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Abstract

Extended molecular characterization of HLA genes in the IHWG reference B-lymphoblastoid cell
lines (B-LCLs) was one of the major goals for the 171" International HLA and Immunogenetics
Workshop (IHIW). Although reference B-LCLs have been examined extensively in previous
workshops complete high-resolution typing was not completed for all the classical class | and class
Il HLA genes. To address this, we conducted a single-blind study where select panels of B-LCL
genomic DNA samples were distributed to multiple laboratories for HLA genotyping by next-
generation sequencing methods. Identical cell panels comprised of 24 and 346 samples were
distributed and typed by at least four laboratories in order to derive accurate consensus HLA
genotypes. Overall concordance rates calculated at both 2- and 4-field allele-level resolutions
ranged from 90.4% to 100%. Concordance for the class | genes ranged from 91.7 to 100%,
whereas concordance for class 11 genes was variable; the lowest observed at HLA-DRB3(84.2%).
At the maximum allele-resolution 78 B-LCLs were defined as homozygous for all 11 loci. We
identified 11 novel exon polymorphisms in the entire cell panel. A comparison of the B-LCLs
NGS HLA genotypes with the HLA genotypes catalogued in the IPD-IMGT/HLA Database Cell
Repository, revealed an overall allele match at 68.4%. Typing discrepancies between the two
datasets were mostly due to the lower-resolution historical typing methods resulting in incomplete
HLA genotypes for some samples listed in the IPD-IMGT/HLA Database Cell Repository. Our
approach of multiple-laboratory NGS HLA typing of the B-LCLs has provided accurate
genotyping data. The data generated by the tremendous collaborative efforts of the 17 IHIW
participants is useful for updating the current cell and sequence databases and will be a valuable
resource for future studies.

Keywords

Human leukocyte antigen; Next-generation sequencing; B-Lymphoblastoid cell lines; International
HLA and Immunogenetics Workshop; multiple-laboratory testing

1. Introduction

The curation of Epstein-Barr virus (EBV) transformed B-lymphoblastoid cell lines (B-
LCLs) for testing factors of the HLA system was initially conceptualized and conducted
during the 10t International Histocompatibility Workshop and Conference (IHWC) held in

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Creary et al.

Page 3

1987. At the completion of the 10t IHWC, 107 cell lines were extensively characterized by
biochemical, serological and molecular techniques, providing a fundamental reference
resource for future quality control studies (1,2,3,4,5,6). During the 111" IHWC (1991) the
107 B-LCLs were further genotyped using a PCR sequence-specific oligonucleotide probe
(PCR-SSO) method for several class Il HLA genes (HLA-DRA, HLA-DRB1, HLA-DRB3,
HLA-DRB4, HLA-DRB5, HLA-DRB6, HLA-DQA1, HLA-DQB1, HLA-DPAI, HLA-
DPBI) (7). The 12t IHWC (1996) saw the expansion of the reference cell panel to include
cells with novel HLA sequences: 97 unique cell lines from the 41" Asian-Oceania
Histocompatibility workshop were added to the inventory as well as 162 new cell lines
gathered from several laboratories located worldwide (8). As a resource for the 13t IHWC,
the IHWG Cell and DNA bank was established in 1999 to house and maintain an extensive
inventory of the expanded reference B-LCL panel (9). Today, the IHWG cell repository
contains 754 B-LCLs obtained from various sources including HLA homozygous and
heterozygous donors, Hematopoietic stem cell transplantation (HSCT) patients, selected
CEPH (Centre d’Etude du Polymorphisme Humain) families, and individuals from diverse
ethnic groups (10). Despite the availability of numerous B-LCLs in the IHWG Cell and
DNA bank, only a small fraction of all cells lines have been typed comprehensively for all or
the majority of classical class | and class 1l HLA genes (11,12,13). This is due in part to
most laboratories previously typing only the most polymorphic exons that constitute the
antigen-recognition site for a few HLA genes commonly HLA-A, HLA-B, and HLA-DRBI.
In addition traditional molecular methods used for HLA typing, such as PCR-rSSOP (14),
PCR sequence-specific primer (PCR-SSP) (15) and PCR Sanger sequencing based typing
(PCR-SSBT) (16,17,18) required too much effort to resolve allele and genotype ambiguities.
These ambiguities are often generated due to lack of gene coverage as well as limitations
inherent to the technique such as the inability to set phase by heterozygous sequencing (19).

The advent of next-generation sequencing (NGS) and the commercialization of NGS HLA
kits around the time of the 16™ International HLA and Immunogenetics Workshop (IHIW)
(20) provided an ideal opportunity to re-type the reference cell panel at full-gene coverage.
The inherent attributes of NGS, namely clonal-based amplification and massive parallel
sequencing, mitigates the majority of the HLA phase ambiguities encountered with PCR-
SSBT. In addition, NGS combined with long-range PCR, encompassing all exons and
introns or key regions representing the antigen binding sites and some introns, ensures wide
genomic coverage thereby eliminating allele ambiguities. Furthermore NGS of extended
amplicons allows a thorough interrogation of intronic and untranslated regions that may
contain pertinent and as yet undefined polymorphisms involved in expression and structural
variation. The patch-work pattern of polymorphism across the HLA genes often clustered
within exons required more advanced molecular methods to define and discriminate between
the numerous alleles collated in the IPD-IMGT/HLA Database (21), as well as to
characterize novel alleles that are often detected in the clinical HLA laboratory. Due to the
numerous benefits of NGS, namely high-accuracy, high-throughput, low ambiguity and low
cost, the 17! IHIW held in Asilomar, California, September 2017 focused on the application
of NGS for Histocompatibility testing. Enhancing the IHWG reference cell line repository
by extending the molecular characterization of HLA genes for the B-LCLs was one of the
major goals of the 171 IHIW. We endeavored to do this by conducting a worldwide
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collaborative study of participating groups who were capable of performing NGS typing for
HLA. In this report we present the findings of multi-laboratory NGS typing of HLA genes in
a select panel of B-LCLs. We also describe novel haplotype associations observed at the 4-
field allele level of resolution as well as novel exon and intronic variants characterized by
examination of sequence data generated by the participating laboratories.

2. Materials and Methods

2.1. Selection of IHWG reference B-lymphoblastoid cell lines

The 171 IHIW NGS HLA typing reference cell line committee selected B-LCLs, typed at
low or intermediate allele-level resolution in previous workshops, for further HLA
characterization. Cells were obtained from the IHWG Cell and DNA bank housed at the
Fred Hutchinson Cancer Research Center, Seattle, WA (http://www.ihwg.org). Selection was
primarily based on the following criteria:

1 Common and Well-Documented (CWD) HLA alleles; according to the CWD
version 2.0. catalogue (22)

2. Rare (non-CWD) HLA alleles

3. Homozygosity at one or more HLA loci (consanguineous cell lines identical by
descent)

4, Heterozygosity at one or more HLA loci

5. Representation of donor cells from diverse ethnic groups

In total we selected 419 B-LCLs from a total of 754 available IHWG cells for a single-blind
study. The cells were derived from individuals from a number of ethnic backgrounds
including but not limited to; European, Jewish, African American, Australian Aboriginal,
Chinese, Japanese, and Native American, ensuring that a wide diversity of HLA alleles were
adequately represented in the study. The 419 B-LCLs were compiled into five panels; four
small panels consisting of 24 cells (denoted 24U1, 24U2, 24U3, 24U4) and an extended
panel (denoted ExtU) comprised of 23 samples from the 24U4 panel plus 323 unique cell
samples. Various reference panels were compiled to widen the options of the number of cell
lines that would be available for typing by the participating laboratories.

2.2. Selection of participating laboratories

To ensure suitability of the participating laboratory to perform accurate HLA typing by
NGS, laboratories were requested to complete NGS HLA typing of quality control (QC)
DNA samples derived from B-LCL reference samples included in the NGS of full length
genes pilot study and/or the quality control proficiency testing study (Osoegawa et. al.
unpublished data). Laboratories that were at least 95% concordant at 2-field resolution for at
least 3 HLA loci in the QC panel were deemed to be successful to perform highly accurate
NGS HLA typing. For this study, recruitment began in late 2016 and by September 2017 a
total of 18 accredited histocompatibility testing laboratories from 18 institutions agreed to
participate in a collaborative single-blind study.
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The reference cell line 17" IHIW committee at Stanford University contacted the IHWG
cell bank at the Fred Hutchinson Cancer Research Center to distribute genomic DNA
derived from the 24U and ExtU panels to participating laboratories. Purified DNA material,
each unit labeled with a unique 17t IHIW database code, was provided blinded to
participating groups at a concentration of 100 ng/ul per sample, total amount 1.5ug.
Participating groups could choose how many reference panels they wanted to type but it was
imperative that at least 4 groups typed a single panel in order to maximize accuracy and
reproducibility of the HLA genotypes generated. All DNA samples were typed by each
laboratory using their current preferred NGS method. The participating laboratories and
principal investigators are listed in Table 1.

