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The International human leukocyte antigen (HLA) and Immunogenetics Work-
shops (IHIWs) have fostered international collaborations of researchers and
experts in the fields of HLA, histocompatibility and immunology. These IHIW
collaborations have comprised many projects focused on achieving a variety of
specific goals. The international and collaborative nature of these projects
necessitates the collection and analysis of complex data generated in multiple
laboratories, often using multiple methods of acquisition. Collection and stor-
age of these data in a consistent way adds value to IHIW projects, which can be
extended to future work. DNA-based genotyping data, especially HLA
genotyping data, can be transmitted in the form of a Histoimmunogenetics
Markup Language (HML) document. HML facilitates clear communication of a
genotype and supporting metadata, such as, sequencing platform, laboratory
assays, consensus sequence, and interpretation. Sequence information can be
reported relative to known reference sequences, which add meaning and con-
text to genotypes. Selecting the correct reference sequence for a given allele
sequence is nuanced, and guidelines have emerged through collaborative com-
munity efforts such as Data Standards Hackathons. Here, we describe the
guidelines established for the selection of reference sequences to be used in
transmission of HLA (and MICA/MICB) genotyping data for the 18th THIW.
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1 | INTERNATIONAL HLA &
IMMUNOGENETICS WORKSHOP

The International human leukocyte antigen (HLA) and
Immunogenetics Workshops (IHIWs) are a recurring
international collaboration of researchers and domain
experts who come together to collaborate and find con-
sensus on important goals in immunogenetics. The
IHIWSs have a long history of defining standards and esta-
blishing community consensus,' particularly in identify-
ing and naming reagents and immunological molecules.
For example, the now well-established and recognized
HLA Nomenclature was originally established in the con-
text of the third such HLA workshop.?

The 18th THIW is scheduled for May, 2022 in Amster-
dam, the Netherlands. This workshop consists of three
main components, comprising a variety of projects with
varied goals and milestones. For many of these projects,
collection of DNA sequences of HLA or related histocom-
patibility sequences at a variety of resolutions is essential.
In the most recent 17th THIW, significant and valuable
efforts were made in collecting and cataloging HLA
genotyping data,” and provided valuable context for plan-
ning and defining data collection for the 18th THIW.

To promote consistent analysis and allow for reinter-
pretation of immunogenetic data, it is necessary to define
standard techniques for collecting and sharing
genotyping data. Histoimmunogenetics Markup Lan-
guage (HML)* is the official format for submitting
sequence-based HLA genotyping data to the 18th THIW.
HML is an XML-based[https://www.w3.0rg/2001/
XMLSchema] format that allows transmission of a
genotyping result, as well as details of the sequencing
platform used, biological assays performed, generated
consensus sequences, and inferred genotype in a single
document.

1.1 | Selection of standard reference
sequences

HLA genotypes are commonly identified using their offi-
cial allele names,” which facilitates concise and effective
communication and interpretation of the genotype. In
some cases, especially when describing novel polymor-
phism, it is valuable to communicate additional detail
and resolution by providing a consensus sequence associ-
ated with an HLA genotype. This genotype can be even
further enriched by specifying specific variants® in its
consensus sequence in comparison to a known, well-
defined reference sequence. These reference sequences
are often, especially in the case of HLA, the sequence of
another allele from the same genetic locus, but artificially
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constructed or inferred sequences can also be used.
Matching of the consensus sequence to known refer-
ences, especially in the exonic regions, provides greater
context to the consensus sequence, facilitates clear re-
interpretation of the sequence, and ensures that both the
submitter and consumer of the genotype understand the
data in the context of known HLA reference sequences.

The guidelines for selecting standard reference
sequences were developed as a collaborative community
effort. Workshop participants and experts discussed stan-
dards over the course of several Data Standards
Hackathons (DaSH) meetings, organized by the Center
for International Blood and Marrow Transplant Research
(CIBMTR) [https://github.com/nmdp-bioinformatics/
dash10]. HLA genotyping assay vendors, immunogenet-
ics researchers, and data-scientists discussed the chal-
lenges in adopting HML and in selecting appropriate
references, and consensus for choosing high-quality refer-
ence sequences was established and recorded. A set of
specific reference sequences for each HLA locus, and for
specific allele-families within a locus, were previously
selected for the 17th THIW.?

