
Contents lists available at ScienceDirect

Human Immunology

journal homepage: www.elsevier.com/locate/humimm

Research article

HLA Haplotypes In 250 Families: The Baylor Laboratory Results And A
Perspective On A Core NGS Testing Model For The 17th International HLA
And Immunogenetics Workshop
Medhat Askara,b,⁎, Abeer Madboulyc, Leah Zhrebkera, Amanda Willisa, Shawna Kennedya,
Karin Padrosd, Maria Beatriz Rodriguezd, Christian Bache, Bernd Spriewalde, Reem Ameenf,
Salem Al Shemmarif, Katerina Tarassig, Alexandra Tsirogiannig, Nayera Hamdyh,
Ghada Mossallamh, Gideon Höngeri,j, Regina Spinnlerj, Gottfried Fischerk, Ingrid Faek,
Ronald Charltonl,m, Arthur Dunkl, Tamara A. Vayntrubn, Michael Halaganc,
Kazutoyo Osoegawan, Marcelo Fernández-Viñan,o
a Baylor University Medical Center, Dallas, TX, USA
b Texas A&M Health Science Center College of Medicine, Bryan, TX, USA
c Bioinformatics Research, Center for International Blood and Marrow Transplant Research, Minneapolis, MN, USA
d Primer Centro Argentino de Immunogenetica (PRICAI), Fundacion Favaloro, CABA, Argentina
e Departments of Internal Medicine & Hematology and Oncology, Friedrich-Alexander-University Erlangen-Nürnberg, Germany
f Health Sciences Center, Kuwait University, Jabriya, Kuwait
g Evangelismos Hospital, Athens, Greece
h National Cancer Institute, Cairo University, Cairo, Egypt
i Transplantation Immunology, Department of Biomedicine, University Hospital Basel, Basel, Switzerland
j HLA-Diagnostics and Immunogenetics, Department of Laboratory Medicine, University Hospital Basel, Basel, Switzerland
k Medical University of Vienna, Vienna, Austria
l Caribbean Bone Marrow Registry, Plantation, FL, USA
m Laboratory Consultants of Florida, Jacksonville, FL, USA
n Stanford Blood Center, Palo Alto, CA, USA
o Stanford University School of Medicine, Palo Alto, CA, USA

A R T I C L E I N F O

Keywords:
HLA haplotype
Linkage disequilibrium
Family

A B S T R A C T

Since their inception, the International HLA & Immunogenetics Workshops (IHIW) served as a collaborative platform
for exchange of specimens, reference materials, experiences and best practices. In this report we present a subset of the
results of human leukocyte antigen (HLA) haplotypes in families tested by next generation sequencing (NGS) under the
17th IHIW. We characterized 961 haplotypes in 921 subjects belonging to 250 families from 8 countries (Argentina,
Austria, Egypt, Jamaica, Germany, Greece, Kuwait, and Switzerland). These samples were tested in a single core
laboratory in a high throughput fashion using 6 different reagents/software platforms. Families tested included patients
evaluated clinically as transplant recipients (kidney and hematopoietic cell transplant) and their respective family
members. We identified 486 HLA alleles at the following loci HLA-A, -B, -C, -DRB1, -DRB3, -DRB4, -DRB5, -DQA1,
-DQB1, -DPA1, -DPB1 (77, 115, 68, 69, 10, 6, 4, 44, 31, 20 and 42 alleles, respectively). We also identified nine novel
alleles with polymorphisms in coding regions. This approach of testing samples from multiple laboratories across the
world in different stages of technology implementation in a single core laboratory may be useful for future international
workshops. Although data presented may not be reflective of allele and haplotype frequencies in the countries to which
the families belong, they represent an extensive collection of 3rd and 4th field resolution level 11-locus haplotype
associations of 486 alleles identified in families from 8 countries.
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1. Introduction

In 1964, Dr. Bernard Amos organized the first international human
leukocyte antigen (HLA) & immunogenetics workshop (IHIW) in his
laboratory at Duke University [1]. Since their inception, these work-
shops have been the international forums where histocompatibility
investigators and practitioners from all over the world convene to
compare methods and to share reagents and specimens. The 17th In-
ternational HLA and Immunogenetics Workshop (17th IHIW) was held
September 6–10, 2017, in Pacific Grove, CA with a major emphasis on
the applications of next generation sequencing (NGS) technology in
histocompatibility and immunogenetics.

The Major Histocompatibility Complex (MHC) region spans ap-
proximately 3.8 megabases (Mb) of the short arm of chromosome 6 at
6p21.3 and includes over 269 loci [2,3]. The Immune Polymorphism
Database (IPD)-IMGT/HLA is part of the international ImMunoGeneTics
project (IMGT) [4]. It is a specialized database that houses sequences of
the MHC and the official sequences named by the World Health Orga-
nization (WHO) Nomenclature Committee for Factors of the HLA
System. The 3.34.0 release of IPD-IMGT/HLA database (10/2018) in-
cluded 20088 alleles of HLA class I genes (A, B, C, E, F, G) and HLA class
I pseudogenes (H, J, K, L, N, P, S, T, U, V, W, Y), and HLA Class II genes
and pseudogenes (DRA, DRB, DQA1, DQB1, DPA1, DPA2, DPB1, DPB2,
DMA, DMB, DOA, DOB). These thousands of alleles are not inherited at
random. Rather, these alleles are inherited in linked strings corre-
sponding to maternal and paternal chromosomes, known as HLA hap-
lotypes [5]. Family pedigree analysis has shown that recombination
occurs at specific locations within the MHC, leading to a structure of
four major genomic blocks. Dawkins and colleagues referred to these
blocks as the alpha, beta, gamma, and delta blocks [6]. The alpha block
contains HLA-A, the beta block contains HLA-C and HLA-B, the gamma
block contains the complement proteins C2, C4, and factor B (Bf), and
the delta block contains HLA-DR and HLA-DQ [7]. A unique char-
acteristic of the MHC is the extensive linkage disequilibrium (LD) ob-
served among distant genomic regions. The LD is stronger among loci
within the same MHC gene block, e.g., the B and C loci in the beta block
and the DR and DQ loci in the delta blocks [6]. An exception is the weak
LD between the HLA-DPB1 and the DQB1 loci due to the presence a hot
spot of recombination between the two loci [8]. According to this
model, HLA-DP loci are not included in the delta block as a block is
defined as two or more loci without an intervening hotspot of re-
combination. Although the LD between the 2 HLA-DP loci (DPA1 &
DPB1) has been reported to be fairly strong, the association between
these loci and the rest of class II loci is less predictable [9–13].

HLA haplotypes are defined by the constellations of alleles inherited
together on the same chromosome. These allele combinations are ty-
pically conserved through generations by the virtue of limited re-
combination among different MHC loci [14]. Allele and haplotype
frequencies are fairly stable in a given ethnic group but vary among
different racial and ethnic groups [15]. Phasing of haplotypes is clas-
sically determined by Mendelian segregation through family studies. In
samples of unrelated individuals, bioinformatics approaches such as the
Expectation Maximization (EM) algorithm can be used to make statis-
tical inference of allele associations within haplotypes. Such algorithms
can resolve ambiguous genotypes and multiple allele name resolutions
by exploiting population LD information and generating population-
specific haplotype frequencies [16–19]. These frequencies are in turn
used by imputation algorithms to resolve allele and phase ambiguities
in HLA genotype data using LD information embedded in population
haplotype frequencies [20–22]. However, family pedigrees remain the
gold standard for studying HLA haplotype segregation. This informa-
tion is critical when studying haplotype associations, especially among
populations where not enough members of the population have been
genotyped and in mixed populations where bioinformatic imputation
algorithms are less reliable compared to populations where sizable
number of individuals have been studied [20].

