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Abstract

The 17 International HLA and Immunogenetics Workshop (IHIW) conducted a project entitled
“The Study of Haplotypes in Families by NGS HLA”. We investigated the HLA haplotypes of
1,017 subjects in 263 nuclear families sourced from five US clinical immunogenetics laboratories,
primarily as part of the evaluation of related donor candidates for hematopoietic stem cell and
solid organ transplantation. The parents in these families belonged to five broad groups — African
(72 parents), Asian (115), European (210), Hispanic (118) and “Other” (11). High-resolution HLA
genotypes were generated for each subject using next-generation sequencing (NGS) HLA typing
systems. We identified the HLA haplotypes in each family using HaplObserve software that builds
haplotypes in families by reviewing HLA allele segregation from parents to children. We
calculated haplotype frequencies within each broad group, by treating the parents in each family as
unrelated individuals. We also calculated standard measures of global linkage disequilibrium (LD)
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and conditional asymmetric LD for each ethnic group, and used untruncated and two-field allele
names to investigate LD patterns. Finally we demonstrated the utility of consensus DNA
sequences in identifying novel variants, and confirming them using HLA allele segregation at the
DNA sequence level.
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1. INTRODUCTION

The classical Human Leukocyte Antigen (HLA) genes are located in a 3.6 Mb region at
chromosome 6p21.3, and show the highest density of single nucleotide polymorphisms
(SNPs) in the human genome [1, 2]. The high-levels of allelic diversity within these genes
have evolved through intra- and intergenic recombination and short-tract gene conversions
[3-5]. It is unmanageably complex to characterize HLA gene diversity in terms of SNPs. To
foster the scientific interpretation of the highly complex HLA gene in a clinically
meaningful manner, the HLA nomenclature committee established a nomenclature system
that assigns unique allele names based on the constellation of polymorphism within the
genes [6]. As of March 2019, more than 21,000 alleles have been catalogued in the IPD-
IMGT/HLA Database (release version 3.35.0) for 11 classical HLA genes (HLA-A, HLA-C,
HLA-B, HLA-DRB3, HLA-DRB4, HLA-DRB5, HLA-DRBI1, HLA-DQAIL, HLA-DQBI,
HLA-DFA1, and HLA-DPBI) [7]. HLA alleles of neighboring genes (e.g., HLA-Cand
HLA-B) often display strong linkage disequilibrium (LD) [8], forming haplotype blocks [9]
(sets of alleles at two or more loci that share chromosomal phase). In allogeneic
hematopoietic transplantation, high-resolution HLA genotype and haplotype matching
between donors and patients correlates highly with improved clinical outcomes [10-12]. In
addition to the role in transplantation, many studies have identified that certain HLA alleles
and haplotypes associate with susceptibility or resistance to development of autoimmune
diseases [13].

HLA haplotypes can be estimated from unrelated individuals in various ethnic groups using
the expectation-maximization (EM) algorithm [14-18]. Accurate haplotype frequencies are
vital for hematopoietic stem cell patient/donor match predictions and facilitate the
identification of suitable HLA-matched donors for more patients [19, 20]. Clinical
specialists frequently use published EM haplotypes as reference data when reviewing HLA
typing data in attempts to verify and predict the expected haplotypes from HLA types. In
general, high-frequency EM haplotypes have been found to be reliable [18, 19]. However,
HLA haplotype frequencies typically follow a heavy-tailed distribution across all
population/ethnic groups, which indicates the presence of rare haplotypes in all populations
[21]. This skewed distribution results in difficulties to accurately predict low-frequency
haplotypes via the EM approach [22]. In addition, rare haplotypes may not be present in
published reference tables, and in some cases, published haplotype frequencies may be
overestimated [23].
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A family-based approach offers a different strategy for phasing HLA haplotypes based on
HLA allele segregation [24]. This approach makes it feasible to accurately determine
chromosomal phase in samples of small size, even a single family, although the resulting
haplotype frequencies may not be accurate. We have high confidence in haplotypes inferred
from family studies because the haplotypes are built based on observations of HLA allele
segregation within a single family. Ha plotypes built from families are observed haplotypes,
and thus all inferred haplotypes may exist in the human population. A family-based
approach also makes it possible to identify newly generated haplotypes that result from
crossover events.

Five US clinical HLA Immunogenetics laboratories collected anonymized DNA specimens
originally drawn for evaluating candidates for hematopoietic stem cell and solid organ
transplantation and their corresponding related donor. The DNA samples were sequenced
and genotyped using NGS HLA typing systems in each laboratory. Three computational
programs were developed for building HLA haplotypes from families, calculating haplotype
frequencies, estimating standard measures of global (locus-level) LD, and comparing the
family-based haplotypes with EM-based haplotypes as part of the 17! IHIW Informatics of
Genomic Data component [25]. An HLA DNA sequence alignment tool (hlaPoly) was
developed for reporting novel variants in the consensus DNA sequences relative to reported
HLA alleles [26]. We applied these computational tools to analyze HLA genotypes and
consensus DNA sequences generated for the Study of Haplotypes in Families by NGS HLA
(Family haplotype) project in the 171 IHIW database [26]. Here, we report the inferred
haplotypes derived from nuclear or single-parent families, and present a strategy for the
identification and confirmation of novel variants using HLA allele sequence segregation.
This work was performed as a project of the HLA of NGS component of the 171 IHIW, and
preliminary results were presented at the 17" IHIW in September of 2017.

2. MATERIALS AND METHODS

2.1 Families and subjects

Five HLA Immunogenetics laboratories in the United States collected blood specimens from
1017 subjects in 263 families as part of related bone marrow and solid organ transplantation
donor recruitments (Supplemental Table 1). De-identified subjects were registered in the
17t IHIW database by each participating laboratory, and double-blinded IHIW subject IDs
were automatically generated by the database [26]. Each participating laboratory entered the
self-identified ethnicity [African American (AFA), Asian American (ASI), European
American (EUR), Hispan ic American (HIS) and Other (OTH)] and familial relationships for
their subjects into the IHIW database (Table 1). The analyses of HLA genotype data with the
double-blinded sample IDs were conducted at the Stanford Blood Center and Stanford
University under the Stanford University Institutional Review Board (IRB) eProtocol titled,
“17th International HLA and Immunogenetics Workshop” (# : 38899).

2.2 HLA genotype data

DNA was extracted from blood, and the HLA-A, HLA-C, HLA-B, HLA-DRB3/4/5, HLA-
DRBI1, HLA-DQAI, HLA-DQBI1, HLA-DPA1 and HLA-DPBI genes were amplified. DNA
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sequencing libraries were prepared using commercially available NGS HLA typing reagents
[MiaFora FLEX (Immucor Inc.), TruSight HLA (Illumina Inc.) or NGSgo (GenDx Inc.)],
and sequencing was performed on MiSeq (Illumina Inc.) or NextSeq (Illumina Inc.)
instruments at each laboratory. HLA alleles were assigned based on the reference sequences
in IPD-IMGT/HLA Database version 3.25.0, using the corresponding commercially
available HLA typing software [MiaFora v3.1 (Immucor Inc.), TruSight HLA (lllumina Inc.)
or NGSengine (GenDx Inc.)] by each laboratory. Supplemental Table 1 includes the NGS
HLA genotyping systems used by each laboratory. Currently, there is no universally
accepted standard format for reporting novel alleles. The workshop organizers designed the
17t IHIW database to collect standardized reports of novel alleles [26], but no 17t IHIW
participant reported novel alleles in a computer analyzable format. It was not realistic to
perform genetic analysis with unstructured, human readable “comments” using software.
The various NGS HLA software vendors have different ways of reporting novel alleles, and
different laboratories have their own “internal” way of indicating new alleles. There may be
multiple novel alleles for the same “closest” known allele. It was not possible to collect
unofficial novel alleles from multiple laboratories, and analyze the data in a standard
fashion. To make the HLA genotype data analyzable using software, we accepted only
untruncated official HLA allele names in IPD-IMGT/HLA Database version 3.25.0 in the
171 IHIW database [26]. When perfectly matched HLA alleles were not found (novel
alleles), the closest HLA alleles that had the least numbers of mismatches were selected. The
novel alleles were identified using consensus DNA sequences as described in section 2.9.
HLA genotypes and corresponding consensus sequences (when available) were imported
into the IHIW database in Histoimmunogenetics Makeup Language (HML) [27] or
eXtensible Markup Language (XML) formats [26].

2.3 Inferred parents and their imputed genotypes

We used HaplObserve, a Java application that infers parent to child allele segregation [25]
[A], to build HLA haplotypes from families (see section 2.4). HaplObserve requires
genotypes from two parents and at least one child per family [25]. We also treated parents as
unrelated individuals to calculate haplotype frequencies (see section 2.6). Thirty-six of the
263 families included a single parent, and one family included no parents. To include every
observed parental HLA allele in the study, we manually assigned the 38 missing parental
genotypes using segregation analysis from the available genotype data (Table 2). This
practice is routinely performed in clinical HLA laboratories when dealing with families that
are missing one or two parents [28, 29]. We defined the missing parent as an “inferred
parent” (Supplemental Table 1, and Table 2). There were several cases in which only one
parental allele at a locus could be assigned, because the second allele for the inferred parent
was not found in the offspring’s genotypes, leaving the second allele unknown (Table 2B).
In these cases, “No Type (NT)” (with the corresponding locus prefix, e.g., HLA-DPB1*NT)
was used to represent the unknown allele. The alleles represented with NT were used as
placeholders to build haplotypes using HaplObserve. Tables 2A and 2B describe how HLA
genotypes were assigned for an inferred parent.