The official repository for HLA sequences is the IPD-
IMGT/HLA Database.” The World Health Organization
Nomenclature Committee for Factors of the HLA System
(Nomenclature Committee)’ curates and categorizes
high-quality, well-defined HLA gene sequences that are
commonly used as genotyping references. Various groups
have identified a subset of these sequences as Common
[Intermediate] and Well-Documented (CWD/CIWD)
alleles,*** establishing them as more prevalent within
certain global populations. The IPD-IMGT/HLA Data-
base is updated every 3 months; each database release
contains newly identified allele sequences, as well as
extensions of and corrections to previously known
sequences. The IPD-IMGT/HLA Database is the standard
reference repository for IHIW efforts.

For 18th IHIW efforts, the 17th IHIW reference
sequence selection guidelines were used to automate the
selection of a set of sequences to be used as standard ref-
erences for each IPD-IMGT/HLA Database release. This
process was facilitated by Python (v3.6.0) scripts, which
parse the hlaxml files containing the curated HLA
sequences provided by the IPD-IMGT/HLA Database and
assemble the available allele sequence with their
corresponding gene feature annotations. With the excep-
tion of HLA-DPB1 alleles (as described below), allele
sequences were clustered by allele group as indicated by
the first field of HLA nomenclature, and were analyzed
to determine if the sequence can be considered as a refer-
ence allele candidate. Alleles were minimally required to
have continuous sequence for every exon, the intervening
introns, and the 5 and 3’ UTR regions. The lowest-
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numbered HLA allelic designation with a full-length
sequence in each allele group was selected as the stan-
dard reference for that group (e.g. HLA-A*01:01:01:01
was selected as a standard reference for the HLA-A*01
allele group).

References were selected to represent each of the
19 HLA genes, as well as the MICA and MICB genes
when these sequences are available (Figure 1). For each
gene, one allele was designated as a locus-level reference,
either because it had the longest 5 and 3’ UTR
sequences, or because it is used by the IPD-IMGT/HLA
Database as an alignment reference. In most cases, refer-
ence sequences were identified for all allele groups with
an available full-length sequence, based on the first field
of the HLA allele name. Single references were provided
for each of the HLA-DMA, -DMB, -DOA, -DOB, -DRA,
-E, -F, and -G, genes, the alleles of which are not cur-
rently named using multiple distinct allele groups. Simi-
larly, a single reference was provided for the MICA and

MICB genes. In the case of HLA-DPBI, as the first field
nomenclature does not indicate serological or protein
similarity, four reference sequences were provided, to
represent each of the four major allele categories as
defined by Cano and Fernandez-Vina.'*

In a few specific cases, allele sequences were manu-
ally selected, to extend and improve the automated allele
selection. For instance, HLA-B*15:10:01:01 is included in
addition to HLA-B*15:01:01:01 group reference, due to
the historical use of HLA-B*15:10 as a B70 serotype refer-
ence.”” HLA-DRB1*14:54:01:01 was similarly included,
due to its frequent occurrence in the population and use
as a DR14 reference.'®'” Alleles that were selected due to
availability of extended UTR sequence include HLA-
B*27:05:02:01, HLA-B*56:01:01:02, HLA-C*03:03:01:01,
HLA-DRB1*08:02:01:01, HLA-DRB1*15:01:01:02.

Reference sequence lists were compiled for IPD-
IMGT/HLA Database releases 3.26.0 through 3.43.0.
Release 3.39.0 is the earliest version under which
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FIGURE 1 Number of designated IHIW references per IPD-IMGT/HLA Database release version. Columns represent individual release

versions of the IPD-IMGT/HLA Database. 3.25.0 was the designated release version for the 17th ITHIW, and 3.39.0 is the first release version
for the 18th THIW. The left axis indicates the number of designated IHIW reference sequences, and colors indicate references for individual
genes. The right axis indicates the number of available alleles for successive IPD-IMGT/HLA Database releases, where the number of full-
length sequences in hla.xml is plotted as a solid black line, and the total number of alleles including incomplete sequences is plotted as a
dashed black line. Although the IPD-IMGT/HLA Database allele count is continuously increasing, the number of representative ITHIW

reference sequences remains relatively constant
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TABLE 1 Extension of reference sequence list per release of IPD-IMGT/HLA

IPD-IMGT/HLA
release Version

3.25.0
3.26.0

3.27.0

3.28.0

3.29.0

3.30.0

# Ref Seqs

75
108

109

109

110

113

Additions for this version
17th IHIW Reference Collection

Added references for Loci:

HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB, HLA-DRA, HLA-E, HLA-F, HLA-G
Added references for DPB1 categories

HLA-DPB1*03:01:01, -DPB1*04:01:01:01

Added references for Allele Groups:

HLA-A*26, -A*43, -A*69,

HLA-B*39, -B*41, -B*50, -B*52, -B*55, -B*56, -B*58, -B*59, -B*78,
HLA-DQA1*02, -DQA1*03, -DQA1*04, -DQA1*05, -DQA1*06,
HLA-DQB1*03, -DQB1*04, -DQB1*05, -DQB1*06,
HLA-DRB1*10, -DRB1*16,

HLA-DRB3*02

Removed:

HLA-B*40:305 (replaced by HLA-B*41:01:01)

Replaced:

HLA-C*17:01:01:01 (erroneous) replaced by HLA-C*17:01:01:02
HLA-C*03:02:02:01 replaced with HLA-C*03:03:01:01

Added references for DPB1 category:

HLA-DPB1*01:01:01

Extended:

HLA-A*69:01:01:01,

HLA-B*07:02:01:01, -B*08:01:01:01, -B*13:01:01, -B*14:01:01, -B*15:01:01:01, -B¥18:01:01:01.
-B*37:01:01, -B*38:01:01, -B*40:01:02:01, -B*42:01:01, -B*44:02:01:01, -B*46:01:01, -B*48:01:01,
-B*49:01:01, -B*50:01:01:01, -B*51:01:01:01, -B*52:01:01:01, -B*57:01:01, -B*58:01:01:01,
-B*67:01:01

Replaced:

HLA-A*74:02:01:02 replaced with HLA-A*74:01:01

Extended:

HLA-C*01:02:01:01, -C*02:02:02:01, -C*03:03:01:01, -C*04:01:01:01, -C*05:01:01:01, -C*06:02:01:01,
-C*07:01:01:01, -C*08:01:01, -C*12:02:02:01, -C*14:02:01:01, -C*16:01:01:01, -C*17:01:01:02

Replaced:

HLA-B*27:02:01:01 replaced with HLA-B*27:05:02:01

Added reference for Allele Group:

HLA-B*82:01

Replaced:

HLA-DPA1*01:03:01:02 replaced with HLA-DPA1*01:03:01:01

HLA-DPA1*02:01:02 replaced with HLA-DPA1*02:01:01:01

HLA-DRB1*08:03:02 replaced with HLA-DRB1*08:02:01:01

HLA-DRB1*09:21 replaced with HLA-DRB1*09:01:02:01

HLA-DRB1*¥14:05:01 replaced with HLA-DRB1*14:54:01:01

Extended:

HLA-C*03:03:01:01,

HLA-B*13:01:01:01, -B*40:01:02:01

Added reference for Allele Group:

HLA-A*36:01

HLA-DPA1%*03:01:02, -DPA1*04:02

Extended:

HLA-B*45:01:01, -B*47:01:01:03, -B*55:01:01, -B*67:01:01, -B*82:01,

HLA-C*02:02:02:01, -C*03:03:01:01, -C*04:01:01:01, -C*08:01:01:01, -C*14:02:01:01, -C*15:02:01:01,
-C*17:01:01:02,

HLA-DPA1*02:01:01:01,

HLA-DQA1*01:01:01:01

(Continues)
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TABLE 1 (Continued)

IPD-IMGT/HLA
release Version

3.31.0

3.32.0

3.33.0
3.34.0

3.35.0

3.36.0

3.37.0
3.38.0

3.39.0

3.40.0

3.41.0

3.42.0
3.43.0

# Ref Seqs
114

116

116
117

120

121

121
121

121

121

121

121
121

Additions for this version

Added reference for Allele Group:
HLA-B*81:01

Extended:

HLA-DQA1*05:01:01:01

Added reference for Allele Group:
HLA-B*83:01,
HLA-DRB4*02:01 N

(No major changes)

Added reference for Allele Group:
HLA-DRB3*03:01:01

Replaced:

HLA-B*56:01:01:02 replaced with HLA-B*56:01:01:01
HLA-DPA1*04:02 replaced with HLA-DPA1*04:01
Extended:

HLA-A*69:01:01:01,

HLA-C*18:01,

HLA-DPA1*02:01:01:01,

HLA-DQA1*04:01:01:01

Added references for Loci:

MICA*001,

MICB*004:01:01

Added reference for Allele Group:
HLA-DRB5*02:02:01

Replaced:

HLA-DPA1*03:01:02 replaced with HLA-DPA1*03:01:01
Extended:

HLA-B*14:01:01:01, -B*41:01:01:01,
HLA-DRB3*01:01:02:01

Added reference:

HLA-B*15:10:01:01 (B70 Reference)

Extended:

HLA-A*36:01,-A*74:01:01:01

HLA-B*52:01:01:01, -B*53:01:01:01, -B*54:01:01, -B*73:01, -B*81:01:01,
(No major changes)

Extended:
HLA-DRB1*04:01:01:01

Extended:
HLA-A*43:01

Replaced:
HLA-B*78:01:01:01 (erroneous) replaced with HLA-B*78:01:01:02

Extended:
HLA-C*12:02:02:01

(No major changes)

(No major changes)

Note: For each release of the IPD-IMGT/HLA Database, the number of designated full-length reference sequences is shown. Major reference additions,
removals, replacements, and extensions between versions are detailed.

genotype data can be submitted for the 18th IHIW. the catalog of corresponding standard THIW reference
Successive IPD-IMGT/HLA Database releases provide sequences. The sequence additions, extensions of pre-
additional full-length sequences, which is reflected in = vious references, and sequence replacements between
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IPD-IMGT/HLA Database releases are shown in
Table 1, and illustrated in Figure 1. In some cases,
allele sequences were removed, due to either the iden-
tification of errors in the source sequence, or due to
replacement with a more suitable reference sequence.
In these cases, removed sequences were replaced by a
suitable group-level reference sequence when possi-
ble. Additional details on the changes between revi-
sions, and the C[I]WD designations of individual
allele sequences, can be found in Supporting Infor-
mation S1.

The selected IHIW reference sequences are provided
on the Anthony Nolan HLA Informatics Group
(ANHIG) Github repository [https://github.com/ANHIG/
IMGTHLA /tree/Latest/ihiw/hml]. The data for each
release are provided as a text file containing allele names,
accession numbers and the associated reference type for
each designated sequence. The Python code that selects
the HLA alleles is available in the IHIW Github
repository [https://github.com/IHIW/bioinformatics/tree/
master/reference_alleles/generate_references], alongside
scripts that collect C[IJWD designations for Supporting
Information S1C. Linux command line scripts are pro-
vided that illustrate how the reference generators and val-
idations are executed. As new IPD-IMGT/HLA Database
versions are released, new reference lists will be added to
the ANHIG Github repository, up to and after the
18th THIW.

In addition, guidelines for creating high-quality,
interpretable HML documents are also provided on the
IHIW Github repository [https://github.com/THIW/
bioinformatics/blob/master/reference_alleles/18IHIWS _
Vendor_Genotyping Requirements.md]. These guide-
lines indicate techniques and minimal standards that can
indicate the best way to use these reference sequences in
generating HML genotyping documents. Vendors of HLA
genotyping software and kits are encouraged to refer to
these guidelines when creating HML documents con-
taining HLA genotypes.

1.2 | Validation

The panel of selected reference sequences is intended to
provide a practical set of sequences that is usable for lab-
oratories and vendors in creating clear and interpretable
genotyping documents. While interpretation and adop-
tion is a primary goal, the ease of generation of a
genotyping report, as well as clarity and accuracy is
improved if sequence polymorphism can be represented
with minimal variants. With the aim of examining the
coverage of the selected reference sequence panel, a vali-
dation strategy was devised to compare known full-
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length sequences against their corresponding "best”
matching reference. Full-length sequences and their
corresponding reference sequences were examined to
determine if they share a common allele group, with the
conjecture that high amounts of group-level deviations
might indicate that the selected reference panel does not
sufficiently represent known polymorphism. BLAST'®
was used to align all known full-length sequences from
successive releases of the IPD-IMGT/HLA Database
against the chosen reference panel. An alignment
score was calculated for each full-length sequence against
the selected references, and the sequence with the
highest alignment score was selected as the "best” match
for that sequence. Alleles were categorized based on
whether they matched the selected reference at allele-
group level.