It was by design that NGS was the main focus of the 17th IHIW for a
myriad of reasons including accuracy, high throughput, and lower cost.
The merits of NGS inspired the editors of the Nature Methods journal to
name it the inaugural “method of the year” in 2008, starting a tradition
of bestowing this status on one method every year thereafter [23]. In
keeping with the long-standing tradition of the international workshop,
laboratories from different parts of the world were encouraged to par-
ticipate. The goal of this project was to conduct family-based studies by
NGS of HLA genes to determine haplotype segregation and compare
their distribution among multiple populations. This project also com-
piled a large library of sequencing raw data (FASTQ) files to be used in
the future for cross-platform validation. This report presents a subset of
the project results involving families that were tested by NGS in the
Baylor University Medical Center Transplant Immunology Laboratory.
Participating laboratories from different parts of the world contributed
samples that were initially tested in the context of clinical evaluation of
transplant recipients and their family members. These samples may not
necessarily represent the populations of these countries at large. We
also describe a core laboratory model for the IHIW testing, from the
perspective of the Baylor University Medical Center Transplant Im-
munology Laboratory.

2. Methods

2.1. Sample collection

Eight laboratories participating in this project submitted samples
from Argentina, Austria, Egypt, Jamaica, Germany, Greece, Kuwait, and
Switzerland. Participants contributed samples from family quartets
(n= 128) consisting of two parents and at least two non-HLA identical
children and family trios (n=122) consisting of one parent and at least
two non-HLA identical children or two parents and one biological child.
All members of the families were previously HLA typed. Participating
laboratories submitted 2 μg DNA/sample from all members of the in-
cluded families.

2.2. Typing method

All individuals were originally HLA typed in the participating la-
boratories and results were used to establish family pedigrees. There
was no requirement of a particular method of typing or number of HLA
loci by the participating laboratories provided that family pedigrees
could be established. The core laboratory typed all DNA samples using
NGS reagents from one of six vendors (Gen Dx Products, Inc; Illumina,
Immucor, GenDx, Omixon, Scisco Genetics and One Lambda (Thermo
Fisher Scientific)) and sequenced using MiSeq instruments (Illumina,
San Diego, CA). HLA genotypes were assigned using the corresponding
NGS genotyping software with IPD-IMGT/HLA Database version 3.25.0.

2.3. Quality assurance measures

Prior to testing workshop samples, the core laboratory participated
in the quality control project of NGS HLA genotyping for the 17th IHIW
that required a blind testing of 96 reference samples with> 95% con-
cordance rate [24]. In addition, we considered the family studies to be
an additional quality measure, as all alleles identified on a haplotype
needed to be accounted for in different family members.

2.4. HLA genes and regions sequenced

Eleven loci (HLA-A, C, B, DRB1, DRB3, DRB4, DRB5, DQA1, DQB1,
DPA1, and DPB1) were tested by NGS. Specific genomic regions inter-
rogated by each kit used in the project are listed in Table 1.
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2.5. Data collection

All samples submitted for testing by participating laboratories were
registered in the 17th IHIW database, including the relationship of the
family members and pedigree analysis of each family. Each sample and
each family were uniquely identified by an ID automatically generated
by the database. [25]. HLA types were imported in GL string format
which was developed as a standard software-consumable HLA genotype
data format [26,27]. This format is being widely adopted in the im-
munogenetics community and the advantages of using it have been
described previously [25,28–31]. Automated tools integrated in the
database facilitated the conversion of data output from different ana-
lysis software packages into the desired 17IHIW database-compatible
format.

The Baylor laboratory uploaded HLA typing results and FASTQ files,
and all data were converted to a standardized format that is described
elsewhere [25]. When 4th field ambiguities could not be resolved, re-
sults are reported in the manuscript at the 3rd field resolution with the
string of ambiguous alleles in the Supplemental Tables.

2.6. Haplotype assignment and bioinformatics analysis

Eleven-locus haplotypes were built from families using the
HaplObserve software package that can be downloaded from the IHIW
GitHub repository (https://github.com/ihiw/haplObserve) [32]. The
software builds haplotypes using allele segregation within a nuclear
family. When unambiguous haplotypes were not built using allele
segregation in a family due to the absence of informative genotypes for
HLA-C~HLA-B and HLA-DRB3/4/5~HLA-DRB1~HLA-DQB1, we used
HLAHapV software to impute the haplotypes [33]. HLAHapV was de-
veloped to automate the application of allele prevalence and reference
haplotype frequency data for calculating the likelihood of haplotype
combinations. We used haplotype frequency tables of the National
Marrow Donor Program of the United States (NMDP) as reference tables
for HLAHapV [16]. The HLAHapV package and its instructions can be
obtained from GitHub (https://github.com/nmdp-bioinformatics/
ImmunogeneticDataTools). The detailed procedure for this process is
described elsewhere [32]. Eleven-locus haplotypes were then sliced into
smaller haplotype fragments and alleles, and haplotype/allele fre-
quencies were calculated using parental haplotypes, assuming that all
parents are unrelated individuals. In families where not all individuals
were successfully typed by long range PCR or when individuals of the
same family were typed by reagents from different vendors resulting in
different ambiguous typing strings, automated haplotype assignment
was not possible and manual haplotype assignment was performed.

Haplotypes from seven of the participating laboratories were com-
pared for different haplotype blocks and at different typing resolutions
using the local haplotype frequencies estimated as described above.
Haplotype overlap between the seven groups was estimated for dif-
ferent haplotype groups and at different resolutions as a fraction of the
total number of haplotypes in each studied group. An added haplotype
overlap analysis was performed using the seven studied groups plus a
group of families from Jamaica. Samples of the families from Jamaica

were of inadequate quantity/quality and failed testing by long range
PCR. They were typed by exon-based NGS reagents from Scisco
Genetics. This additional overlap analysis was performed at 2-field re-
solution using 5-locus (HLA-A~HLA-C~HLA-B~HLA-DRB1~HLA-
DQB1) haplotypes. Principal Component analysis were generated using
Matlab R2017b (Mathworks, Inc., Natick, MA, USA). Venn diagrams
were generated using the Venn Diagram tool developed by the VIB-
Ugen Center for Plant Systems Biology at Ghent University (https://
omictools.com/blog/your-top-3-venn-diagram-tools)

Ethical approval

The study was approved by the institutional review board (IRB)
offices of Baylor Scott & White Research Institute (IRB# 017–066) and
Stanford University (IRB #38899). To meet the data sharing and data
storage requirements, all samples and data submitted were de-identi-
fied and did not contain personally identifiable patient information or
“Protected Health Information” as defined under the United States
Health Insurance Portability and Accountability Act (HIPAA), http://
www.hhs.gov/hipaa/index.html.

3. Results and discussion

3.1. Alleles identified

In this study most of the analyses focused on 245 families from 7
countries (901 subjects/944 haplotypes) typed by long range PCR with
3rd/4th field resolution. The dataset also included 5 additional families
from Jamaica (20 subjects/17 haplotypes) typed by exon-based typing
due to sample limitations. The entire study cohort included 250 families
(921 subjects/961 haplotypes). We report 11-locus haplotype associa-
tions for 486 HLA alleles including HLA-A, -B, -C, -DRB1, -DRB3,
-DRB4, -DRB5, -DQA1, -DQB1, -DPA1, -DPB1 loci (77, 115, 68, 69, 10,
6, 4, 44, 31, 20 and 42 alleles, respectively). The number of subjects
tested and families included, separated by country, are presented in
Table 2. Table 3 shows the populations of the study. Listings of all al-
leles identified, their frequencies and count of subjects carrying them in
the entire cohort as well as in individual participating laboratories are
shown in Supplemental Tables (S1–S11). Despite the poor quality of the
specimens from Jamaica, typing was successful in all individuals and all
loci (except for failed DPB1 typing on two subjects due to low DNA
quantity) using exon-based amplification but not long-range PCR. Of
particular interest in the presented data are the description of haplo-
typic association of loci that are not well published such as DQA1,
DPA1, and to some extent DPB1. That also applies to alleles seen in all
loci observed in families from parts of the world that are less re-
presented in large international registries and published literature.

