genome. The rise in full genome sequencing means that it is much
more likely that an individual may have full-genome sequence data available. Tools such
as ALPHLARD*" work towards the analysis of HLA sequences from data obtained from
whole genome sequencing. These attempts hope to unearth HLA polymorphism which
can be directly related to genome sequence.

Future studies will continue to identify which genome-wide polymorphism is the
most clinically significant. More tests and assays for the typing of the most relevant
polymorphism will be developed and used in clinical applications. Sequencing of cDNA
and mRNA transcripts will help to clarify how transcription and alternative splicing affect
the resulting HLA molecule. Epitope-based matching techniques will increase in the future,
and will help to elucidate the behavior of HLA and how it interacts with immune cells.
These studies will help to increase our understanding of the expression and biological
behavior of HLA.
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As scientific projects generate increasing amounts of data, it becomes even more
important to share data and ideas. International collaboration will continue to play a
critical role in these scientific pursuits. The 2021 International Workshop in Amsterdam
and data-standards meetings like DASH will continue to foster a sense of community,
where researchers come together and share ideas. It will continue to be important to share
the analysis tools we have available. Sharing of software tools on open source websites,
and hosting of valuable services will continue to be important for improving the research
capabilities of the general community.

The nature of human biology remains a huge mystery, and the function of all of the moving
parts within a human body continue to present fascinating areas for research. Humans
will continue to have questions about how our genome works, and how it encodes the
mind-boggling array of functionality that might seem so simple and trivial in day-to-day
life. Every time we seek an answer to one of these questions, we are shedding light on
an area of understanding where there was darkness before. This certainly contributes to
the greater understanding of how humans work, and hopefully leads to improvements
in medical treatments or quality of life. I'm happy that | could contribute this piece of the
puzzle, and | know that we'll continue to ask questions and find clever ways to answer
those questions in the future.
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Final Summary

Bioinformatics is taking a more prominent role in analysis of HLA and its role in scientific
advancement. Every improvement in the tools for molecular analysis, and the techniques
that employ them brings about new methods of approaching scientific queries.
Improvements in bioinformatic methods enable us to create new scientific queries, which
creates a self-perpetuating cycle. This thesis has discussed my use of bioinformatics
to make scientific contributions to our understanding of immunogenetics, HLA and
the MHC, and how these ideas apply to clinical diagnostics. HLA diagnostics has been
evolving, from serological typing, to exon-based molecular genotyping, to identification
of full-length gene sequence, to elucidating entire MHC haplotypes. It is critical that our
ways of thinking match the evolving technology, in order to fully realize our potential in
understanding HLA and immunogenetics.

This thesis describes a two-fold approach to scientific developments. In the first section
(Rules and Tools of HLA Analysis) | have described techniques that enable molecular
analysis, and how we can use these techniques to answer scientific questions. Chapter
2 describes efforts in collecting and curating sequences in standard databases, which
provides more high-quality data to be used in sequencing analysis and diagnostics.
Collecting and submitting allele sequences is a difficult and time-consuming project,
but the availability of full-length reference sequence is critical to identifying HLA
polymorphism, and efforts to simplify this process are of a great value to the community.
Community-based collaboration is clearly critical for successful scientific endeavors,
which is reflected in Chapter 3. Several laboratories contributed samples and sequencing
data to a collaborative workshop component, and resulted in a valuable expansion of the
IPD-IMGT/HLA database. As our understanding of the MHC advances, the content of IPD-
IMGT/HLA will advance as well, and the community will still need to have reference data
to understand HLA polymorphism and what it represents.

Targeting and collecting high quality HLA sequences commonly begins with PCR, and
one successful technique is described in Chapter 5. This assay was analyzed critically, and
proven that the resulting amplification produces product that is accurate as well as reliable.
We also showed that this product is suitable for use on applicable sequencing platforms,
and subsequent use in diagnostics and high-throughput typing. Chapter 4 described our
contribution in bringing a new analysis technique to clinical diagnostics. In a diagnostic
setting, it is valuable to have a tool that can quickly and inexpensively type HLA, but there
is no room for ambiguities and errors. Applying a new technique (e.g. MinlON) to a clinical
setting brings challenges, and these challenges were met by a focused effort to identify
analysis techniques that overcome them. Our techniques were validated, demonstrating
that this sequencing platform can be used as a diagnostic tool in a clinical setting.
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In the second section (What’s in a Haplotype?) | have described our contributions to
our understanding of MHC haplotypes and immunogenetics. The importance of full-
gene polymorphism was discussed in Chapter 6, where we indicated how extended
polymorphism of HLA-DRA indicates haplotype patterns. Limiting analysis to exons can
give an incomplete picture of an HLA gene, and indicates that this gene plays a very
limited role. Expanding analysis to intron and UTR sequence gives important insights
into the evolutionary history of HLA-DRA, and how it reshapes our understanding of
DR~DQ haplotypes. Chapter 7 expanded on the importance of UTR polymorphism by
demonstrating its role in dividing DRB1*13 allele groups and showing that it represents
multiple haplotypes. Allele groups are often intended to correlate to serological subtypes,
and demonstrating that alleles in this group do not possess characteristic epitopes
suggests that another look should be taken at the definition of the DRB1*13 group.

