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Abstract

The comprehensive characterization of human leukocyte antigen (HLA) genomic sequences 

remains a challenging problem. Despite the significant advantages of next-generation sequencing 

(NGS) in the field of Immunogenetics, there has yet to be a single solution for unambiguous, 

accurate, simple, cost-effective, and timely genotyping necessary for all clinical applications. 

This report demonstrates the benefits of nanopore sequencing introduced by Oxford Nanopore 

Technologies (ONT) for HLA genotyping. Samples (n = 120) previously characterized at high

resolution three-field (HR-3F) for 11 loci were assessed using ONT sequencing paired to a 

single-plex PCR protocol (Holotype) and to two multiplex protocols OmniType (Omixon) and 

NGSgo®-MX6-1 (GenDx). The results demonstrate the potential of nanopore sequencing for 

delivering accurate HR-3F typing with a simple, rapid, and cost-effective protocol. The protocol 

is applicable to time-sensitive applications, such as deceased donor typings, enabling better 

assessments of compatibility and epitope analysis. The technology also allows significantly shorter 

turnaround time for multiple samples at a lower cost. Overall, the nanopore technology appears 

to offer a significant advancement over current next-generation sequencing platforms as a single 

solution for all HLA genotyping needs.
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1. Introduction

The need for accurate, thorough, and timely characterization of Human Leukocyte Antigen 

(HLA) genes for several clinical applications is well-documented [1-6]. High-resolution 

typing is necessary in pharmacogenomics, disease association testing, and is the gold 

standard for bone marrow transplantation [5-7]. While HLA typing for solid organ 

transplantation has historically been limited to lower resolution methods, newer approaches 

for donor-recipient compatibility assessment call for a shift to high-resolution methods 

[8,9]. Virtual crossmatching, commonly performed using recipient antibody data of known 

specificity with single antigen beads, can be more accurately performed with donor HLA 

typing at the two-field level [10]. Furthermore, an increasing number of retrospective studies 

highlight the role of epitope mismatch load on clinical outcomes [11-16]. Epitope analysis 

depends on complete and unambiguous protein sequences, which require high-resolution 

two-field typing (HR-2F) [8,17]. Such tools have been applied to living donor solid organ 

pre-transplant assessments [10,18,19]. While they may also benefit over 100,000 United 

Network of organ Sharing (UNOS) wait list candidates, deceased donor HLA typing 

remains limited to lower resolution methods, such as sequence-specific oligonucleotide 

probes (SSOP) or real-time polymerase chain reaction due to the time constraints of these 

transplants [9,20]. Virtual crossmatches are therefore performed using lower resolution or 

inferred high-resolution donor typings, introducing uncertainty to compatibility assessments 

for patients with allele-specific antibodies or high sensitization [10,21]. HR-2F of deceased 

donors would clarify potential donor-specific antibodies (DSA) and permit epitope analysis 

for improved donor selection [8,9]. However, a cost-effective method with a short 

turnaround time (less than six hours) and without ambiguities has proven an elusive target.

For over fifty years, HLA genotyping has remained a challenge. The hallmark of these genes 

is their extreme and non-static polymorphism leading to continually revised catalogs, as 

new alleles are discovered [22]. This issue is exacerbated by allele-specific characteristics 

and pairings, requiring phasing along the length of the genes, and naturally-occurring 

heterozygosity, generating infinite scenarios of heterozygous polymorphisms. The above 

has, thus far, defied efforts to develop a single methodology that is simple, comprehensive, 

robust, and cost-effective to address research and clinical needs adequately.

The advent of Next Generation Sequencing (NGS) in the last decade allowed for 

clonal sequencing and high throughput. Given that sequencing of single DNA molecules 

permits setting phase between distant polymorphic positions, and high-throughput enables 

more extensive and thorough characterization of genes, NGS became relevant for the 

characterization of HLA genomic sequences. As with legacy methods, however, initial use 

of NGS was limited to sequencing critical exons, thereby limiting its potential [23,24]. 

Longer characterized DNA pieces in a continuum was essential, and amplifying the entire 
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HLA gene as a single amplicon proved to be a more effective and meaningful way of using 

NGS to characterize HLA polymorphisms, further revealing its potential for HLA typing 

[25].

The community has since adopted NGS of targeted long PCR amplicons, including most 

of the genomic sequences of each HLA locus, as the method of choice for HLA typing; 

almost all commercial protocols are based on this approach. However, while available NGS 

platforms (Illumina and Ion Torrent) can provide phasing of fragments ranging from 400 

to 900 bp, they are unable to sequence very long fragments (3–15 Kb) as a continuum or 

as a single read. This limitation hinders the potential of this technology as the number of 

HLA alleles continues to increase, and the inability to phase distal polymorphic positions 

results in ambiguities. Additionally, a longer turnaround time (2–3 days) and a need to queue 

multiple samples per run, for cost effectiveness and capacity utilization, preclude the use of 

this method for time-sensitive applications such as deceased donor HLA genotyping [9] or 

for low throughput needs.