[A]HapIObserve: https://github.com/ihiw/haplObserve
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2.4 Building haplotypes

HLA haplotypes were built from families using HaplObserve. We observed many
untruncated allele name discordances in the originally submitted data; most of these cases
were for class Il allele names, which were concordant at the two-field level. When an HLA
allelic discordance was detected for the segregation of alleles within a family, we carefully
reviewed all the discordant alleles in the HLA genotyping software. If the discordances were
identified to be HLA genotyping errors, HLA allele calls were manually reassigned on the
basis of the polymorphic positions by carefully reviewing DNA sequence alignments in the
graphical user interface of the HLA genotyping software used by each laboratory. The other
obvious allele inconsistencies arose from complete HLA allele call dropouts (when no HLA
allele was reported at a locus). When a single allele dropout was suspected for a discordant
allele due to allelic imbalance, we corrected HLA genotypes if possible by carefully
reviewing DNA sequence alignments in the graphical user interface of the pertinent HLA
genotyping software. When the allele inconsistency was not resolved due to suspected DNA
contamination or other artifacts, HLA genotyping was repeated. If the allele inconsistency
was not resolved after repeating NGS HLA genotyping, the family was excluded from
analysis. HaplObserve reports “NoMatch” when HLA allele segregation is discordant [25].
When multiple discordances were observed for a given allele, and these discordances were
unresolvable and true, the discordant subject was treated as an unrelated family member and
removed from the analyses. These manual haplotype inspections and revisions were
typically performed multiple times until the allelic inconsistencies were completely resolved
for a given family. When it was not feasible to automatically assign the correct haplotypes
using HaplObserve, due to uninformative HLA genotypes within a family (for example,
identical genotypes at a locus for all the family members), we manually adjusted haplotypes
as described previously [25]. These haplotypes were “locked” on March 4, 2019 for this
publication. The HLA alleles were reported in telomeric to centromeric order in the resulting
haplotypes. The haplotypes were reported in Genotype List (GL) String format, which
consists of two tildes (~) delimited HLA haplotypes connected by a plus (+) sign (HLA-
A~HLA-C~HLA-B~HLA-DRB3/4/5~HLA-DRB1~HLA-DQAI~HLA-DQOBI1~HLA-
DPA1~HLA-DPBI) [30]. The Supplemental Materials

(FAM_Haplotype Summary_GL_String_2019-03-04.csv) contains haplotypes for each
family member. The resulting haplotypes were converted into comma separated value format
for easy viewing (Family_Haplotype Summary_Table 2019-03-04.csv).

2.5 Merging potentially identical haplotypes

Different NGS HLA genotyping vendors used different PCR primer sets, different
sequencing library preparation protocols and different HLA genotyping software algorithms.
During haplotype review, we observed potentially identical haplotypes that were
distinguished by specific alleles, which were most likely due to these differences
(Supplemental Table 2). For example, two slightly different haplotypes were reported as
follows: HLA-DRB1*07:01:01:01/HLA-DRB1%07:01:01:02~HLA-DQB1*02:02:01.:01 and
HLA-DRB1*07:01.:01.01/HLA-DRB1*07.:01:01:02/HLA-DRB1*07:01:01:03~HLA-
DQB1*02:02:01:01. These haplotypes differ by the presence of HLA-DRB1*07:01:01:03in
the ambiguity string for the second haplotype. The haplotype frequency estimation is
affected because these potentially identical haplotypes are treated as distinct haplotypes.

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Osoegawa et al.

Page 6

When we observed potentially identical haplotypes that were distinguished due to
differences that originated from the different NGS HLA genotyping protocols, we carefully
reviewed HLA genotypes, and merged haplotypes if appropriate. Supplemental Table 2
shows the haplotypes that were merged.

2.6 Estimating HLA allele and haplotype frequencies

We treated parents as unrelated individuals and used their haplotypes to calculate
frequencies within each broad continental origin group. Haplotypes containing missing
alleles (“NT”) were excluded when haplotype counts and frequencies were calculated. The
fully phased haplotypes were divided into individual loci (HLA-A, HLA-C, HLA-B, HLA-
DRB3/4/5, HLA-DRBI1, HLA-DQAI, HLA-DQBI1, HLA-DPA1and HLA-DPBI) or
smaller haplotype blocks for calculating frequencies (Supplemental Table 3). Haplotype
frequency tables are found in Supplemental Materials. For example, the haplotype ID for
HLA-DRB3/4/5~HLA-DRB1~HLA-DQAI~HLA-DQBI1 haplotype is “DRDQ” as shown in
Supplemental Table 3. Therefore, the HLA-DRB3/4/5~HLA-DRB1~HLA-DQAI~HLA-
DQBI1 haplotype frequency table is found in

“Global_DRDQ_Haplotype_Summary_ 2019-03-04.csv”. The haplotype frequencies are also
available on the 171 IHIW web site [B].

2.7 Evaluation of linkage disequilibrium

We calculated standard measures of global (locus-level) linkage disequilibrium (LD) (D’
[31], Wn[32], and the conditional asymmetric LD (cALD) measures [33, 34]) using the
“Phased Or Unphased Linkage Disequilibrium: pould” R package [25] [C]. The current
version of pould (0.8.1.9000) also generates heatmaps of LD values for these measures. Any
allelic ambiguities were collapsed to the lowest-field unambiguous name for use with pould.
LD measures for two-locus phased and EM (unphased) haplotypes were calculated with
untruncated and two-field allele names for each population. The Supplemental Materials
contain pould input and output files for each ethnic group. For example, the input file of
unambiguous alleles for the AFA group is
“UnambiguousAllele_Haplotype AFA 2019-03-04.csv”; its corresponding output file for
phased haplotypes is
“UnambiguousAllele_Haplotype AFA 2019-03-04_Phased LD_results.csv”. Detailed
documentation of “pould” output files can be obtained in IHIW GitHub pould repository

[C].

2.8 Deviations from expected Hardy-Weinberg Equilibrium (HWE)

Python for Population Genomics (PyPop) version 0.7.0 [35] was used to investigate Hardy-
Weinberg Equilibrium (HWE) via the Guo and Thompson test [36], and homozygosity via
Slatkin’s implementation of the Ewens—\Watterson test [37, 38], for each broad continental
group. For each test, statistical significance was evaluated at the p-value < 0.05 level. PyPop
output files for each broad continental group are found in Supplemental Materials, for

[BlHLA haplotype frequency table: http:/17ihiw.org/17th-ihiw-ngs-hla-data/
Clpould: https://github.com/IHIW/pould
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example, “AFA_pop_v7_out.txt”. Detailed documentation of PyPop output files can be
obtained in PyPop web site [D].

2.9 Analyzing consensus sequences

We developed hlaPoly [E], a web-based software tool that identifies sequence variants in
consensus sequences relative to (1) user-specified reference HLA alleles, a.k.a. “closest
allele”, and (2) locus-specific full-length reference alleles defined by the 17t IHIW
Informatics Component [26]. All consensus sequences collected for this project were
evaluated using hlaPoly with IPD-IMGT/HLA Database release version 3.25.0.

Depending on the typing method applied, a given consensus sequence may be longer or
shorter than the available reference sequence. hlaPoly masks non-overlapping sequence
regions using values of “N” for each position. We first systematically removed artificial
variants containing “N” for the subsequent analyses.

Second, we analyzed variants that were only identified using the closest allele as a reference;
in other words we eliminated variants that were identified using locus-specific full-length
reference allele sequences, because these reference alleles were used when the closest alleles
did not contain reference sequences for certain features. For example, the HLA-
DPA1#*02:01:07 allele contained only exon 2 reference sequence. For this allele, the HLA-
DPA1#02:01:02reference sequence was used for DNA sequence alignment for the missing
exons and introns. When a novel variant is identified in the features other than exon 2 of
HLA-DPA1#02:01.07, we excluded these variants.

In the nuclear family study, each child inherits a paternal and a maternal haplotype/allele set.
To identify the likely true novel variants, we used a two-step filtering system in which the
novel variants are first identified in the parental consensus sequences (first step), and then
the same variants are identified in at least one of the children (second step). When the same
novel variant is identified in a parent and a child who each have different second allele
combinations, we consider the novel variant more likely to be true than when the novel
variant is identified only once.

We reviewed the identified novel variants in the NGS HLA genotyping software and
confirmed their validity. After we confirmed novel variants, the confirmed novel variants
were used to locate individuals with same novel variants but who did not initially pass the
two-step filtering. Finally, we compared the confirmed novel variants against IPD-
IMGT/HLA Database release version 3.35.0 to determine whether allele names for these
variants had been assigned or not.

[D]PyPop: http://pypop.org
E]hIaPoly: http://hlapoly.immunogenomics.org
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3. RESULTS
3.1 Hardy-Weinberg Equilibrium (HWE) Test

No statistically significant deviations (all p-values < 0.05) from expected HWE proportions
were observed for the 11 loci in the AFA and EUR groups (AFA_pop_v7_out.txt and
EUR_pop_v7_out.txt). For the HIS group (HIS_pop_v7_out.txt), the HLA-DPBI locus
displayed a significant overall deviation from HWE expectations (p-value = 0.0278), but the
other 10 loci did not. The two major contributing HLA-DPBI genotypes were HLA-
DPB1*04:02:01:02+ HLA-DPB1%*04:01.:01:01 (10 observed, 19.08 expected, Chen’s p-value
=0.0095) and HLA-DPB1*04:02:01:02+ HLA-DPB1*04:02:01.02 (21 observed, 13.22
expected, Chen’s p-value = 0.0017). We also performed HWE analysis of the HLA-
DPA1~HL A-DPB1 haplotypes. The HLA-DPA1~HLA-DPBI haplotypes display a
deviation from HWE in the direction of homozygote excess (27 observed, 16.17 expected, o
value = 0.0071). The three principal contributing HLA-DPAI1~HLA-DPBI haplotypes are:
HLA-DPA1#*01:03:01:02~HLA-DPB1*04:01:01:01+ HLA-DPA1*01:03:01.02~HLA-
DPB1%*04:01.01:01 (7 observed, 3.40 expected, Chen’s p-value = 0.0230), HLA-
DPA1%01:03:01:05~HLA-DPB1*04:02:01:02+ HLA-DPA1%*01:03:01.02~HLA-
DPB1#*04:01:01:01 (5 observed, 12.37 expected, Chen’s p-value = 0.0136), and HLA-
DFA1%01.:03:01:05~HLA-DPB1*04.:02:01.02+ HLA-DPA1*01:03:01.05~HLA-
DPB1%*04:02:01:02 (19 observed, 11.29 expected, Chen’s p-value = 0.0012). For the ASI
group (ASI_pop_v7_out.txt), only the HLA-DQAI and HLA-DRB3/4/5 loci display no
overall deviation from HWE, and all other 7 loci display significant deviations from HWE.
Of the 115 HLA-DQAI genotypes, no genotype was observed more than 5 times, or
expected more than 3.33 times, resulting in little deviation between observed and expected
values. However, HLA-DQA1 displays many genotypes that are only seen once or twice
(70/79), and few common genotypes. This pattern at H#LA-DQAI suggests admixture from
multiple distinct populations.