Defining allele groups based on functional distinctions is especially challenging in the
HLA-DP region, as we have not yet reached an understanding of what polymorphism is
relevant in transplantation. This was explored in Chapter 8, where DPA1~Promoter~DPB1
haplotypes were defined and clustered by the intergenic promoter sequences. Correlating
the promoter patterns with hypervariable regions demonstrated that clustering the
DP haplotypes by this method may be a more effective way to think about this unique
HLA region, and may suggest a more functional nomenclature. Allele groups and
their correlations with nomenclature and immunogenetics were also a major focus in
Chapter 9, where we predicted serological specificity of HLA alleles based on amino acid
patterns. Efforts to identify serological typing can help to identify permissive mismatches
in transplantation, and our efforts to correlate sequence to serology improve the
understanding of their relationship, hopefully contributing to general understanding of
the nature of HLA.

Together, these projects have created a story about the role of bioinformatics in HLA and
immunogenetics. Bioinformatics’ multi-faceted and wide reaching approaches makes
it perfectly suitable to apply to these fields. | have applied these approaches to identify
patterns in HLA sequences, and to observe how these sequences contribute to MHC
haplotypes and identifying immunogenic epitopes. Bioinformatics has given me the tools
and methodology that | need to approach scientific questions using effective techniques,
and it provides new ways to think about problems and develop scientific vision for the
future. Bioinformatics techniques will continue to develop, and | am excited to be a part
of bringing it into the future.
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Valorisation

Rules and Tools of HLA Analysis

Typing and matching of HLA alleles is clearly beneficial in Stem Cell Transplantations, and
matching of HLA reduces the effects of Graft-vs-Host disease. Sequencing and matching
the full length of HLA at high resolution has also been correlated with improved outcomes,
and matching of phased HLA haplotypes improves outcomes even further. High
resolution HLA matching is also a strong consideration for Solid Organ Transplantations.
The presence of anti-HLA antibodies is the main contraindication for SOT, and high
resolution sequencing defines the epitopes that are recognized by the antibodies.
Advancements in the platforms and techniques used in HLA sequencing improve the
speed and cost-effectiveness of HLA typing, and allow the characterization of full-length
HLA polymorphism.

A PCR approach that reliably amplifies 11 HLA loci in four reactions to help in library
preparation for sequencing is described in Chapter 5. PCR is one of the greatest costs
involved in sequence-based typing of HLA alleles, and reduction of these costs enables
more HLA laboratories to easily and accurately type these alleles. The availability of a
standard primer set allows a more reliable sequencing assay and more consistent analysis
and comparison of sequencing data. Chapter 4 describes the validation of an HLA typing
approach which uses nanopore sequencing. MinlON sequencing is portable, requires
less up-front costs, and requires only minimal laboratory equipment. It generates full-
length single-molecule reads, which allows phasing of relatively distant polymorphism
and reduces the inherent difficulties of phasing cis/trans polymorphism in heterozygous
sequencing by short-read technology. The smaller form factor and relatively short time
required for sequencing makes it an attractive target as an on-call typing device. The
benefits of MinlON are however balanced by challenges in implementation. Basecalling
models can struggle with regions of low sequence variation, especially homopolymer
sequences, and bioinformatics approaches are necessary to correctly interpret the data.
Interpretations of sequencing data, especially from novel platforms, must be validated
for accuracy and reliability. MinlON sequencing, combined with a validated analysis
technique, enables a wider variety of laboratories to sequence and type HLA, to the
benefit of the HLA and transplantation communities.