HLA typing

Reference cell-line panels were typed for HLA loci using the established NGS methods of
the participating laboratories. Most participating laboratories typed using commercial NGS
HLA reagents and alignment software: TruSight HLA Assign (Illumina Inc. CA, USA);
Holotype HLA & HLA Twin (Omixon, Budapest, Hungary); MIA FORA NGS (Immucor,
Inc., Norcross, GA, USA); NGS Engine (GenDx, Utrecht, Netherlands); TypeStream (One
Lambda/Thermo Fisher Scientific Inc., CA, USA); Genetics Management System (Scisco
Genetics Inc., Seattle, WA). One laboratory used in-house bioinformatics software. Six
different types of NGS machines were used: lllumina MiSeq (n = 13), Illumina MiniSeq (n
= 1), Hlumina NextSeq (n = 1), lon Torrent™ Personal Genome Machine system (n = 1), lon
S5™ system (n = 1), lon S5™ XL system (n = 3), and Pacific Biosciences RS Il system (n =
1). Some NGS reagents and software were kindly provided by the vendors at no cost as
contribution to the 17! IHIW. The number of HLA loci typed at full-gene level for the
majority of class I loci and full-gene or wide coverage (encompassing key polymorphic
exons and some intronic regions) for class Il genes ranged from 3 to 11 across the groups.
All operations from PCR amplification through generation of HLA data were performed at
the individual participant sites. Details of the NGS instrument and software utilized by
participating laboratories as well as HLA genomic regions amplified and sequenced are
described in Table 2.

2.4. Submission of HLA data into the 17t IHIW Database

Laboratories submitted HLA data electronically by uploading Histoimmunogenetics Markup
Language (HML) or Extensible Markup Language (XML) encoded files containing paired
genotype HLA allele lists as well as DNA sequences to the 171 IHIW database https:/
ihiws17.stanford.edu. In order to standardize data input such as HLA allele names, the IPD-
IMGT/HLA Database version 3.25.0 (released July 2016) was used as the only reference
source for the 171 IHIW database. On those rare occasions where the data submitted by the
participating group was analysed using a different IPD-IMGT/HLA Database version (21),
the 171 IHIW database automatically converted HLA allele names to correspond to the most
similar allele present in version 3.25.0. To further standardize input data and facilitate
downstream analyses HLA genotype data was automatically converted to genotype list (GL)
string format (23,24) in the workshop database. Additional information regarding the output
HML and XML files generated by the different NGS vendor systems, and upload into the
17 IHIW database has recently been reported by Jung C et. al. (25).
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2.5. Data checking by knowledge of HLA haplotypes

Submitted genotype data was interrogated for the well-known HLA-DRB%/5and HLA-
DRBI haplotypes (26). General patterns of HLA-DRB%/5~HLA-DRBI linkage exist for
specific allele families: HLA-DRB?3 alleles associates with HLA-DRB1*03, 11, 12, 13, 14,
HLA-DRB4 with HLA-DRB1*04, 07, 09, HLA-DRB5 with HLA-DRB1%*15, 16, and
absence of HLA-DRB?#/5 alleles for HLA-DRB1*01, 08, and 10alleles. These associations
have been well-characterized particularly in specific ethnic groups such as individuals of
European ancestry. However, exceptions do exist particularly in non-European populations
such as HLA-DRB5*01~HLA-DRB1*01 and HLA-DRB5*absent~HLA-DRB1*15
haplotypes in African descent groups. Data that did not conform to the general pattern of
HLA-DRB%/5~HLA-DRBI linkage were further confirmed by checking the ethnic
background of the cell line as well as confirming the alleles with the genotypes submitted by
the other participating groups.

2.6. Concordance Calculation

Concordance calculations and data processing were performed using scripts written using R
(v3.3.2) programming (http://cran.r-project.org). Due to incomplete and low-resolution
reference HLA genotypes, concordance rates were calculated by comparing NGS HLA
genotypes from each individual laboratory with consensus genotypes generated from at least
four laboratories. Overall HLA concordance was scored as the number of shared class | and
Il alleles. Concordance of test NGS HLA genotypes with consensus reference NGS HLA
typing was calculated at 2- and 4-field allele resolution using the following four
classifications:

i Match of unambiguous reference allele + unambiguous NGS allele (referred to
as ldentical)

ii. Ambiguous reference alleles + ambiguous NGS allele, matched at one allele
(denoted Con-2)

iii.  Ambiguous reference alleles + unambiguous NGS alleles, matched at one allele
(denoted Con-3)

iv. Unambiguous reference allele + ambiguous NGS alleles, matched at one allele
(denoted Con-4)

No match between the reference consensus alleles and NGS test alleles was scored as
discordant.

3. Results

Overall 17 groups located worldwide participated in the reference panel single-blind study.
One group had previously typed the majority of the cell lines and contributed the HLA
genotype data to this study to help derive consensus genotypes. The IHWG and 17" IHIW
identification numbers of these cell-lines were known to this group therefore they were not
evaluated as part of the single-blind study. To maintain confidentiality the 17 groups
participating in the single-blind study were assigned arbitrary numbers from 1 to 17 for the
following sections of this report. Individual laboratories shown in Table 1 were randomized
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so that there is no direct correlation between the arbitrary numbers assigned to each group
and the order of the groups listed in Table 1. Genotype and sequence consensus data for 11
HLA loci (HLA-A, HLA-C, HLA-B, HLA-DRBI1, HLA-DRB3, HLA-DRB4, HLA-DRBS5,
HLA-DQA1, HLA-DQBI, HLA-DPA1, and HLA-DPBI) were generated from IHWG B-
LCLs samples using a variety of NGS methods. Forty-three samples included in the 346
ExtU panel had discrepant genotype calls when compared to the genotypes in the IPD-
IMGT/HLA Database Cell Repository and we deduced this was due to sample mix-ups. Of
the 43 discrepant samples, 6 samples could be corrected as they were previously typed by
NGS methods by several testing laboratories in both the quality control pilot and proficiency
testing studies. The 37 samples that were a result of preventable sampling handling errors,
which could be traced back to the center distributing the cell lines, were removed prior to
performing further analyses. Therefore 309 cells remained with genotypes we could be
confident of in the ExtU panel. However of the 309 cells, 23 samples were also tested in the
24U4 panel, resulting in 382 unique cell lines (96 cells from the 24U and 286 cells from the
ExtU panel) with valid HLA genotype data tested in the entire study.

Evaluation of Concordance

3.1.1. 24U panel study—Sixteen laboratories contributed HLA data to the 24U study
but the number of panels typed by each laboratory varied; panel 24U1 was typed by 10
groups, panel 24U2 typed by 8, panel 24U3 by 7, and panel 24U4 by 6 laboratories. The
number of HLA loci typed for each of the 24U panels ranged from 3 (all class | genes) to 11,
however each panel was typed by at least 4 groups for all 11 loci. Overall concordance
across all HLA loci was examined at 2- and 4-field allele level resolution for each laboratory
that contributed data to the 24U study; the results are shown in Table 3a. The average
concordance rates between genotypes generated by test laboratories and consensus
genotypes were 99.0% (90.4 — 100.0%) at the 2-field allele resolution and 97.8% (89.6 —
99.9%) at the 4-field allele resolution.

For each HLA gene, concordance rates calculated at 4-field resolution ranged from: 91.7%
to 100% for all class I genes; 89.6 — 100% for HLA-DRBI; 84.2 — 100% HLA-DRBS3, 86.4
—100% HLA-DRB4, 91.7 — 100%; HLA-DQAI; 83.3 — 100% HLA-DQB1,87.5 — 100%
HLA-DPA1,; 80 — 100% for HLA-DPBI1. All HLA-DRB5 alleles typed by the groups were
perfectly matched with the consensus HLA-DRB5 alleles. As expected concordance rates
for each HLA gene across all participating groups were improved although not dramatically
when examined at 2-field resolution; concordance was highest for class | loci (91.7 to 100%)
and lower for class Il loci (88.9 — 100%). HLA gene concordance rates are shown in Tables
3b. Discrepant allele types between the test laboratory and the consensus genotypes could be
ascribed to a number of reasons, such as sample mix-ups by the testing site; there was a
single sample swap between HO0005B3 (IHIW9041, J0528239) and HOO005E4
(IHW09106, MANIKA) by laboratory #15 which were clearly evident from the very
different HLA allele groups of these cell lines. Disparities were also due to failure of testing
laboratories to call homozygous calls correctly, incorrect heterozygous genotypes, and
limitations of the NGS HLA software to correctly assign alleles automatically at 4-field
allele resolution.
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3.1.2. Extended panel study—Five laboratories (1, 2, 16, 17, and 18) typed the
samples included in the extended panel. Each group typed 11 HLA loci at full-gene coverage
for class | genes as well as some class 11 genes and wide-coverage for the remaining class 11
genes. The average overall concordance rates computed at 2-field were 99.8% (99.1 — 100%)
and at 4-field 98.0% (96.7 — 99.9%). The results are summarized in Table 4a.

For the class I genes concordance ranged from 98.9 — 100% and 92.9 — 100% at 2- and 4-
field allele resolution levels respectively (Table 4b). At the 4-field level the following
concordance ranges were observed for the class Il genes; HLA-DRB1 99.4 — 100%, HLA-
DRB393.6 — 100%, HLA-DRB497.6 — 100%, HLA-DRB587.1 — 100%, HLA-DQA195.4
—100%, HLA-DQBI195.9 — 100%, HLA-DPAI195.8 — 100%, and HLA-DPB186.1 — 100%.
At the 2-field level concordance rates for all class Il genes fared better than the 4-field
concordance rates. The lowest observation was at HLA-DRB5 (95.8%) for group 18, which
was due to an over-call of HLA-DRB5*01:01:01 in 3 samples.