PacBio platform offered a better solution than short-read platforms, enabling the sequencing 

of longer fragments like intact HLA amplicons. Even though the platform was characterized 

by a high error rate in the past, most recently it has been reported that by generating circular 

consensus sequences you attain high accuracy upwards of Phred 30 [26]. However, primarily 

because of its cost, size, maintenance requirements, and the lack of a commercial HLA 

typing kit with a comprehensive software solution, the platform has not been adopted widely 

by clinical laboratories. Its utilization, nevertheless, in a hematopoietic cell transplantation 

study has demonstrated the benefits of the complete genomic characterization of HLAs [27]. 

The search continues for alternative platforms offering accurate and simple sequencing of a 

single 3–15 kb molecule as a single read, while remaining cost-effective.

One such advancement within the last several years is DNA sequencing through nanopores, 

as introduced by Oxford Nanopore Technologies (ONT) on the MinION platform. This 

portable and relatively inexpensive device generates long sequence reads in real-time as 

molecules of single-stranded DNA or RNA pass through protein nanopores, resulting in 

characteristic disruptions in ion current. While earlier versions of this technology had high 

error rates that made it clinically unsuitable, recent improvements have elevated the platform 

to the point that a reevaluation is warranted.

Earlier reported efforts to utilize the nanopore technology for HLA genotyping fell short 

of providing a comprehensive solution of characterizing all loci within a time frame 

necessary for all of our clinical needs [28]. Most recently, however, De Santis et al. using 

a combination of a multiplex PCR and ONT reported successful characterization of all 11 

HLA loci [29]. Our report introduces nanopore technology as a viable alternative to existing 

methods for reliable clinical HLA typing of all eleven loci within a significantly shorter 

time. Single samples can be genotyped in less than six hours using the Flongle adapter for 

the MinION device, and multiple indexed samples, sets of 24, can be analyzed using a single 

MinION flow cell in less than 24 h. This significant advancement presents new opportunities 

and a step towards a complete solution to the challenge of HLA typing.
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2. Methods and materials

2.1. Sample selection

Assessing ONT (Oxford, UK) for HLA typing required the selection of diverse samples. 

Samples were selected to include alleles for HLA-A, −B, −C, −DQB1, −DRB1 and 

−DRB3/4/5 such that the frequencies cumulatively would comprise greater than 95% of the 

Caucasian and African American populations in the United States, shown in Supplemental 

Table 1a-g, and includes alleles and their relevant frequencies from five populations [30]. 

Several samples were included that present genotyping challenges for different loci. A 

total of 120 samples were identified. All samples had been previously HLA genotyped at 

11 loci by NGS using Omixon Holotype V2 kits (Omixon, Budapest, Hungary) on the 

Illumina MiSeq (Illumina, San Diego, CA, USA), and reported at 3-field resolution. All 

samples were reanalyzed with NGSengine (GenDx, Utrecht, Netherlands) version 2.16.2 

using the IMGT/HLA database v. 3.38 to minimize any discrepancies that could occur due 

to differences in the IMGT/HLA database version. This MiSeq-typed dataset served as the 

reference HLA genotyping.

2.2. DNA preparation

DNA was extracted from blood using the Qiagen EZ1®DNA extraction platform with 

Qiagen EZ1®Blood 350 Kits (Qiagen, Hilden, Germany) for the majority of the samples 

included in these experiments, n = 93. These samples are a collection of clinical samples, 

included after institutional approval, and an internal reference panel. DNA samples from 

the Coriell Institute (n = 12; Coriell Cell Repositories, Camden, NJ, USA), and from the 

International Histocompatibility Working Group (n = 6; Fred Hutchinson, Seattle, WA, 

USA) were also used. The remainder of the samples (n = 9) were from four African 

populations (Ethiopia, Tanzania, Cameroon and Botswana) with challenging HLA typings. 

These particular samples had loci with a high degree of variation that is quite distinct from 

what is present in the current version of the IMGT/HLA database and includes unpublished 

novel alleles. The written informed consent was obtained from all participants and research/

ethics approval and permits were obtained from the following institutions prior to sample 

collection: COSTECH, NIMR and Muhimbili University of Health and Allied Sciences 

in Dar es Salaam, Tanzania; the University of Botswana and the Ministry of Health in 

Gaborone, Botswana; the University of Addis Ababa and the Federal Democratic Republic 

of Ethiopia Ministry of Science and Technology National Health Research Ethics Review 

Committee; the Cameroonian National Ethics Committee and the Cameroonian Ministry of 

Public Health.

DNA concentration was quantified with Qubit BR assay (ThermoFisher, Waltham, MA, 

USA). Sample concentration was adjusted to that suggested by the manufacturers’ PCR 

protocols, when possible.

2.3. PCR conditions utilized for the project

Three different protocols of PCR were used. The set of 120 samples, sequenced on the ONT 

MinION platform with R9.4 flow cells in five sets of 24, were amplified using the Holotype 

V2 protocol by Omixon, whereby 11 loci were amplified individually and pooled before 
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library preparation and sequencing. Omixon primers amplify the entire gene for HLA-A, 

B, C, DQA1, DQB1, and DPA1 loci, with priming sites in the UTR regions. DRB1/3/4/5 

amplicons include exons 2, 3, and 4 and DPB1 is amplified from exon 2 through the 

entire 3′UTR. The manufacturer’s procedure for amplification, quantitation, and pooling 

was performed on a Hamilton STARlet (Hamilton Robotics, Reno, NV, USA). Thirty-five 

μl of the diluted amplicon pools were treated with 4 μl of ExoSAP Express (ThermoFisher) 

incubating for 4 min at 37 °C followed by 1 min at 80 °C.