The HLA genes are hyperpolymorphic, which is apparent in the number of unique allele
sequences in IPD-IMGT/HLA. The sequence data in this repository is freely available, and is
often used in commercial software packages for HLA analysis. The availability of a standard
HLA database with official names from the WHO nomenclature committee is of great value
to the community. It allows standardization and unambiguous typing and comparison of
HLA alleles which can be communicated between any HLA laboratory. Many of the alleles
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have only partial sequences available; just 27.3% of the available HLA alleles have full-
length (5" UTR to 3’ UTR) sequences available (release 3.39.0), a significant improvement
over the <8% reported by Dr. Steven J. Mack in 2015. This improvement is thanks to local
and international efforts to fill the gaps in available full-length sequences. Chapter 3
describes the results of an international collaboration at the 17th HLA workshop where
34 HLA alleles were extended with complete full-length sequences. Matching of full-
length HLA sequences allows matching of a greater amount of polymorphism, compared
with matching only the antigen presentation domains, and the availability of full-length
sequences allows more specific studies that compare polymorphism between groups.

Sequencing of an individual’s HLA genes, especially individuals from under-represented
populations, regularly produces novel allele sequences. The submission and naming
of these sequences in IPD-IMGT/HLA provides a continuous increase in the known
HLA polymorphism, to the benefit of HLA researchers and transplantation clinicians.
However, the submission process can be cumbersome, and highly-curated databases
often have higher requirements for submission. Gathering the necessary metadata and
documentation requires some human effort, Chapter 2 describes an effort to ease that
process. Saddlebags is a freely available tool designed to simplify the process of submission
to EMBL/ENA, an important step in submission to IPD-IMGT/HLA, allowing laboratories to
more easily participate in submission of novel HLA alleles. Saddlebags has been used by
laboratories around the world for submission of HLA class | sequences, and development
is continuing to support HLA class Il and bulk sequence submission.

What's in a Haplotype?

The HLA genes do not exist in isolation, they are part of a complex and variable MHC
region. The second part of this thesis is entitled “What's in a Haplotype?” which reflects
a major theme of this thesis. Outside of the HLA field, a haplotype may represent only
two linked SNPs, but for HLA researchers a haplotype represents polymorphism in
multiple genes, and possibly all polymorphism across an entire chromosome. Regardless,
haplotypes are a critical concept in HLA studies. Determining haplotype patterns is an
important step in identifying patterns in linkage disequilibrium between SNPs within a
gene, or polymorphism at completely different loci. Haplotype studies allow researchers
to identify polymorphism that is conserved through evolution, or polymorphism that is
commonly inherited together. We can find the relationship between polymorphism of
alleles at two loci that encode a protein heterodimer, and clarify how it affects the behavior
of the resulting molecule. Haplotypes help us to find new patterns in the organization of
genes, and sheds light on the nature of the MHC.

In addition to applications in answering research questions, haplotypes have animportant
role in transplantation. Matching of phased HLA haplotypes in addition to the unphased
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genotypes provides further benefits in stem cell transplantations, perhaps due to
implicit matching of unsequenced polymorphism. Haplotypes provide an advantageous
effect in the context of haploidentical transplants, that seems to overcome the effects
of mismatched HLA alleles. Sequencing haplotypes may help to clarify the linkage
disequilibrium patterns and poorly understood mechanisms that provide these beneficial
effects. It is clear that identifying patterns in haplotypes increases our understanding of
the mechanisms within the MHC, to the benefit of both scientific and clinical applications.

This thesis has expanded our understanding of HLA haplotypes, especially in the class
Il region. In Chapter 6, we explored the role of HLA-DRA polymorphism in DR~DQ
haplotypes. Previous literature has described DRA as monomorphic, with a consistent locus
within well-defined haplotype patterns. The exon sequences were found to have minimal
polymorphism compared to other HLA genes, but we described 20 novel SNPs in the
introns and UTR sequences. Haplotype analysis revealed that patterns of polymorphism
are correlated with specific HLA-DRB and DQBT1 alleles, suggesting that although the DR
alpha subunit is evolutionarily conserved, the non-coding polymorphism of HLA-DRA
suggests distinct evolutionary lineages and plays an important role in defining DR-DQ
haplotypes.