3.2. Characteristics of 383 B-LCLs characterized by NGS

A comprehensive description of the characteristics for the cell lines included in the 24U and
extended panel studies such as cell names, ethnic group, consanguineous parents, and
consensus genotypes generated by NGS from this study are shown in Supplementary Table
1. In total 470 alleles were identified of which 11 alleles were non-expressed; HLA-
A*01:04N, HLA-A*02:53N, HLA-A*23:08N, HLA-A*24:09N, HLA-A*68:11N, HLA-
A*68:18N, HLA-C*04.:09, HLA-B*39:25N, HLA-B*44:23N, HLA-DRB4*01:03.01.02N,
and HLA-DRB5*01:08N. All alleles characterized at HLA-A, HLA-C, HLA-B, HLA-
DFA1, and HLA-DRBS5 loci were non-ambiguous. For the remaining loci, both non-
ambiguous and ambiguous 4-field alleles were detected which were mostly due to
indiscernible short tandem repeat (STR) enriched regions located within introns of some
class Il genes. For example alleles HLA-DRB1*15:01:01.01, HLA-DRB1*15:01.:01:02, and
HLA-DRB1%15:01:01.03 are indistinguishable due to GT and GA dinucleotide repeats
located at ~5700-5790 bp within intron 2. Phase ambiguities, due to low polymorphic
variation across intron 2 of the HLA-DPB1 gene, accounted for 27 % of the total (n = 59)
HLA-DPBI alleles detected.

We detected a genotype ambiguity in three cell lines (IHW09267 LEO23, IHW09289 LB,
and IHW09374 FH2) at the HLA-DQBI locus due to incomplete reference sequences; the
HLA-DQB1*06:03.01+ HLA-DQB1*06.04:01 genotype is indistinguishable from HLA-
DQB1#*06:39+ HLA-DQBI1*06.41. This ambiguity occurs because the genomic sequence is
only available for HLA-DQB1*06.:03.01+ HLA-DQB1*06:04.01. Also various combinations
of alleles from the two possible genotypes share identical sequence across exons 2 and 3.
For instance the following alleles have identical sequences across exon 2; HLA-
DQB1*06.:03:01+ HLA-DQB1*06:41 and HLA-DQB1*06:3% HLA-DQB1*06:04.01.
Whereas HLA-DQBI1*06.03:01+ HLA-DQBI1*06:39 and HLA-DQB1*06:41+HLA-
DQB1#*06.:04:01 share identical sequence across exon 3. However, we can deduce the
plausible genotypes by examining the extended haplotypes. We note that cells LEO23, LB,
and FH2 all bear the HLA-DRB1#*13:01.01~HLA-DRB3*03:01:01~ HLA-DQBI1*06:03:01/
HLA-DQB1*06.39~-HLA-DQA1*01:03:01 haplotype. In comparison, the IPD-IMGT/HLA
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Database cell repository shows HLA-DQB1*06.:39 reported in cell LUMC-DQB64 bearing
HLA-DRB1*15:01 but lacking HLA-DRB1*13:01 or HLA-DRB1%*13:02. Therefore we
conclude that cells LB, LEO23, and FH2 carry the common genotype HLA-
DQB1#*06.03:01+ HLA-DQB1*06:04.01. A summary of the unique alleles found in the cell
panel is shown in Supplementary Table 2.

3.3. Homozygous genotypes

In the entire cohort of 382 B-LCLs, 51 cells were reported as consanguineous by descent,
274 samples were not consanguineous and for 57 samples the status of consanguinity was
unknown. Of the total 51 consanguineous B-LCLs, 41 cells were homozygous for all alleles
defined at maximum allele resolution at all 11 HLA loci. In addition, homozygous
genotypes were also identified in other non-consanguineous cell lines at some or all 11 loci;
37 cells were homozygous at all 11 loci. The total number of homozygous genotypes
detected at class | genes were 150 at HLA-A, 143 for HLA-C, and 141 for HLA-B. At all
class Il genes examined homozygous genotypes ranged from 80 (HLA-DRB5)to 197 (HLA-
DRB3). The results are summarized in Supplementary Table 3.

3.4. Detection of novel variants

NGS data was analysed using the multiple sequence alignment tool known as hlaPoly a
program developed specifically for the 17t IHIW to identify novel nucleotide
polymorphisms for a given HLA consensus sequence (25). Thirty-three samples in the entire
B-LCL panel contained novel alleles, which are HLA alleles that are not present in version
3.25.0 of the IPD-IMGT/HLA Database. Eleven exon variants were detected in 18 samples.
In cell line C1R (IHW09208), which was included in the extended panel study, 2 exon
variants were detected; an exon 3 deletion of nucleotide G at codon 179 causing a frameshift
mutation in allele HLA-A*02:01:01.01 and a transversion mutation that changes the
translation initiation codon of HLA-B*35:03:01 from ATG to TTG at codon —24 in exon 1.
Examination of the consensus sequence data revealed that 4 of the 5 groups included in the
extended panel study detected these exon variants; for 1 group the sample failed typing. The
HLA-A, -Bnegative mutant C1R cell line is well-described and is widely used in functional
studies of class | MHC genes. C1R was derived from a normal EBV-transformed B cell line,
Hmy2, by three rounds of -y-irradiation followed by immunoselection with monoclonal anti-
HLA class | antibodies and complement. Mutagenesis resulted in one entire HLA haplotype
being deleted in the C1R cell line (27,28).

Novel variants were also characterized at other class | alleles. HLA-A*33:03:01 in cell line
V.E.C (IHW09314) harbors a point mutation within codon —20 exon 1 resulting in an alanine
to valine amino acid change. Also in two samples, HIN, JP (IHW09163) and HIN, S
(IHW09165) a point mutation located within exon 4 of HLA-C*14.:02:01:01 was detected.

The majority of exon variants were detected in the HLA-DPA1*02:02 alleles. We
characterized three substitution variants (one missense and two silent) in exon 3 of HLA-
DPA1#*02:02:01 for 8 samples, and for all samples the new nomenclature for this allele,
according to IPD-IMGT/HLA Database version 3.30.0 is HLA-DPA1*02:07:01:01. Other
exonic variants of HLA-DFPA1*02:02were detected in cell FH9 IHW09383; HLA-
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DPA1#02:02:02 exon 3 variant, codon 114, Pro to Leu, the most similar allele is an exon 3
variant of HLA-DFPA1*02:02:02:01. Also cell DUG150 IHW09397 harbored three exon 3
variants and one missense exon 4 variant in HLA-DPA1*02:02.:01, the closest allele is an
exon 4 variant of HLA-DPA1*02:07:01.01. A novel HLA-DRBI1%*14:08exon 3 variant
(missense mutation) was detected in sample WON, | (IHW09194) derived from an
Australian Aboriginal donor. All complete sequences containing novel exon variants were
submitted to GenBank (https://www.ncbi.nlm.nih.gov/genbank). The submitted sequences
have the prefix MK in the GenBank accession numbers listed in Table 5.

We detected variants located within introns 1 and 2 of the HLA-DQBI1*03.01:01 allele that
appeared to be a hybrid of HLA-DQB1*03:01:01:01 recombined with HLA-
DQEB1*03:01:01:03. Interestingly these HLA-DQB1*03:01:01:01/HLA-DQB1*03:01.01:03
‘hybrid” alleles were found in cell lines of Asian descent. Three different hybrid alleles were
detected and were associated with two distinct HLA-DRBI1 alleles; HLA-DRB1*08:03:02
and HLA-DRB1*12:02:01.

HLA-DRB1*12:02:01~ HLA-DQB1*03:01:01.01/HLA-DQB1*03.:01.:01:03 Hybridx1~
HLA-B*15/B*27/B*35/B*46

HLA-DRB1*12:02:01~HLA-DQB1*03:01.:01.01/HLA-DQB1*03:01:01.:03 Hybridx2~
HLA-B*15/B*55

HLA-DRB1*08:03:02~HLA-DQB1*03:01:01.01/HLA-DQB17*03.:01.:01:03 Hybridx3~
HLA-B*51:01:01.01

Recently these novel HLA-DQBI1*03.:01:01.01/HLA-DQB1*03:01.:01.03hybrid alleles
have been submitted to the IPD-IMGT/HLA Database by other groups and have been
named; HLA-DQB1#*03:01.01:07 (Hybridx1), HLA-DQBI1*03.:01:01:12 (Hybridx2), HLA-
DQEB1*03:01:01:17 (Hybridx3). Details of all novel alleles characterized in this study are
summarized in Table 5.