This pattern for HLA-DQAI genotypes is even more pronounced for the 7 loci displaying
HWE deviations, suggesting that the families that constitute the ASI group are derived from
multiple distinct populations; the US Asian American population is known to have
immigrated from many Asian countries and islands [39]. It was not possible to sub-divide
the ASI group using information recorded by the contributing laboratories.

3.2 Haplotypes

The haplotype blocks for which frequencies were calculated are shown in Supplemental
Table 3. Allele/haplotype counts, allele/haplotype frequencies, and allele/haplotype rankings
are summarized in CSV files (Supplemental Materials: Global_"HaplotypelD”_ Haplotype/
Locus_Summary_2019-03-04.csv). Each file name contains the Haplotype ID shown in
Supplemental Table 3. For example, HLA-C~HLA-B haplotype frequencies are fond in
“Global_CB_Haplotype_Summary 2019-03-04.csv”. We were able to build unambiguously
phased haplotypes using the strategy described previously [25]. To explore putative founder
haplotypes, we compared HLA-A~HLA-C~HLA-B~HLA-DRBI1~HL A-DQB1 haplotypes
from this family study with those estimated from EM haplotypes in unrelated individuals
(Creary et al., manuscript in preparation) [B] for each ethnic group. We selected 13
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haplotypes that were identified in both studies (Table 3). The haplotype frequencies for these
haplotypes from this study are found in Supplemental Materials:
Global_ACBDRB1DQB1_Haplotype Summary 2019-03-04.csv file.

Tables 4A-D show the top five observed haplotype counts and frequencies for HLA-
C~HLA-B, HLA-DRB3/4/5~HLA-DRB1~HLA-DQAI~HLA-DQBI and HLA-
DPA1~HLA-DPBI haplotypes for the AFA, ASI, EUR and HIS groups. The resulting
untruncated allele name haplotypes were compared to NMDP g group haplotypes [18].
HLA-DPA1I~HLA-DPBI1 haplotypes were not included in the NMDP dataset. The majority
of the 17! IHIW haplotypes were identified as high-ranking in the NMDP dataset.

3.3 Measures of LD

LD measures for all possible two-locus phased and unphased haplotypes were calculated for
both untruncated and two-field allele names for each broad continental group. The pould
output files were included in the Supplemental Materials. For example, for AFA, four pould
output files are provided:
UnambiguousAllele_Haplotype_AFA_2019-03-04_Phased_LD_results.csv,
UnambiguousAllele_Haplotype AFA 2019-03-04_Unphased_LD_results.csv,
TwoFieldAllele_Haplotype AFA_2019-03-04_Phased_LD_results.csv and
TwoFieldAllele_Haplotype AFA 2019-03-04 Unphased_LD_results.csv, respectively. We
plotted D’and W values for 10 two-locus untruncated allele name haplotypes (HLA-
A~HLA-C, HLA-C~HLA-B, HLA-B~HLA-DRBI1, HLA-DRB1~HLA-DQA1, HLA-
DRBI1~HLA-DPA1, HLA-DRBI1~HLA-DPBI1, HLA-DQA1~HLA-DQBI1, HLA-
DQBI1~HLA-DPA1, HLA-DQBI1~HLA-DPB1and HLA-DPA1~HLA-DPBI) for the AFA,
ASI, EUR and HIS groups along the genomic distance between each pair of loci based on
Human Genome Assembly (hg38) (Figure 1).

The HLA-DRBI1I~HLA-DQAI haplotype showed the highest O’and Wn values, followed by
HLA-DQAI1~HLA-DQBI, HLA-C~HLA-B, and HLA-DFPAI1~HLA-DPBI1. The short
genomic interval between the loci in part explains the high LD for these haplotype blocks
(Figure 1). Despite a third of the genomic distance between HLA-DQB1~HLA-DFAI (414
kb) compared to HLA-A~HLA-C (1.33 Mb) and HLA-B~HLA-DRBI (1.24 Mb), Figure 1
shows sharp drops in LD for the HLA-DQBI~HLA-DPAI haplotype, consistent with
previous observations that suggested that this was due to the presence of recombination
hotspot in the interval between the DR~DQ loci and the DP loci [40]. It is interesting to note
that LD values for HLA-DRBI1~HLA-DPBI are higher than those of HLA-DQBI1~HLA-
DPA1, HLA-DQBI1~HLA-DPBI, and HLA-DRBI1~HLA-DPA1 (Figure 1), although these
three two-locus haplotypes are within the HLA-DRB1~HLA-DPBI region. Interestingly, the
evaluation of the most common 11 loci haplotypes shows that many individual haplotypes
show even higher D’values between HLA-A~HLA-C~HLA-B~HLA-DRB3/4/5~HLA-
DRBI~HLA-DQAI~HLA-DQBI haplotype and HLA-DPAI~HLA-DPB1 haplotype
(Supplemental Table 4).

We also extracted 10 measures of LD of two-locus phased haplotypes for untruncated and
two-field allele name haplotypes for each population (Supplemental Tables 5ABCD). We
found that LD measures for untruncated allele name haplotypes are higher than those of
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two-field allele name haplotypes in almost all cases. This indicates that HLA haplotypes
have more specific correlations when untruncated allele names are used.

3.4 Crossover

Of the 263 families analyzed, 31 families were trios, 208 were quartets, and 24 included
more than two children (Table 5A). It is not possible to detect chromosomal crossover events
in trios. It is feasible to identify a crossover event in quartet families, but not possible to
determine which of the two parental haplotypes is recombinant. For the families that had
more than two children, it is usually possible to identify the parental haplotypes that
participated in crossover events where HLA alleles are heterozygous. Of the 232 families
that had two or more children, we observed a total of 16 identifiable crossover events in 15
families. Of the 16 crossovers, five were observed between HLA-A and HLA-C, one
between HLA-Cand HLA-B, five between HLA-Band HLA-DRBI, and five between
HLA-DQBI1and HLA-DFA1 loci (Table 5A). Of the five HLA-B~HLA-DRBI crossovers,
two occurred in a family that had four children. In this family, we observed two independent
HLA-B~HLA-DRBI crossovers: 1) one paternal HLA-B~HLA-DRBI recombinant HLA
region was transmitted to a child with a non-recombinant maternal HLA region; 2) one
maternal HLA-B~HLA-DRB1 recombinant HLA region was transmitted to a child with a
non-recombinant paternal HLA region; 3) two children inherited non-recombinant HLA
regions from both parents. The remaining 14 crossover events were identified in 14
unrelated families. Among these 14 crossovers, it was impossible to recognize the original
parental haplotypes for three events (one HLA-A~HLA-C and two HLA-DQBI~HLA-
DPA1), as these families had only two children (Table 5A). We were able to recognize the
original parental haplotypes for the remaining 11 events, as these families had more than two
children. The HLA-C~HLA-B crossover was not identified in randomly selected families,
but was found during related bone marrow transplantation donor recruitments. This family
was included to investigate this rare crossover event in detail. Tables 5B and 5C shows HLA-
A~HLA-Cand HLA-C~HLA-B crossover events, respectively.

3.5 Novel variants

We obtained a total of 1,009 unique variants after removing variants with “N” values and
applying our two-step filtering system (See section 2.9). Of these 1,009 unique variants, 437
were in HLA-DRB genes; 94 of these were in HLA-DRB exon sequences. Of these 94
unique variants for HLA-DRB genes, we first carefully reviewed sequence alignment data
for 21 variants in HLA-DRB exon2 and 3 sequences in the NGS HLA genotyping software,
and found that all of these were false. We found that some NGS genotyping software
reported multiple consensus sequences that include both correct and incorrect consensus
sequences. The software created these variants by combining HLA-DRB sequences that
were not necessarily in phase. These false variants all originated from incorrectly assembled
consensus sequences. This demonstrates the challenges of assembling accurate consensus
sequence from mixtures of short sequence reads from the highly complex homologues of the
HLA-DRB gene family, which includes pseudogenes; when imprecise consensus sequences
are built, it is difficult to identify novel variants. It was premature to expect to efficiently
identify true novel variants using consensus sequences for the highly complex HLA-DRB
genes from an extensive list of variants in the 17" IHIW data set. Therefore, we focused on
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identifying novel variants for the other seven non-DRB genes. Of 572 non-DRB gene
variants, 21 were within coding sequences (CDS). Of these, we confirmed 10 novel CDS
variants in eight different HLA alleles; three variants were found in the same HLA allele.
Official HLA allele names had already been assigned to six alleles using IPD-IMGT/HLA
Database version 3.35.0 (Table 6A). The remaining two alleles have not been reported in
IPD-IMGT/HLA Database version 3.35.0. We also confirmed 18 non-CDS variants in nine
HLA alleles, and official HLA allele names had been assigned to six alleles using IPD-
IMGT/HLA Database version 3.35.0 (Table 6B). After confirming novel variants using our
two-step filtering strategy, we refiltered the original list using the “confirmed” novel
variants, and rescued additional variants that were not originally captured. For example, we
were able to identify the HLA-DQBI1*03:01.:01:07 allele for mother and child using the 2-
step filtering system shown in Figure 2. Consensus sequences for HLA-DQB1*03:01:01:07
were correctly built for the mother and child. The consensus sequence for HLA-
DQB1#*03:01:01:12was correctly built for the father, but not for the child. HLA-
DQB1#*03:01:01:12differs from HLA-DQB1*03:01:01:07 by only one nucleotide in intron
2 (Figure 2B). The HLA genotyping software built a single consensus sequence of HLA-
DQB1#*03:01:01.:07for the child, but did not build the second consensus sequence for HLA-
DQB1#*03:01:01:12, because these two sequences were too similar. The initial 2-step
filtering system excluded HLA-DQB1#*03.:01:01.:12 from the output, but we manually
rescued this allele after reviewing the consensus sequences of the father, and raw sequence
read alignments of a child in the HLA genotyping software. It remains possible that some of
the novel alleles may not have been identified using the two-step filtering system if
consensus sequences were not built correctly in either child or parents.