The other two protocols were rapid multiplexed PCR protocols from Omixon and GenDx. 

Nine samples were amplified with Omixon OmniType kits according to manufacturer’s 

PCR procedure and a different set of 9 samples were amplified with the NGSgo®-MX6-1 

PCR (GenDx). All 18 samples being a subset of the 120 samples used for this study. The 

OmniType protocol amplified all eleven major HLA loci in 2 h and 10 min in a single 

tube using the same primers as the Holotype kit. The PCR product was then treated with 

3 μl of ExoSAP Express as described above. GenDx NGSgo®-MX6-1 PCR amplified A, 

B, C, DRB1, DQB1, and DPB1 in 3 h and 15 min in a single tube. The NGSgo®-MX6-1 

primers amplify the entire gene for HLA-A, B and C, whereas the Class II amplifications all 

start upstream of exon 2 and extend through exon 3 (DRB1 and DQB1) or exon 5 (DPB1). 

The amplifications, performed according to manufacturer’s procedure, have a total reaction 

volume of 10 μl. These were performed in duplicate to ensure 800 ng of starting material 

for sequencing. Each 10 μl reaction was treated with 1 μl of ExoSAP Express and incubated 

as described above. The eighteen samples amplified with these multiplexed protocols were 

sequenced individually on ONT Flongles (R9.4), adaptors for the MinION that enable DNA 

sequencing on smaller, single-use flow cells.

2.4. Library preparation

Library preparation for MinION and Flongle libraries used gentle mixing of reagents at each 

step to avoid shearing the amplicons.

2.4.1. MinION—Each set of 24 indexed libraries were prepared for MinION sequencing 

with ONT 1D Native barcoding DNA procedure v109_revH with EXP-NBD104, 

EXPNBD114, and SQK-LSK109 kits with minor revisions to the procedure. Briefly, 2 μg of 

sample was treated with NEBNext End Repair/dA-tailing Module reagents (NEB, Ipswich, 

MA, USA), substituting water for NEBNext FFPE Repair reagents. Native barcodes (ONT 

NBD1-24) were ligated to 700 ng of dA-tailed amplicons with NEB Blunt/TA Ligase Master 

Mix. Samples were then pooled approximately equimolar. ONT sequencing adapters from 

the Barcoding Expansion kit were ligated to 900 ng of the pooled library using NEBNext 

Quick Ligation Reaction Buffer and T4 Ligase (NEB). Libraries were cleaned after each 

enzymatic reaction with AMPure XP beads (Beckman Coulter, Indianapolis, IN) using the 

ONT Long Fragment Buffer for wash steps after sequencing adapters were ligated. Libraries 

were quantitated after each cleanup step with Qubit BR assay.

2.4.2. Flongle—Libraries for eighteen individual multiplexed samples were prepared for 

sequencing on Flongles using ONT 1D Genomic DNA by Ligation protocol v109_revL 

starting at the End-Prep step with SQK-LSK109 kits with minor revisions to the procedure. 
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Briefly, 800 ng of sample was dA-tailed with NEBNext End Repair/dA-tailing Module 

reagents (NEB), substituting water for NEBNext FFPE Repair reagents, and cleaned with 

AMPure XP beads. ONT sequencing adapters were then ligated to the amplicons using 

ONT Ligation Buffer with NEB Quick T4 ligase and cleaned again with AMPure XP 

beads using the ONT Long Fragment Buffer for the wash steps. Libraries were quantitated 

after each cleanup step with Qubit BR assay. The Flongle library preparation process takes 

approximately 1 h and 45 min.

2.5. Sequencing

The number of active pores on each sensory array was assessed before loading libraries on 

flow cells for each sequencing run to confirm flow cells met manufacturer’s quality control 

metrics.

2.5.1. MinION—Indexed libraries were loaded onto the MinION SpotON flow cells 

following ONT procedure with reagents from SQK-LSK109 and EXP-FLP002 kits. To 

summarize, flow cells were primed with ONT Flush Buffer and Flush Tether reagents before 

loading library mixed with ONT Loading Beads and Sequencing Buffer in a dropwise 

fashion onto the SpotON sample port. After each run was terminated, MinION flow cells 

were washed according to the manufacturer’s protocol v1_revB with ONT Flow Cell Wash 

kits (EXP-WSH003). In these experiments, flow cells were re-used a maximum of four 

times.

2.5.2. Flongle—Individual sample libraries were loaded onto the Flongle flow cells 

following the ONT procedure with reagents from SQK-LSK109 and EXP-FLP002 kits. 

To summarize, flow cells were primed with ONT Flush Buffer and Flush Tether reagents 

applied directly to the SpotON port before loading approximately 20 fmol library mixed 

with ONT Loading Beads and Sequencing Buffer pipetted directly onto the SpotON sample 

port.