3.5. Patterns of association

A large majority of the cells tested were derived from Caucasoid donors (42.1%, n = 161),
the second largest represented group were from Asia (17.5%, n = 67), followed by African
ancestry (5.8%, n = 22), Native Americans (3.1%, n = 12), Hispanic (2.4%, n = 9), Jewish
(2.4%, n = 9) and Australian Aboriginal (1.6%, n = 6). Ethnic groups from North Africa,
India and the Pacific Islands collectively represented 1.6% of the cell panel and for 23.6%
the ancestry was unknown. Although Caucasoid cell donors represented the majority of the
cell panel we had sufficient numbers of samples in the other broad ethnic categories to
observe distinct haplotypes, due to linkage disequilibrium (LD) across the MHC, at
maximum resolution. In the Caucasoid group the following haplotypes were frequently
observed at the HLA-Cand HLA-B loci; HLA-C*07:02:01.03~ HLA-B*07:02:01, HLA-
C*07:01:01:01~HLA-B*08.01:01:01; HLA-C*05.:01:01:01~HLA-B*18.01.01:01;, HLA-
C*05:01:01:02~HLA-B*44:02:01:01

Atthe HLA-DPAI1 locus, if HLA-DPA1#*01.03:01.:05was detected it was exclusively
associated with HLA-DPB1*04:02:01:01 or HLA-DPB1*04:02:01.02, regardless of the
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ethnic group. Whereas HLA-DPA1*01.:03:01.01 associates with HLA-DPB1*02:01.02,
HLA-DPA1#*01:03:01:02with HLA-DPB1%*04:01:01:01 and HLA-DPB1*04.01.01.02
across all ethnic groups. In non-European groups we observed the following haplotypes
HLA-DPA1*02:02:02~ HLA-DPB1*01.:01:01 (African and Asian) HLA-
DPA1#*02:02:02~ HLA-DPB1*05:01.01 (Asian and Australian Aboriginal).

Distinct extended haplotypes encompassing HLA-DQAI, HLA-DQBI and HLA-DRB1/%/5
loci were apparent in specific ethnic groups for example; HLA-DRB5*01:02~ HL A-
DRB1%*15:02:01:.01| HLA-DRB1*15.:02:01.02~ HLA-DQB1*06:01.01~ HLA-
DQAI1*01:03:01:01 (Asian, Caucasoid, Iranian) and HLA-DRB1*08:03.02~HLA-
DQB1#06:01:01~HLA-DQA1*01:03:01:03/HLA-DQA1#*01:03:01:04 (Asian and
Australian Aboriginal). These haplotypes illustrate how NGS extends and improves the
accuracy of HLA allelic and haplotype diversity in populations. Further examples of
haplotypes observed in the cell panel are shown in Table 6.

3.6. Evaluation of HLA NGS genotypes with genotypes listed in the IPD-IMGT/HLA
Database Cell Repository

We compared the consensus NGS HLA genotype data to the historical genotype data
collated in the IPD-IMGT/HLA Database Cell Repository which were characterized mostly
by low and medium HLA resolution molecular methods. Overall 68.4% (n = 4630) of the
NGS HLA alleles matched with the corresponding alleles listed in the IPD-IMGT/HLA
Database Cell Repository. Of this total, 51.0% (n = 3453) NGS HLA alleles matched at an
increased resolution, 12.2% (n = 828) were at the same resolution, and for 2.5% (n = 170)
the resolution was decreased. The latter result could be attributed to ambiguous class Il
alleles that could not be distinguished by NGS methods due to low complexity intronic
regions.

In general alleles found to be ambiguous by NGS were not listed as ambiguous alleles in the
IPD-IMGT/HLA Database Cell Repository. An example is shown for cell line 26/27
(IHW09251), for which the IPD-IMGT/HLA Database cell report is HLA-
DPB1#02:01:02+ HLA-DPB17*04.02. By NGS, two genotypes are equally possible; HLA-
DPB1*02:01:02+ HLA-DPB17*04.02:01:02and HLA-DPB1*105:01 HLA-DPB1%*416:01.
Alleles HLA-DPB1*02:01:02and HLA-DPB1*416:01 share identical sequence across exon
2, whilst HLA-DPB1*04:02:01:02 and HLA-DPB1*105:01 have identical sequence over
exon 3. Such discrepancies are likely to be the result of the date of the original submission of
the cell information to the IPD-IMGT/HLA Database and naming of the alleles at that time;
a cell could have been submitted with an unambiguous type before the discovery of a novel
allele that created an ambiguity.

For the remaining proportion of matched alleles zygosity discrepancies were observed at
various levels of resolution; increased resolution at 2.4% (n = 162) and 0.3% (n = 17) were
matched at the same resolution. Zygosity discrepancies denote alleles that differ in the
number of copies at a given locus. It was observed that the IPD-IMGT/HLA cell reports
would sometimes list two identical alleles for a given locus but by NGS the corresponding
alleles were defined as either heterozygous or a single allele. Such instances were observed
at the HLA-DQBI gene for cell 2012 (IHW09347): NGS genotype HLA-
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DQB1#*05.:03:01:01/HLA-DQB1*05.:03:01.02 + HLA-DQB1*06:03:01 compared to the
IPD-IMGT/HLA Database genotype HLA-DQB1*06.03:01.

Discordant alleles (6.2%, n = 421) between the two datasets were due to the greater accuracy
and resolution of the NGS methods compared to older lower resolution molecular and
serological typing methods. In addition, due to the dynamic nature of the HLA system, the
number of HLA alleles reported has increased over the years, for example in 2002 during the
13 IHIW HLA-DRB1*14:54:01 had not been reported because exon 3 of the HLA-DRBI
gene was not routinely sequenced, for this reason HLA-DRB1*14:01 was reported as
unambiguous. In addition, some alleles have undergone name changes, for instance allele
HLA-C*02:10:01.:01 characterized by NGS is listed as HLA-C*02:02 or HLA-C*02:02:04
in the IPD-IMGT/HLA Database Cell Repository. These examples illustrate the importance
of storing and re-examining primary sequence data rather than solely relying on reported
genotype calls. A comparison of the various categories of matched and discrepant alleles
between NGS data and old typing results are illustrated in Figure 1.

4. Discussion

In this study we have successfully broadened the molecular characterization of reference
IHWG B-LCLs through high-resolution typing of classical class | and class 1l HLA genes
using various NGS methods. In this endeavor, we have also resolved inconsistencies found
when comparing NGS genotypes to historical typing data generated using lower-resolution
typing techniques and added new allelic information as the majority of cell lines collated in
both the IPD-IMGT/HLA and the IHWG Cell databases lacked genotype information for
some of the HLA genes. Our multi-center study, which is the largest comprehensive analyses
of reference cells carried out to-date, provides a reference source for alleles and common
haplotypes defined at maximum allele resolution in diverse ethnic groups. The reference B-
LCLs are an important resource for the Immunogenetics community, an observation further
underscored by the many studies reported over the years that have utilized these cells for
different purposes such as quality control and optimization of novel typing methods for HLA
(11,12), and KIR (13), defining other immunogenetic markers (29,30,31) as well as MHC
extended haplotype studies (32,33). Recently, Turner et. al. applied a “Third generation’
NGS system, Pacific Biosciences Single Molecule Real-Time (SMRT) DNA sequencing, to
sequence 126 IHW reference cells for class I loci (full genomic sequencing) and partial
sequencing for HLA-DRB1, HLA-DQBI1, and HLA-DPBI1 loci (12). There was some
overlap of the cells typed in this study and those characterized by the aforementioned study.
Our results have confirmed and extended the HLA genotypes generated by the Turner study.

In this multi-center study, through the application of NGS combined with long range PCR,
we have successfully characterized eleven HLA loci with minimal ambiguity. The HLA
ambiguities we observed, due to low complexity regions and HLA-DPBI1 phase ambiguities
could not be resolved and appeared to be independent of the NGS methods and platforms
used. We also noted differences in the level of resolution of particular class | and 11 alleles
generated by some laboratories due to differences in genomic coverage. For instance in the
extended cell line panel study, 4 of the 5 groups could not discern HLA-B*35:01:01:01 from
HLA-B*35:01:01:02. The difference between these two alleles according to the IPD-
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IMGT/HLA Database v3.25.0, is a single nucleotide difference located within the 3’UTR at
position 2936 bp; HLA-B*35:01.01.:01 carries a G nucleotide whilst HLA-B*35.01:01.01
bears an A nucleotide. Further evidence for the correct HLA-B*35:01 4-field allele is
provided by the distinct associations observed in larger population studies of HLA diversity.
For instance in a large cohort of European ancestry individuals the following HLA-
C*04~HLA-B*35.01.01.02 associations were observed; HLA-C*04.01.:01:01~ HLA-
B*35:01:01:02 (frequency = 0.034), HLA-C*04.01:01:05~ HLA-B*35.:01:01:02 (frequency
=0.015), HLA-C*04.:01:01.06- HLA-B*35.:01.:01.02 (frequency = 0.007). In comparison
HLA-B*35.:01:01:01 associates with HLA-C*04.01:01.01 and is far less common with an
estimated haplotype frequency of 0.0005 (Creary et. al. unpublished data).

In addition to inadequate genomic coverage, inconsistent alleles were reported due to poor
critique of NGS HLA genotypes and lack of interrogation of the associated sequence data. It
is important to emphasize that the accuracy of NGS for HLA typing, especially for detecting
alleles characterized at 4-field, depends upon both the NGS protocol (reagents and
sequencing platform) and manual review of the NGS data. An important observation from
this study is that some of the inconsistent alleles reported could have been prevented if care
was taken to manually review automatic calls generated by the software. These findings
highlight how errors may be avoided in future studies examining NGS HLA data.

Our results illustrate how NGS of extended HLA amplicons allow for accurate
characterization of genomic regions that were difficult to characterize using traditional
methods or not sequenced at all. For instance in the case of non-expressed HLA alleles,
which are often due to indels causing a frameshift mutation resulting in a premature stop
codon or single point mutations causing a premature stop codon, NGS identified these
variants accurately and efficiently. The identification of null alleles is important for HSCT as
nonidentification or misidentification could lead to poor engraftment and graft-versus-host
disease. Furthermore, these variants are sometimes located outside of the antigen-
recognition site as observed in alleles HLA-A*68.11N (due to a deletion of the G nucleotide
in exon 1 codon —9), HLA-C*04.09N (deletion of A nucleotide in exon 7 codon 341), and
HLA-DRB4#*01:03:01.02N (G>A substitution position 9656 intron 1) suggesting that all
genomic regions should be sequenced to ensure detection of all null alleles.