Due to the lack of 3rd and 4th field resolution HLA allele frequency
data in the published literature, the relative frequency of the identified
alleles in this study is compared to published lower resolution fre-
quency data reported in respective countries whenever available.
Results are presented in a descending order based on the number of
families contributed from each country.

Table 1
Genomic regions interrogated by each kit used in the project.

Reagent (alphabetically) A & C B DRB1/3/4/5 DQA1 DQB1 DPA1 DPB1

Gen Dx Products, Inc; Full gene Full gene Exons 2& 3 Full gene exons 2&3 part of
4

Exons 2&3, part of 1
and 4

Full gene (5‘UTR- Intron 1+ Intron 1 –
3‘ UTR)

Illumina, Inc; Full gene Exon 1-Intron
6

Exon 2-intron 4, Full gene Full gene Full gene Exon 2-3′UTR

Immucor, Inc; Full gene Full gene Exons 1+ 2–6 Full gene Full gene Full gene Exons 2–4
Omixon, Inc; Full gene Full gene Exons 2–5 Full gene Full gene Full gene Exon 2-3′UTR
Scisco Genomics(Exon based) Exons 1–7 Exons 1–7 Exons 1–4 Exons 1–4 Exons 1–4 Exons 1–4 Exons 1–4
Therom Fisher Scientific Full gene Full gene Exon 2-3′UTR Full gene Exon 2-3′UTR Full gene Exon 2-3′UTR
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3.2. HLA alleles from Argentina

A recent study characterized the HLA diversity in 1472 unrelated
volunteers of the unrelated donor registry in Argentina using NGS re-
ported at 2nd, 3rd and/or 4th field resolution [34]. Interestingly, all
most commonly seen HLA class I alleles with frequency > 5% in that
study (HLA-A*02:01:01:01, HLA-A*01:01:01:01, HLA-A*24:02:01:01,
HLA-A*31:01:02:01, HLA-A*03:01:01:01, HLA-A*11:01:01:01, HLA-
B*35:01:01:01, HLA-B*51:01:01:01, HLA-B*44:03:01:01, HLA-
B*07:02:01, HLA-C*04:01:01:01, HLA-C*07:01:01:01, and HLA-
C*12:03:01:01) were among the top 10 alleles observed in our study.
Five of the six HLA-DRB1 alleles with a frequency > 5% (HLA-
DRB1*07:01:01, HLA-DRB1*03:01:01, HLA-DRB1*13:01:01, HLA-
DRB1*15:01:01, HLA-DRB1*11:04:01, HLA-DRB1*01:01:01) and all six
DQB1 alleles with a frequency > 5% (HLA-DQB1*03:02:01, HLA-
DQB1*03:01:01, HLA-DQB1*02:02:01, HLA-DQB1*02:01:01, HLA-
DQB1*06:02:01, HLA-DQB1*05:01:01:01) were among the top 10 al-
leles observed in our study as well. In addition, allele frequencies cal-
culated from a healthy Argentinian cohort of 1459 samples were re-
ported in [35] at the allele-family resolution. The eight HLA-DRB1
allele families reported in [35] with frequencies > 10% overlapped
with allele families of 30 out of 45 HLA-DRB1 alleles reported in our
study in Argentinian samples.

3.3. HLA alleles from Germany

A catalog of common and well documented (CWD) HLA alleles of
German stem cell donors was recently reported at 2-field resolution
including alleles at the six HLA loci A, B, C, DRB1, DQB1, and DPB1
[36]. HLA-A alleles (HLA-A*02:01:01:01, HLA-A*03:01:01:01, HLA-
A*01:01:01:01, HLA-A*24:02:01:01, HLA-A*11:01:01:01) and HLA-
DPB1 alleles (HLA-DPB1*04:01:01, HLA-DPB1*02:01, HLA-
DPB1*04:02:01:02, HLA-DPB1*03:01:01, HLA-DPB1*01:01:01) that
were the most frequently observed alleles in families from Germany in
our study (representing 68.5% of HLA-A alleles and 78.9% of HLA-
DPB1 alleles in our study) were also the top five alleles for those loci in
the CWD alleles in German population report. Similarly, the four most
frequently seen family HLA-B, HLA-C, HLA-DRB1, DQB1 alleles seen in
families from Germany in our study were among the top five German
CWD alleles for those loci (HLA-B*07:02:01, HLA-B*08:01:01:01, HLA-
B*51:01:01:01, HLA-B*44:02:01:01; HLA-C*07:02:01:03, HLA-
C*07:01:01:01, HLA-C*04:01:01:01, HLA-C*12:03:01:01; HLA-
DRB1*15:01:01, HLA-DRB1*07:01:01, HLA-DRB1*03:01:01, HLA-
DRB1*01:01:01; and HLA-DQB1*06:02:01, HLA-DQB1*03:01:01:03,
HLA-DQB1*03:02:01, HLA-DQB1*02:01:01).

3.4. HLA alleles from Kuwait

The 5 most common HLA-A, HLA-B, and HLA-C alleles seen in fa-
milies from Kuwait are HLA-A *02:01:01, HLA-A*01:01:01, HLA-
A*24:02:01, HLA-A*11:01:01, HLA-A* 23:01:01; HLA-B*35:01:01,

HLA-B*08:01:01, HLA-B*50:01:01, HLA-B*07:02:01, HLA-B*51:01:01;
and HLA-C*04:01:01, HLA-C*06:02:01, HLA-C*07:02:01, HLA-
C*07:01:01, HLA-C*17:01:01. Allele ranking for the top 5 most com-
monly observed HLA-DRB1 alleles in families from Kuwait in our study
(HLA-DRB1*03:01:01, HLA-DRB1*07:01:01, HLA-DRB1*13:02:01,
HLA-DRB1*11:04:01, and HLA-DRB1*15:02:01:01) corresponded to
the most common low-resolution DR specificities reported in 114
healthy Kuwaiti Arabs [37]. Four of the top five ranked HLA-DQB1
alleles in the same Kuwaiti cohort (HLA-DQB1*02:01, HLA-
DQB1*03:01, HLA-DQB1*03:02, and HLA-DQB1*06:01) overlap at 2-
field resolution with alleles among the top 10 observed in our study
(HLA-DQB1*02:01:01, HLA-DQB1*03:01:01:03, HLA-DQB1*03:02:01,
and HLA-DQB1*06:01) [38].

3.5. HLA alleles from Greece

A report of 2-field resolution level HLA haplotype and allele fre-
quencies of stem cell donors in Germany with foreign parentage in-
cluded allele frequencies at four loci (HLA-A, HLA-B, HLA-C and HLA-
DRB1) in 1,894 subjects with Greek parentage [39]. Among subjects in
that study and ours, the seven top HLA-A alleles (HLA-A*02:01:01:01,
HLA-A*01:01:01:01, HLA-A*11:01:01:01, HLA-A*26:01:01:01, HLA-
A*03:01:01:01, HLA-A*24:02:01:01, and HLA-A*32:01:01), top five
HLA-B alleles (HLA-B*51:01:01:01, HLA-B*35:01:01:01, HLA-
B*18:01:01:02, HLA-B*35:03:01, and HLA-B*08:01:01:01), top three
HLA-C alleles (HLA-C*07:01:01:01, HLA-C*04:01:01:01, and HLA-
C*12:03:01:01), and top five HLA-DRB1 alleles (HLA-DRB1*11:04:01,
HLA-DRB1*11:01:01:01, HLA-DRB1*16:01:01, HLA-DRB1*07:01:01,
and HLA-DRB1*03:01:01) were shared at 2-field resolution.

