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Abstract

Next-generation sequencing (NGS) has been widely adopted for clinical HLA typing and 

advanced immunogenetics researches. Current methodologies still face challenges in resolving cis-

trans ambiguity involving distant variant positions, and the turnaround time is affected by testing 

volume and batching. Nanopore sequencing may become a promising addition to the existing 

options for HLA typing. The technology delivered by the MinION sequencer of Oxford Nanopore 

Technologies (ONT) can record the ionic current changes during the translocation of DNA/RNA 

strands through transmembrane pores and translate the signals to sequence reads. It features 

simple and flexible library preparations, long sequencing reads, portable and affordable 

sequencing devices, and rapid, real-time sequencing. However, the error rate of the sequencing 

reads is high and remains a hurdle for its broad application. This review article will provide a brief 

overview of this technology and then focus on the opportunities and challenges of using nanopore 

sequencing for high-resolution HLA typing and immunogenetics research.
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Introduction

Next-generation sequencing (NGS) technologies have revolutionized high-resolution HLA 

typing in recent years [1]. Many clinical laboratories have quickly adopted these 

technologies for patient and donor HLA typing in the form of commercially available assays 

[2–4] or bona fide laboratory-developed tests [5, 6]. Two types of platforms enabled this 

shift in HLA typing methodology: 1) those generating short sequencing reads of hundreds of 

bases, such as Roche 454 [7], Illumina [3–5], and Ion Torrent [2], and 2) the PacBio 

platform that generates long reads of thousands or more bases [8, 9]. The outcomes have 

been excellent shorter turnaround time, decreased ambiguities, increased throughput, and 
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more productive donor searching results [5, 6, 10, 11]. The implementation of these 

technologies has also electrified the field of immunogenetics research, empowering the 

recent International HLA & Immunogenetics Workshop and expanding the existing HLA 

reference database [12–14].

However, innovations in biotechnology never rest. Alternative HLA typing strategies not 

relying on PCR-based target enrichment, such as the hybrid capture of HLA genes followed 

by NGS, are being developed to overcome the limitations of PCR dropout and allelic 

imbalance (e.g., AlloSeq®Tx 17 from CareDx, Brisbane, CA). Novel and robust 

bioinformatic tools are emerging to infer HLA typing using data from whole-genome 

sequencing (WGS), whole-exome sequencing, and RNA sequencing [15–23]. Also, there is 

always the next gadget on the horizon that can potentially make a big difference.

Here, we provide a concise review of nanopore sequencing with a focus on its potential 

benefit for HLA typing and immunogenetics research. The prototype of nanopore 

sequencing was pioneered by Branton, Church, Deamer, and colleagues in their academic 

laboratories in the early 1990s [24]. The first commercial nanopore sequencing device, 

MinION, was released by Oxford Nanopore Technologies (ONT) in 2014 and has been 

successfully employed by independent laboratories for diverse sequencing applications since 

then.

Anatomy of the MinION device and how it works

Nanopore sequencing on the MinION device is fulfilled by transmembrane protein channels 

with nanoscopic apertures just big enough for single-stranded nucleic acid polymers to pass 

through [25]. The pore is situated on an electrically resistant membrane that separates two 

voltage-biased compartments. During the translocation of single-stranded DNA through the 

pore, changes in ionic currents can be recorded continuously by sensors. The signals are 

subsequently segmented as discrete events and deciphered computationally into shifting 

nucleotide sequences occupying the pore. Single-stranded RNA can be sequenced directly as 

well [26]. Another critical component of the chemistry is a helicase enzyme, or motor 

protein, that unwinds double-stranded DNA and pulls single-stranded DNA through the 

pore. This controlled, ratcheting-like process increases the signal-to-noise ratio to allow 

discrimination of nucleotides at a single-base resolution [25].