2.6. Data analysis

ONT raw signal data was basecalled and demultiplexed using Guppy (ONT software 

v3.4.3). Fastq files were then analyzed with a custom pipeline available at http://nanopore

hla.chop.edu. The fasta output of the web application was then submitted to NGSEngine® to 

determine the HLA genotyping (GenDx, V2.16.2). In NGSEngine, the following parameters 

were selected: sequencing platform type was set to PacBio-Consensus; for Holotype and 

OmniType, the amplicon region was set to ‘auto’ for all loci except for DRB1, which was 

set to ‘DRB1 All Exon’. Regions outside of the amplicon, including primers, were added 

to the ‘Ignored Regions’ list. For the NGSgo®-MX6-1 amplicons, the default parameters 

corresponding to this PCR protocol were chosen for analysis.

The error rate of sequencing has been calculated based upon the reads that were selected for 

genotyping and includes mismatches, insertions and deletions.

Mosbruger et al. Page 6

Hum Immunol. Author manuscript; available in PMC 2021 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://nanopore-hla.chop.edu/
http://nanopore-hla.chop.edu/


3. Results

3.1. Sequencing strategy

The objective of the study was two-fold: 1) Evaluate ONT sequencing technology for HLA 

typing taking advantage of the long reads, thereby eliminating ambiguities, and assess 

other aspects such as accuracy of sequencing and cost. 2) Evaluate pairing this nanopore 

sequencing technology with a multiplexed PCR protocol amplifying all 11 HLA genes 

that would provide high-resolution two-field (HR-2F) HLA typing in less than six hours. 

This shorter turn-around time would enable HLA HR-2F typing of deceased donors and 

potentially optimize compatibility assessments.

3.2. Objective 1

Our current clinical HLA typing protocol uses the Holotype V2 kit for PCR where each 

locus is amplified separately; this approach was used for the first objective. The intent 

was to assess the post-PCR process, including library preparation, sequencing, and analysis 

without interference from the targeting and amplification of the HLA genes. Our goal was 

to minimize unknown variables and complexities introduced by alternative PCR protocols 

that would obscure an independent and objective assessment of the analysis pipeline and 

genotyping. All MinION experiments utilized the maximum number of barcodes available 

and were performed as sets of 24 samples.

3.2.1. Library preparation and sequencing; metrics of relevance—A summary 

of the timeline for post-PCR library preparation and sequencing steps on the MinION 

platform is found in Table 1. Library preparation steps take approximately 6.5 h after PCR 

amplification. Depending on the amount of data desired, sequencing and analysis takes 

between 14 and 28 h, which is largely dictated by the amount of time spent sequencing. 

Generally, no more than 4–6 h are necessary to collect enough data to genotype 24 samples 

at 11 HLA loci. Given the 6.5 h for library prep, sequencing was often run overnight and 

terminated the following morning for convenience, generating a surplus of data. The total 

time for the entire post-PCR process ranged from 20 to 34 h.

Using R9.4 flowcells, the current stable version, five experiments were performed, 

sequencing 120 diverse samples (Supplemental Table 1). The amplicons ranged from 2.7 kb 

(HLA-B) to 6.6 kb (HLA-DPB1), with amplicons from each sample pooled and barcoded. 

The number of active pores varied by flow cell, ranging from 1,225 to 1,714, impacting 

the total data generated for each experiment (Table 2). When washed as recommended 

with the most recent ONT wash kit (EXP-WSH003), a flow cell can be used for multiple 

sequencing experiments with minimal carryover of intact full-length amplicons from the 

previous experiment(s). Approximately 10% of active pores are lost with each successive 

experiment, allowing for 3–4 experiments per flow cell. The accuracy after four experiments 

was decreased minimally, by 0.48%, when compared to the first experiment (experiment 1 = 

93.07%; experiment 4 = 92.59%). Sequencing ranged from 4.6 to 18.4 h (Table 2). Although 

run time was variable, it was only necessary to analyze 800,000 reads per run, which were 

collected in the first 3.5–4.5 h, to obtain reliable genotypes. After demultiplexing, an average 

of approximately 30,000 reads per sample were identified. While there was variation in the 
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overall representation of each barcoded sample, in general, this variation was not extreme 

(Fig. 1). The third sequencing experiment (Set 3) had two technical failures that were 

repeated independently and successfully genotyped. Approximately 15,000 high-quality 

reads were used for genotyping. The majority of reads excluded from analysis were due to 

1) low alignment score, often short reads not spanning the entire amplicon, the result of 

incomplete amplification or DNA breakage during the experiment, or 2) because the read did 

not map to an HLA gene of interest.

Library preparation is initiated with quantitation of the amplicons, followed by course 

adjustment of amplicon concentration and amplicon pooling so that the samples could be 

barcoded for identification. Variation in the locus balance is expected since amplicons are 

not pooled to exact concentrations (Fig 2A and B). After accounting for only high-quality 

reads, on average approximately 1,570 reads per locus were used for genotyping (Table 2).