3.6. HLA alleles from Egypt

Of the 24 HLA-A and 25 HLA-B alleles identified in Egyptians in our
study, allele families of 21 and 22 alleles overlapped with 10 out of the 13
and 15 out of the 20 low-resolution (allele-family level) HLA-A and -B
specificities reported in 221 healthy Egyptian subjects, respectively [40,41].
Similarly, the six most observed DRB1 alleles in families from Egypt in our
study (HLA-DRB1*03:01:01, HLA-DRB1*01:02:01, HLA-DRB1*07:01:01,
HLA-DRB1*13:01:01, HLA-DRB1*11:01:01:01, HLA-DRB1*04:02:01, HLA-
DRB1*04:05:01, HLA-DRB1*11:04:01, HLA-DRB1*15:02:01:01, HLA-
DRB1*04:03:01, HLA-DRB1*03:02:01, HLA-DRB1*15:02:01:02, HLA-
DRB1*04:04:01, HLA-DRB1*13:02:01, HLA-DRB1*11:03:01) corresponded
the most commonly seen DRB1 alleles in 73 healthy Egyptian blood donors
[42]. In addition, 12 of the 16 HLA-DQB1 alleles identified in Egyptians in
our study overlapped with eight out of the nine 2-field resolution alleles
reported in 113 healthy Egyptian subjects [43].

3.7. HLA alleles from Switzerland

The Swiss population has demonstrated a heterogeneous HLA ge-
netic makeup [44]. The four top ranking HLA-A alleles (HLA-
A*02:01:01:01, HLA-A*24:02:01:01, HLA-A*03:01:01:01, HLA-
A*32:01:01) in families from Switzerland in our study corresponded to
those among the six top alleles observed in a combined cohort of donors
from 913 Swiss hematopoietic cell transplant donor recruitment centers
reported at 2-field resolution. Three of the four top HLA-C alleles (HLA-
C*04:01:01:01, HLA-C*07:01:01:01, and HLA-C*06:02:01:01) were
shared between our study and the Swiss study. The four top ranked
HLA-DQB1 alleles (HLA-DQB1*06:02:01, HLA-DQB1*03:01:01:02,
HLA-DQB1*05:01:01:02, and HLA-DQB1*02:02:01:01) were shared
between our study and the overall ranking in the Swiss study. There
was no notable overlap among observed frequencies of HLA-B or -DRB1
alleles in families from Switzerland in our study and the overall fre-
quency among donors from Swiss centers nor with frequencies in any
particular region of Switzerland, including Basel where the partici-
pating Swiss laboratory is located.

Table 2
Parent, subject and haplotype count in each studied family group by country of
contributing laboratory.

Group Parent Count Subject Count Haplotype Count

Argentina 174 282 320
Austria 20 39 40
Egypt 28 73 56
Jamaica 9 20 17
Germany 138 242 270
Greece 50 96 100
Kuwait 58 116 115
Switzerland 22 53 43
Total 499 921 961
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3.8. HLA alleles from Austria and Jamaica

The combination of the relatively small number of subjects from Austria
and Jamaica included in our study and the lack of published reports on HLA
allele frequencies in these two countries precluded meaningful comparison
of our results to existing literature. Since individuals from families from
Jamaica were only successfully tested by exon-based sequencing due to

sample quality, only 3rd field resolution of alleles could be determined.
Table S12a presents all alleles identified in families from Jamaica.

3.9. Novel variants

Most families tested had one or more variant sequences in non-
coding regions at least at one locus. Nine novel alleles with

Table 3
Most frequently seen alleles (at loci HLA-A, -B, -C, -DRB1, -DQB1 and -DPB1) in the entire cohort as well as their frequency ranking in 7 countries.

Allele Global Rank ARG
Rank

AUS
Rank

EGY
Rank

GER
Rank

GRK
Rank

KU Rank SWI Rank

HLA-A HLA-A*02:01:01:01 1 1 1 4 1 1 – 1
HLA-A*01:01:01:01 2 2 2 1 3 2 2 11
HLA-A*24:02:01:01 3 3 7 2 4 5 3 1
HLA-A*03:01:01:01 4 5 13 13 2 5 6 3
HLA-A*11:01:01:01 5 6 4 13 5 3 4 –
HLA-A*26:01:01:01 6 10 3 3 6 4 13 11
HLA-A*32:01:01 7 8 7 13 8 7 7 4
HLA-A*23:01:01 8 10 7 8 7 9 5 4
HLA-A*31:01:02:01 8 4 13 – 11 14 11 –
HLA-A*30:01:01 10 6 4 13 9 14 11 11

HLA-B HLA-B*51:01:01:01 1 3 1 – 3 1 4 1
HLA-B*07:02:01 2 9 3 – 1 9 4 5
HLA-B*08:01:01:01 3 1 – 6 2 4 – –
HLA-B*35:01:01:01 4 2 9 3 6 2 – 11
HLA-B*38:01:01 5 9 5 3 3 20 23 5
HLA-B*13:02:01 6 4 9 – 9 8 15 5
HLA-B*44:02:01:01 7 6 9 – 3 12 – 5
HLA-B*18:01:01:02 8 12 3 9 9 3 – –
HLA-B*35:03:01 9 16 – 14 7 4 15 11
HLA-B*44:03:01:01 9 5 9 14 11 20 23 –

HLA-C HLA-C*04:01:01:01 1 1 3 4 3 1 2 1
HLA-C*07:01:01:01 2 2 4 2 2 1 5 3
HLA-C*12:03:01:01 3 5 1 2 4 3 9 5
HLA-C*06:02:01:01 4 4 2 9 5 10 2 3
HLA-C*07:02:01:03 5 13 4 – 1 10 5 5
HLA-C*04:01:01:06 6 8 11 5 8 5 1 –
HLA-C*07:02:01:01 7 3 11 9 13 – 5 5
HLA-C*01:02:01 8 7 11 14 8 8 14 5
HLA-C*03:03:01:01 9 6 11 – 12 6 16 –
HLA-C*15:02:01:01 10 8 4 – 11 8 9 15

HLA-DRB1 HLA-DRB1*03:01:01:01/HLA-DRB1*03:01:01:02 1 2 2 1 2 5 1 –
HLA-DRB1*07:01:01:01/HLA-DRB1*07:01:01:02 2 1 5 3 2 4 2 2
HLA-DRB1*11:04:01 4 6 1 8 7 1 4 3
HLA-DRB1*15:01:01:01/HLA-DRB1*15:01:01:02/HLA-
DRB1*15:01:01:03

3 6 11 23 1 6 – 3

HLA-DRB1*11:01:01:01 5 4 2 5 6 2 6 5
HLA-DRB1*13:01:01:01/HLA-DRB1*13:01:01:02 6 3 5 3 4 9 6 10
HLA-DRB1*01:01:01 7 11 5 – 5 12 9 5
HLA-DRB1*13:02:01 8 10 11 13 8 16 3 7
HLA-DRB1*16:01:01 9 13 5 21 9 3 17 –
HLA-DRB1*04:04:01 10 8 11 13 12 – 17 –

HLA-DQB1 HLA-DQB1*03:02:01 1 1 6 3 4 3 7 7
HLA-DQB1*03:01:01:03 2 8 1 10 2 5 2 11
HLA-DQB1*02:01:01 4 4 3 1 4 6 1 –
HLA-DQB1*06:02:01 3 9 3 – 1 6 10 1
HLA-DQB1*02:02:01:01 5 3 3 2 7 3 3 4
HLA-DQB1*06:03:01 6 7 6 5 3 12 7 11
HLA-DQB1*03:01:01:02 7 6 12 7 15 1 17 2
HLA-DQB1*03:01:01:01 8 2 6 8 9 10 17 11
HLA-DQB1*04:02:01 9 5 12 8 12 – 5 4
HLA-DQB1*05:02:01 10 11 2 12 8 2 7 4

HLA-DPB1 HLA-DPB1*04:01:01:01/HLA-DPB1*04:01:01:02 1 1 1 1 1 1 1 1
HLA-DPB1*02:01:02/HLA-DPB1*02:01:19 2 3 2 2 2 2 2 2
HLA-DPB1*04:02:01:02 3 2 3 3 3 6 5 3
HLA-DPB1*03:01:01 4 4 6 9 4 4 10 7
HLA-DPB1*104:01 5 11 3 7 6 8 3 5
HLA-DPB1*01:01:01 6 6 7 4 5 6 6
HLA-DPB1*04:02:01:01 7 7 9 8 3 12 5
HLA-DPB1*14:01:01 7 8 3 9 9 7 3 7
HLA-DPB1*13:01:01/HLA-DPB1*107:01 9 8 4 11 9 6 5
HLA-DPB1*17:01 10 15 7 4 6 10 6 7
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polymorphisms in coding regions were identified in our study. All novel
alleles identified using one NGS platform were confirmed using another
platform. These alleles included A*26:variant, B*variant
(B*18:01xB*27:07), DRB3*01:variant (seen on two distinct haplotypes
from two unrelated families from Jamaica), DRB3*02:variant,
DQB1*03:variant, DQB1*02:89, DPA1*01:14, DPA1*03:01:02,
DPB1*16:variant. DQB1*02:89, DPA1*01:14, DPA1*03:01:02 have
been submitted to IMGT/HLA database while submission of the re-
maining alleles is in progress [45]. Details of the genetic polymorphism,
amino acid substitution (if applicable), associated haplotype, and
country in which these novel alleles appeared are presented in
Supplemental Table S13. Submission of novel alleles that have not been
assigned official names to Gene Bank & IMGT/HLA databases is in
progress.