Although previous studies have categorized haplotypes into one of just a few patterns,
Chapter 7 expands our understanding of HLA-DRB1*13 haplotypes and explores the
theory of a flexible MHC. We have suggested that the MHC is a flexible and dynamic system
which is subject to continued evolution, and that existing haplotypes may not always fall
within the definitions of known patterns. This model is presented, not as a conclusive and
final definition, but as an idea that can be expanded in further studies by others in the
community. As more individuals are sequenced, and more research projects to determine
haplotype patterns are carried out by researchers worldwide, the community will further
understand how the HLA and non-HLA genes fit together, and how evolutionary pressures
affect differentiation between individuals and ethnic groups.

Our understanding of haplotypes was further extended in our studies of the HLA-DP
region (Chapter 8). DPA1 and DPB1 have an interesting head-to-head orientation with
a shared overlapping promoter region. Unlike other HLA loci, HLA-DP nomenclature is
not based on allele groups defined by serology. Sequencing the entire region identified
common promoter patterns, and haplotype analysis indicates that sequence clusters
based on these patterns form strong correlations with the hypervariable regions in DPB1.
This suggests a relationship between the promoter region, which likely affects HLA-DP
expression levels, and the hypervariable regions in the antigen presentation domain,
which affect the HLA-DP immunogenicity. The allele clusters defined by promoter
sequences were defined with the goal that future studies and collaborations, such as the
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International HLA & Immunogenetics Workshop, can expand on the patterns and clarify
their clinical consequences.

The relationship between polymorphism and immunogenicity was further explored in
Chapter 9. The use of serological HLA typing in a clinical setting is generally decreasing,
and the serological typing for many allele sequences is unknown. Serological subtypes
of specific HLA-B alleles are not known, and can be difficult to assign due to scarcity of
available sera. The serotyping is critical in determining if patient donor-specific antibodies
(DSAs) are specific to the transplanted tissue, and models have been proposed to predict
serology based on sequence polymorphism. We have proposed one technique for
using patterns in specific amino acid polymorphism, compared with alleles with known
serotypes, to predict the potential serological subtype of an unknown HLA-B*15 sequence.
This method is proposed as an alternative model to existing models that use machine
learning-based serology prediction, and it's accuracy and efficacy are free to explore by
the community.

The HLA Community

For many of the projects in this thesis, specific software tools were developed for analysis,
and software that we created for analysis of HLA sequences is provided as open-source
software whenever possible. This includes the code for Saddlebags, as well as Nanopore
Prospector, the collection of code and scripts that has provided some capability to analyze
MinlON reads and HLA allele sequences. The code is available on Github, a widely-used
repository for open-source software, and is provided under the GNU GPL 3.0 license,
which means that it can be freely downloaded and modified and repurposed for different
applications. Providing open-source software has remained a high priority during these
studies, since it increases the clarity of how the analysis was performed, and benefits
the community by helping other researchers to formulate techniques for analyzing
sequencing data or HLA alleles.

Thelnternational HLA & Immunogenetics Workshopisaworldwide gathering of researchers
and clinicians who work to standardize methodologies, definitions, nomenclatures, and
concepts and collaborate on community-focused well-defined projects related to HLA
and immunogenetics. The workshop occurs once every 2-5 years, and workshop projects
have been arecurring theme in several chapters in this thesis. Chapter 3 is the direct result
of a 17th workshop project where labs collaborated to sequence and submit (Chapter 2)
full-length HLA allele sequences. This project will be expanded and continued at the 18th
workshop. The 18th workshop also features a project focused on DPA1-promoter-DPB1
haplotypes, which will expand on the results identified in our HLA-DP project (Chapter
8). We explored the ideas of polymorphic epitopes in Chapters 7 & 9, which are related
to the planned projects of identifying immunogenetic epitopes and an update of the



General Discussion | 239

HLA dictionary. The 18th workshop will also feature projects focused on bioinformatics,
including analysis of recombinations in inherited haplotypes, population genetics, and
a community-focused DASH data standards hackathon, all of which relate to projects in
this thesis.

All studies in this thesis have been performed with a goal of improving our understanding
of HLA for the benefit of patients, clinicians, and researchers in the HLA community. We
have put priority on sharing of our results and data whenever feasible, and on active
participation in the collaborative congresses and hackathons. This thesis has been focused
on the creation and use of software tools which clarify our knowledge of the MHC and
which can be applied to many HLA research questions. The projects represented by this
thesis are a snapshot in a continuing timeline; it expands on the discoveries of earlier
HLA researchers, and the results have the goal of extending the capabilities of future
researchers to continue to advance the field of HLA and immunogenetics.
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