3.2.2. Genotypic analysis—A consensus sequence was determined for each allele 

sequenced on the ONT MinION platform. In brief, on a per locus basis, a fully characterized 

allele(s), as defined in the IMGT/HLA database, with minimal differences to the ONT reads 

is chosen as reference(s) for alignment, the ONT reads are aligned to the reference allele(s) 

where variants were then called to produce a consensus sequence for each allele. Genotyping 

is performed using GenDx NGSengine® as described in the methods. The ONT-based HLA 

genotypes were compared to the reference genotypes generated by the Holotype V2 protocol 

using the Illumina MiSeq platform (HR-3F) (Supplemental Table 2). The performance 

metric summary for the ONT method is found in Table 3 and the specific calculations can be 

found in Supplemental Tables 3a-3i. Overall the method is highly accurate at 99.98%, with a 

sensitivity of 99.63% and specificity of 99.99%. Genotyping at HLA-A, B, C, DPA1, DPB1, 

DQA1, DRB3 and DRB5 had 100% accuracy. For the alleles that did not match the known 

reference genotype, the majority of the problems were related to the amplification step. In 

DQB1, there were four differences from known typings. In one sample, the DQB1 locus 

failed to amplify, causing 2 allele discrepancies. In two samples, there was allele dropout 

of DQB1*03:01:01 when in combination with DQB1*06:01:01 and DQB1*06:03:01, where 

the DQB1*03:01:01 was detected at 3.29% and 0.64% depth of coverage respectively. 

Additionally, three samples failed to amplify the DRB4*01:01:01 allele. In two cases, only 

1 allele was expected at DRB4 and no genotype was called for these samples. A third 

sample genotyped homozygous DRB4*01:03:01 instead of heterozygous DRB4*01:01:01 

with DRB4*01:03:01, where the DRB4*01:01:01 allele was found at 3.07% depth of 

coverage. The aforementioned discrepancies were all due to the low representation of the 

particular alleles and below our internal threshold for detecting minor allele species. For the 

majority of heterozygous loci, alleles were generally well balanced (Fig. 3A). In the case of 

DRB4, which has known preferential amplification in the Holotype kit, the minor allele in 

heterozygous samples typically varied between 10% and 30% of the total reads. In all the 

cases presented above, whenever there is a missing allele, the genotyping anomaly would 

have been detected in our system through the use of haplotype analysis, and rectified upon 

further evaluation and repeat testing.

Among the 2,126 expected allele calls, there was only one (1) discrepancy attributed 

directly to the ONT sequencing and subsequent analysis, occurring within the DRB1 
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locus. The reference genotype of this sample was DRB1*13:08 and DRB1*15:02:02, 

where the DRB1*13:08 allele was mistakenly called a novel DRB1*11 allele upon 

ONT genotyping. The particular problem persisted after reanalysis through the pipeline 

with different parameters. Considering that the DRB1*13:08 allele is incomplete in the 

IMGT/HLA database, and that there were sufficient reads for the locus we are convinced 

it is a bioinformatics issue. Additional development efforts regarding the analysis of this 

data are being made to optimally address this problem, and includes the addition of a step 

using exons only to better address incomplete alleles, however these improvements are not 

yet validated. For the 29 other allele determinations made for incomplete alleles in the 

IMGT/HLA database, encompassing 17 unique alleles, all were genotyped successfully.

3.2.3. Assessing ambiguity—Two forms of ambiguity are common with HLA NGS 

methods: 1) the inability to phase the length of the amplicon using short reads, and 2) 

exclusion of distal exons from the amplicon (e.g. DPB1 and DRB1 loci). Of the 2,126 allele 

calls, the reference genotype was ambiguous for 119 alleles, and were limited to the DRB1 

and DPB1 loci. Sequencing with the long reads of the ONT platforms resolved all of the 

ambiguities caused by a lack of phase, which is 41.7% (49/119) of the total ambiguities. The 

remaining 70 ambiguous allele calls were all due to incomplete characterization of all exonic 

regions during amplification.

3.2.4. Novel alleles—Samples with known exonic novelty were included to test the 

ONT-based sequencing as these alleles present certain challenges and yet are a somewhat 

common occurrence. Of the 2,126 alleles included, 15 alleles had a known exonic novelty 

and distributed across all loci except DRB4 and DRB5. After genotyping, 16 alleles were 

called with exonic novelty, where all 15 cases of known novelty were properly detected. 

However, the pipeline falsely identified an extra novel allele as described in section 3.2.2 

above. While this method is sensitive to novelty and allows for proper detection in known 

cases, further refinement of the algorithm will be necessary to minimize the opportunity for 

false novel alleles.

3.3. Objective 2

The first objective of this study was to assess the sequencing and analysis of nanopore 

data for credible HLA typing using ONT MinION data. After having shown the ONT-based 

method is credible in Objective 1, we now aim for a protocol that is less than 6 h to obtain 

HLA typing for deceased donors. For that purpose, two commercially available multiplex 

PCR protocols were used, GenDx and Omixon coupled with the use of the ONT Flongle for 

sequencing.