3.10. Haplotypes identified

The number of haplotypes identified, separated by country, are
presented in Table 2. The existence of a hot spot of recombination
between DP loci and DQ loci has been reported previously [8,9,46]. We
have identified recombination events between DP and DQ loci in 2 of
the 128 quartet families we tested, a finding that is discussed later. In
addition, we observed that many identical haplotypes across nine loci
become divergent in terms of the multiplicity of DP alleles with which
they associate. The 2nd and 3rd 11-locus haplotypes most commonly
identified among all tested individuals were identical across nine loci
and differ only in DPA1/DPB1 alleles. Haplotype information, including
frequency, family count, and subject count are listed in Supplemental
Table S14 for the seven main studied groups for a total of 944 11-locus
HLA-A~HLA-C~HLA-B~HLA-DRB3/4/5~HLA-DRB1~HLA-
DQA1~HLA-DQB1~HLA-DPA1~HLA-DPB1 haplotypes, all at 3rd - or
4th -field resolution. The 9-locus haplotype information (excluding
DPA1 & DPB1), including frequency, family count and subject count is
listed in Supplemental Table S15. To test whether this conversion of
haplotypes was the function of excluding the most distant loci of the
haplotype, we grouped 10-locus haplotypes excluding A locus only and
didn’t observe similar effect. The 3 top ranking 10-locus haplotypes
(excluding A locus and including DP loci, Supplemental Table S16) and
9-locus haplotypes (including A locus and excluding DP loci) were seen
in 9, 8, 7 and 28, 12, 7 families, respectively.

Due to the paucity of literature describing 4th field level resolution
haplotypes and particularly in non-Caucasian populations, haplotypes
were further grouped based on 2-field resolution to conduct compar-
isons to published haplotype frequencies. Supplemental Table S17 lists
2-field resolution 5-locus haplotypes and their frequency in studied
populations as well as their frequency and ranking in major US popu-
lations [16]. The top ranking 10 of these haplotypes are presented in
Table 4.

3.11. Overlap of haplotypes among families from different countries

We attempted to visualize haplotype overlap and genetic proximity
of the studied populations using multiple methods. Supplementary Fig.
S1 shows the result of a principal component analysis (PCA) conducted
using the estimated haplotype frequencies. We repeated the PCA using
2-field HLA resolution which led to collapsing some of the original
haplotypes resulting in a total of 736 haplotypes at the 2-field resolu-
tion (Supplemental Fig. S2). While the PCA plot shows clustering of
families from Argentina, Germany, Greece and Kuwait, it doesn’t ne-
cessarily imply genetic proximity of the clustered populations.
Supplementary Fig. S3 depicts a Venn diagram of the haplotype overlap
among these four populations. There was no significant haplotype
overlap between these five populations.

Due to the relatively small size of some of the studied groups, there
was sparse haplotype overlap most of the time. Argentina, Germany,
and Kuwait were the groups with the largest sample sizes (Table 2) and

therefore shared some haplotypes with most groups, while Switzerland,
Austria, and Egypt had very few haplotypes in common with other
groups at the studied resolution (Figs. S1 and S2). The number of fa-
milies from Jamaica was the smallest of all studied groups with only 17
haplotypes in total and only one haplotype at the 5-locus
2-field resolution (HLA-A*01:01~HLA-C*07:01~HLA-B*08:01~HLA-
DRB1*03:01~HLA-DQB1*02:01) shared with all groups except Austria,
Egypt, and Switzerland. Table S12b shows all haplotypes identified in
the families from Jamaica. This shared haplotype is also the most
common haplotype in most European populations and US European
[16]. One might expect some overlap in haplotypes among families
from Germany and those from its neighboring German speaking coun-
tries (Austria and Switzerland). The fact that we did not observe such
overlap might be a function of the relatively small number of families
studied from each country, particularly Austria and Switzerland. It
could also reflect some level of heterogeneity among these populations
[39,44].

3.12. Partial haplotypes

Most studied groups share at least one haplotype at the 2-field 5-
locus (HLA-A~HLA-C~HLA-B~HLA-DRB1~HLA-DQB1) resolution.
While most haplotypes were private to each group, some 2- and 3-locus
blocks were common across the board. The top 2-locus blocks shared by
all seven groups were:

HLA-C*12:03:01:01~HLA-B*38:01:01 /
HLA-C*07:01:01:01~HLA-B*49:01:01
HLA-DRB3*02:02:01:02~HLA-DRB1*11:04:01 /
HLA-DRB3*02:02:01:02~HLA-DRB1*11:01:01:01
HLA-DRB1*07:01:01:01/HLA-DRB1*07:01:01:02~HLA-
DQB1*02:02:01:01 /
HLA-DRB1*13:01:01:01/HLA-DRB1*13:01:01:02~HLA-
DQB1*06:03:01
HLA-DQA1*03:01:01~HLA-DQB1*03:02:01 /
HLA-DQA1*02:01:01:01/HLA-DQA1*02:01:01:02~HLA-
DQB1*02:02:01:01
HLA-DPA1*01:03:01:04~HLA-DPB1*04:01:01:01/HLA-
DPB1*04:01:01:02 /
HLA-DPA1*01:03:01:02~HLA-DPB1*04:01:01:01/HLA-
DPB1*04:01:01:02.

Supplemental Table S12b shows all 17 haplotypes identified in fa-
milies from Jamaica. Considering haplotype blocks> 2-locus, here are
the top shared haplotypes among the seven studied groups:

- HLA-A*01:01:01:01~HLA-C*07:01:01:01~HLA-B*49:01:01 shared
by all except Switzerland

- HLA-C*12:03:01:01~HLA-B*38:01:01~HLA-DRB1*13:01:01:01/
HLA-DRB1*13:01:01:02~HLA-DQB1*06:03:01 shared by all except
Greece and Kuwait

- HLA-DRB4*01:03:01:01/HLA-DRB4*01:03:01:03~HLA-
DRB1*07:01:01:01/HLA-DRB1*07:01:01:02~HLA-
DQA1*02:01:01:01/HLA-DQA1*02:01:01:02~HLA-
DQB1*02:02:01:01

- HLA-DRB1*01:02:01~HLA-DQA1*01:01:02~HLA-
DQB1*05:01:01:01

3.13. Recombinant haplotypes

We identified 4 recombinant haplotypes in the 128 quartet families
included in the study. Two haplotypes showed a crossover between
class I and class II loci and the other 2 showed a crossover between DQ
and DP loci. Crossover couldn’t be determined reliably among trio fa-
milies. Supplemental Tables S27–S30 show segregation in families
carrying the recombinant haplotypes.

M. Askar, et al. Human Immunology 80 (2019) 897–905

902



Ta
bl
e
4

Th
e
to
p
ra
nk
in
g
2-
fie
ld

re
so
lu
tio
n
5-
lo
cu
s
ha
pl
ot
yp
es

an
d
th
ei
r
fr
eq
ue
nc
y
ra
nk
in
g
in

st
ud
ie
d
co
un
tr
ie
s
an
d
m
aj
or

U
S
po
pu
la
tio
ns
.