4. DISCUSSION

The 171 IHIW was conducted to investigate NGS methods for generating full-length HLA
gene sequences that include exons, untranslated regions (UTRs) and introns, and HLA
genotypes with minimal ambiguities. We sequenced 11 HLA loci using commercially
available NGS HLA genotyping systems in 1,017 subjects from 263 nuclear families and
generated untruncated allele name HLA genotypes. Using the NGS HLA genotyping
systems, we captured full-length HLA gene sequences for all class | genes, although it was
not possible to capture complete full-length HLA genes for many HLA class Il genes. HLA
haplotypes were inferred based on HLA allele segregation after NGS HLA genotyping.

We observed some significant deviations from HWE for some of the groups studied here.
This may have resulted from heterogeneous composition of the continental origin groups.
When HWE was evaluated for each broad origin group, the Hispanic American group
displayed significant deviation from expected HWE for the HLA-DPBI locus. This is a
heterogeneous group including individuals of Native American, African, and European
ancestries; as HLA-DPB1*04:02:01:02is the most common HLA-DPB1 allele in Hispanic
and Native North American groups [41, 42], it may not be unexpected to observe significant
excesses of HLA-DPB1*04.02:01:02 homozygotes, which may have resulted from non-
random mating and/or population stratification. For the other HLA loci, alleles are balanced
resulting in lower frequencies than that of HLA-DPB1*04.02:01:02, this effect may not be
seen because the sample size is small.
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We observed statistically significant deviations from expected HWE for most of the loci for
the Asian American group. In the US, the “Asian” designation can be applied to people who
emigrated from Japan, Korea, China, Thailand, Vietnam, Myanmar, The Philippines,
Malaysia, Pakistan, India, and other countries. The six largest Asian-American subgroups
(Indian, Chinese, Filipino, Japanese, Korean, and Vietnamese) comprise approximately 97%
of the Asian American population [39]. This heterogeneous grouping poses health care
problems for Asian American groups [39]. As such, this Asian American group is likely
highly structured, and HWE should not be expected. Unfortunately, ancestral subgroup
information is not available for these subjects. Gragert et al. described dramatic HLA
variation between Asian populations, while populations in other broad geographic groups
were more similar to those in the same group [18]. Therefore, while the haplotype
frequencies for the Asian group may not be reliable, the individual haplotypes presented in
this study definitely exist in the general US Asian population. Greater insight into Asian
haplotype diversity may be made possible by collecting samples from more specific Asian
regions as part of the 18" IHIW.

Building HLA haplotypes from families is especially advantageous for identifying rare
haplotypes. For example, we identified a rare haplotype in a Hispanic family — HLA-
DRB4%*01:03:01:01/HLA-DRB4*01:03:01:03~HLA-DRB1*04.07:.01~HLA-
DQA1#04:01:01~HLA-DQBI1*04.:02:01. The common haplotypes for HLA-
DRB1*04:07:01 and HLA-DQB1*04:02:01 are HLA-DRB4*01:03:01.01/HLA-
DRB4%*01:03:01:03~HLA-DRB1*04.07.01~HLA-DQA1*03:01:01~HLA-DQB1*03:02:01
and HLA-DRB1%08.:02:01~HLA-DQA1%*04:01:01~HLA-DQB1%*04:02:01, respectively. We
confirmed that this haplotype was not the result of a HLA-DRBI1~HLA-DQAI crossover
event by reviewing HLA allele segregation. Our family-based approach for inferring HLA
haplotype phase allows confident identification of rare haplotypes that exists in the general
population.

In addition, we noticed that HLA-C*04.01:01.01~HLA-B*35.:17:01 was the third highest-
ranking HIS haplotype in this study, while HLA-C*04:01g~HLA-B*35:17ranked 37" in the
NMDP dataset. HLA-C*04:01g~HL A-B*35:01g was the highest ranking HIS haplotype in
the NMDP dataset. Three exon 3 nucleotide differences distinguish HLA-B*35.01:01:01
from HLA-B*35:17, The NMDP Hispanic data is derived from various geographic areas in
the US that may include subjects with African, European and Native American ancestry,
while the Hispanic subjects in this study are mostly from California, and may have
principally Mexican ancestry.

We calculated LD measures for each broad ethnic group (Supplemental Tables 5ABCD). It
is fascinating to note that phased untruncated allele name haplotypes show higher LD than
phased two-field allele name haplotypes in almost all cases. This demonstrates the presence
of more specific correlations when untruncated allele names are used. In other words, non-
coding variation may be able to correlate with specific HLA haplotype blocks. For example,
we found 33 individuals carrying the HLA-C*05.01.01:02~HLA-B*44.:02:01:01 haplotype,
and 12 European and Hispanic individuals carrying the HLA-C*05.01.01:01~HLA-
B*18:01:01:01 haplotype (Table 7). These very different HLA-B alleles are in LD with
specific non-coding polymorphisms in otherwise identical HLA-C alleles. When these
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haplotypes are reduced to two-field allele name haplotypes, HLA-C*05.01 is phased with
either HLA-B*44:02 or HLA-B*18:01; the resulting in loss of specificity lowers the
apparent LD between these loci. The 4-Mb human MHC region was sequenced from 8 cell
lines [43], and more recently 95 human MHC genome sequences have become available
[44]. The genome sequences supported the accuracy of some untruncated allele name
haplotypes. Cell line “QBL” sequence (GenBank: GL000255.2) contains the complete
sequence of the HLA-C*05.:01.01:01~HLA-B*18:01.01:01 haplotype [43]. Recently this
specific haplotype was confirmed from the genome sequences of additional 4 cell lines:
“DUCAF”, “EJ32B”, “JVM” and “L081785” [44]. The “SSTQO” cell line’s genomic
sequence (GenBank: GL000256.2) contains complete sequence of HLA-
C*05.01:01:02~HLA-B*44.:02:01.:01 haplotype. This haplotype was also confirmed from
the genome sequences of 4 cell lines: “AWELLS”, “EK”, “SP0010”and “WT47D” [44].
When we aligned genomic sequence containing HLA-C*05.01:01:01~HLA-B*18:01:01:01
and HLA-C*05:01.01.02~HLA-B*44:02:01.-01 haplotypes using BLAT software in UCSC
Genome Browser [45], there are only 7 SNP mismatches between these haplotypes when the
HLA-B gene is excluded. However, there are over 100 mismatches found between the HLA-
B*18:01:01:01 and HLA-B*44:02:01:01 alleles. It is also interesting to note that HLA-
B*18:01:01:02forms haplotypes with HLA-C*07:01:01:01 or HLA-C*12:03:01:01 (Table
7). The HLA-C*07:01:01:01~HLA-B*18.:01:01:02 haplotype was confirmed from genome
sequences of 2 cell lines: “31227ABO” and “BM16” [44]. These examples demonstrate the
importance of assigning HLA alleles from full-length HLA gene sequences including UTRs,
allowing assignment of specific haplotypes. This strong LD may also be useful for
identifying HLA genotyping error, and for identifying matched donors for allogeneic
hematopoietic transplantation [46].

Figure 1 indicates pronounced decreases in the values of LD for HLA-DQBI1~HLA-DPA1
haplotypes, consistent with a previously described recombination hotspot in this region [40,
47]. Conservation of specific haplotypes may have resulted from complementary functional
selection among HLA-A, HLA-C, HLA-Band HLA-DRB, HLA-DQAI1, HLA-DQB1
alleles, while this complementarity may have not extended to HLA-DP associations with
other HLA loci.

Traditionally, LD measures have been calculated using two-field allele name haplotypes,
because it was not possible to determine untruncated allele names using Sanger sequencing
or Sequence-Specific Oligonucleotide Probe (SSOP) methods when only limited exons were
analyzed [48]. In addition, haplotypes have been estimated using the EM approach. We
compared LD measures (D’and Whn) from phased untruncated allele name haplotypes with
those from EM-estimated two-field allele name haplotypes (Figures 1C-F). We recently
reported that the EM algorithm underestimates the frequency of rare (n<4) haplotypes,
thereby overestimating the LD of 2-locus haplotypes [25]. Although we did not observe
significant differences, phased untruncated allele name haplotypes still show higher LD
measures than EM-estimated two-field allele name haplotypes in almost all cases, despite
the expected overestimation of LD measures of EM-estimated haplotypes.

Conditional asymmetric LD (cALD) measures are valuable for interpreting which of two
loci display greater variability in haplotypes. For example, we observed eight different HLA-
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Balleles (HLA-B*08.:01:01.01, HLA-B*49:01.01, HLA-B*18:01.:01:02, HLA-B*41.01.01,
HLA-B*08:01.20, HLA-B*18:03, HLA-B*44.02:01:01 and HLA-B*57:01:01) in phase
with HLA-C*07:01:01:01 in European Americans

(Global_CB_Haplotype_Summary 2018-11-02.csv). The haplotype counts for these 8
haplotypes are 36, 9,9, 1, 1, 1, 1 and 1, respectively. While HLA-C*07:01.:01.01~HLA-
B*08:01:01:01 is the most common HLA-C*07:01:01.01~HLA-B haplotype, HLA-
B*08:01.01:01 is only observed in this haplotype, and is not observed in phase with any
other HLA-C allele. This example explains why the cALD value for HLA-Calleles (LocI)
on any of the haplotypes conditioned on the HLA-B alleles (Loc2) is higher (W} ocz2/ 0c1 =
0.843) than that of HLA-B alleles on any of the haplotypes conditioned on the HLA-C
alleles (W} pc1/1 0c2= 0.701) in European Americans (Supplemental Table 5C).

