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Abstract

Next generation sequencing (NGS) is being applied for HLA typing in research and clinical
settings. NGS HLA typing has made it feasible to sequence exons, introns and untranslated
regions simultaneously, with significantly reduced labor and reagent cost per sample, rapid
turnaround time, and improved HLA genotype accuracy. NGS technologies bring challenges

for cost-effective computation, data processing and exchange of NGS-based HLA data. To
address these challenges, guidelines and specifications such as Genotype List (GL) String,
Minimum Information for Reporting Immunogenomic NGS Genotyping (MIRING), and
Histoimmunogenetics Markup Language (HML) were proposed to streamline and standardize
reporting of HLA genotypes. As part of the 17" International HLA and Immunogenetics
Workshop (IHIW), we implemented standards and systems for HLA genotype reporting that
included GL String, MIRING and HML, and found that misunderstanding or misinterpretations
of these standards led to inconsistencies in the reporting of NGS HLA genotyping results.

This may be due in part to a historical lack of centralized data reporting standards in the
histocompatibility and immunogenetics community. We have worked with software and database
developers, clinicians and scientists to address these issues in a collaborative fashion as part of the
Data Standard Hackathons (DaSH) for NGS. Here we report several categories of challenges to the
consistent exchange of NGS HLA genotyping data we have observed. We hope to address these
challenges in future DaSH for NGS efforts.
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1. Introduction

Many data standards for interpreting and sharing DNA sequences have been defined and
applied by the genomic and genetic research community. FASTQ has emerged as a common
file format for sharing sequence read data by combining both the nucleotide sequence and
an associated per base quality score [1]. The Sequence Alignment/Map (SAM) format is a
generic alignment format for storing read alignments in the context of reference sequences
[2]. The variant call format (VCF) is a generic format for storing DNA polymorphism data
such as SNPs, insertions, deletions and structural variants, alongside rich annotations [3].
All three have been widely adapted for many bioinformatics tools since next generation
sequencing (NGS) technology emerged and gained popularity.

The classical Human Leukocyte Antigen (HLA) genes are recognized as the most
polymorphic loci in the human genome [4, 5]. They display extensive nucleotide variation
and are very difficult to characterize using single nucleotide polymorphisms (SNPSs) in

a clinically meaningful manner. The World Health Organization (WHO) Nomenclature
Committee for factors of the HLA System has established a system that assigns unique
allele names based on the constellation of SNPs and more complex multinucleotide
polymorphisms within each HLA gene [6]. Historically, core-exon sequences, encoding the
antigen recognition domain, were targeted for HLA typing using Sanger sequencing-based
typing (SBT) methods, and SBT HLA genotypes were primarily reported using truncated
two-field allele names. The implementation of NGS for HLA typing has made it feasible

to sequence all exons, along with introns and untranslated regions, and to potentially report
untruncated four-field HLA allele names. Currently, three HLA class | (HLA-A, -Band
-C), and eight HLA class Il (HLA-DRB3, -DRB4, -DRB5, -DRBI1, -DQAI, -DQB1, -DPA1
and -DPB1) genes are routinely genotyped for transplantation therapy and immunogenetic
research.

Within the histocompatibility and immunogenetics (H&I) community, specific data
standards have been developed for sharing and interpreting HLA genotype data. The goal in
defining these standards has been to facilitate uninterrupted data exchanges between NGS
HLA typing software and either laboratory information management systems (LIMS) or
analytical tools developed for interpreting HLA genotyping data. Genotype List (GL) String
has been proposed as a standard format for reporting HLA genotypes [7]. GL String is a
grammar that applies a set of hierarchical delimiters (+, #, /, | and ~), described in Table 1,
to precisely define the relationships between alleles, lists of possible alleles, genotypes, lists
of possible genotypes, phased alleles and multilocus unphased genotypes for an individual,
as a precise representation of a specific genotyping result. The Minimum Information for
Reporting Immunogenomic NGS Genotyping (MIRING) guidelines define the minimal set
of data and meta-data needed to understand an HLA genotyping result in the context of

the NGS system that generated it [8]. Histoimmunogenetics Markup Language (HML) is
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an electronic eXtensible Markup Language (XML) format designed for exchange of HLA
genotyping data, with extensions developed for next-generation sequencing (NGS) that
conform to the MIRING reporting guidelines [9].

Historically, the vendors of HLA genotyping software and databases, along with clinical
HLA laboratories, have been inclined to create their own independent data reporting
systems. Each clinical HLA laboratory defines a unique data exchange system by

working with HLA genotyping system vendors and LIMS vendors. While this may be
sufficient for day-to-day clinical operations, it becomes an obstacle when clinical HLA
laboratories participate in research collaborations and must exchange data with collaborating
laboratories. Problems arise when these H&I laboratories use publicly available software for
data interpretation, as investigators must spend significant amounts of time learning how to
use the software, and determining how to format their data for the software.

As part of the 171" International HLA and Immunogenetics Workshop (IHIW), analytical
tools e.g., HLA Haplotype Validator (HLAHapV) [10], Bridging ImmunoGenomic Data-
Analysis Workflow Gaps (BIGDAWG) [11], haplObserve and Phased or Unphased Linkage
Disequilibrium (POULD) [12], were developed and updated to operate using GL String,
MIRING, and HML formatted data. Despite the requirement to use these data standards

for the 17t IHIW, we encountered many instances in which the smooth flow of data from
the HLA typing laboratories to the analytic software was not possible. Here we describe
informatics challenges experienced by HLA laboratories participating in 17t IHIW research
projects in the use of publicly available tools for the exchange of HLA genotyping data.