H
ap
lo
ty
pe

G
lo
ba
l

A
rg
en
tin

a
A
us
tr
ia

Eg
yp
t

G
er
m
an
y

G
re
ec
e

Ku
w
ai
t

Sw
itz
er
la
nd

H
IS
_R
an
k

SC
A
M
B_
Ra
nk

A
M
IN
D
_R
an
k

A
*0
1:
01

~
C*
07
:0
1~

B*
08
:0
1~

D
RB

1*
03
:0
1~

D
Q
B1
*0
2:
01

1
1

0
0

1
1

2
0

1
1

1
A
*0
3:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

2
6

0
0

2
3

0
0

3
3

2
A
*0
2:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

3
6

2
0

3
0

3
0

8
10

4
A
*2
6:
01

~
C*
12
:0
3~

B*
38
:0
1~

D
RB

1*
13
:0
1~

D
Q
B1
*0
6:
03

4
3

2
0

7
0

0
0

49
10
4

18
9

A
*3
0:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

5
2

2
0

0
0

0
0

13
45

23
A
*2
4:
02

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

6
5

0
0

4
0

0
0

22
36

13
A
*2
4:
02

~
C*
04
:0
1~

B*
35
:0
1~

D
RB

1*
04
:0
2~

D
Q
B1
*0
3:
02

7
0

0
2

0
3

2
0

69
5

93
2

A
*2
3:
01

~
C*
04
:0
1~

B*
44
:0
3~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

8
6

0
3

5
0

0
0

14
43

22
A
*0
2:
01

~
C*
12
:0
2~

B*
52
:0
1~

D
RB

1*
15
:0
2~

D
Q
B1
*0
6:
01

9
6

0
0

7
3

3
0

51
48
6

A
*0
2:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

10
0

0
0

5
0

3
0

45
29
8

30

H
ap
lo
ty
pe

A
IS
C_
Ra
nk

CA
RH

IS
_R
an
k

FI
LI
I_R

an
k

SC
A
H
IS
_R
an
k

A
FA

_R
an
k

H
A
W
I_R

an
k

CA
U
_R
an
k

N
A
M
ER

_-
Ra
nk

JA
PI
_R
an
k

VI
ET
_R
an
k

CA
RB

_R
an
k

M
SW

H
IS
_R
an
k

A
*0
1:
01

~
C*
07
:0
1~

B*
08
:0
1~

D
RB

1*
03
:0
1~

D
Q
B1
*0
2:
01

1
2

48
2

2
9

1
1

51
22
1

5
1

A
*0
3:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

2
4

95
3

6
18

2
2

13
1

26
2

11
3

A
*0
2:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

3
16

18
1

7
14

45
3

4
21
2

60
3

22
10

A
*2
6:
01

~
C*
12
:0
3~

B*
38
:0
1~

D
RB

1*
13
:0
1~

D
Q
B1
*0
6:
03

65
10
4

10
55

40
50
3

48
8

47
58

24
58

21
76

72
7

59
A
*3
0:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

20
53

42
13

71
16
2

11
12

11
4

24
92

14
A
*2
4:
02

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

12
40

28
6

16
50

13
5

12
11

13
8

92
4

98
31

A
*2
4:
02

~
C*
04
:0
1~

B*
35
:0
1~

D
RB

1*
04
:0
2~

D
Q
B1
*0
3:
02

53
92

98
7

13
57

85
7

64
14

93
1

57
6

74
2

10
65
8

57
7

A
*2
3:
01

~
C*
04
:0
1~

B*
44
:0
3~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

16
27

43
4

11
42

82
13

14
91
4

59
92

32
21

A
*0
2:
01

~
C*
12
:0
2~

B*
52
:0
1~

D
RB

1*
15
:0
2~

D
Q
B1
*0
6:
01

13
9

47
98
0

54
15
32

79
8

95
14
1

72
22
04

13
72

77
A
*0
2:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

22
14
1

45
1

39
19
7

24
5

15
16

43
1

10
10

33
4

44

H
ap
lo
ty
pe

A
FB
_R
an
k

SC
SE
A
I_R

-
an
k

A
LA

N
A
M
_-

Ra
nk

A
A
FA

_R
an
k

N
A
M
_R
an
k

A
IN
D
I_R

an
-

k
CA

RI
BI
_R
a-

nk
A
PI
_R
an
k

N
CH

I_R
an
k

KO
RI
_R
an
k

M
EN

A
F-

C_
Ra
nk

A
*0
1:
01

~
C*
07
:0
1~

B*
08
:0
1~

D
RB

1*
03
:0
1~

D
Q
B1
*0
2:
01

4
13
1

1
2

1
17
88

3
10
0

46
6

15
4

1
A
*0
3:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

9
64

5
5

2
75

4
61

12
1

21
2

5
A
*0
2:
01

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

31
15
2

10
13

4
28
8

28
20
9

43
8

41
5

10
A
*2
6:
01

~
C*
12
:0
3~

B*
38
:0
1~

D
RB

1*
13
:0
1~

D
Q
B1
*0
6:
03

44
6

24
6

20
7

50
4

12
9

25
8

15
7

51
3

32
35

91
9

21
A
*3
0:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

13
2

6
35

72
21

6
12
4

6
4

5
4

A
*2
4:
02

~
C*
07
:0
2~

B*
07
:0
2~

D
RB

1*
15
:0
1~

D
Q
B1
*0
6:
02

17
4

30
36

49
14

29
85

51
17
7

26
6

23
A
*2
4:
02

~
C*
04
:0
1~

B*
35
:0
1~

D
RB

1*
04
:0
2~

D
Q
B1
*0
3:
02

45
77

64
95

10
95

55
24

32
39

61
62

18
63
9

79
A
*2
3:
01

~
C*
04
:0
1~

B*
44
:0
3~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

42
18
0

46
42

19
15
4

62
31
2

86
9

30
15

16
A
*0
2:
01

~
C*
12
:0
2~

B*
52
:0
1~

D
RB

1*
15
:0
2~

D
Q
B1
*0
6:
01

87
6

52
19
23

31
7

38
27

65
42
1

23
2

40
A
*0
2:
01

~
C*
06
:0
2~

B*
13
:0
2~

D
RB

1*
07
:0
1~

D
Q
B1
*0
2:
01

25
7

24
3

42
18
3

28
43
5

30
3

21
6

14
8

23
7

22

M. Askar, et al. Human Immunology 80 (2019) 897–905

903



3.14. Study design considerations and limitations

It is worth noting that the haplotype frequencies reported in this
article were calculated from HLA collected predominantly from patient
families and therefore not necessarily representative of their respective
populations at large. While the reported frequencies can be used as an
indication of some of the common HLA alleles and haplotypes in certain
communities, this study was not designed as an anthropological ana-
lysis. Neither the ethnic nor racial background of any study subject was
ascertained. Rather this is a collection of extended haplotypes of sub-
jects living in the countries where participating laboratories exist.
Therefore, the reported frequency values should be interpreted with
caution and may not mimic values calculated from larger samples
collected from unrelated individuals. It is not unconceivable that biases
in patient and patient family HLA may exist with possible associations
with certain disease traits. Other non-genetic influences include selec-
tion bias due to disease diagnoses and access to healthcare. These fac-
tors can result in family allele and haplotype frequencies not reflective
of the larger population [47,48]. Considering the non-random nature of
the subjects studied, we cannot make generalizable inferences about the
frequencies of alleles or haplotypes observed. However, we present the
haplotype associations observed in this study that could be validated in
future studies designed specifically to estimate allele and haplotype
frequencies in these studied and closely related populations. In addi-
tion, in this study we report 11-locus haplotype associations at allele-
level resolution (3rd field and when possible/applicable 4th field) of
486 alleles identified by segregation in families from eight countries
and four continents. Comparison with published literature identified
overlap between the alleles we report (at lower resolutions) and the
most frequently observed lower resolution results reported in the stu-
died populations. This report also describes a model for collaboration
under the 17th IHIW in which a core laboratory using an emerging
technology could perform testing for numerous laboratories at various
stages of implementation of the technology and facilitate exchange of
expertise, best practices, and cross-platform validation. Although not all
participating laboratories performed typing in parallel with the core
laboratory, they received the typing results from the core laboratory,
which often served as reference material for subsequent validation.
Having core laboratories for the workshop allowed typing in a high
throughput fashion and at a significantly reduced cost. As has been the
tradition for international workshops, NGS vendors generously pro-
vided reagents. This core laboratory model ensured that vendors re-
ceived the greatest amount of typing data as well as feedback on the
performance of their platforms in a high throughput environment.