We identified 16 detectable crossover events, including one intentionally selected HLA-
C~HLA-B crossover event (Table 5A). This represents 15 out of 497 (416 + 81) children in
232 families (with at least two children: Table 5A) who had received at least one
recombinant HLA haplo type from a parent; approximately 3% (15/497) of children received
recombinant HLA haplotypes. This translates into a minimum of 15 crossover events in 994
(832 + 162) meioses (1.5%: Table 5A). Despite the lower LD values of HLA-DQBI~HLA-
DPA1 haplotypes than those of HLA-A~HLA-C and HLA-B~HLA-DRBI haplotypes, we
identified equal numbers of HLA-A~HLA-C, HLA-B~HLA-DRBI1 and HLA-DQBI1~HLA-
DPA1 crossover events (5 each). This may be an artifact of the small number of families
analyzed; we would need to study larger numbers of families to determine a more precise
recombination fraction for HLA haplotypes. It is important to note that this 1.5% rate
represents a lower bound on the true recombination rate. Even in families with two or more
children, there may be undetectable crossover events within homozygous HLA loci. This
limits our ability to recognize crossover events purely on the basis of HLA allele names.
Supplemental Table 6 shows parental allele counts for each locus in 232 families that had
two or more children, and Supplemental Table 7 provides example instances in which we
could have missed crossover events due to homozygosity in 95 of these families. For
example, there were 4 parents who were homozygous for HLA-A~HLA-C~HLA-B
haplotypes and heterozygous for HLA-DRB1~HLA-DQAI~HLA-DQBI haplotypes, and 4
parents who were heterozygous for HLA-A~HLA-C~HL A-B haplotypes and homozygous
for HLA-DRBI1~HLA-DQA1~HLA-DQB1~HLA-DPA1~HLA-DPBI1 haplotypes. It is not
possible to detect HLA-B~HLA-DRBI crossover events in chromosomes inherited from
these 8 parents (Supplemental Table 7). There were four subjects (H0000973, H000113D,
H02761B9 and H0001150) who were completely homozygous for all loci (Supplemental
Table 7). It is not possible to detect any HLA recombination event in chromosomes inherited
from these subjects.

We identified 17 novel HLA alleles using hlaPoly to analyze consensus DNA sequence in
the context of IPD-IMGT/HLA database version 3.25.0 reference sequence. As of March
2019, 12 of the 17 novel alleles had already been assigned HLA allele name in IPD-
IMGT/HLA Database version 3.35.0, but 5 alleles have not yet been named in the database
(Table 6). Of 17 novel alleles identified, three include non-synonymous variants. Two alleles
differ in exons 3 and 4, respectively, from the closest HLA-DPA1 alleles that were assigned
using IPD-IMGT/HLA Database version 3.25.0 (Table 6A). Those alleles that contain non-
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synonymous variants may have clinical implications for transplantation. The HLA-A*32:106
allele includes a single T->A substitution in exon 1 of HLA-A*32:01:01 -- Tryptophan (W)
to Arginine (R) at residue -2 in the leader peptide of HLA-A [49]. A partial leader peptide
(residues —22 to —14 relative to the mature protein) of HLA-A, HLA-B and HLA-C
molecules binds to the antigen binding groove of the HLA-E molecule, which serves as a
ligand for the inhibitory CD94/NKG2A receptor molecule expressed on natural Killer (NK)
cellsand T cells [50, 51]. Further investigations are required to fully comprehend the
biological implications of W to R changes at residue -2 in the HLA-A*32:01:01 leader
peptide. For the 5 alleles that include synonymous variants, more research is required to
determine any clinical implications. A synonymous nucleotide substitution (GCG -> GCA)
in exon 4 of HLA-A*01.01:01.01 was reported to be responsible for lowering the expression
of the resulting HLA-A*01.01:38L allele through aberrant splicing [52]. Similarly, the
HLA-A*24:01:03Q allele includes the same synonymous nucleotide substitution (GCG ->
GCA) in exon 4 of HLA-A*24:01:01:01 as HLA-A*01.:01:38L [53]. The Questionable
allele name suffix was assigned because the protein expression level for HLA-A*24.:01:03Q
allele has not been confirmed. In addition, some intron variants cause splicing variants that
result in non-expressed alleles [54, 55], or are associated with transcription [56]. These
examples present important questions for the Histocompatibility and Immunogenetics
community, and challenge us to systematically investigate the biological functions and/or
clinical relevance of each variant that resides within the most polymorphic region in the
human genome.

We found that haplotypes can be further refined when novel variants are assigned to specific
HLA allele names. For example, the following two haplotypes include HLA-
DQB1%03:01:01:01- HLA-DRB5%*02:02~HLA-DRB1%*16:02:01:02~HLA-
DQB1#03:01:01:01 and HLA-DRB3*02:02:01.:01~HLA-DRB1%12:01:01:03/HLA-
DRB1*12:10~HLA-DQBI1#*03:01:01.01. From our novel variant analysis, we found that
there are many non-coding variants of HLA-DQBI1*03:01.:01:01 that were not recognized in
IPD-IMGT/HLA Database version 3.25.0 (Table 6B). When we use the HLA allele names
assigned under IPD-IMGT/HLA Database version 3.35.0, these haplotypes can be
recognized as two distinct haplotypes that include either HLA-DQB1*03:01.01:05or HLA-
DQB1#03:01:01:06— HLA-DRB5%*02:02~HLA-DRB1%*16:02:01:02~HLA-
DQB1#*03:01:01:06 and HLA-DRB3*02.:02:01.:01~HLA-DRB1%*12:01:01.:03/HLA-
DRB1*12:10~HLA-DQBI1*03.:01:01.:05. When untruncated allele names resulting from
full-gene sequencing are used, we observe more distinct haplotypes.

Generating accurate and consistent HLA genotypes requires considerable effort in reviewing
HLA genotypes, making it a labor-intensive process to recreate a haplotype table on a
regular basis. However, it would be beneficial to reanalyze raw sequence data using newer
versions of the IPD-IMGT/HLA Database, rebuild haplotypes, and update haplotype
frequency tables on a regular basis, for example, as part of every IHIW. We captured HLA
genotypes and consensus sequences for this 17! IHIW project, but we could not collect the
raw sequence files (e.g., fastq files). However, even if fastq files were available, it would not
be possible to generate HLA genotypes using different vendors” HLA genotyping software.
We found that HLA genotyping software generates fairly accurate HLA genotype calls, but
we detected many DNA sequence assembly errors when we attempted to identify novel
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polymorphisms in consensus sequences. Given these shortcomings, it would also be valuable
to re-analyze the raw sequence data (fastq files) using a given vendor’s improved genotyping
software versions. For this reason, it is important to maintain raw sequence data, for these
typing reevaluations and haplotype revisions. As we have shown in Figure 2, HLA
genotyping software did not generate accurate consensus sequences for individuals who had
HLA-DQB1%03:01:01:07 and HLA-DQB1*03:01:01:12. As shown in Supplemental
Materials “Global_HLA-DPA1_Locus_Summary_2019-03-04.csv”, HLA-
DPA1%01:03:01:01, HLA-DPA1%*01:03:01:02, HLA-DPA1*01:03:01:03, HLA-
DPA1#01:03:01.:04 and HLA-DPA1*01:03:01:05 are very common HLA-DPA1 alleles
across any ethnic group. HLA-DPA1 alleles were often reported as homozygous in the
original HLA genotyping report, though an individual may possess two distinct alleles. As
stated section 2.4, many HLA-DFA1 allele homozygous calls were determined to be
heterozygous during the haplotype building and reviewing process. In this case, the HLA
typing software generates only one consensus sequence. It would be very useful to analyze
better assembled consensus sequences in the 18" IHIW, as the DNA sequence assembly
algorithms in HLA genotyping software are continually being improved.

The haplotype tables that were built in this project can be used as a reference for reviewing
and predicting haplotypes from clinical HLA genotyping and a search guide for unrelated
hematopoietic transplantation donors. As we move forward to the 181 IHIW, we propose to
analyze more families using existing, perhaps improved or newer DNA sequencing
technologies, and improved bioinformatics tools. It would be beneficial to re-analyze HLA
haplotypes at both the HLA allele name, and also the consensus DNA sequence level.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The graphs A and B show the differences between D’ (Figure 1A) and Wn (Figure 1B)
values for the 10 two-locus haplotypes (HLA-A~HLA-C, HLA-C~HLA-B, HLA-B~HLA-
DRB1, HLA-DRBI~HLA-DQAI, HLA-DRB1~HIL A-DFAI, HLA-DRB1~HI[ A-DPBI,
HLA-DQA1~HLA-DQBI, HLA-DQBI~HLA-DPA1, HLA-DQBI1~HLA-DPBIand HLA-
DPA1~HLA-DPBI1). The pre-fix “HLA-“ was omitted for the label of these haplotypes in

the plots. The X-axis represents the genomic distance of the two loci, the Y-axis shows D’

(A) or Whn (B) values. Figures 1C-1F show heatmaps of LD measures [D’ (left panel) and
Wh (right panel)] for AFA, ASI, EUR and HIS. The top-half (above the diagonal) represents
the heatmap for the phased untruncated allele name haplotypes, and the bottom half
represents the heatmap for the EM-estimated two-field allele name haplotypes.

Hum Immunol. Author manuscript; available in PMC 2020 September 01.

1.00
075
025

000



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Osoegawa et al. Page 23

2A B*55:02:01:01~
DRB3*03:01:03~
DRB1*12:02:01~
DQA1*06:01:01~
DQB1*03:01:01:12

B*58:01:01:01~
DRB3*02:02:01:01~
DRB1*03:01:01:01/02
~DQA1*05:01:01:03~
DQB1*02:01:01

B*15:02:01~
DRB3*03:01:03~
DRB1*12:02:01~
DQA1*06:01:01~
DQB1*03:01:01:07
B*07:05:01:01~
DRB1*10:01:01:01~
DQA1*01:05:01~
DQB1*05:01:01:02

B*55:02:01:01~
DRB3*03:01:03~
DRB1%12:02:01~
DQA1*06:01:01~
DQB1*03:01:01:12
B*15:02:01~
DRB3*03:01:03~
DRB1%*12:02:01~
DQA1*06:01:01~
DQB1*03:01:01:07

3.35.0: DQB1*03:01:01:07
Mother G G

DQB1*03:01:01:01 »
T A
[ Consensus DNA sequence |
T G DQB1*03:01:01:03 ‘
c T
3.35.0: DQB1*03:01:01:12
Father G pgp1*03:01:01:01¢  © ‘
T A A
[ Consensus DNA sequence |
T G DQB1*03:01:01:03 G »
c T A
Original: IPD-IMGT/HLA 3.25.0 Mismatches in consensus sequence

Figure 2.
Figure 2A shows a pedigree for an Asian family: father (top-left square), mother (top-right

circle) and child (bottom square). HLA-B~HLA-DRB3~HLA-DRBI1~HLA-DQAI~HLA-
DQB1 haplotypes are shown in each square and circle, with the “HLA-“ prefix removed
from the allele names. The paternal haplotypes with bold letters and maternal haplotypes
with italicized letters were transmitted to the child. Originally HLA-DQBI1*03:01:01.03and
HLA-DQB1%03:01:01:01 were assigned as the closest alleles for father and mother,
respectively, using IPD-IMGT/HLA Database version 3.25.0 reference sequences. For the
same family, Figure 2B shows that maternal H#LA-DQBI1 consensus sequence (Top) and
paternal sequence (Bottom) are compared to HLA-DQB1*03:01:01:01 and HLA-
DQEB1#*03:01:01:03 DNA sequences. Light gray bars indicate the consensus DNA
sequences, black rectangles show exons of HLA-DQBI, and dark gray arrows show introns.
The novel variants are shown in vertical arrows: nucleotide in reference sequence (top) ->
nucleotide in consensus sequence (bottom). Two and three novel variants were identified by
hlaPoly from maternal and paternal consensus DNA sequences, respectively. These novel
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sequences have been named HLA-DQB17*03:01:01:07 and HLA-DQBI1*03.:01:01.:12,
respectively (Table 6B). The applied HLA genotyping software generated only one
consensus sequence that corresponds to HLA-DQB1*03:01:01:07 for the child (Figure 2A),
and thus failed to identify HLA-DQBI1*03:01:01.12by 2-step filtering strategy. HLA-
DQB1#*03:01:01:12was, however, found in father. We confirmed the presence of HLA-
DQB1#*03:01:01:12allele in the child by careful review of the raw sequence alignments in
the HLA genotyping software.