To assess the turn-around time of a single sample on the Flongle, nine experiments were 

run with each of the rapid PCR protocols. The Flongle utilized the same R9.4 pores as 

the MinION flow cells. The time required for each multiplexed PCR protocol is reduced 

from the Holotype amplification protocol in Objective 1: OmniType takes about 2 h and 

NGSgo®-MX6-1 takes 3.2 h when following the manufacturer’s protocol. The post-PCR 

library preparation process for a single sample on the Flongle is reduced to 1.75 h as 

compared to 6.5 h for 24 samples on the MinION (Table 1 and Fig. 4). The preparation of a 
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single sample and the elimination of barcoding of multiple samples account for the reduced 

time. Sequencing and analysis take an additional 1.5 h, whereby sequencing is limited to 1 h. 

The total post-PCR process takes a total of 3.3 h (Table 1). The total time for all steps from 

DNA extraction through to the final genotype result is 5.6 h (ranging from 5.47 to 5.63 h) 

when using OmniType (Fig. 4).

The details of the 18 Flongle experiments, 9 for each multiplexed PCR method, are shown 

in Table 4. The number of active pores varied between the experiments ranging from 58 to 

92 active pores, resulting in 14,000 to 36,000 reads, of which 56.0% are usable (Table 3). 

The NGSgo®-MX6-1 multiplex targeting 6 loci averaged 2,460 reads per locus, whereas the 

OmniType multiplex targeting 11 loci averaged was 1,200 reads per locus.

Balancing the representation of all loci in a multiplexed reaction is challenging, and may 

compromise genotyping given the limited time for sequencing to keep the whole protocol 

under 6 h. As such, locus balance was evaluated. For both OmniType and NGSgo®-MX6-1, 

the locus balance is reproducible within each assay and we find certain loci are less 

represented in particular DPB1 in NGSgo®-MX6-1 (Fig. 2E and F) and DQA1 and DRB4 

in OmniType (Fig. 2C and D). Based on our experience of sequencing for one hour on 

the Flongle, even with the lowest number of reads obtained for the DRB4 locus (74–109 

reads), we generated accurate genotyping. Considering that the DRB4 locus is hemizygous, 

we can derive that approximately 150 reads would be necessary for credible genotyping a 

heterozygous locus.

Genotyping results on the Flongle experiments were highly similar to the MinION 

experiments. Using the OmniType, only 1 allele out of the 161 allele determinations was 

discrepant compared to the reference. The locus was expected to genotype homozygous for 

DQA1*01:02:01 and instead was genotyped as DQA1*01:02:01 + DQA1*01:NEW, with an 

artificial novelty in exon 3 in one of the two alleles. The initial analysis of this sample had 

43% of reads with the incorrect base, leading to the novel allele call. In this situation, only 

100 reads were available for analysis of the locus, when a typical analysis of a homozygous 

sample uses a minimum of 400 reads. Upon reanalysis of this sample with more reads, 

even with as few as 150 reads, the locus genotypes correctly. It is to be noted that the 

frequency of the incorrect base did not change significantly (41%), however introduction of 

additional reads in the new analysis revealed a strand bias of the incorrect base, which was 

accurately detected as noise. When the NGSgo®-MX6-1 amplification protocol was utilized, 

all 108 allele determinations matched the expected reference genotypes. None of the loci 

amplified with either multiplexed PCR protocol had allelic imbalance below the threshold 

for detection, allowing for proper genotyping (Fig. 3B and C).

Regarding the error rate on the Flongles, we observed that there is an increased error rate 

when compared to the MinION (Fig. 5). Overall, independent of the type of PCR method 

utilized, multiplexed or not, the Class I loci exhibit a higher error rate than the Class II loci.
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4. Discussion

Given the inadequacies of current NGS methodologies for HLA typing, we have utilized 

ONT to resolve individual challenging HLA genotyping scenarios and for complete 

characterization of the MICA gene [31,32]. In the current study, we demonstrate that 

ONT sequencing technology has improved sufficiently to be utilized for the credible 

characterization of all 11 HLA loci, providing distinct advantages. Amplification protocols 

for targeting HLA genes were assessed independently from library preparation, sequencing, 

and genotyping analysis. The intent is to introduce a flexible protocol whereby users can 

select the targeting of the genes, through different strategies of amplification (individual 

locus vs. multiplex), approaches for selection and targeting of HLA genomic sequences, or 

scales of typing (single vs. multiple samples; selected vs. all 11 HLA loci). It was critical 

for each pre-PCR protocol to be assessed independently from the rest of the process because 

anomalies in PCR, particularly with multiplexing, may eventually affect the genotyping. 

Issues such as preferential amplification, drop-outs, and challenging homopolymer genomic 

segments within the gene, may influence genotyping accuracy.

The careful selection of samples covering frequent HLA allele specificities in five 

populations in the US, along with samples/novel alleles with idiosyncrasies that challenge 

our analysis pipeline, provides credibility to our post-PCR protocol for HLA genotyping 

utilizing the ONT platform MinION (R9.4 version). For the first phase of this work, we 

used a well-tested protocol [33], whereby individual HLA genes are amplified separately, 

to sequence 120 samples. This credible PCR approach enables an objective assessment 

of the post-PCR components, including library preparation, sequencing, and analysis of 

nanopore reads. The data obtained from each of the five sequencing runs were reproducible 

and comparable (Fig. 1). The minor allele frequency was also comparable among the 11 

loci, except DRB4 (Fig. 3). The different metrics assessed (Table 3) demonstrate excellent 

performance. Overall, our data demonstrate an impressive accuracy and total lack of phase 

ambiguities (due to distant polymorphisms). Other ambiguities due to the absence of some 

genomic segments (i.e., exon 1 in some amplicons, such as DRB1 or DPB1) persist and they 

are unrelated to the performance of the nanopore technology. Amplification protocols or 

other approaches targeting the totality of HLA genomic sequences may eventually eliminate 

all ambiguities.