4. Future directions

A continuation of this project is open for participation under the
18th IHIW that will be held in May 2021 in Amsterdam, The
Netherlands (https://www.ihiw18.org/component-ngs-for-hla/project-
haplotypes-in-families/). Investigators interested in joining the project
are encouraged to register through 18th IHIW web site.

Acknowledgement

The IHIW organizers would like to acknowledge Illumina, Immucor,
GenDx, Omixon, Scisco Genetics and One Lambda (Thermo Fisher
Scientific) for providing reagents/software to support 17th IHIW ac-
tivities. We also would like to thank members of the Transplant
Immunology Laboratory at Baylor University Medical Center for their
technical support. This work was supported in part by a Sammons
Cancer Center Trainee Research Award. We wish to acknowledge the
Stanford Blood Center for support and promotion of the 17th IHIW, the
Histocompatibility and Immunogenetics community, and the
International HLA and Immunogenetics Workshop Council for their
continued dedication to and support of the International Workshops.

Testing of samples from Kuwait was supported by a grant from the
Kuwait Foundation for Scientific Advancement, Kuwait (2012-130-
204), Kuwait Research Core Facility of the Health Sciences Centre, (RCF
SRUL02/13), Kuwait University.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.humimm.2019.07.298.

References

[1] A tribute to Bernard Amos. Clin. Transp. 2002; 16(2):75–91.
[2] Complete sequence and gene map of a human major histocompatibility complex.

The MHC sequencing consortium. Nature 1999;401(6756): 921–923.
[3] C.A. Stewart, R. Horton, R.J. Allcock, et al., Complete MHC haplotype sequencing

for common disease gene mapping, Genome Res. 14 (6) (2004) 1176–1187.
[4] J. Robinson, J.A. Halliwell, J.D. Hayhurst, P. Flicek, P. Parham, S.G. Marsh, The IPD

and IMGT/HLA database: allele variant databases, Nucleic Acids Res. 43 (Database
issue) (2015) D423–31.

[5] R. Horton, L. Wilming, V. Rand, et al., Gene map of the extended human MHC, Nat.
Rev. Genet. 5 (12) (2004) 889–899.

[6] S. Gaudieri, C. Leelayuwat, G.K. Tay, D.C. Townend, R.L. Dawkins, The major
histocompatability complex (MHC) contains conserved polymorphic genomic se-
quences that are shuffled by recombination to form ethnic-specific haplotypes, J.
Mol. Evol. 45 (1) (1997) 17–23.

[7] S.B. Gabriel, S.F. Schaffner, H. Nguyen, et al., The structure of haplotype blocks in
the human genome, Science 296 (5576) (2002) 2225–2229.

[8] C.K. Hurley, L.A. Baxter-Lowe, A.B. Begovich, et al., The extent of HLA class II allele
level disparity in unrelated bone marrow transplantation: analysis of 1259 National
Marrow Donor Program donor-recipient pairs, Bone Marrow Transplant. 25 (4)
(2000) 385–393.

[9] A.B. Begovich, P.V. Moonsamy, S.J. Mack, et al., Genetic variability and linkage
disequilibrium within the HLA-DP region: analysis of 15 different populations,
Tissue Antigens 57 (5) (2001) 424–439.

[10] K. Gendzekhadze, F. Herrera, S. Montagnani, et al., HLA-DP polymorphism in
Venezuelan Amerindians, Hum. Immunol. 65 (12) (2004) 1483–1488.

[11] A.M. Perez-Miranda, M.A. Alfonso-Sanchez, M.C. Vidales, R. Calderon, J.A. Pena,
Genetic polymorphism and linkage disequilibrium of the HLA-DP region in Basques
from Navarre (Spain), Tissue Antigens 64 (3) (2004) 264–275.

[12] J. May, F.P. Mockenhaupt, C.C. Loliger, et al., HLA DPA1/DPB1 genotype and
haplotype frequencies, and linkage disequilibria in Nigeria, Liberia, and Gabon,
Tissue Antigens 52 (3) (1998) 199–207.

[13] Z.M. Velickovic, J.M. Carter, HLA-DPA1 and DPB1 polymorphism in four Pacific
Islands populations determined by sequencing based typing, Tissue Antigens 57 (6)
(2001) 493–501.

[14] L. Malfroy, M.P. Roth, M. Carrington, et al., Heterogeneity in rates of recombination
in the 6-Mb region telomeric to the human major histocompatibility complex,
Genomics 43 (2) (1997) 226–231.

[15] A. Sanchez-Mazas, M. Fernandez-Vina, D. Middleton, et al., Immunogenetics as a
tool in anthropological studies, Immunology 133 (2) (2011) 143–164.

[16] L. Gragert, A. Madbouly, J. Freeman, M. Maiers, Six-locus high resolution HLA
haplotype frequencies derived from mixed-resolution DNA typing for the entire US
donor registry, Hum. Immunol. 74 (10) (2013) 1313–1320.

[17] A.P. Dempster, N.M. Laird, D.B. Rubin, Maximum likelihood from incomplete data
via the EM algorithm, J. R. Stat. Soc. B 39 (1) (1977) 1–38.

[18] L. Excoffier, M. Slatkin, Maximum-likelihood estimation of molecular haplotype
frequencies in a diploid population, Mol. Biol. Evol. 12 (5) (1995) 921–927.

[19] C. Kollman, M. Maiers, L. Gragert, et al., Estimation of HLA-A, -B, -DRB1 haplotype
frequencies using mixed resolution data from a National Registry with selective
retyping of volunteers, Hum. Immunol. 68 (12) (2007) 950–958.

[20] C.A. Alper, C.E. Larsen, Pedigree-Defined Haplotypes and Their Applications to
Genetic Studies, in: I. Tiemann-Boege, A. Betancourt (Eds.), Haplotyping: Methods
and Protocols, Springer, New York, New York, NY, 2017, pp. 113–127.

[21] A. Kong, G. Masson, M.L. Frigge, et al., Detection of sharing by descent, long-range
phasing and haplotype imputation, Nat. Genet. 40 (9) (2008) 1068–1075.

[22] A. Madbouly, L. Gragert, J. Freeman, et al., Validation of statistical imputation of
allele-level multilocus phased genotypes from ambiguous HLA assignments, Tissue
Antigens 84 (3) (2014) 285–292.

[23] Method of the year. Nature methods 2008;5(1):1.
[24] K. Osoegawa, T.A. Vayntrub, S. Wenda, et al., Quality control project of NGS HLA

genotyping for the 17th International HLA and Immunogenetics Workshop, Hum.
Immunol. 80 (4) (2019) 228–236.

[25] C.J. Chang, K. Osoegawa, R.P. Milius, et al., Collection and storage of HLA NGS
genotyping data for the 17th International HLA and Immunogenetics Workshop,
Hum. Immunol. 79 (2) (2018) 77–86.

[26] R.P. Milius, M. Heuer, M. George, et al., The GL service: Web service to exchange GL
string encoded HLA & KIR genotypes with complete and accurate allele and gen-
otype ambiguity, Hum. Immunol. 77 (3) (2016) 249–256.

[27] R.P. Milius, S.J. Mack, J.A. Hollenbach, et al., Genotype List String: a grammar for
describing HLA and KIR genotyping results in a text string, Tissue Antigens 82 (2)
(2013) 106–112.