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 25

Osoegawa et al.

'SjuaJed paulayul sapnjoul siualed Jo Jaqwinu ay ) dnoib uibuio [e1oel/a1uyla peolq yoes ul paziiobiared aiam eyl sjuated pue $19algns 4o Jaquinu ay) Smoys T a|qel

9zs S50T [eloL
T 12 d3HLO
81T 182 | (SIH) ueslawy dluedsiH
012 ezy | (¥n3) uesnswy ueadoing
g1l GeZ (ISV) UedLIBWY UBISY
2] 66T | (vdv) Ueoewy ueolyy
ated | 108fgns | punoibxoeq [eioea/oiuylg
s108lqns Apms
‘T 9|qeL
Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 26

Osoegawa et al.

"3]3][e umousjun
ayp Juasaldas 01 pasn sem (4 Nx -7+ B9 ‘x1yaid snooj Buipuodsariod ayr yum) ., 1N, ‘sased asay u] “(6@3s) umounun a|ajje puodas ayl Buines| ‘sadAloush piiya ayl ul punoy Jou sem jeusared puodas ayl
asnedaq ‘paindwi ag pjnod snaoj Yyoea e aja|fe Jeusared auo AJUQ "USIP|IYD S8} 03 PaIIILLSURI} BIaM S3Ja][e Y TH [eudarew Juatayip omi ybnoyje ‘(jeanuspi-ojdey) siana| pjog yum paresipul ‘saja|e [eulsyed

aWes ay} aleys ualp[Iyd oM} syl ‘gg a1qel ul Ajiwey sy Joj ‘Ajenuo) (@a3s) sedAloush feussied s1ajdwod syndwi 03 a1qissod ‘alojaiay) ‘sem 3| “(S1ans] uiys) saj
UBJP|1Yd OM] WOy pallagul ase snaoj Jad (pauljdspun pue pjog) sajajje v 1H [eusared Jusiaylip OM] ‘Yz 8|geL U "SauljJapun ajgnop pue ajbuls yiim paysinBunsip aiam ss|
Sala||e W TH [euJalew ay | 'sa|gel 8yl Ul UMOYS aJe Snaoj | sse]d Jad sa|a]fe OM[ "UaIp[Iyd OM] pue JayIowW e JO 1SISU0d saljiwey ylog sadA1ouab w1H [eulared paxoe| Jeyl saljiwe) oM MOYs gz pue g a|qel

Author Manuscript

VH [eussrew Bunoegns Jaye
OM} pUB ‘SI9133] UIY} Ul UMOYS dJe

INAO-VTH IN+G-VTH INV-YTH (pouiayu)  6Q3S
+10:20:20:€0-0-V TH +10:T0°T0:85+8-V TH +T0E0EE V-V TH Iauey

I0TOTO30= 0V TH T0:T0:T0:8G +8-VTH TO:E0:EE V-V TH Py 385y
+10:20:20:€0:0VIH  +Z0T0T0SEGVIH/IOTOTOGEGVIH  +I0T020 %YV TH

T0T0-€0-€0x0-V TH 10°T0°T0°8G 8-V TH TO:E0:EE V-V TH Py agsy
+10:20:20:€0,0-V TH +I0°T0:5-8VIH  +020-T0T6V-V1H

T0TOT0F0x 0V TH 1070556 VIH 10200 TexV -V IH sayow  ogsy
+I0T0€0 60D VIH +Z0T0T0SE TV IH/IOTOT0GExEVIH — +I0T020 %2 V-V IH

O-VIH g-vIH V-v1H diysuonepy  sjdwes

g

T0:20:9T 0V IH 10'80°TG+8-V1H  TOTOTOTT«V-V IH (pasiayur)

+T0T0€0 2T 0V IH +T0T0TT0TS-aVIH  +10:T0:T0T0«V-V TH sy @a3s
1010207 x0V IH T0T0T0T6+8VTH  TOTOTOTT-V-VTH

+T0T0E0 L0V IH +I0T0TOTSG VIH  +I0T0T020x V-V IH PIY  WOSK
10:20:9T+0-VTH 1080158V IH  TOT0T020- V"V TH

IO TOFOEODVIH +Z0TO0PGVIH  +T0:T0:T0TOSV-VTH TR oY 12
100207 Tx0-V IH I0T0T0.ToxGVIH  I0.T0-T0-20xV-V IH

IO TOFOEODVIH 20 TO0PGVIH — +I0T0T0 20"V TH Bpow oGy

O-VTH g-vH V-vIH  diysuonepy  sjdwes

v

sadAjouab ejuased paiagul Bunndwi

-¢ 9|gelL

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 27

Osoegawa et al.

€010 T0:S T« TGHA-YV TH/Z0-T0-T0:S T« TSHA-Y TH/T0-TO-T0:S T TSHA-Y TH 201010 0x TGHA-Y TH/TO-TOTOL0x TTHA-Y TH -20-T0-T0-E0xTTHA
-V TH/TO-T0:T0:€0x TAHA-Y TH ‘S3uweu aj3|[e 1BIp-1samoy 8y} Buisn umoys a.e saja|je snonBiqure Buimoyjog ay L “Apms siyl wols SIH Jo/pue ¥N3 ISV w4V ul punoy st adAlodey oy1oads
© Jeys sa1ealpul A, 8L "uwinjod ,adAjojdeH,, 8y} Ui saweu 3|3|[e au} WOy PAINWO St -/ TH,, Xyaid 8y ‘sadhiojdey 790G-V TH~ 184G~V TH~G-V TH~O-Y TH~V-V TH SMoys uwn|od adAlojdeH,, ayL

A A A 10:20-€0-€0x 190A~10:T0-T0-/ 0 TGHA~T0-T0-LGx G~ 10-10-20:90xD~T0-10-T0T0x ¥V

A 10:20°€0x T90A~T0:-L0:¥0x TGHA~T0:-G0:6ExG~T10T0:-20°L0xO~T0°10-90-20x ¥

A 10°T0°T0-€0x TGOA~T10:90:¥ Tx IGHA~Z0-90-6Ex G~T0-T0-20-L0x D~ T10-T0-20- ¥ V

A 10:61.60x T9OA~T0-¥0:80x TGHA~T0-T0-EGx G~ T0-TOTOH0xD~T0-E0:EEx V

10:10:20-20x I0A~T0:T0T0-/ 05 THA~Z0-E0- t¥x G~90-L 0x O~ T0-E0-EEx Y

10°10-20-20x T9OA~T0:T0-T0-L0x IGHT~T0-20-E T §~T10-T0-20-90x D~ 10-T0-06x ¥V

10°10:20x T90G~T0:T0:T0:€0x IGHA~T0-T0-T0-85x G~10-20-20-E0xD~10-E0-E€x

10°T0°10-60x T190A~10-20:-ZTx IGHA~ 10205 T« G~T10:T0:80x0~T0-T0-T0- T T« ¥/

>|>|>|>]>

10:T0:10:€0x TG0G~10-T0:10:¥0x IGHA~I0-T0-20- < G~Z0-T0- T0-50x D~ 10-T0-T0-20x V

A £0°T0°10-50x T9OA~T10:T0:T0x TFHA~Z0:T0-T0-5x G~T10-T0-T0-#0x D~ T0-T0-T0-E0x ¥V

10:20:90x T90G~T0:T0:T0:G T« IGHA~T0-20-L 0= G~E0-T0-20-L0x D~ T0-T0-T0-E0x V

10:10-20-20x T9OA~T0:T0:T0-L0x TGHA~T0-T0-E0- t 5 §~T10-T0-10-9Tx D~ 10-T0-20:62x ¥V

>|>|>|>]>
>

A 10-10-20x TGOA~T0-T0-T0-€0x TIHA~T0-T0-T0-80xG~T0-T0-T0-L0xD~T0-T0-T0-T0x V
SIH | 4N3 | ISV | V4V adAo|deH

sadfiojdey 190GV TH~I194A-V TH~G-V TH~O-V TH~V-V¥ 7H UowwoD
i€ 9l0eL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 28

Osoegawa et al.