2. Materials and Methods

17 IHIW NGS HLA genotyping data were generated using five software platforms: Assign
TruSight HLA (Illumina), HLA Twin (Omixon), MIA FORA (Immucor), NGSengine
(GenDx) and TypeStream Visual (Thermo Fisher Scientific). IPD-IMGT/HLA Database
release version 3.25.0 was used for the 171 IHIW. We reprocessed some data reported

using IPD-IMGT/HLA Database release version 3.36.0 and 3.42.0 allele names, compared
HLA genotyping results under these release versions using hlaGenotypeEvaluator (https://
github.com/IHIW/hlaGenotypeEvaluator) [13], and used IPD-IMGT/HLA Database release
version 3.44.0 for manual inspection. NGS HLA genotyping data were exported in HML
format for review and comparative analyses. The current version of HML meets the
MIRING guidelines, which require use of GL String-formatted genotypes. We have also
included observations based on reevaluation of clinical genotypings that were performed
either using a new version of an NGS HLA genotyping software, while keeping the pertinent
IPD-IMGT/HLA Database version constant, or using a new version of the IPD-IMGT/HLA
Database reference alignments, while keeping the genotyping software version constant.

There are three major commercially available clinical LIMS for the H&I community:
HistoTrac (SystemLink, Inc), mTilda (HLA Data Systems) and Cytopar Histocompatibility
Suite (Cytopar LLC). There are also laboratories that employ in-house developers to create
homegrown LIMS specific to their institution.

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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Through this process, we have identified eight areas of focus where community effort
and improvement are needed to facilitate better, more effective communication of NGS
genotyping results — 1) community consensus between software developers, 2) consistent
use of GL String notation, 3) improved reporting of genotyping ambiguity, 4) streamlined
human review of genotyping results, 5) improved generation of consensus sequence, 6)
improved detection of novel alleles, 7) standardized validation of HML messages, and 8)
consistent application of IPD-IMGT/HLA Database versioning.

3. Challenges to Effective Data Exchange

3.1 Lack of Consensus across Software Development Parties

Data standardization is a key factor for successful collaboration between clinical HLA
laboratories and research scientists.

In clinical HLA laboratories, NGS HLA genotyping is routinely performed for BMT
patients and donors for HLA matching, and for solid organ recipients at pre-transplant stage,
and solid organ donors for retrospective monitoring of donor specific antibody (DSA). The
HLA laboratories are required to report both recipient and donor HLA genotyping results

to a BM registry or donor center. The NMDP is the primary recipient of clinical HLA
genotyping results in the United States, and these results are electronically transmitted using
HML, which can be formatted in multiple ways. For research applications, HLA genotyping
data and associated consensus sequences must be provided to a software application

for analysis. These data are usually exchanged as text files for research applications.
Effective data standardization requires consensus between NGS genotyping vendors, LIMS
developers, and the developers of research software tools. Figure 1 illustrates some of

the areas in an NGS workflow where a lack of consensus among these parties results in
obstacles to collaboration.

FASTQ sequence files are transmitted from NGS instrument to HLA genotyping software.
Data transmission from the HLA genotyping software to LIMS requires significant upfront
efforts to meet each clinical laboratory’s requirements, with adjustments made for NGS
vendor-specific data formats (K. Osoegawa, personal communication). This process is costly
and time-consuming, because clinical laboratories, NGS HLA genotyping software vendors,
and commercial LIMS vendors and homegrown LIMS developers work independently,

in an uncollaborative fashion, and without following publicly available data standards.

The various types of NGS HLA genotyping software generate XML formatted HML-like
output files. LIMS vendors indicate that these HML-like file formats differ between

NGS platforms, requiring the development of vendor-specific XML parsers to extract the
required HLA genotypes from the HML-like files for both clinical and research applications
(K. Osoegawa, personal communication). Each LIMS vendor has established their own
electronic transmission system for transferring HLA genotyping data from their LIMS to
NMDP. However, it is currently not possible to generate a local HML output file from the
vendor-based LIMS, hindering the extraction of data from LIMS for research applications.

Homegrown LIMS and vendor-based software each have benefits and drawbacks.
Laboratories that make homegrown LIMS using an in house developer are able to more

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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dynamically make changes to their software. They can respond to major updates requested
by their customers or other institutions quickly, and are able to expeditiously fix errors
generated by their LIMS. It may take significant time for a vendor to roll out an upgrade

to all of their customers or make a correction to their software. The decision by vendors to
make free or low cost updates to their software can depend on how widespread the adoption
will be by their existing customer base. Customization of software that is requested by a
single laboratory is not cost-effective for the vendor, so labs may have to pay a premium
for a feature tailored to their specific needs compared to a feature that can be adopted by
multiple laboratories.