Extended coverage and sequencing of intronic and untranslated regions has revealed silent
substitutions that have distinct haplotype associations indicating higher levels of linkage
disequilibrium across the HLA regions than previously estimated using lower resolution
typing data. Increased haplotype diversity was observed in the HLA class Il region. For
example, there are three 4-field subtypes of HLA-DQA1*01:03that associate with different
HLA-DRBI alleles in different ethnic groups; HLA-DQA1*01:03.01:01~HLA-
DQBI1#06:01:01~ HLA-DRB1*15:02:01.:01/02~ HL A-DRB5*01.:02 (Asian, Gypsy, Middle
Eastern), HLA-DQA1#*01:03.:01:02/06~ HLA-DQB1*06.:03:01~ HLA-
DRB1%*13:01.:01:01/02~ HLA-DRB3*01.:01:02:01/02 (European, Asian, African, Australian
Aboriginal ), and HLA-DQA17*01.03.01:03/04~ HLA-DQB1*06:01.01~ HLA-
DRB1*08:03:02 (Australian Aboriginal, Japanese). In addition we observed diversity at the
4-field level of the HLA-DQA1#03:03alleles; HLA-DQA1*03.:03:01:01~ HLA-
DQB1*03:01:01:01~ HLA-DRB1%*04.01.:01:01/02 (European, African American, Australian
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Aboriginal, Hispanic), HLA-DQA1#*03:03.01:02~HLA-DQB1*04.02:01~ HLA-
DRB1#04:05:01l HLA-DRB1*04:10:01 (Asian), HLA-DQA1*03:03:01.03~ HLA-
DQB1#*04.01:01~ HL A-DRB1*04:05.:01 (Asian, Hispanic). These haplotypes illustrate how
variants in introns could be useful markers of population differences.

In conclusion the B-LCL panel highly defined by NGS is a valuable resource; with the
expansion of sequence coverage in both flanking and untested regions novel polymorphisms
may lead to name changes. The 18™ IHIW will focus on studies evaluating the untested
regions as well as other loci in the HLA region. The improvement of algorithms used in
NGS HLA assignment software, paired with longer sequence reads and expanded reference
databases will achieve faster non-ambiguous sequence assignments. The data generated from
this study will be used to update the IPD-IMGT/HLA and IHWG cell repositories and will
provide a valuable resource for developing assays and characterizing haplotypes.
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Refer to Web version on PubMed Central for supplementary material.
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@ Match, Increased resolution
B Match, Decreased resolution
B Match, Same resolution

@ Match, Increased resolution, Zygosity
discrepancy

B Match, Same resolution, Zygosity
discrepancy,

B Typing discrepancy

B Typing discrepancy, Zygosity
discrepancy
B No reference

Comparison of 382 B-LCL HLA alleles characterized by NGS with alleles catalogued in the
IPD-IMGT/HLA Database Cell Repository. Various categories of NGS HLA alleles matched
with corresponding alleles in the IPD-IMGT/HLA Database Cell Repository are shown;
NGS HLA alleles matched with increased allelic resolution (dark blue slice), NGS HLA
alleles matched with decreased allelic resolution (red slice), NGS HLA alleles matched with
the same allelic resolution (green slice). Zygosity discrepancies describe alleles that differ in
the number of copies at a given locus. NGS HLA alleles matched with increased allelic
resolution but a zygosity discrepancy was detected (purple slice). NGS HLA alleles matched
at the same allelic resolution but a zygosity discrepancy was detected (turquoise slice).
Typing discrepancies (orange slice) denotes HLA alleles mismatched between the two
datasets. The proportion of typing discrepancies detected in the presence of zygosity
discrepancies is illustrated in the light-blue slice. NGS HLA alleles that do not have HLA
allele data listed in the IPD-IMGT/HLA Database Cell Repository are denoted as no

reference (pink slice).

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 18

Creary et al.

Author Manuscript

VSN ‘vd ‘elydjapeliyd 4o [endsoH s.uaipjiyo ayL SOUO soLmwig | uowredn
VSN VD ‘1aysi4 owlay 1 ‘epquie auQ 011eS nAnsye fesean
VSN ‘X1 481uad [ea1palAl Ausisaiun Jojheg Jexsy Jeypain ssexin
VSN VO ‘AIslanlun plojuels BUIA-Z3pUBUISS V O]92JB|N TelSSn
VSN 'Vd ‘sS010 pay Uedlswy NSH uesns nsyedn
VSN ‘YO 'sa1i01eloge ] [edlul]d 1ysed| 1ysey| eiyez sexion
VSN ‘w2 Ysua)d sonsusbounww] 10N Bueyz Buaynid BYZEIN
VSN ‘vO ‘Alojeioge] uonelue|dsues | pue sopsuafounwiw] ason SLUOIA d pleleD Jlowrean
VSN ‘v ‘adoH jo AuD '9ZpeyYMaZPUID UBASIDN uabeon
SpUBLIBYIBN 1Y28.1N JINN sbupialds o3 1dspu
Hemny ‘ANSISAIUN HEMNY I8)UBD SBUBIDS YI[eaH USAWY Waay | awemmy
929919 ‘sUayIY “Yueg poojg pioD d1udj|aH | nould eljewy ‘sexo19-sojnodoiAels sutsyieD ©1s0.6
>N ‘UOPUOT ‘BINIISU| Y2Jeasay UejoN Auoyiuy yslel\ 39 usnals wsiqh
>N ‘uopuo ‘uejdsues] pue poojd SHN umoig [ uljod uaiqb
ureds ‘euofadseg ap a1ullD [eNdsoH uen |auely ‘safed-ellas safeD sadsd
a1jgnday Yoz ‘Ausianiun Axoered ‘INLINI Mal1ad Ui 10daz0
epeueD ANSIBAIUN [1DIIN PUB J3JUD YI[eaH ANSIBAIUN [I1DIN sissnoBey siuuelr ‘Mes Buoo 9ayd Mesued
BLIISNY “BUUBIA JO ANISIaAIUN [2IPSIN 13YosiH pauios siine
Alomeloqe] ssweu (S)1d | epooge]
Apnis ay) ul papnjoul salioeloge] paleldosse pue siorebiisaaul jedioulld

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 19

Creary et al.

abel1anod-apim

pue (susb-|Iny Tvda pue T90QA ‘TvOQ) dusb-|nysusb-|In4  19dA ‘TvdA ‘7904 ‘TvDA ‘S/v/€/194A ‘9 0 'V euiwn||| ‘basin uoXIWQ ‘UM VTH  uowedn
J1}13UBIDS JBYSIH owuay L
abelan00-apim pue ‘(Tvdd ‘TvOQq) ausb-|Inyausb-Ind - 19dA 'Tvdd ‘'1a0A ‘'Tv0d ‘S/v/e/194a ‘'d ‘0 'V wid1sAs X wiGS Uo| -epquueT] aUQ ‘[ensiA INLWweansadAL fesean
abesanoo-spim pue (susb-[Iny Tvd@ pue  TAdA ‘Tvdd ‘1904 ‘TvOAd ‘S/p/e/194ad ‘a ‘0 'Y euiwn||| uoxXIWQ ‘uImg.
1904 ‘TvQ) susb-|ny/susb-|nd sbeisnod-spimsusb-|in4  19da ‘Tvdd ‘190a ‘TvOA ‘S/v/€/198a ‘g ‘0 'V ‘bas1A euIIN||| DaSIN VIH eutwn)f| ‘ubissy v 1H yBisniL sexan
abeianod-apim (Tvdd
‘Tv0a ‘TadQ) susb-|ny/(9 uonui-1xe) g ‘(0 ‘v) susb-|In4  19dA ‘TvdA ‘7904 ‘TvDA ‘S/v/€/198A ‘9 0 'Y euiwn||| ‘basin euiwny|| ‘ubissy vIH ybISnIL  z-Teissn
eurwny||
abesanod-apim/ausb-|ind  19dA ‘Tvdd ‘1904 ‘TvOA ‘S/v/€/194A ‘9 0 'V ‘bagixeN pue basiuin Joonwiw| ‘X374 VHO4 VIW - T-Teissn
O1413UBI0S JBYsIH owusy L
abeJan00-apim pue ‘(Tvdd ‘TvOaq) susb-jnyeusb-IInd  14dA ‘Tvdd ‘Ta0A ‘TvOA ‘S/v/€/194a ‘9 0 'V euiwny|| ‘basIA -epquie] suQ ‘[ensiA INLwesnsadAL nsyedn
O113UBIVS Jayst4 owsy L
1Ny/auab-jn4 a'0'v Wa1SAS X w.GS Uo| -epquieT] auQ ‘[ensiA N LweansadAL sexJlon
J1}13UBIDS JBYSIH owIay L
abelan00-apim pue ‘(Tvdd ‘TvOQq) ausb-|Inyausb-Ind  1adA 'Tvdd ‘'1a0A ‘'Tv0d ‘S/v/e/194a ‘'d 'O 'V wid1sAs X wiGS Uo| -epquueT] aUQ ‘[ensiA INLWweansadAL eyzeon
abeianod-apim (Twvdd
‘Tvda ‘190Q) susb-|Iny/(9 uonul-Txs) g ‘(0 'v) 8usb-|Ind  TAdA ‘Tvdd ‘TadA ‘TvOA ‘S/p/Ee/1ada ‘9 'O 'V euiwny|| ‘basIA eulwny|| ‘ubissy vIH ybisniL  Jowean
abe.1an02-apIm/auab-in4 19dd ‘Tvdd ‘7904 ‘Tv0d ‘T94a ‘90 'V euiwn|| ‘basin Xquao ‘aulbussON 1dspju
abelanoo-apim
pue (sush-1Iny Td@ pue TAOA ‘TvOQ) sush-|ny/eush-Ind 1A ‘Tvdd ‘TA0A ‘TvOA ‘S/v/€/1a8a ‘g ‘0 'V euiwny|| ‘basIA UOXIWO ‘UM VIH  Sweimy
abe.1an02-apIm/auab-in4 14da ‘7904 ‘Tv0d ‘s/p/e/1ada ‘a ‘0 'y euiwn|| ‘basin uoxX1wo ‘umL vH ©1s016
5]00]
aBesanod-apimyauab-jing 19da ‘71900 ‘1944 ‘90 'V wielsAs || SY o1goed asnoy-u| pue o1g9ed ‘siskjeuy 1HINS wsiqb
RIITHIETRES
abe1anoo-spim 19dd ‘Tvda ‘190a ‘tvda wialsAs Jaysi4 owJsy1-epqure] suQ ‘[ensin
pue (Tvdd ‘TvdQ) aush-|ny/aush-1ing auab-jiny/aush-|ing ‘S//€/19¥A ‘9 0 'V 19dd ‘TAYA ‘90 'Y wiGS Uol Buiwny|| ‘basSIN INLWweansadAL xques ‘auibussoON uoiqh
abeianod-apim/auab-|in4 1900 ‘1949AQ‘'d ‘0 'V ruiwn||| ‘basin XQua9 ‘auIbussSoON sodsa
abelanod-apim
pue (suab-|Iny TVda pue T9OA ‘TvOQ) suab-|iny/eusb-ing Tvda ‘1904 ‘1v0a ‘s/v/e/1ada ‘'d ‘0 'v euiwny|| ‘basi UOXIWO ‘UIML VIH 1adezo
abesanod
-8pIm pue (Tvdd ‘T1904a ‘TvOa) sush-|nyeusb-In4  19dA ‘Tvda ‘190A ‘TvOA ‘S/v/e/194a ‘'d 'O 'V euiwn||| ‘basin UOXIWQ ‘UIML VTH  Mesued
U] "XQuao ‘aulbussoON
wasAs pue 2141IUBI0S J8ysiH owsy |
abesanod-spim/ausb-|ind  T9dA ‘TvdA ‘1904 ‘TvdA ‘S/v/€/1948A ‘9 0 'V INDd wylUalIo] uoj -epquie] 8uQ ‘[ensiA N LwesnsedAL syne
|1Ssejo/| ssepo abe onod padAy 10o| vV IH as/empreH a/emijos apooge]
sariojeioge| Bunedioned Aq padAl 19077 W TH pue SWwalsAs SON
¢ 3lgel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 20

Creary et al.

"3]9]|e BUO T8 PaydTeW 8|3|e SON snonBigquie pue aja|e 8ouala)as snonBiguueUN SaloUsP H-U0D) ‘a|8][e U0 18 paydlew s8|j[e SON snonbigquieun pue saja|je sousisjal snonbigue sejousp g-uod
‘319][e BUO Je PayaIe 33|18 SON SnonBiquue pue a|s][e 8ouaIa)es snonbiguie s3jousp Z-UoY ‘sales 30UBPIodU0D Bf3][e SON ShonbBiquieun pue a|a|[e 82Ualajal SNONBIGUIBUN SB)0USP [BI1IUSP] SUONRIABIGQY

v6'66 | 05T | 000 | 8T9T or'ze | 00oT | o000 | 000 | 97 v2'86 9T
8568 | 80zT | €80 | 802 8569 | zroe | ss¥ | €80 | 000 0058 ST
zes6 | ozvT | €zs | soTr 89 | ese6 | 1e0 | OTT | 980 S7'16 T
€566 | 9Ts | 186 | ecoT (18, | ooot | ooo | oro | oro 6586 €T
ocge | ze8 | L | ere gea. | eree | 890 | LT0 | TTT 11'96 z7
eve6 | s62 | o9e | zzoT 919, |esse | TTT | s90 | 6€T SL'S6 T
9066 | 2¢5€ | 9507 | €96 vee. | ooor | 2TT | 000 | THT L6 o1
1€66 | L€ | 000 | o000 €8s6 | oooT | eeT | 000 | 000 1986 60
8566 | 08 | se6 | Lz 160, | ST26 | ssT | 000 | 250 80'G6 80
6826 | 9z2 | ecs | L98 859, | esee | sze | o000 | ITT 80'56 10
6v66 | ¥TL | 2zT9 | 8ot vTz8 | 0oor | 190 | 000 | €571 96'L6 90
oc66 | €0, | ze9 | 91 698, | oooT | 60 | 000 | T¥T 9926 0
9066 | 96 | 2Tz | 9rTr esg. | oooT | z8c | oo0 | 8TT 00'96 0
9926 | S¥TT | T19G | SL0T 9869 | 000T | €20 | oo0 | 87T 0626 €0
6266 | 995 | 89T | 7192 vevs | sve6 | 920 | 18T | TET 65'96 20
ve'96 | zzs | e9zT | 96 €55, | 2266 | o000 | 62T | 000 1616 10
oL | #-uod | €-uoD | z-uoD | reonuep| | feloL | #-uod | €-uod | g-uod | rednuep|
(%) @dUepI0dU0D PRIy (%) doUep 100U pRI4-¢ dnouo

sadAjouab SON snsuasuod 0] paredwod SON Aq paziisioeteyd sadAiousab w1H 1D71-9 N JO S31.I 92URPIOIUOI [[RISAD
‘eg 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 21

Creary et al.

Author Manuscript

¥'86 €6 586 €66 1IN 1IN 1IN 9'96 0°00T | 0°00T | O'00T pRId-¥

¥'86 T.6 £'66 £'66 1IN 1IN 1IN 996 0°00T | 0°00T | 0°00T pIsi4-¢ T
8'G6 0°00T 0°00T 0°00T 0°00T 0°00T 006 0°00T 0°00T | 0°00T | O'00T pI_Id-¥

0°00T | 0007 0°00T 0001 0°00T 0°00T 0001 0°00T | 0°'00T | 0°00T | 0°00T pIgi4-¢ 0T
1IN IN 1IN 1IN 1IN IN 1IN AN 0°00T 6°L6 0°00T pR_I4-¥

1IN IN 1IN 1IN 1IN 1IN 1IN AN 0°00T | 0°00T | O'00T pIgId-¢ 60
008 8'€6 G'G6 6°L6 0°00T 0'S6 8 9'68 0°00T | 0°00T | 0'00T pR_I4-¥

008 8'€6 L'L6 0°00T 0°00T 0'S6 006 8'S6 0°00T | 0°00T | 0'00T pIdId-¢ 80
8'G6 8'€6 0001 6'L6 0°00T 0001 068 0°00T | 0°00T | 0°00T | 0°00T pIeId-¥

0°00T 8'G6 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T | O'00T pI_I4-¢ L0
0°00T 1IN 000T ¥'96 1IN 1IN 1IN 0°00T 0°00T | 0°00T | 0'00T pI_Id-¥

0°00T IN 0°00T 0°00T 1IN IN 1IN 0°00T 0°00T | 0°00T | 0'00T pI_I4-¢ 90
000T 6,6 000T 6°L6 0°00T 0°00T 0’56 0°00T 0°00T | 0°00T | O'00T pI_Id-¥

0°00T 6°L6 0001 0001 0°00T 0001 0001 0°00T | 0°00T | 0°00T | 0°00T pIsi4-¢ S0
0°00T 8'€6 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T 6,6 pI_Id-¥

0°00T | 0007 0001 0001 0°00T 0°00T 0001 0°00T | 0°00T | 0°00T | 0°00T pIsi4-¢ ¥0
0°00T 6.6 0°00T 8'G6 000T 0°00T 8 0°00T 0°00T 8'G6 8'G6 pR_I4-¥

000T 0°00T 0°00T 000T 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T | O'00T pIgId-¢ €0
S'66 IN 7’66 1IN 1IN IN 1IN €16 0°00T | 000T G966 pR_I4-¥

566 IN 566 1IN 1IN IN 1IN 6°L6 0°00T | 0°00T | O'00T pIdId-¢ <0
0°00T §'/8 9'86 L'T6 0°00T ¥'96 8'68 €66 ¢'l6 | 000T | €¢€6 pIeId-¥

0°00T 0°00T 0°00T €66 000T ¥'96 0°00T 0°00T 0°00T | 0°00T | O'00T pI_I4-¢ 10
1d9dd _ Tvdd _ 190d _ TvOa _ Sa4da _ ra4da _ €94da _ T94a _ o] _ d _ v

uonnjosaJoip|lY | dnoio
UL Vv TH

sadA10usb SON snsuasuod 01 pasedwod SON Aq paziialoeleyd sausb wH 1D71-9 N JO Salel 3duBpIodu0)

Author Manuscript

‘qE |1qeL

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 22

Creary et al.

dnoJb Buiredionted ayy Aq padAl 1ou susb w1H ‘LN :SuoneIAsIqqY

0°00T 0°00T 0°00T G566 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T | 0'00T pRI4-¥

0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T | 0'00T pIgId-¢ 9T
IN 1IN £es8 IN IN 1IN IN 9'68 L'T6 L'T6 L'16 pIgid-¥

1IN IN 7'q8 1IN 1IN IN 1IN L'16 L'16 L'16 L'T6 pI_Id-¢ ST
8'G6 9'68 156 ¥'¢6 0°00T 186 T€6 €66 856 G596 2'L6 pI_Id-¥

0°00T 000T 986 €66 0°00T 186 €86 €66 0°00T | 0°00T | 0'00T pI_I4-¢ 1
0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 006 0°00T 0°00T | 0°00T | O'00T pRId-¥

0°00T | 0007 0°00T 0°00T 0°00T 0007 0°00T 0°00T | 0°00T | 0°00T | 0°00T pIeId-¢ €T
2'66 G'86 986 2'66 0°00T ¥'98 296 266 986 986 €66 pRId-¥

2’66 0°00T 9'86 0°00T 0001 6°88 2’96 0°00T 9'86 G'86 €66 pIsi4-¢ 4
Tddd _ Tvda _ 1900 _ TvOa _ Sg4da _ a4dda _ €94a | 194d _ jo] _ d _ v

uonnjosal21p|lY | dnoio

|Wweb vV IH

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 23

Creary et al.

*3]9]JB BUO e PaydewW 3|9||e SON snonBiquue pue aj3|e 8oUaIayes snonBiguieun S310USP #-U0D 3|3][e SUO Je Paydlew sajaj[e SON snonbiquieun pue saja||e 3ousayal snonbiquie selouap g-uod
‘319][e BUO Je PayalewW 3|3||e SON SnonBiquue pue a|3][e 8ouaI9)e4 snonbiguie salousp Z-UoD Sales 30UePIOIU0D 3f3][e SON Snonbiquieun pue 3j3|[e 82Ualajal SNoNBiguIeUN SB10USP [BI1IUSP] :SUONBIABIGAY

1896 | 26T | 8TT | TS z9.. | 1266 | 890 | 000 | 98T LT16 8T
0c66 | 269 | zrTT | €19 vis. | 8666 | 900 [ 9z0 | 29 v0'L6 1T
9666 | 000 | v00 | SS2IT €28 | ooot | ooo | 9g0 | 092 v0'L6 9T
8716 | 29T | ¥8TT | Lv'S ge'8. | 9666 | 150 | 200 | 18% 19'96 20
1296 | o5z | ozor | 859 evz, | eree | seco | sso0 | ¥80 Lr'l6 10
oL | #-uod | €-uoD | z-uoD | reonuep| | feloL | #-uod | €-uod | g-uod | rednuep|

(%) @dUepI0dU0D PRIy (%) doUep 100U pRI4-¢ dnouo

sadAjouab SON snsuasuod 0] paredwod SON Ag paziisideteyd sadA1ouab wH [aued 1D7-g papualxa ay) JO Sajel 3dUBPI0IUOI |[RISAQ

ey 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 24

Creary et al.

sadA10usb SON snsuasuod 0 pasedwod SON Aq pazisaoeleyd [aued papualixa syl ul sauab wH 1D71-g Usamiaq Sajed aouepioduod)

Author Manuscript

T8 9'66 9'86 996 1596 0°00T L'S6 ¥'66 0°00T 8'v6 986 pI_Id-¥

8'66 0°00T 2’66 9'66 8'G6 0001 §'66 8'66 0°00T | 0°'00T | 866 pIeI4-¢ 8T
L'66 9’66 2’66 'L6 0°00T 0°00T €96 0°00T 0°00T 8'66 0°00T pI_Id-¥

0°00T | 0007 8'66 0001 0°00T 0°00T 0001 0°00T | 0°00T | 0°00T | 0°00T pIsi4-¢ LT
0°00T 0°00T 0°00T 0°00T 000T 0°00T 966 0°00T 0°00T | 0'00T 8'66 pR_I4-¥

000T 0°00T 0°00T 000T 0°00T 0°00T 0°00T 0°00T 0°00T | 0°00T | O'00T pIgId-¢ 9T
198 7'66 866 696 0°00T 0°00T L96 9'66 0°00T €66 0°00T pR_I4-¥

0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 0°00T 9'66 0°00T | 0°00T | O'00T pIdId-¢ <0
2’66 8'G6 6'96 ¥'G6 T'/8 96 9'€6 9'66 V'.6 6°C6 166 pIeId-¥

2’66 9'66 0,6 2’66 996 9.6 0°00T 9'66 686 9'66 0°00T pI_I4-¢ 10
1d9dd _ Tvdd _ 190d _ TvOa _ Sa4da _ ra4da _ €94da _ T94a _ o] _ d _ v

uonnjosaJoip|lY | dnoio
UL Vv TH

Author Manuscript

‘qy |1qeL

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 25

Creary et al.

[eA < [EA/E L ST-SVH / 86260MHI
UoXa 5T 519< V19 INOVH / 87Z60MHI
01d < 0Id/g L AN-ITX / 0ZZ60MHI
uoxa /ZT 522 < V00 3N / YTZ60MHI
1IN < [EAE o YTLM / S0T60MHI
6T9STVTH T08vLLdM 10:70:£0:20+TVdd-VTH uoxa 16 91V <919 10:20:20xTVdA-VTH 9999 / 09060MHI
198 < 19S/T
SOT8TVTH TYS9899IN (eLieA UONUT) 20:72:T0:50xTAOA-VTH UoXa 9- I01<D0L €0:T0:T0:G0+TADA-VIH  Z00HOA / Z8T60MHI
S ‘NIH / S9T60MHI
Z pue EXPUGAH dr‘NIH / €9T60MHI
Z9PLTVIH €1595THIN LTT0TO:E0-T80A-VH T suoau Eh £0:T0:T0:€0xTE80A-V TH/TO:TO:T0:€0+TEOA-VTH AN/ 0L060MHI
2XPUGAH ZVLIVHL / £52Z60MHI
L9ELTYTH ZYYTLGOIN ZTT0T0:E0+TEOA-VIH T uou P £0:T0:T0:€0+TEOA-VTH/TO:TO:TO:E0«TEOA-V TH I / EEE60MHI
€SHH / TYYB0MHI
AN-dVC / L2260MHI
HOL3d / S0Z60MHI
S ‘Nca / 66T60MHI
NI / 86T60MHI
800HOA / ¥8TB0MHI
£00HOA / E8TE0MHI
200HOA / Z8T60MHI
Z pue IXPUGAH €TOIHO / TZT60MHI
L9TLTVH 166,127 L0:T0:TO:E0-TEOA-VTH T suoau 9" £0:T0:T0:€0+T9OA-VTH/TO:TO:TO:E0«TEOA-V TH 12S1 | LL0GOMHI
1YL <N _ B
GS6ES00TSMH €ZTS0ZIIN TTZ:PT-188A-YTH / € UOXa 09T 93V < 9LV 80WT»TEMA-VIH | ‘NOM / ¥BT60MHI
1BIN < [BAIY o S ‘NIH/SIT60MHI
LE6ES00TSMH Y0LZ8THN 20T TV IH UoXa 8yz 91V <919 TOTO:Z0WTxO-VIH  df ‘NIH / €9T60MHI
[EA < BIY o
£99£500TSMH LOLZ8TIIN ZLTIEERY-YTH / T UOXa 0z— 9I9 <999 T0:€0:€ExV-V TH “O'IA/ YTE60MHI
e < 1BIN/T o
VIN VIN UOIEINW [2IONILIE JO 1INSal /N UOXa3 pZ— 91T <91V T0:€0:G€+8-VH
SIA
VIN VIN UOIEINW [2IONILIE JO 1INSal /N / € UOX9 6T uonasp O 10:T0:T0:20xV-VH HTO / 80Z60MHI
Bqunu abueyd
U0 1SS900Y q
aseqereq aweu ap|fe MN pRY L UOHMISANS SPIoSPNN oI WS KON dUeN PO /Al IPD
VIH/LO NI oulwy
-ad| BOWNU UOKSAOY HUegLeD | UopoD
[aued 1D71-9 8y} Ul PalUBP! SBI3|e [SAON
‘G 9|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 26

Creary et al.

paubisse aq 01 ‘g1 ‘8|qedljdde-uou /N ‘uomeINw JIys awel ‘SN 4 :SUoIeIAIqaY

(LT:70:70:€0TA0A-V1H) dg 602Z€ ¥e uonnmsans 9 < 9 g-uou| ‘dq 06y ¥e L < O pue dq zy/ e uonnsans 9 < 1 T-uodul

= £0:T0:T0°60«T8OA-VTH 100 TLE€ 18 V/ < © pue dg 602€ 12 LoNMISans © < O z-uoiul ‘dg 06vT e UOAMASANS L < © T-U0AUI = T0:T0:T0:60~TEOA-VTH :SUOREINW BUIMOJ|0} 34} JO SISISU0D EXPLAAH,

(ZT:T0:T0:€0+T90A-VH) dg 6,62 ¥e uonMNsqNs v < 9 Z-uonu| ‘dq 06T 18 L < O pue dq zi/ ¥e uonmnsgns O < 1 T-uonuj

=€0'T0:T0:€0«T90A-VTH ‘dq T/€€ 1B V < © pue dq 662 e UoANIISANS V < © Z-uouj ‘dg 06YT 18 uolNIsans 1 < © T-Uoau| = T0:T0:T0:€0xTAOA-VTH suoeInw BuImoj|o) 83 JO SISISU0D ZXPLAAH

n

(L0:T0:T0:€0xTAOA-VH) dq 06T 8 L < © pue dq zi/ Te uonmusans

0 < L T-uonul = €0:T0:T0:€0«TAOA-VTH ‘dg TZEE e uonMISANS v < 9 g-uoiul ‘dg 06T ¥ uonmisqns | < 9 T-uoiul = T0:T0:T0:€0«TAOA-VTH :suoteinw BUIMO]|0} 83U} JO SISISU0D qu_\_n\AIu

1SJ1} UMOUS 1 3J3][e padodas Ajsnoiaaid ayr Ag papooua poe ouly

q

"pauIIapUN a1 SBOUBIAYIP ‘ISIly PalsI| SI 3J3|[e paliodas Ajsnoiaaid ayp o 3pHO3JNN,,

1L <ey
€9S.TVIH SYTL08AM 20:70+TVdA-VIH / ¥ UOX8 06T 92V < 909 T0:70xTVdd-VTH €8N | SLZB0MHI
[eA < [eA/Y L
29SLTVIH 9TL08AM 20:T0:€0+TVAA-VTH UOXa %0z 319<319 T0:€0xTVdA-VIH 2102 / LYE6OMHI
na7 < 0id/g
TY6ES00TSMH S0LZ8TMIN YT:20£TVdA-VIH uoXa yTT VIO < VDD 20:20:20xTVda-V1H 6H / £8E60MHI
U9 < by
| 7 U0Xa ¥z 9V < 99D
[eA < [BA/E o
uoxa 9T 919<VIO
0id < 01d/g
uoxe /2T 9520<V2D
1B < [eA/E L
6E6£G00TSMH 90LZ8TMIN val UOXa 6 91V <919 T0:20:20+TVdA-VIH  0STONA / L6EGOMHI
990T / OVE60MHI
Jequinu abueyo
U0 ISS300Y q
aseqeleq aureuap|fe MON ppy  HUONMIISANS SPHOSPNN op|e WS SON  BWeN [P/ dl IRD
YIH/LOWNI oulwy
-adl JBguWINU UOISS300Y YuegueD) / UopoD

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 27

Creary et al.

BISY ‘ploseane)

T0:70:90-T80Q ~L0/90/70:70:20:T0xTVOA~T0:20:ETxTEYA~T0:T0xE£GHA

1900-VTH~-TVOA-V1H ~194Q-V1H~€94d-VTH

[eutbuioqy
BI[RAISNY ‘UBILIBWY UBDLIYY
‘UedIY ‘pueIey] ‘proseaned

T0:€0:90xT90A~90/20:T0:€0:T0«TVOA~Z0/T0:T0:T0:ET«TAHA~Z0/T0:20:T0:T0x£FHA

190Q-VTH~TVOA-V1H ~184Q-VTH~£94d-VH

asaueder ‘[eulbrioqy elfensny

T0:70:90xT80A~10/€0:T0:€0:T0«TVOA~Z0:€0:80xTEHA

1900-V1H~-TVOA-V1H~T94a-V1H

UBILIBWY UBDLY ‘ploseone)

T0:70:20:20xT190A~20/T0:T0:T0:20xTVOA~20/T0:T0:T0:L0xTHA

1900-VTH~-TVOA-V1H~194a-V1H

BIsy

10:20:70+180QA ~20:70:€0:€0xTVYOA~T0:0T:70xTEYA/T0:50:70xTAHA

1900-VIH~-TVOA-V1H~194A-V1H

JluedsiH ‘eISy

T0:T0:70xT90A~E0:T0:€0:€0xTVOA~T0:50:70-TAHA

1900-VIH~TVOA-V1H~T8d4a-VTH

oluedsiH ‘feuibluioqy eljesnsny
‘UedLIBWY UBDIIYY ‘ploseone)

T0:T0:T0:£0xTEOA~T0:T0:€0:€0xTVOA~20/T0:T0:T0: 0« TAYA

1900-VIH~TVOA-V1H~T84a-VTH

pioseane)

T0:70:20xT80A~Z0/T0:T0:T0:50«TVOA~Z0/T0:T0:T0:E0«TAHA

190Q-VIH~TVOA-VTH~-194a-V1H

pioseane)

¢0/T0:T0:T0:L0«T9dHA~NC0:T0:€0:T0x79HA~T0:T0:LSxd

194Q-V1H~r94d-v1H~g-VH

[euIBLIOQY eIfelsny ‘BISY

T0:T0:50xT9dd~¢0:¢0:20«TVvdd

19dA-V1H~Tvdd-VH

eIsy
‘UBDLIBLY BAIRN ‘Ploseone)

¢0:T0:20:70xT9dd~50:T0:€0:T0xTVdA

19dA-V1H~Tvdd-VH

UBdLIBWY UBDLY ‘Ploseone)

T0:T0:20:70xT9dd~50:T0:€0:T0xTVdA

19dA-VTH~TVda-VTH

BISY ‘ploseane)

T0-T0:T0:¥0«T9dA~10:TO:€0-T0xTVdA

19dA-VTH~Tvda-VTH

UBOLIBWY AN ‘PIOSeINED

T0-T0:€0xT9dA~€0-T0:€0:T0«TVdA

19dA-VTH~TvdA-VTH

BISY ‘UBDLIBWY
aneN ‘feulBioqy uelensny
‘UBDLIBLY UBDLY ‘ploseone)

T0:TO:T0:70xTddd~¢0:T0:€0:T0xTVdA

19dd-V1H~Tvdd-VH

BISY ‘UBDLIBWY
aneN ‘feutBrioqy uelensny
‘UBDLIBLY UBDLY ‘ploseone)

¢0:70:20xT9dd~T0:T0:€0:T0xTVdA

19dA-V1H~Tvdd-VH

ISy ‘o1uedsIH ‘ploseane)

TTx1840~20:10:¢0:20+£94A

1940-VTH~€94A-VTH

eISY ‘[eulblioqy ueljensny
‘UedLIBWY UBDLIYY ‘ploseone)

¢T1/€0+«194A~T0:10:20:20+£9HA

1940-VTH~£94A-VTH

ploseaned 20:T0:T0:SE€+9~T0:T0:TO:¥0«D g-V1H~O-VTH
ploseaned 20:T0:0Vx9~T0:T0:¥0:€0xD g-V1H~O-VTH
proseaned T0-T0:20:7¥%«9~C0-10:T0:50«0 g-V1H~O-VTH
ploseaned T0-T0:T0:8T«9~T0-T0:T0:50+«0 g-V1H~O-VH
ploseaned T0:T0:T0:80+«9~T0-T0:T0:L0+D g-V1H~O-VH
prosedned T0:20:20+9~€0:T0:20:20xOD g-VIH~O-VTH
dnoio oiuyig adAo|deH 1007

Author Manuscript

‘9 s|qeL

Author Manuscript

Author Manuscript

Joued 71D71-g ay1 ul paniasqo sadAlojdey wH

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



Page 28

Creary et al.

uiaiseq
3IPPIN * PIOSEINED ‘BISY

T0:T0:90xT900~T0:T0:€0:T0xTVOA ~20/T0:T0:20:ST«TAHA~20:T0x59HA~20:T0:T0:¢G»8~20:20:2TD

1900-VIH~TVOQ-V1H~T94a-VTH~S84A-V1H~8-V1H~O-VTH

leuBLioqy eljessny ‘elsy
‘UBDLIBLIY UBDLY ‘ploseone)

T0'LT%19dA~T0:T0:10:¢0«TVdA~20/T0:T0:T0:L019HA ~E0/T0:T0:E0:T0x¥AHA~T0:¢0:ET+9~T0:T0:¢0:90xD

19dA-VTH~TVdd-V1H~19dd-V1H ~yg4d-V1H~gd-VTH~0-VTH

ojuedsiH ‘ploseaned

10:20:90xT80A~S0/€0/T0:T0:20:T0xTVOA~E0/20/T0:TO:TO:ST«TEHA~TO:T0:T0xSAHA

1900-VTH-TVOA-V1H ~194Q-V1H~684d-VTH

dnolo oluy1g

adAo|deH

1007

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Hum Immunol. Author manuscript; available in PMC 2019 July 01.



	Abstract
	Introduction
	Materials and Methods
	Selection of IHWG reference B-lymphoblastoid cell lines
	Selection of participating laboratories
	HLA typing
	Submission of HLA data into the 17th IHIW Database
	Data checking by knowledge of HLA haplotypes
	Concordance Calculation

	Results
	Evaluation of Concordance
	24U panel study
	Extended panel study

	Characteristics of 383 B-LCLs characterized by NGS
	Homozygous genotypes
	Detection of novel variants
	Patterns of association
	Evaluation of HLA NGS genotypes with genotypes listed in the IPD-IMGT/HLA Database Cell Repository

	Discussion
	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3a.
	Table 3b.
	Table 4a.
	Table 4b.
	Table 5.
	Table 6.