9 8858€0°0 bE0:vpxG~B10:20x0  ¥EBYED0 8 20:€0:48xG~90:L0xD
4! 7€2620°0 b20-£0xG~020:20x0  ¥E6VED0 8 10-20-20xG~E0-T0-Z0:L0x0
) S08T70°0 bz0:51+9~610:80-0  GE08¥0'0 T 10-20:5TxG~10-10-80x0
T G68€50°0 610-85G~020:€0x0  20S590°0 Gt 10°10-10:85x8~10-20:20-€0xD
I 9561500 610:98xG~020:T0+x0  €098L0°0 81 10:T0:98xG~T0-20-T0xO
yueyd daNN  bai4 daniN deH danNN  Adusnbai4  juno)d adAjojdeH
uedlIBWY ueisy :g
8G6/5200 01 20-T0:20x T9d~T0-T0-€0- T0x T¥dd
G8Y860°0 €1 20:T0°T0:40x T9dA/T0:T0:T0-#0x T9dA~20-T0:E0-T0x TVHd
G87860°0 €1 1010 T0x T9dG~80-10:20x TV
9E9ETT'0 ST 10-50Tx19dA~T0-60xTVdd
6E6EVT0 6T 1010 T0x T9dG~20-20-20x TV
GOTEY0'0 9 10°10-20-20x T900~20:T0:T0:20x TVOQ/T0- 10 T0-20x IV OG~Z0-T0-T0L 0x TTHA
14 297.60°0  B10-20x180G~T10:L0x TGHT~BT0: T0x#9EHT /T0:T0:T0L0x T9HA~E0:T0-€0: T0x ¥ G/ TO-T0-€0- T0x#GEHT
9€050°0 L 10:10:20x T90A~T10:10:10:50x IVOA~Z0-T0-T0-E0x IS
g €2LTSO0  b10-20x1800~T10:€0x TGHA~DZ0-Z0xEGHA /T0:T0°T0:€0x T9HA~T0:T0-20-0xE9HA
7662500 8 10-60-90x1900~L0-10-20:T0x IVOd
8 L95L€0°0 60:90xT900~20-€ Tx IGHA~T0-€0x£5A0 /9010-20:T0x TY OG0 T0:20-T0x TYOA~T0-20-E T« IGHA~T0-T0:-E0x£940
9 6ETOV00 10-50-1900~20T0xT94A  87.790°0 6 10-10:70:50x T9OG~Z0:T0:T0x IVOT~T0-20- T0x TFHT
GZ5€60°0 €1 10:20°90« 1900~50-T0-20:T0x TV O
T T2L9TT0 20-90xT9O0~E0:S T+ TIGHA~T10:T0x S50 /60-T0:20°T0x IV OQ/T0-T0:-20:T0x IVOQ~T0-T0-€0:5 T ISHT~T0:T0- T05950
g 1192500 10-20x8~010/1x0  TIYSE00 S 10:10-Ckx8~20-10-T0L TxD
L 6vELEDD 010:6pxG~T0-9Tx0  TIVSEDO g 10:10:G4xG~T0-T0-T0:9TxD
9 G80070°0 20-858~020:90x0  G¥96v0°0 L 10-20-85x8~T0-10-20:90x0
4 6187500 010:56xG~010:70+x0  S¥96v0°0 L 20-T0:T0:56xG~T0:T0-T0-¥0xD
4 €92090°0 6£0:518~020:20x0 2260L0°0 01 20°T0:€0:GTxG~T0-T0-0T-20x0
T 968.0T°0 10-€5-8~010:70x0  901580°0 4! 10-T10-€5xG~T0-T0-T0:#0x0
qued dANN  baid daniN deH daNN  Aousnbai4  juno)d adAjojdeH
uedLIBWY URIIY 1
sa1ouanbaly adA1ojdeH

‘¥ alqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 29

Osoegawa et al.

€90T¥0°0 LT £0°T0°T0:€0xTAOA~+0-T0-50-50x TV O

S LE0890°0  B10-€0xT90a~010:TTx IGHT~020:20x£940 /20:T0-50-60x TVOQ/T0-T0-60:50x TV OA~T0-T0-T0- T Tx IAHA~Z0-T0-20-20xEGHA
€90T¥0°0 LT 10-20-60xT9OA~T0-T0-€0x TV OA~I0-T0-T0-#0x TIHT~E0-T0-60- TOx rGHA

9 G/GS70°0 620-60xT9OA~T0-t0x TIHA~OL0-T0xvGHA /T10°T0-€0 T0xv94A
208290°0 9¢ 10-10-20x TAOA~Z0-T0:10-50x TV OA~Z0-T0-T0-E0x TIHA

€ 90€760°0 610-20xTIOA~T0-60x TAHA~T0-T0xEGHA /T0-T0-T0-€0x TGHA~10-20-T0- T0xE£9HA
14 0v¥¥80°0 10-60xT90A~10-T0x T4 8700.0°0 62 £0:T0-T0:50x IGOA~E0-T0- 10 T0x IV OQ/Z0-T0- T0- T0x IVOA~T0-10- T0x TG4
T.6L0°0 €€ 10-10-20:20x T40Od~20-T0-10-20x TV Od

4 GG6560°0 610-20x T9OA~T0-/0x TIHA~OL0-T0x v GHA /T0:T0-T0-20x TV OA~Z0:T0-T0-L0x THA/T0- T0-T0-/ 0x TGHA~T0-T0- T0- TOx G40
€02¥60°0 6¢ 10-20-90xT90A~50-T0-20- T0x TVOd

/60:T0-20- T0x TV OQ/T0-T0-20: T0x IVOA~E0-T0-T0-STx TFHA

T 1889¢T°0 20-90xTd0A~T0-STx THA~T0-T0xS9HAT /2010 T0-5Tx TdHA/T0 10 1051 THA~I0-T0 T0x 5950
L ¥/..T€0°0 610-61xG~060-€0x0 TOYTEO0 €T 10-T0°T0-5T«8~10:T0-£0-€0xD
14 8/8550°0 610-56x8~010-40xD 8.¥€¥0'0 8T 2010-T0-56x8~10-T0-T0-¥0x0
€ ¥%90.0°0 620-ttxG~010-60x0 G2/050°0 114 10-10:20- v« 8~20:10-T0-G0xD
T 6,6622T°0 620-20x8~620-20xD 8700200 6¢ 10-20-£0xG~E0-10-20-£0xO
4 T¥6€0T°0 610-80xG~610-20x0 1569800 9¢ 10-T0°10-80x«8~10:10-T0-£0xD
yuey ddN  bai4 daniN deH danNN  Aduanbai4  juno)d adAo)deH
uedLIBWY ueadoang 1D

¥.1250°0 45 20:10-20 Y0« T9dd~50-T0-€0- T0« TVdd

LT2S90°0 ST 20T T0-¥0« T9dA/T0-T0-T0-¥0x LHdA~¥0-T0-E0- T0x TVdd

G95690°0 9T 201010 %0« T9dA/10-10-10-¥0x Tdd~20-10-£0 10x T¥dd

96980T°0 [°14 201020+ T9dd~10-T0-€0:T0x IVdd

§9569¢°0 29 10:10-G0xI9dd~20-20-20x TVdd

8/¥€¥0'0 01T 10-10:20x TAOA~E0-T0-T0-50= TV OA~20-T0-T0-E0x T4

S €¢6¥50°0 610-20x T9OA~T0-60x TIHA~B20-20x£9HA /T0°T0-10-E0x T8H0~T10-10-20-20+£950
8/¥€¥0'0 01T 10-20-60xT9OA~T0-T0-€0x IV OG~T0-60:#0x TTHT~EO-T0-E0- T0x #GHA

1 ¥T1L9€0°0 620-0x TIOA~E0-#0x TIHA~OL0-T0xvGHA /T10°T0-€0 T0xv94A
¥.1250°0 145 £0:T0-T0:€0x TIGOA~#0-10-50-50x T VO

9 STYES0'0  O10-€0xT90G~010:TTx IGHG~020:20x£94a /20°T0-50-60x TV OQ/T0-T0-60:50x IV OA~T0-T0-T0- T Tx IAHA~Z0-T0-20-0x£9HA
180900 14 10°10-20:20x T90A~20-T0-T0:20x IYOQ/T0:T0-T0-20x IVOA~Z0-T0-T0-L 0« T9HA

€ GI6EL00  BI0:20xTEOA~T0-/0xIGHG~0T0: 10« +GHA /T0°T0 T0-L0x TIHA~E0-TO-E0-T0x v HA/TO-TO-E0- TOx ¥ GHA
T €6¢8.0°0 610.60xT9OA~20-2Tx TIHA~T0-E0x£9HA 280900 T 10-T0°T0:€0x T9OA~T0-T0:90x IV OA~T0-20-C T« IGHA~E0: T0-E0x £G4
6 §0€LE00 10-90x T90A~E0-80xTIHA G95690°0 97 10-°10-90x T9OA~$0-T0-€0-T0x TYOT/E0-T0-E0-T0x TVYOA~Z0-60:80x TTHA
€T G86.20°0 B10:06x8~020-10x0 €6¥€0°0 8 2010-08x8~10-10-20-£0x0

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



Page 30

"SaWIeU 93] WOl panowal sem Xiyaid-y1H 8y "Buryues pue sarouanbaiy J1ay} ‘sadAojdey dnoib 6 QNN Buipuodsariod sareaipul uey dadAN pue bal4~daiNN ‘deH daIANN ‘suedlswy d1uedsiH
pue uesdoin3 ‘UeISY ‘UBdLYY 10} (TGJG-V TH~TVHAG-V TH PUe I90G-Y TH~IVOA-V TH~IEHa-Y TH~S/t/€940-V TH ‘G-V TH~O-v TH) $00]q 8dAiojdey saiys Joy ssrousnbauy adAjojdey smoys ¢ 8|qel

Osoegawa et al.