Vendor-based LIMS have the benefit of being prepackaged systems. The software is offered
as a standardized base package with optional add-on features. Labs that use vendor based
software do not have the ongoing expense of staffing an in-house developer, and can instead
call on their software representative to handle the installation and maintenance process of
the LIMS. Vendor based software generally uses the same formatting rules for reporting
data for all their customers compared to homegrown programs, which lends itself better to
standardization of reporting. Labs who use homegrown software may each have a unique
way of collecting and reporting data, which can make it difficult to analyze by outside
programs or for research purposes.

3.2 Inconsistency in Applying Genotype List (GL) String format

Table 1 defines the GL String delimiters [7], and presents examples of their application.
Table 2 details three examples of GL String-related errors. In error 1, both the full-

length HLA-DPB1%*04.:01:01:01 allele and the truncated two-field HLA-DPB1*04.01 allele
are included in the same GL String. When a single full-length allele name, like HLA-
DPB1%*04:01:01:01, is reported, it indicates that this is the only possible allele. In contrast,
when a truncated two-field allele name like, HLA-DPB1*04.01, is reported, it includes all
third- and fourth-field allele names that begin with HLA-DPB1*04.:01; there are 122 such
possible HLA-DPB1*04.:01 alleles in IPD-IMGT/HLA Database release version 3.44.0.
Using GL String notation, these can be represented as a slash-delimited ambiguous allele
string (Supplementary Table 1).

In error 2, three possible HLA-DRBI1*15:01 alleles have been delimited with pipes (|)
instead of slashes (/). We speculate that error 2 results from a misunderstanding of when

to use a pipe (|) and a slash (/) (Table 1). It is sometimes impossible to establish phase
between detected polymorphisms using short sequence reads, especially in the presence

of an extended SNP desert. Genotypic ambiguity is reported when two or more possible
genotypes are observed. GL String formatted genotypic ambiguity is represented using pipe
(]) and plus (+) delimiters to identify all possible genotypes that cannot be distinguished.

In contrast, GL String formatted allelic ambiguity is represented using a slash (/); e.g.,
HLA-DRB1%*15:01:01.01/HLA-DRB1*15:01:01.02/HLA-DRB1%*15:01:01:03 indicates that
these three alleles are not distinguishable using the HLA genotyping method applied [7].

In error 3, the genotype HLA-DPB1*04:01:01:01l HL A-DPB1*126:01+HLA-
DPB1*04:02:01:02 HLA-DPB1*105.01 genotype is delimited with slashes (/) instead of
pipes (). The HLA-DPB1*04:01:01.01 and HLA-DPB1*126.01 alleles share identical exon

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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2 sequences, as do the HLA-DPB17*04.02:01:01 and allele HLA-DPB1*105.01 alleles. The
HLA-DPB1%04:01:01:01 and HLA-DPB1*105.:01 alleles share identical exon 3 sequences,
as do the HLA-DPB1#*04.02:01:01 and HLA-DPB1*126.01 alleles. Based on these exon 2

and 3 sequences, this genotype should have been reported as a genotypic ambiguity: HLA-
DPB1%04:01:01.01+HLA-DPB1*04:02:01.02HLA-DPB1*126:01+HLA-DPB1*105.01.

3.3 Programmatic Failure to Report Genotypic Ambiguities

As part of the 171 IHIW family haplotype project data, we identified a family

in which the mother’s HLA-B genotype was HLA-B*51:01.01:01+HLA-B*53.01:01,

the father’s was HLA-B*35:08:01+HLA-B*14.:02:01:01, and the first child’s was HLA-
B*14:02:01:01+HL A-B*53:01:01 (Table 3). The second child’s HLA-B genotype was
reported as HLA-B*35:01.01.02+HLA-B*53.:24, which did not match the parental HLA-
Balleles. As described in section 3.2, genotypic (aka, phase) ambiguities occur in the
presence of an extended SNP desert, a phenomenon that is frequently encountered for HLA-
DPB1, but can occur at other HLA loci [14]. DNA sequence alignment suggested that the
NGS HLA genotyping software (1) failed to phase informative SNPs during the sequence
assembly stage, (2) reported consensus sequence for only one of two possible genotypes,
and (3) did not report a genotype ambiguity: HLA-B%*35.08:01+HLA-B*53.01:01|HLA-
B*35:01.01:02+HLA-B*53:24 (Figure 2). There is currently (as of IPD-IMGTIHLA
Database release version 3.45.0) no genomic reference sequence for HLA-B*53:24, and
there are no informative SNPs in a 465 nucleotide-long region spanning the 3’ region

of exon 2, intron 2 and the 5” region of exon 3 of HLA-B*35.:08:01, HLA-B*53.:01:01
and HLA-B*35:01:01:02 (Figure 2). We were able to detect this HLA genotype reporting
error because we had HLA genotypes for all family members. Without these family data,
this error would likely have gone unidentified. This example highlights the importance
that vendors ensure that genotyping software accurately report HLA genotype ambiguity,
especially in instances when sequence phase is unknown. MIRING provides guidelines for
accurately describing consensus sequences with known and unknown phase relationships.
We speculate that unexpected, unphased sequences may have occured in this case if the
fragment size of the DNA sequencing library was smaller than optimal (e.g., < 450 bp).