The few DQB1 and DRB4 discrepancies observed with the typing of 120 samples (2,126 

allele calls) were all related to PCR issues, whereby some alleles were minimally amplified 

and did not exceed our threshold set by the analysis program, resulting in no call. 

The threshold level is an internal value set in our analysis pipeline, and differentiates 

heterozygous versus potentially homozygous samples. Conceptually, this threshold is not 

identical to the minor allele percentage used for variant calling currently employed by 

software programs designed for Illumina data. Of note, given our practice of assessing 

HLA haplotypes before reporting, these discrepant cases would be detected. Haplotype 

anomalies trigger an investigation to reveal minimally amplified alleles and repeat testing 

by NGS and another DNA-based method (SSOP) to detect the presence of another allele. 

The single DRB1 discrepancy observed in this study arose from a software problem in 

which certain alleles have incomplete sequences in IMGT or very close resemblance to 
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others, and is an active area of development. The detection of a “new” allele, however, 

would have triggered a further investigation resulting in the detection of the problem. The 

remaining 15 “new” alleles included in the reference set of samples were detected accurately 

by this new sequencing approach. High-resolution typing at the fourth-field level (HR-4F) 

using this technology also appears realistic. A remaining challenge involves the confident 

characterization of alleles with homopolymers, as it is unclear whether PCR, sequencing or a 

combination of both is the culprit.

Considering the total elimination of ambiguities due to phasing, and the very few detected 

discrepancies, this method is impressively accurate, simple, with short turnaround time 

and low cost. Using the flow sequencing cells multiple times (3–4) reduces the cost of 

sequencing significantly. Indexing of 24 samples may reduce the cost further. Of note is the 

very low cost of the MinION device at $1,000, which is far less expensive as compared to 

other NGS platforms.

The technology continually develops as the ONT company introduces improvements to 

address existing limitations. Although we do not present the data generated with the 

R10.0 and R10.3 flow cells (most recent versions of flow cells) in this report, the 

improvements for the sequencing of homopolymers further enhance the potential of 

this technology for HLA typing. As ONT develops technical improvements to library 

preparation, the time of sample preparation and, therefore, turnaround time, will decrease. 

Analysis software improvements for synchronous sequencing, analysis, and genotyping may 

expedite reporting. The sequencing platform need not continue sequencing if enough reads 

are generated, and genotyping is secured. Our protocol did not incorporate this dynamic 

approach, but sequencing was discontinued when we estimated that an adequate number of 

reads had been obtained. With the incorporation of the described improvements, genotyping 

of 24 samples, which presently takes approximately 14 h, will be further reduced.

The second phase of our work assessed the pairing of two multiplexing PCR protocols 

with our post-PCR nanopore sequencing and analysis protocol. The objective was to take 

advantage of the Flongle adapter for the MinION, with a reduced number of pores and, 

therefore, of sequencing capacity, designed by ONT to be a cost-effective solution for 

single-use experiments. The Flongle happens to be able to accommodate all 11 HLA 

amplicons from a single sample and provide enough reads for credible genotyping in a 

relatively short period (approximately one hour). Potentially, however the platform could 

sequence more than one sample, if the sequencing time could be extended. We used two 

multiplex PCR protocols to assess whether different protocols have different performance 

after nanopore sequencing. The GenDx protocol did not amplify all 11 HLA loci, but 

we understand that the GenDx company will soon have an 11-locus multiplexed PCR 

(NGSgo®-MX11-3). To examine as many samples as possible, the samples selected for the 

assessment of the two protocols were not the same. There was only one discrepancy (1 out 

of 161 allele calls) with the OmniType, whereby a reference homozygous DQA1 locus was 

typed as heterozygous, with the second allele being a “new” allele. The initial analysis of 

this sample was restricted to the data generated in the first hour of sequencing. However, 

upon reanalysis, using more reads from the same sequencing run that were available, the 

novel allele was found to be a false-positive, and the sample genotyped correctly. In the 
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absence of reference typing, this “new” allele would have been further evaluated after 

initial typing to confirm the call, and the error would have been identified. Regarding the 

number of reads needed for credible genotyping on the Flongle flow cells, we found that a 

heterozygous sample would need more than 150 reads per locus and this number of reads 

can be collected in the period of one hour.