The validation results, including the chosen best-
matching reference for each full-length sequence are pro-
vided for IPD-IMGT/HLA Database release 3.43.0 in
Supporting Information S2. In summary, of the 9271
full-length sequences tested, 100% matched best with a
reference sequence for the same gene, and 8219 (88.7%)
matched a reference sequence in the same allele-group.
Of the 1052 group-level mismatches, 501 were in the
HLA-DPB1, MICA, and MICB genes, for which allele
group-level references were not provided. When these
sequences are excluded, 93.4% of full-length sequences
identified a group-level matching reference sequence as
the closest match, indicating that in most cases the
selected reference sequences provide sufficient variety to
provide a similar reference sequence to potential submit-
ted sequences.

2 | DISCUSSION

The designated reference sequences presented here are
aimed to provide a useful and unambiguous tool for
reporting HLA genotyping. The selection of specific
alleles is intended to maximize usability; it should allow
the representation of a majority of known polymorphism,
but provide some restriction to improve clarity and ease
of interpretation. The designated IHIW list is a subset of
the sequences in the hla.xml file provided by the IPD-
IMGT/HLA Database, and in many cases the IHIW refer-
ences are also used as standard alignment references in
IPD-IMGT/HLA. In this way it is intended to comple-
ment and extend the use of the standard repository of
HLA sequences. As the IPD-IMGT/HLA Database
releases more full length sequences (Figure 1), our under-
standing of HLA polymorphism improves, and more
refined approaches to selecting reference sequences can
be implemented. Increased availability of full-length
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sequences and understanding of the variation of gene
structure of other polymorphic genes, especially KIR, will
allow the extension of these efforts to other valuable
areas.

The best reference sequences to use to align an HLA
genotyping result can be chosen by any of a number of
selection strategies. In theory, any reference sequence,
even an empty sequence or a poly-A sequence, could be
used, and the variants defined against it can still commu-
nicate the same sequence. However, it is more useful to
define an HLA sequence in comparison with a known
and stable standard reference, especially those sequences
designated as C[I]|WD, to communicate information
about the newly genotyped sequence. Comparison
against known sequence allows more intuitive interpreta-
tion, especially in the context of HLA variation.

Identification of the best reference allele based on align-
ment scores, as was done in the validation of these selected
references, is a practical initial step, but may not fully indi-
cate the sequence behavior or encoded protein. The selected
references found in the validation should not be treated as
objectively correct, but may provide insight into which ref-
erence would be useful in that instance. Historically, HLA
allele sequences have often been aligned against a reference
that matches in the polymorphic region that encodes the
antigen presentation domain, exon 2 (class II), or exons
2 and 3 (class I). Targeting this region is primarily due to its
importance in antigen presentation, but it is also due to his-
torical difficulties in obtaining full-length HLA allele
sequences. In the case of HLA-DRBI, full-length allele
sequences can be 10-16 kb in length. Due to the size of full-
length sequences, and the presence of STR regions and
recombination sites within introns,'*** amplifying and
sequencing the gene from 5UTR - 3'UTR with a single
amplicon is a particular challenge, often resulting in labora-
tories ignoring the HLA-DRBI intron sequences in favor of
the (likely) more important exons.

Selecting a reference sequence based on homology to
the antigen presentation regions provides important
information on the resulting molecule, but in some cases
another reference sequence can be found with fewer
sequence differences and a better alignment score,
regardless of homology in exons 2 and 3. One such case
was observed in the validation (Supporting Informa-
tion S2), where HLA-A*24:02:01:01 was the closest-
matched reference sequence to HLA-A*02:19. As has
been previously observed,” alignments of only exons
2 and 3 show that, as expected, HLA-A*02:19 is more
similar to HLA-A*02:01:01:01 than HLA-A*24:02:01:01.
However, alignments of the full genomic sequences
showed extensive intronic variation between HLA-
A*02:19 and HLA-A*02:01:01:01. This may suggest a his-
torical recombination which resulted in hybrid allele
sequence.”* In any case, although choosing HLA-

A*24:02:01:01 as a reference sequence results in fewer
and simpler sequence variants, it does not communicate
this allele's encoded protein, and it's subsequent inclu-
sion in the HLA-A*02 allele group. As our understanding
of intronic polymorphism is extended in the IPD-IMGT/
HLA Database, it is likely that additional reference
sequences may be needed to represent major patterns of
variation in intron and UTR sequences.

For submission of sequences to the 18th THIW, in par-
ticular HML genotyping documents, vendors are encour-
aged to use a valid, well-documented, full-length
reference sequence selected from the lists described here.
Vendors may use their own tools to select which refer-
ence from the list is best suited for alignment of their sub-
mitted sequence.
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