M. Askar, et al. Human Immunology 80 (2019) 897–905

904

https://www.ihiw18.org/component-ngs-for-hla/project-haplotypes-in-families/
https://www.ihiw18.org/component-ngs-for-hla/project-haplotypes-in-families/
https://doi.org/10.1016/j.humimm.2019.07.298
https://doi.org/10.1016/j.humimm.2019.07.298
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0015
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0015
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0020
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0020
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0020
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0025
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0025
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0030
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0030
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0030
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0030
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0035
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0035
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0040
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0040
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0040
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0040
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0045
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0045
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0045
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0050
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0050
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0055
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0055
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0055
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0060
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0060
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0060
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0065
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0065
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0065
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0070
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0070
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0070
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0075
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0075
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0080
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0080
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0080
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0085
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0085
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0090
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0090
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0095
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0095
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0095
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0100
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0100
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0100
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0105
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0105
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0110
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0110
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0110
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0120
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0120
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0120
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0125
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0125
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0125
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0130
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0130
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0130
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0135
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0135
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0135


[28] W. Bochtler, L. Gragert, Z.I. Patel, et al., A comparative reference study for the
validation of HLA-matching algorithms in the search for allogeneic hematopoietic
stem cell donors and cord blood units, Hla 87 (6) (2016) 439–448.

[29] K. Geneugelijk, J. Wissing, D. Koppenaal, M. Niemann, E. Spierings, Computational
approaches to facilitate epitope-based HLA matching in solid organ transplantation,
J. Immunol. Res. 2017 (2017) 9130879.

[30] V. Paunic, L. Gragert, J. Schneider, C. Muller, M. Maiers, Charting improvements in
US registry HLA typing ambiguity using a typing resolution score, Hum. Immunol.
77 (7) (2016) 542–549.

[31] J. Sauter, C. Schafer, A.H. Schmidt, HLA haplotype frequency estimation from real-
life data with the Hapl-o-Mat software, Meth. Mol. Biol. (Clifton, N.J.) 1802 (2018)
275–284.

[32] K. Osoegawa, S.J. Mack, M. Prestegaard, M.A. Fernandez-Vina, Tools for building,
analyzing and evaluating HLA haplotypes from families, Hum. Immunol. (2019).

[33] K. Osoegawa, S.J. Mack, J. Udell, et al., HLA Haplotype Validator for quality as-
sessments of HLA typing, Hum. Immunol. 77 (3) (2016) 273–282.

[34] C.K. Hurley, L. Hou, A. Lazaro, et al., Next generation sequencing characterizes the
extent of HLA diversity in an Argentinian registry population, Hla 91 (3) (2018)
175–186.

[35] G. Citera, F.D. Pra, C.A. Waimann, et al., Frequency of human leukocyte antigens
class II-DR alleles (HLA-DRB1) in Argentinian patients with early arthritis, Clin.
Rheumatol. (2018).

[36] H.P. Eberhard, A.H. Schmidt, J. Mytilineos, K. Fleischhauer, C.R. Muller, Common
and well-documented HLA alleles of German stem cell donors by haplotype fre-
quency estimation, Hla 92 (4) (2018) 206–214.

[37] M.Z. Haider, M.A. Zahid, H.N. Dalal, M.A. Razik, Human leukocyte antigen (HLA)
DRB1 alleles in Kuwaiti Arabs with schizophrenia, Am. J. Med. Genet. 96 (6) (2000)
870–872.

[38] M.Z. Haider, M.A. Zahid, Human leukocyte antigen-DQB1 alleles are not associated
with schizophrenia in Kuwaiti Arabs, Psychiatry Clin. Neurosci. 58 (3) (2004)
236–239.

[39] J. Pingel, U.V. Solloch, J.A. Hofmann, V. Lange, G. Ehninger, A.H. Schmidt, High-
resolution HLA haplotype frequencies of stem cell donors in Germany with foreign
parentage: how can they be used to improve unrelated donor searches? Hum.
Immunol. 74 (3) (2013) 330–340.

[40] N. El-Hagrassy, F. El-Chennawi, S. Zaki Mel, H. Fawzy, A. Zaki, N. Joseph, HLA class
I and class II HLA DRB profiles in Egyptian children with rheumatic valvular dis-
ease, Pediatr. Cardiol. 31 (5) (2010) 650–656.

[41] Y.M. Mosaad, R.E. Farag, M.M. Arafa, et al., Association of human leucocyte antigen
Class I (HLA-A and HLA-B) with chronic hepatitis C virus infection in Egyptian
patients, Scand. J. Immunol. 72 (6) (2010) 548–553.

[42] O. Haase, R. Alneebari, M.A. Eldarouti, et al., Association with HLA-DRB1 in
Egyptian and German pemphigus vulgaris patients, Tissue Antigens 85 (4) (2015)
283–286.

[43] Y.M. Mosaad, F.A. Auf, S.S. Metwally, et al., HLA-DQB1* alleles and genetic sus-
ceptibility to type 1 diabetes mellitus, World J. Diabetes 3 (8) (2012) 149–155.

[44] S. Buhler, J.M. Nunes, G. Nicoloso, J.M. Tiercy, A. Sanchez-Mazas, The hetero-
geneous HLA genetic makeup of the Swiss population, PLoS One 7 (7) (2012)
e41400.

[45] R. Ameen, S.A. Shemmari, M. Askar, Next-generation sequencing characterization
of HLA in multi-generation families of Kuwaiti descent, Hum. Immunol. 79 (3)
(2018) 137–142.

[46] S. Mitsunaga, S. Kuwata, K. Tokunaga, et al., Family study on HLA-DPB1 poly-
morphism: linkage analysis with HLA-DR/DQ and two “new” alleles, Hum.
Immunol. 34 (3) (1992) 203–211.

[47] R.M. Single, D. Meyer, J.A. Hollenbach, et al., Haplotype frequency estimation in
patient populations: the effect of departures from Hardy-Weinberg proportions and
collapsing over a locus in the HLA region, Genet. Epidemiol. 22 (2) (2002)
186–195.

[48] H.P. Eberhard, A.S. Madbouly, P.A. Gourraud, et al., Comparative validation of
computer programs for haplotype frequency estimation from donor registry data,
Tissue Antigens 82 (2) (2013) 93–105.

M. Askar, et al. Human Immunology 80 (2019) 897–905

905

http://refhub.elsevier.com/S0198-8859(19)31027-4/h0140
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0140
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0140
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0145
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0145
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0145
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0150
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0150
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0150
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0155
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0155
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0155
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0160
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0160
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0165
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0165
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0170
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0170
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0170
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0175
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0175
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0175
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0180
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0180
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0180
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0185
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0185
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0185
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0190
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0190
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0190
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0195
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0195
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0195
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0195
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0200
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0200
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0200
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0205
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0205
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0205
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0210
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0210
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0210
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0215
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0215
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0220
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0220
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0220
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0225
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0225
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0225
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0230
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0230
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0230
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0235
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0235
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0235
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0235
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0240
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0240
http://refhub.elsevier.com/S0198-8859(19)31027-4/h0240

	HLA Haplotypes In 250 Families: The Baylor Laboratory Results And A Perspective On A Core NGS Testing Model For The 17th International HLA And Immunogenetics Workshop
	Introduction
	Methods
	Sample collection
	Typing method
	Quality assurance measures
	HLA genes and regions sequenced
	Data collection
	Haplotype assignment and bioinformatics analysis
	Ethical approval

	Results and discussion
	Alleles identified
	HLA alleles from Argentina
	HLA alleles from Germany
	HLA alleles from Kuwait
	HLA alleles from Greece
	HLA alleles from Egypt
	HLA alleles from Switzerland
	HLA alleles from Austria and Jamaica
	Novel variants
	Haplotypes identified
	Overlap of haplotypes among families from different countries
	Partial haplotypes
	Recombinant haplotypes
	Study design considerations and limitations

	Future directions
	Acknowledgement
	Supplementary data
	References