There is room for improvement in the relative balance of the different loci by these two 

multiplex PCRs. With regards to NGSgo®-MX6-1 multiplexed PCR, it appears that DPB1 

is underrepresented among the six amplified loci. The OmniType protocol appears to have a 

low representation of DQA1 and DRB4 loci, while the B locus is overrepresented. Despite 

the low representation of certain loci by these two protocols, the genotyping performance 

was uncompromised. The locus imbalance can have an increased effect when sequenced 

on a Flongle flow cell, which is characterized by fewer active pores than a MinION and 

when coupled with a required short sequencing time, potentially may not generate enough 

reads for accurate genotyping. The Omixon company is in the process of further optimizing 

its multiplex PCR protocol; we look forward to its most recent improvements. We are also 

interested in exploring emerging techniques to apply during sequencing to mitigate the 

effects of locus imbalance with adaptive subsampling during sequencing, which may also 

further reduce the sequencing time [34].

Another interesting observation is that the error rate in substitutions, deletions, insertions, 

between the MinION and the Flongle is different and significant. It is unclear whether this 

observation is due to the PCR products or the sequencing platforms by ONT, and further 

investigation is warranted. These errors may be readily resolved if the same PCR products 

are on different platforms. Additionally, the class I loci have higher error rates than class 

II loci, an observation that is reproducible and independent of the sequencing platforms. 

These differences in error rate had no impact on genotyping, as class I and II loci were 

all accurately genotyped. As the technical sensitivities of the assay are likely to become 

relevant, an awareness of the limitations of this new system of HLA typing is warranted.

The combination of features of this nanopore technology, paired to multiplex protocols, form 

the basis for an accurate methodology with a turnaround time of approximately six hours, 

likely to shorten in the future, for a single sample.

This development is extremely relevant to the transplant community, given the generated 

typing can be HR-2F. HR-2F typing will facilitate better characterization of recipient 

antibody profiles for DSA. With an increasing number of studies linking the epitope 

mismatch loads to clinical outcomes, HR-2F typing for deceased donors has the potential 

to permit such analyses to optimize donor selection [11-16]. The technology may also 

reduce the burden on transplant center labs that routinely type deceased donors at the 

high-resolution level. This information would become available upon the initial offer, which 

may translate into savings for the overall health system.

The turnaround times of HLA genotyping for a single sample on the Flongle or multiple 

samples on a MinION may be further reduced as individual steps in the process are 

optimized. Shortened multiplex PCR protocols paired to post-PCR protocols would improve 
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the time for processing many samples in parallel. The number of commercially available 

indexes is the primary barrier, which we anticipate can readily be increased. Additionally, 

automated library preparation currently underway by ONT can expedite this step. Finally, 

modifications to permit simultaneous data processing and sequencing on the flow cell can 

further expedite HLA genotyping. The benefits of this technology for HLA characterization 

are bound to extend its reach beyond existing clinical and research applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Distribution of reads per sample for the five MinION experiments. The dashed line 

represents the expected representation of a sample if all 24 samples in an experiment are 

equally represented.
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Fig. 2. 
Distribution of reads among the 11 HLA loci for the MinION and Flongle experiments. 

A) Percent Usable Reads – MinION; B) Count of Usable Reads – MinION; C) Percent 

usable reads – OmniType; D) Count of usable Reads – OmniType; E) Percent usable reads 

– NGSgo®-MX6-1; F) Count of usable reads – NGSgo®-MX6-1. The y-axis represents the 

percentage of the reads assigned that were used for analysis for each locus out of the total 

reads that were used for the sample (A, C and E) or the count of reads used for analysis per 

locus (B, D, and F).
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Fig. 3. 
Percentage of the minor allele for all heterozygous loci sequenced for the MinION 

and Flongle experiments. A) Holotype PCR on MinION; B) OmniType multiplex PCR 

on Flongle. All samples with DRB3 and DRB4 were hemizygous. C) NGSgo®-MX6-1 

multiplex PCR on Flongle.
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Fig. 4. 
Timing Diagram for Flongle Experiments. * Amplification time varies based on method. 

Shown here is 2 h for the OmniType protocol, whereas the NGSgo®-MX6-1 multiplex takes 

3 h and 15 min.
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Fig. 5. 
Percent error of sequencing on the two different ONT platforms: MinION and Flongle. The 

error rate is broken down and colored by locus and includes substitutions, insertions and 

deletions. For the MinION experiments, the error rate is combined for the five sequencing 

experiments (n = 120 samples). For the Flongle, the error rate is grouped by the PCR method 

(n = 9 samples each).
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Table 1

Timing information for post-PCR to sequencing. NA: Not applicable

Step MinION Flongle

Library Preparation Post-Amplification DNA prep 65 min 15 min

DNA End prep 2.0 h 37 min

Native barcode ligation 2.5 h NA

Adapter Ligation and Clean-up 1.0 h 52 min

Total Library Prep Time 6.5 h 1.75 h

Sequencing & Analysis Flow cell check 15 min 10 min

Priming and loading flow cell 10 min 5 min

Sequencing 4.6–18.4 h 1.0 h

Base calling 2.5 h 4.5 min

Demultiplexing 17 min NA

Consensus 5.4 h (13.5 min/sample) 11.5 min

Genotyping 1.0 h (2.5 min/sample) 2.1 min

Total Sequencing & Analysis Time 14.2–28.0 h 1.5 h

Total Time 20.6–34.4 h 3.3 h
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