4. Required Human Review of Genotyping Results

4.1 Importance of Manual Review of HLA Alleles and Haplotypes

One of the shortcomings of PCR-based enrichment procedures is the potential for “allele
dropout’ due to amplification failure. It is crucial to review each software-generated
HLA genotype to detect potential allele dropout. It may be feasible to detect allele
dropout by testing the same sample using a different method, e.g. sequence-specific
oligonucleotide probe (SSOP). However, it is costly and time-consuming to perform
confirmatory experiments for all subjects, especially in research or other high throughput
settings when HLA genotypes are generated for hundreds or thousands of subjects.

A reasonably cost-effective procedure to detect allele dropout is to review common
HLA haplotypes that have been characterized and published for various ethnic groups
or countries [15-18]. There are also computational tools to automatically predict
haplotypes [10-12, 19]. As part of the 171 IHIW family haplotype project, we

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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encountered a subject with an HLA-DRBI1*07:01:01.01/HLA-DRB1*07:01.01:02~HLA-
DQA1#02:01.:01:01/HLA-DQA1#*02:01.01:02~ HLA-DQB1*02:02:01.:01 haplotype, but we
could not detect an HLA-DRB4 allele expected based on the common haplotype analysis
using NGS. Two siblings and a parent in this family carried the same DR~DQ haplotype, but
we did not detect the expected HLA-DRB4 allele using NGS HLA typing for them either.
We performed SSOP genotyping for these individuals, and were able to confirm the presence
of the HLA-DRB4*01:01.:01.:01 allele. We hypothesized that there could be an unknown
sequence variant located near the 3’-end of an NGS PCR primer, that lead to the initial

PCR amplification failure of HLA-DRB4 sequences. This exemplifies a technical limitation
of amplicon-based NGS HLA typing assays, as well as the importance of reviewing HLA
haplotypes and following up inconsistencies using a different method [20].

In addition, it is important to be aware of the presence

of unusual haplotypes. NGS HLA typing systems are capable of

capturing such haplotypes. For example, we identified a subject with

a HLA-DRB4*01:03.01.05+ HLA-DRB5%*01:01:01:01" HLA-DRB1%01.:01:01.01+ HLA-
DRB1%*04:05:01:04" HLA-DQA1*01.:01:01:01+ HLA-DQA1*03:03:01.03" HL A-
DQB1#*04.01:01.:01+ HLA-DQB1*05.:01:01.03 genotype. The imputed

haplotypes were HLA-DRB4%*01:03:01:05~ HLA-DRB1*04:05:01:04~ HLA-
DQA1#03:03.:01:03~HLA-DQB1*04.01:01:01+ HLA-DRB5*01.01:01.01~ HL A-
DRB1*01:01.01.01~HLA-DQA1*01.:01:01.01~HLA-DQB1*05:01.01:03. The second
DRB haplotype (HLA-DRB5*01:01.01.01~ HLA-DRB1*01.:01.01.01) does not conform
to the broad structural DRB haplotypes described by Andersson [21]. We confirmed the
presence of HLA-DRB5*01:01:01.01 allele by visual inspection of the sequence alignments.

4.2 Detecting Errors of Consensus Sequence Assembly

Current NGS HLA typing systems examine available HLA gene sequences, including
introns. Erroneous DNA sequence assembly from FASTQ files often leads to an inaccurate
HLA genotype. Here, we present three cases, illustrated in Figure 3, where errors in
assembly resulted in consensus sequences that incorrectly incorporated SNPs.

In case 1, we identified a HLA-DPBI1 genotype, HLA-DPB1*05:01:01.01+HLA-
DPB1%*135:01, using IPD-IMGT/HLA Database release version 3.36.0. After we re-
processed the same FASTQ files using IPD-IMGT/HLA Database release version 3.42.0,
using the same NGS genotyping software version, the HLA-DPBI1 genotype was

reported as HLA-DPB1*03:01.:01:01+HLA-DPB1*135:01. In the first genotype, HLA-
DPB1*05:01.01:01+HLA-DPB1*135:01, DNA sequences corresponding to exon 2, intron

2 and exon 3 for HLA-DPB1*03:01:01.01 or HLA-DPB1*104:01:01:01:01 had been
completely ignored. In the second genotype, HLA-DPB1*03:01:01:01+HLA-DPB1*135:01,
the rs11551421 SNP “A” variant in exon 4 had not been included in consensus sequence for
two possible alleles by the NGS genotyping software, but had been included in only a single
consensus sequence, resulting in incorrect HLA genotypes (Figure 3A). After careful review
of the sequence alignments, we concluded that both genotyping results were incorrect,

and that the genotype should have been reported as HLA-DPB1*03:01.01:01+HLA-
DPB1*05:01:01.01|HLA-DPB1*104:01:01.:01:01+HLA-DPB1%*135:01.

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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In case 2, we identified two incorrect genotypes, HLA-DPB1*03:01.01:10+HLA-
DPB1%*104:01:01:01 and HLA-DPB1%03:01:01:10+HLA-DPB1%*124.01:01:01, in which an
HLA-DPB1#03:01:01:01 allele was incorrectly reported as HLA-DPB1*03:01:01:10. The
genotypes in these cases should have been reported as HLA-DPB1*03:01.01:01+HLA-
DPB1%104:01:01:01 and HLA-DPB1%*03:01.:01:01+HLA-DPB1%*124.01:01:01. The
erroneous HLA-DPB1#*03:01:01:10allele was reported because the rs112104961 SNP “G”
variant in intron 2 for the HLA-DPB1%*104:01.:01:01 and HLA-DPB1%*124:01:01.01 alleles
was erroneously incorporated into the consensus sequence of the HLA-DPB1*03:01:01.01
allele (Figure 3B). The nearly equal number of sequence reads containing rs112104961
SNP “G” and “T” variants were clearly observed in the sequence alignment view, but the
rs112104961 SNP “T” variant was not used for the consensus sequence assembly.

In case 3, we identified a subject with the HLA-DQB1*03.:01:01.07+HLA-
DQB1*03:01:01:12 genotype. This case was originally identified in the 17" IHIW Family
Haplotype Project [18]. We reprocessed FASTQ files from these family members using

a more recent version of the HLA genotyping software and IPD-IMGT/HLA Database
release version 3.35.0. We extensively reviewed how HLA allele combinations affect
consensus DNA sequence assembly. The rs41263783 SNP in intron 2 distinguishes

these alleles (Figure 3C). The NGS HLA genotyping software reported the correct HLA-
DQAB1 genotype, but reported only a single consensus sequence representing the HLA-
DQEB1*03:01:01:07 allele. These examples reveal the complexity of assembling highly
polymorphic HLA genes.

We speculate that these errors may occur because genotyping software developers have
primarily focused on returning a genotype result; genotyping algorithms may not be
optimized for possible alternative sequence combinations, and may be less focused on
returning accurate consensus sequences. HLA genotyping error can be manually corrected
using a software function, but the corresponding consensus sequences are not updated.
Identifying novel alleles via manual interpretation is very labor-intensive, as discussed below
(Section 4.3). Automation of this process may be more cost-effective and efficient for
clinical HLA laboratories, but this automation will only be possible if accurate consensus
sequences are available. Without demand from clinical HLA typing laboratories and/or
regulatory agencies (e.g., APHIA, ASHI and EFI) for accurate consensus sequences that
reflect the genotyping result, there may not be an incentive for vendors to address this issue.

4.3 Evaluating the Biological Significance of Novel Allele Sequences

In routine clinical NGS HLA genotyping, we often encounter HLA nucleotide sequences
that are not included in the release version of the IPD-IMGT/HLA Database being used

by the NGS HLA genotyping software (hovel sequence variants). It is clinically important
to determine if a novel sequence variant conveys any biological consequences. In some
cases, we can identify the corresponding HLA allele name for a novel sequence variant by
reviewing the most recent IPD-IMGT/HLA Database release. We identified a subject for
which NGS HLA genotyping software called the HLA-DQB1*05:01:01:03allele, but also
reported a single nucleotide mismatch (T) at SNP rs9273650 in HLA-DQBI exon 4 using
IPD-IMGT/HLA Database release version 3.36.0. The correct allele, HLA-DQB1*05.01.35,

Hum Immunol. Author manuscript; available in PMC 2022 November 01.
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appeared in IPD-IMGT/HLA Database release version 3.37.0. This SNP variant results in a
synonymous change, and to our knowledge, clinical significance has not been reported.

Unlike the previous case, we often encounter novel alleles that have not been reported even
in the most updated version of the IPD-IMGT/HLA Database. Reporting novel alleles via
manual interpretation is very labor-intensive. To facilitate identifying and reporting novel
alleles in an automated fashion, we developed hlaPoly, an R software package [22]. In
addition, we recently revised a collection of standard reference alleles that can be used to
report novel alleles [23]. It is important to note that even if a nonsynonymous change is
identified, it is often difficult to determine if that nonsynonymous change has any significant
impact in clinical outcomes. For example, a nonsynonymous change (rs11551421 SNP)

in exon4 distinguishes HLA-DPB1*03:01.01.01 and HLA-DPB1%*104.:01:01.01 (Figure
3A). This change was reported to have a limited functional role in allorecognition of
HLA-DPB1#03:01 HLA-DPB1*104.01 in unrelated stem cell donor selection [24], but
little is known about changes in the downstream immunological response [25, 26]. It is

also important to note that while current NGS methods together with their related HLA
genotyping software are able to detect coding (exon) variants with a relatively high accuracy,
detection and characterization of non-coding variants as well as new alleles are still major
challenges using the currently available tools [27].

5. Proper Use of Histoimmunogenetics Markup Language

We have also observed multiple non-HLA character strings (e.g., “NO CALL”, “N/A”,
“Insufficient data”, etc.) reported in the GL String field in HML documents. When
genotyping for a locus has failed, no value should be reported in the “<glstring>* tag

in HML; these allele-calling failures should be reported outside of the GL String field.

For genotype dropout information, we recommend adding property tags under <allele-
assignment> (Figure 4A), under <typing-method> or even under one of the sequencing
methods like <sbt-ngs> (Figure 4B). Property tags are name/value pairs that are coordinated
between the sender and receiver and should represent a well-defined value-set.

6. IPD-IMGT/HLA Database Version Consistency and Informatics

Challenges

Each quarterly IPD-IMGT/HLA Database release includes new sequences and allele names,
and can include minor changes to extant sequences and allele names as well. It is important
that genotype calls made under a given IPD-IMGT/HLA Database release should only be
made using sequences and allele names present in that version. The 171 IHIW data was
collected using IPD-IMGT/HLA Database release version 3.25.0. Of the 14,815 alleles

of the 11 classical HLA loci in release version 3.25.0, DNA sequences for 1584 HLA
alleles were extended from partial coding sequence or cDNA sequence to genomic DNA
sequences, and 357 genomic sequences were updated (mostly extended). 13562 alleles

of the 11 classical HLA loci were added to the database between releases 3.25.0 and

3.42.0. Although available genomic DNA sequences in IPD-IMGT/HLA Database have
increased, the presence of partial DNA sequences may still introduce informatics challenges
for accurate HLA genotype assignments [28]. In addition, the constant increase of HLA
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alleles with every IPD-IMGT/HLA Database release requires more and more processing
time for some of the currently available HLA genotyping software, thus possibly affecting to
the turnaround time for clinical NGS HLA reporting.

When a new NGS HLA genotyping software version is released from a vendor, the
software has to be validated prior to its use for clinical tests. Though a vendor may
introduce two variables (e.g., new software along with a new IPD-IMGT/HLA Database
release version) at the same time for improved results, it is common practice for
laboratories to validate only one variable at a time. As part of NGS HLA genotyping
software validation, we reprocessed FASTQ files generated for the 17" IHIW QC project
using IPD-IMGT/HLA Database release version 3.25.0 (the fixed factor), with a new
version of the HLA genotyping software (the variable being validated), and compared

the results with those from the 17! IHIW using using hlaGenotypeEvaluator [13]. We
observed a discordant genotype, HLA-DQBI1*03:01.:01:01/HLA-DQB1*03:276N+HLA-
DQB1*03:01:01:01/HLA-DQB1*03:276N, that is not a possible genotype using IPD-
IMGT/HLA Database release version 3.25.0, because the HLA-DQBI1*03:276/N allele
appeared in IPD-IMGT/HLA Database release version 3.32.0 [29]. We can only explain
this discordant result by reasoning that the HLA-DQB1*03.276N allele had been hard-
coded in the software to be reported as ambiguous with the HLA-DQBI1*03:01.:01.01
allele, even though the allele HLA-DQB1*03:276N did not exist in the IPD-IMGT/HLA
Database release version 3.25.0. HLA genotyping software developers need to ensure that
the genotype calls made under a given database version are only made using sequences and
allele names present in that version.

7. Conclusions

The Data Standard Hackathons for NGS have been central in discussing challenges and
issues for data standards with representatives of HLA laboratory directors, academic and
non-academic scientists and software engineers. The group has been efficiently identifying
many issues described in this manuscript, and developing tools to capture and address these
issues. However, new technologies are arising rapidly, challenging the H&I community to
cope with the speed of innovation, and determine how to best incorporate these innovations
into cutting-edge research design and day-to-day clinical tests, all under strict regulations.

Data standards will become increasingly important as the H&I community adopts more
contemporary informatics approaches (e.g., moving from manual data entry and formatting
to automated data transmission), and as the broader genomic and healthcare communities
look to H&I for new research and clinical solutions. The integration of the guidelines and
specifications developed for the H&I field into technical standards that have already been
embraced by the larger healthcare community (e.g., Global Alliance for Genomics and
Health [30] and Health Level Seven International Fast Healthcare Interoperability Resources
[31]) will be key for the integration of sequence-based HLA genotyping reports into clinical
systems. Collaboration across the H&I community — involving clinicians, HLA laboratory
directors, research scientists and software engineers for both genotyping and LIMS systems
— will be critically important for the development of technical standards that will make this
broader vision possible. Ultimately, an international organization that defines data reporting
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standards for the overall H&I community, including both clinical and research laboratories,
is needed. The first steps to establishing such an entity could be taken by regional regulatory
organizations (e.g., APHIA, ASHI and EFI), by facilitating collaborative discussions around
data standards, with the goal of establishing an international standard.
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Abbreviations:

ASHI American Society for Histocompatibility and Immunogenetics

APHIA Asia-Pacific Histocompatibility and Immunogenetics Association

BIGDAWG Bridging ImmunoGenomic Data-Analysis Workflow Gaps

BMT Bone Marrow Transplantation

Csv comma-separated value

DaSH Data Standards Hackathons

DSA Donor Specific Antibody

EFI European Federation for Immunogenetics

GL Genotype List

H&I histocompatibility and immunogenetics

HLA Human Leukocyte Antigen

HLAHapV HLA Haplotype Validator

HML Histoimmunogenetics Markup Language

LIMS laboratory information management system

MIRING Minimum Information for Reporting Immunogenomic NGS
Genotyping

NGS next generation sequencing

NMDP National Marrow Donor Program
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POULD Phased or Unphased Linkage Disequilibrium
SAM Sequence Alignment/Map

SBT Sanger sequencing-based Typing

SSOP sequence specific oligonucleotide probe
TSV tab-separated value

VCF Variant Call Format

WHO World Health Organization

XML eXtensible Markup Language
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NGS HLA typing software
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Clinical Applications Research Applications

Figure 1:
NGS Data Workflows for Clinical and Research Applications

A generalized NGS genotyping data flow is depicted. The DNA sequences are generated

at the top level. Solid bold lines indicate well-established standard workflows, with the

bold lightning bolt indicating purely electronic data transmission. Dashed lines indicate
laboratory specific workflows. The dotted line indicates that it is currently difficult or
impossible to extract data from the LIMS for clinical research in analytical tools. (1) FASTQ
files containing DNA sequences are imported into NGS HLA genotyping software. (2) NGS
genotyping software generates reports in different formats, e.g. CSV, TSV, vendor specific
XML or HML. HLA laboratories and LIMS vendors individually define which reporting file
format is used to import HLA genotyping data into LIMS. There is no standard in this step;
it is costly to develop a customized system for each HLA laboratory. (3) HLA genotypes

can be extracted from NGS HLA genotyping software for H&I research, but this currently
requires efforts to adjust the file format compatibility with the analytical tools. H&I vendors
and research software developers have been working to standardize this workflow via
DaSH. (4) LIMS vendors successfully established a pipeline for standardized electronic data
transmission from the clinical database. Unrelated donor and recipient HLA genotypes are
electronically transmitted using HML to NMDP. (5) However, HML files cannot currently
be generated or transmitted from LIMS to local computers, and this is a major obstacle for
collaborations between clinical and research laboratories. Increased participation by LIMS
developers in future DaSH events may help to address this shortcoming.
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Figure shows the exon 2 and exon 3 nucleotide sequence alignment of the HLA-
B*35:08:01:01, HLA-B*53.:01:01.:01, HLA-B*35:01.:01:02, and HLA-B*53:24 alleles. The
exon 2 and 3 boundary is between codon 91 positions 1 and 2, and intron 2 position and

size are indicated with gray highlight. Two informative SNPs are also shown. A genotype
ambiguity, HLA-B*35:08:01+HLA-B*53.:01:01|HLA-B*35.:01:01.02+HLA-B*53:24, could
be reported when the NGS HLA genotyping software fails to phase SNPs between these
exons.
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AA Codon 200 205 210
DPB1x01:01:01:01  ACA TTG ACG GGA GCT GGG GGC TTC GTG CTG GGG GTC ATC ATC TGT GGA GTG
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rs11551421

gDNA 6040 6050 6060 6070 6080 6090

DPB1x03:01:01:01  TCTTGTTCCT GGAAAGTGAA AGGAAGTTCA CCTGCTATGA GTGAGAAGGT GGACACACTG
DPB1%03:01:01:10 G

DPB1%104:01:01:01 G
DPB1%124:01:01:01 G
rs112104961
gDNA 2940 2950 2960 2970 2980 2990

DOB1x03:01:01:01  TTCTAAGTTG CCTTATCAAA TACCATCTAT GTTATGTCAT TTAATCTCGC AGTTGCCTGT
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DAB1%03:01:01:12 A
rs41263783

Figure 3:
DNA sequence alignments

Figure 3A shows the nucleotide sequence alignment of partial exon 4 sequences

of the HLA-DPB1#03:01.:01:01, HLA-DPB1#*05.01.01:01, HLA-DPB1*104.01:01:01.01
and HLA-DPB1%*135:01 alleles. Figure 3B shows the nucleotide sequence alignment

of partial intron 2 sequences of HLA-DPB1*03:01:01:01, HLA-DPB1*03.:01:01.:10,
HLA-DPB1%*104:01.01:01 and HLA-DPB1%*124.:01:01:01 alleles. Figure 3C shows DNA
sequence alignment of partial intron 2 sequences of alleles HLA-DQB1*03:01.:01.01, HLA-
DQEB1%03:01:01:07 and HLA-DQB1*03:01:01:12. SNPs rs11551421, rs112104961 and
rs41263783 are shown in these figures. Failure of separating these SNPs as two distinct
consensus sequences resulted in assigning incorrect HLA genotype assignments.
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A <allele-assignment date="2021-02-01">
<property name="dropout" value="HLA-A"/>
<glstringHLA-B*40:01:02:01+HLA-B*07:02:01:01</glstring>
<glstring>HLA-C*03:04:01:01+HLA-C*07:02:01:03</glstring>

</allele-assignment>

B <typing-method>
<sbt-ngs locus="HLA-A" />
<property name="Insufficient data" value="dropout"/>

</typing-method>

Figure 4:
HML Property Tags

This figure includes two examples that illustrate how allele dropout can be reported using
the HML <property> tag. Property tags contain name/value pairs. In Figure 4A, a property
tag was added under <allele-assignment>. In Figure 4B, a property tag was added under the
<sht-ngs> typing method.
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Genotype List String Delimiters and their Usage

Table 1.

Page 18

A: Delimiters

Delimiter Name Usage Example Note

+ Plus Gene copy HLA-A*24:02:01:01+HLA- Two distinct HLA-A alleles
A*02:06:01:01 are identified as present

using “+”.

n Caret Gene separator HLA-B*35:01:01:02+HLA- HLA-B and HLA-C
B*51:01:01:01"HLA- genotypes are separated by
C*03:03:01:01+HLA- “AT
C*15:02:01:01

/ Forward- Allele ambiguity HLA-DQB1*05:03:01:01/ Two indistinguishable

Slash HLA- HLA-DQBL1 alleles are
DQB1*05:03:01:02+HLA- represented using “/”.
DQB1*03:01:01:01"HLA-
DRB1*14:04:01+HLA-
DRB1*04:08:01
Pipe Genotype ambiguity HLA- Two possible HLA-DPB1

DPB1*04:02:01:02+HLA- genotypes are represented
DPB1*04:01:01:01|HLA- using “|”.
DPB1*105:01+HLA-
DPB1*126:01

~ Tilde Gene phase HLA-A*02:06:01:01~HLA- HLA-A, HLA-C and HLA-

C*03:03:01:01~HLA-
B*35:01:01:02

B alleles are experimentally
or analytically confirmed
on the same chromosome

using “~".