EVOre00 8 10-10-€0xI89dd~E0-T0-€0- 10« TVdd

¥907S0°0 4 20-10-20xI8dd~10-T0-€0-T0x I Vdd

¥.5650°0 14 2010 10-¥0xT8d0/10-10-10-¥0x THda~¥0-10-€0 10x T¥dd

LS699T°0 6€ 2010 10-¥0xT8dd/10- 10 10-¥0x Ldd~20-10-€0 10 T¥dd

€8€90€°0 cL 20-10-20-¥0xT8dd~50-T0-£0-T0x I Vdd

€4G¢v0°0 0T 10:10-20-20x I90A~20:10:T0-20x YO

T LS€560°0 10:20xTdOA~T0-20x TAHG~010-T0 94T /T0-T0:T0-20x TYOA~20:T0-T0-L0x TGHA/T0-T0-T0-L 0x THA~T0-T0- 10 T0x #GHA
9 756,200 610:€0xT90A~90: ¥ T« TGHA~T0-T0E£9HT €495¢v0°0 0T 10:T0:T0-€0x IGOA~E0:50x IVOA~T0-90-+ T IGHA~T0-20°T0: T0Ox£GEHA
€8€90°0 ST 10-20-60xTAOA~T0-T0:€0x IVOA~T0-#0-¥0x TGHA~E0-T0-E0 T0x#GHA

S LBEIVO'0  BZ0:€0xTEOA~10-40x TAHA~OI0: T0x#GHA /101060 T0«v 40
90TS80°0 0¢ 10-20-60xTA0OA~T0-T0:€0x IVOA~T0-20 Y0« TGHT~ED-T0-E0 T0x#GHA

€ L9EE90°0  B20:€0x T9OA~B10:40x 1GHA~OI0:T0x 1 GHA /T0-T0-€0°T0x¥GHA
4 1188900 20:v0xT900~20-80xTGHA 687110 Y4 10:20:¥0x TAOA~T0-T0:¥0x IVOG~T10-20-80x TGHA
(o)) TEEECO00 620:06x8~050:€0x0 868E€0°0 8 10-20-00x8~C0-10-¥0-E0x0
8 0525200 50:66x8~020:20xD 868€€0°0 8 10-60-66x8~10-10-20-20xO
LE T¥€800°0 LT:56xG~B10:50x0 9ETBE00 6 10-21°56x8~10-T0-10-¥0x0
7 800200 90:66x8~020:20xD 9€T8E0'0 6 20-90:66x8~10-10-20-20xO
9 €508€0°0 £0:t1xG~010:91x0 €.E2v0°0 ) 10-10-€0-¥pxG~1010-T0-91x0
4 8759500 620:£08~620-20x0 G80550°0 €T 10:20-20x8~£0-10-20-20xO
yuey ddnN  bai4 daniN deH dawWN Aousnbai4 juno) adAjo)deH
uedLIsWY dluedsiH :q

TLT€L0°0 12 10-10-€0xI89d0~E0-T0-€0- 10« I Vdd

1487600 Ge 20-10-20xI8dd~10-T0-€0-T0x I Vdd

TS6TCT0 14 2010 10-¥0xT8d0/10-10-10-¥0x THda~¥0-10-€0 10x T¥dd

¢9.TST0 99 20-10-20'¥0xI8dd~50-T0-€0-T0x I Vdd

¢9650¢°0 9L 201010 ¥0xI8dA/T0-T0 1040 Tdd~C0-T0-E0-T0x IVdd

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Osoegawa et al. Page 31

Table 5:
Crossover
A: Summary
Category Families Parents  Children Meioses A~C C~-B B~DRB1 DQB1~DPAl
Trio 31 62 31 62 N/A N/A  N/A N/A
Quartet 208 416 416 832 1 0 0 2
Quintet or larger 24 48 81 162 4 0 5 3
Excluded 0 0 1 2 0 1 0 0

B: HLA-A~HLA-C crossover
Family_ID Sample_ID Relation HLA-A HLA-C HLA-B Rec

A*68:02:01:01 C*08:02:01:01 B*14:02:01:01 N
T4A child
A*31.01.02.01 C*04:01:01:.01 B*35:17:01 N
A*02:06.01.01 C*08:02:01:01 B*14:02:01:01 Y
74B child
A*31.01.02.01 C*04:01:01:.01 B*35:17:01 N
A*68:02:01:01 C*08:02:01:01 B*14:02:01:01 N
040 748 child
A*31.01.02.01 C*04:01:01:.01 B*35:17:01 N
A*68:02:01:01 C*08:02:01:01 B*14:02:01:01 N
749 father
A*02:06.01.01 C*15:02:01:.01 B*40:02:01 N
A*31.01.02.01 C*04:01:01:.01 B*35:17:01 N
74C mother
A*24:02:01.01 C*03:03:01:.01 B*15:39:01 N
C: Rare HLA-C~HLA-B crossover
Family_ID Sample_ID Relation HLA-A HLA-C HLA-B Rec
A*01:01:01:01 C*07:01:01:01 B*08:01:01:01 N
A4 child
A*25:01:.01 C*12:03:01:.01 B*18:01:01:.02 N
A3 hild A*33:.01.01 C*08:02:01.01 B*14:02:01.01 N
chi
A*29:.02:01.01 C*16:01:.01.01 B*44:03:01.01 N
A2 hild A*01:01:01:01 C*07:01:01:01 B*08:01:01:01 N
chi
077 A*29:.02:01.01 C*16:01:.01.01 B*44:03:01.01 N
hild A*33:.01.01 C*08:02:01.01 B*08:01:01:.01 Y
A5 chi
A*29:.02:01.01 C*16:01:01.01 B*44:03:01.01 N
A*01:01:01:01 C*07:01:01:01 B*08:01:01:01 N
A9 father
A*33:.01.01 C*08:02:01.01 B*14:02:01.01 N
A*29:.02:01.01 C*16:01:01.01 B*44:03:01.01 N
AA mother
A*25:01.01 C*12:03:01.01 B*18:01:.01.02 N

Table 5A shows breakdown of families included for chromosomal crossover analyses. “Trio”, “Quartet” and “Quintet or larger” represents trio,
quartet and quintet or larger families, respectively. We added “Excluded” category to exclude a non-randomly identified HLA-B~HLA-C crossover
case. “Families”, “Parents” and “Children” columns show the number of families, parents and children in each category, respectively. “Meioses”
column shows the number of meiosis in each category. “A~C’, “C~B", “B~DRBI" and “DQBI1~DPAI" columns show the number of children
identified in each category.

For Tables 5B and 5C, the “N” mark in Column “Rec” indicates no recombination, while the sign “Y” shows recombinant haplotype identified.
Family-based haplotypes were built using HaplObserve from three children for family 040 and four children for family 077, respectively. Table 5B
shows an HLA-A~HLA-C crossover event identified in family 040. Table 5C indicates a rare HLA-C~HLA-B crossover event found in family 077.
Comparing three independent haplotype constructions from three trios for family 040, and four independent haplotype building from four trios for
family 077 identified the recombination events.
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Table 7:

HLA haplotype blocks with non-coding variations

Page 34

2-field Untruncated allele name haplotype Frequency
allele
C*05:01:01:02~B*44:02:01:01 0.03167
C*05:01
(*05:01:01:01~5*18:01:01:01 0.011516
(*06:02:01:01~8*57:01:01 0.017274
(*06:02:01:01~8*13:02:01 0.013436
(C*06:02:01:01~8*37:01:01 0.008637
C*06:02 €*06:02:01:01~5*58:02:01 0.007678
(*06:02:01:01~58*53:01:01 0.002879
(*06:02:01:02~8*50:01:01 0.006718
(C*06:02:01:03~8*45:01:01 0.004798
C*07:02:01:03~8*07:02:01 0.051823
C*07:02:01:01~58*39:05:01 0.014395
C*07:02
C*07:02:01:01~58*39:06:02 0.014395
C*07:02:01:01~ B£*39:01:01:03 0.010557
€*07:01:01:01~5*08:01:01:01 0.043186
B*08:01
C*07:02:01:01~B8*08:01:01:02 0.004798
(€*05:01:01:01~8*18:01:01:01 0.011516
B*18:01 €*07:01:01:01~5*18:01:01:02 0.011516
(C*12:03:01:01~8*18:01:01:02 0.010557
DRB1*11:01:01:01~ DQA1*05:05:01:01/ DQA1*05:05:01:02/ DQA1*05:05:01:04~ DQB1*03:01:01:03 0.032692
DQBI1*03:01
DRB1*04:01:01:01~DQA1*03:03:01:01~DQB1*03:01:01:01 0.018269
DRB4%01:03:01:02N~DRB1*07:01:01:01/ DRB1*07:01:01:02~ DQA1*02:01:01:01/ 0.017308
DQA1*02:01:01:02~DQB1*03:03:02:01
DQBI1*03:03 | DRB4+01:03:02~DRB1*09:01:02~DQA1*03:02~ DQB1*03:03:02:02/ DQB1*03:03:02:03 0.016346
DRB4+01:03:01:01/ DRB4*01:03:01:03~ DRB1*09:01:02~ DQA1*03:02~ DQB1*03:03:02:02/ 0.008654
DQB1*03:03:02:03
DRB1+01:01:01~DQA1*01:01:01:02/ DQA1*01:01:01:03~ DQB1*05:01:01:03 0.043269
DQBI1*05:01 DRBJ*Ol:OZ:01~DQAJ*Ol:01:¥~DQBJ*05:01:01:Q 0.019231
DRB1*10:01:01:01~DQA1*01:05:01~ DQB1*05:01:01:02 0.014423
DPA1*01:03:01:01~DPB1*02:01:02/DPB1*02:01:19 0.088057
DPA1*01:03:01:02~ DPB1*04:01:01:01/DPB1*04:01:01:02 0.146761
DPA1*01:03:01:02~DPB1*104:01 0.024291
DPA1*01:03:01:02~DPB1*02:01:02/DPB1*02:01:19 0.018219
DPA1*01:03
DPA1*01:03:01:03~DPB1*03:01:01 0.045547
DPA1*01:03:01:04~DPB1*04:01:01:01/DPB1*04:01:01:02 0.080972
DPA1*01:03:01:04~DPB1*02:01:02/DPB1*02:01:19 0.009109
DPA1*01:03:01:05~DPB1*04:02:01:02 0.143725
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The column “Untruncated allele name haplotype” show HLA-C~HLA-B, HLA-DRB3/4/5~HLA-DRB1~HLA-DQAI~HLA-DQBI1 or HLA-
DPA1~HLA-DPBI haplotypes. Prefix HLA-is removed for the allele name. The haplotypes includes non-coding variants (indicated in bold
underline digits) in otherwise identical HLA alleles as shown in the column “2-field allele”. In “DQB1*05:01" row, the third-field variants are
shown (indicated in bold double-underline digits). The column “frequency” indicates frequencies that combined all ethnic group which is
represented as “Global frequency” in Supplemental summary tables.

Hum Immunol. Author manuscript; available in PMC 2020 September 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Families and subjects
	HLA genotype data
	Inferred parents and their imputed genotypes
	Building haplotypes
	Merging potentially identical haplotypes
	Estimating HLA allele and haplotype frequencies
	Evaluation of linkage disequilibrium
	Deviations from expected Hardy-Weinberg Equilibrium (HWE)
	Analyzing consensus sequences

	RESULTS
	Hardy-Weinberg Equilibrium (HWE) Test
	Haplotypes
	Measures of LD
	Crossover
	Novel variants

	DISCUSSION
	References
	Figure 1
	Figure 2
	Table 1:
	Table 2:
	Table 3:
	Table 4:
	Table 5:
	Table 6:
	Table 7:

