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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 17th 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 I and class 

II 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 I genes ranged from 91.7 to 100%, 

whereas concordance for class II 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 17th IHIW 

participants is useful for updating the current cell and sequence databases and will be a valuable 

resource for future studies.
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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 10th International Histocompatibility Workshop and Conference (IHWC) held in 
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1987. At the completion of the 10th 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 11th IHWC (1991) the 

107 B-LCLs were further genotyped using a PCR sequence-specific oligonucleotide probe 

(PCR-SSO) method for several class II HLA genes (HLA-DRA, HLA-DRB1, HLA-DRB3, 

HLA-DRB4, HLA-DRB5, HLA-DRB6, HLA-DQA1, HLA-DQB1, HLA-DPA1, HLA-
DPB1) (7). The 12th IHWC (1996) saw the expansion of the reference cell panel to include 

cells with novel HLA sequences: 97 unique cell lines from the 4th 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 13th 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 I and class II 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-DRB1. 

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 16th 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 17th 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 17th 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 17th 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 17th 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 17th IHIW database code, was provided blinded to 

participating groups at a concentration of 100 ng/μl per sample, total amount 1.5μg. 

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.

2.3. 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: Illumina MiSeq (n = 13), Illumina MiniSeq (n 

= 1), Illumina NextSeq (n = 1), Ion Torrent™ Personal Genome Machine system (n = 1), Ion 

S5™ system (n = 1), Ion S5™ XL system (n = 3), and Pacific Biosciences RS II system (n = 

1). Some NGS reagents and software were kindly provided by the vendors at no cost as 

contribution to the 17th 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 II 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 17th 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 17th 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 17th 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 17th 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 

17th 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-DRB¾/5 and HLA-
DRB1 haplotypes (26). General patterns of HLA-DRB¾/5~HLA-DRB1 linkage exist for 

specific allele families: HLA-DRB3 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-DRB¾/5 alleles for HLA-DRB1*01, 08, and 10 alleles. 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-DRB¾/5~HLA-DRB1 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 I and 

II 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 Identical)

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 17th 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-DRB1, HLA-DRB3, HLA-DRB4, HLA-DRB5, 

HLA-DQA1, HLA-DQB1, HLA-DPA1, and HLA-DPB1) 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.

3.1. 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 I 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-DRB1; 84.2 – 100% HLA-DRB3; 86.4 

– 100% HLA-DRB4; 91.7 – 100%; HLA-DQA1; 83.3 – 100% HLA-DQB1; 87.5 – 100% 

HLA-DPA1; 80 – 100% for HLA-DPB1. 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 I loci (91.7 to 100%) 

and lower for class II 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 H00005B3 (IHIW9041, J0528239) and H00005E4 

(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 I genes as well as some class II genes and wide-coverage for the remaining class II 

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 II genes; HLA-DRB1 99.4 – 100%, HLA-
DRB3 93.6 – 100%, HLA-DRB4 97.6 – 100%, HLA-DRB5 87.1 – 100%, HLA-DQA1 95.4 

– 100%, HLA-DQB1 95.9 – 100%, HLA-DPA1 95.8 – 100%, and HLA-DPB1 86.1 – 100%. 

At the 2-field level concordance rates for all class II 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-
DPA1, and HLA-DRB5 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 II 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-DPB1 alleles detected.

We detected a genotype ambiguity in three cell lines (IHW09267 LEO23, IHW09289 LB, 

and IHW09374 FH2) at the HLA-DQB1 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-DQB1*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*06:39+HLA-DQB1*06:04:01. 

Whereas HLA-DQB1*06:03:01+HLA-DQB1*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-DQB1*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 I genes were 150 at HLA-A, 143 for HLA-C, and 141 for HLA-B. At all 

class II 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 17th 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, -B negative mutant C1R cell line is well-described and is widely used in functional 

studies of class I MHC genes. C1R was derived from a normal EBV-transformed B cell line, 

Hmy2, by three rounds of γ-irradiation followed by immunoselection with monoclonal anti-

HLA class I 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 I 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-DPA1*02:02 were 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-DPA1*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-DRB1*14:08 exon 3 variant 

(missense mutation) was detected in sample WON, I (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-DQB1*03:01:01 allele that 

appeared to be a hybrid of HLA-DQB1*03:01:01:01 recombined with HLA-
DQB1*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-DRB1 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-DQB1*03:01:01:03_Hybridx3~ 
HLA-B*51:01:01:01

Recently these novel HLA-DQB1*03:01:01:01/HLA-DQB1*03:01:01:03 hybrid 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-DQB1*03:01:01:12 (Hybridx2), HLA-
DQB1*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-C and 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

At the HLA-DPA1 locus, if HLA-DPA1*01:03:01:05 was 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*01:03:01:02 with 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-DQA1, HLA-DQB1 and HLA-DRB1/¾/5 
loci were apparent in specific ethnic groups for example; HLA-DRB5*01:02~HLA-
DRB1*15:02:01:01/HLA-DRB1*15:02:01:02~HLA-DQB1*06:01:01~HLA-
DQA1*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 II 

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-DPB1*04:02. By NGS, two genotypes are equally possible; HLA-
DPB1*02:01:02+HLA-DPB1*04:02:01:02 and HLA-DPB1*105:01 HLA-DPB1*416:01. 

Alleles HLA-DPB1*02:01:02 and 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-DQB1 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 

13th IHIW HLA-DRB1*14:54:01 had not been reported because exon 3 of the HLA-DRB1 
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 I and class II 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-DQB1, and HLA-DPB1 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-DPB1 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 I and II 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-

Creary et al. Page 12

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 II region. For 

example, there are three 4-field subtypes of HLA-DQA1*01:03 that associate with different 

HLA-DRB1 alleles in different ethnic groups; HLA-DQA1*01:03:01:01~HLA-
DQB1*06:01:01~HLA-DRB1*15:02:01:01/02~HLA-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-DQA1*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*03:03 alleles; 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*04:05:01/HLA-DRB1*04:10:01 (Asian), HLA-DQA1*03:03:01:03~ HLA-
DQB1*04:01:01~HLA-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 18th 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.

Supplementary Material

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