B: Extended Genotypes and Haplotypes represented by GL String

Delimiter GL String

HLA-A*24:02:01:01+HLA-
A*02:06:01:01"HLA-
B*35:01:01:02+HLA-
B*51:01:01:01"HLA-
C*03:03:01:01+HLA-
C*15:02:01:01"HLA-
DPB1*04:02:01:02+HLA-
DPB1*04:01:01:01|HLA-
DPB1*105:01+HLA-
DPB1*126:01"HLA-
DQB1*05:03:01:01/HLA-
DQB1*05:03:01:02+HLA-
DQB1*03:01:01:01"HLA-
DRB1*14:04:01+HLA-
DRB1*04:08:01

Combined +N
genotype
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Combined
Observed
Haplotypes

HLA-A*02:06:01:01~HLA-
C*03:03:01:01
~HLA-B*35:01:01:02~HLA-
DRB4*01:03:01:01/HLA-
DRB4*01:03:01:03~HLA-
DRB1*04:08:01~HLA-
DQA1*03:03:01:01~HLA-
DQB1*03:01:01:01~HLA-
DPA1*01:03:01:02~HLA-
DPB1*04:01:01:01/HLA-
DPB1*04:01:01:02+HLA-
A*24:02:01:01~HLA-
C*15:02:01:01~HLA-
B*51:01:01:01~HLA-
DRB3*02:02:01:01~HLA-
DRB1*14:04:01~HLA-
DQA1*01:04:02~HLA-
DQB1*05:03:01:01/HLA-
DQB1*05:03:01:02~HLA-
DPA1*01:03:01:05~HLA-
DPB1*04:02:01:02

Page 19

A: Table shows GL String delimiters [7]. Care should be taken to ensure that each delimiter is used in the proper context. For example, the

pipe symbol should never be used to delimit ambiguous alleles at a locus; each pipe symbol should always be accompanied by at least two plus
symbols. Ambiguous alleles at a locus should always be delimited using the forward-slash symbol. When gene phase is observed/confirmed by
HLA allele segregation analyses within a family or MHC region sequencing, the tilde sign is used to represent gene phase or haplotype, but should

not be used to represent predicted phase based on known haplotypes.

B: Together, the examples from Table A are combined in a single Genotype List String (Top). Two observed haplotypes are represented using tildes

(~) and connected with plus (+) signs from family segregation analyses generated as part of the 17t iHw family haplotype project [18]. The
genotypes from the other family members are omitted.
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Improperly formatted GL String

Table 2:

Page 20

HLA-DPB1 *105:01

Error | Improperly formatted GL String Possible Intended GL String Comment
HLA-DPB1*02:01.02+HLA- -

1 DPB1*04:01:01:01/HLA- g}LDgJQKZB(JJ J* %21 %1] 02#HLA- Truncated two-field allele
DPB1#*02:01.02+HLA-DPB1*04:01 T

- *756-0707"
5 HLA-DRB1*15:01:01:01 HLA- A DREL ég:%:%:ggHL a Incorrect usage of the pipe ()
*756-0707" - *715-0707 " UL.UL. P

DRB1%15:01:01.0QHLA-DRB1*15:01:01:03 DRBI*15:01-01:03 delimiter
HLA-DPB1%*04:01:01:01| HLA- HLA-DPB1%*04.:01:01:01+HLA- Incorrect allelic ambiguities due

3 DPB1*126:01+HLA-DPB1%*04.02:01:02 DPB1*04:02:01:02HLA- to incorrect usage of the slash (/)

DPB1*126:01+HLA-DPB1*105:01

delimiter

Table shows improperly formatted GL Strings, and the most likely intended genotypes. The erroneous elements are shown in bold in the leftmost

column.
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Table 3:
Reporting error of genotypic ambiguity
Relationship | HLA-B genotype
Father HLA-B*35:08:01+ HLA-B*14:02:01.01
Mother HLA-B*51:01.01.:01+HLA-B*53:01.01
Child A HLA-B*14:02:01:01 +HLA-B*53:01:01
Child B HLA-B*35:08:01+HLA-B*53:01.01|HLA-B* 35:01:01: 02+HLA-B*53:24

Table shows HLA-B genotypes from a quartet family. Paternal alieles are underlined, and maternal alleles are not. Only the boldface HLA-
B*35:01:01:02+HLA-B*53:24 genotype was originally reported for Child B. Based on the genotypes of Father, Mother and Child A, Child
B may not carry the HLA-B*35:01:01:02+HLA-B*53:24 genotype. After reviewing the DNA sequence alignment of HLA-B*35:01:01:02,
-B*35:08:01, -B*53:01.01 and -B*53.:24 (Figure 2), we concluded that this was a genotype reporting error, and that a genotypic ambiguity,
HLA-B*35:08:01+HLA-B*53:01.:01| HLA-B*35:01:01:02+HLA-B*53:24, was not reported.
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