The average speed of translocation of single DNA strands through the pore is 450 bases per 

second [27], which translates into less than 10 seconds to sequence a full-gene amplicon of 

class I HLA genes (~4 kb). Once a DNA strand is completely translocated, the same pore 

will be immediately available to sequence the next. A total of 512 active channels, each 

consists of a group of four nanopores within their individual scaffold, are embedded on a 

MinION flow cell. High throughput can be achieved by sequencing of DNA molecules that 

sequentially pass through hundreds of active pores on a flow cell. The array of sequencing 

channels on the flow cell is mounted on top of a sensory array and an Application Specific 

Integrated Circuit (ASIC), which is connected to the base of MinION through connector 

pins. The entire MinION device, including the flow cell and base, weighs about 100 grams 

and can fit into a regular-sized pocket.
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Depending on the library preparation kit used, the workflow from input DNA samples to 

sequencing data takes minutes to a few hours. For amplicon-based library, PCR amplicons 

are typically purified and end-repaired and then ligated to a sequencing adapter before 

sequencing (Fig. 1A, right panel). The Y-shaped adapter is associated with a tether on one 

strand and a motor protein on the other, which allow the library fragments to be recruited to 

and ratcheted through the pores. After loading the library onto the flow cell, a laptop or 

desktop computer is connected to the MinION device via a USB port to power and control 

the MinION during sequencing. The segmented sequential events (“squiggles”), or the raw 

ionic current signals, are then basecalled using a neural network algorithm and separated 

into high-quality (pass) or low-quality (fail) reads for downstream analysis.

Strength and weakness of nanopore sequencing

Nanopore sequencing is the only NGS technology not dependent on DNA synthesis 

catalyzed by the polymerase. Several attractive features make this technology a promising 

option for a wide range of clinical and research applications. First, rapid and flexible library 

preparation protocols can effectively shorten the time from sample to data. Second, 

nanopore sequencing can produce extremely long reads of thousands to millions of bases 

[28], which is only limited by the sizes of DNA fragments in the library. For genomics 

analysis, these long reads are suitable for phasing distant variants and interrogating 

structural variants and low-complexity regions [28, 29], which have been a weakness for 

short-read sequencing platforms. Third, the affordable pricing of MinION, currently 

available at as low as $1000 for two flow cells and a sequencing kit (MinION Starter Pack), 

allows users to access NGS without significant capital investments. Fourth, MinION is a 

portable device capable of delivering NGS without the conventional constraint of space and 

time. It was famously transported to West Africa during the Ebola virus disease epidemic to 

sequence the virus genome for real-time monitoring of outbreaks [30, 31]. Finally, nanopore 

sequencing can discriminate not only the regular DNA bases but also uracil in RNA [32] and 

nucleobases with epigenetic modifications such as methylation [33], and this unique 

capability is leading genomics research into the uncharted territory of direct sequencing of 

RNA and genomic DNA molecules.

The above features of nanopore sequencing can potentially address several unmet needs in 

the field of HLA typing and immunogenetics research, as outlined in the following sections. 

On the other hand, the error rate of the nanopore sequencing reads, approximately 10–15%, 

as documented in recent reports [28, 34, 35], remains significantly higher than those of 

short-read sequencing platforms. The error rate of nanopore reads is influenced by the 

sequencing chemistry and basecalling algorithm, as reviewed recently in an excellent article 

by Rang and colleagues [27]. Given the complexity of HLA genes with densely packed 

single-nucleotide variants (SNVs) and occasional indels, the success of nanopore sequencing 

in HLA typing will be hinged on continued improvement in read accuracy and the 

development of robust bioinformatics tools to overcome any persisting errors.
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Nanopore sequencing for HLA typing

Several recent publications have reported some early attempts of nanopore sequencing for 

HLA typing. These studies mostly enriched the target HLA genes by long-range PCR and 

sequenced the amplicons using a variety of library preparation methods and nanopore 

sequencing chemistries, all amidst the fast-paced development of the technology itself [15, 

36–42]. Both commercial software and academic bioinformatics tools were employed to 

determine the HLA typing with encouraging results (Table 1).

Streamlined library preparation

The library preparations for sequencing on the Illumina and Ion Torrent platforms typically 

require enzyme-based fragmentation of PCR amplicons of target HLA genes. The 

overlapping, short sequencing reads of hundreds of bases are pieced together during the 

analysis to identify the HLA alleles present in the sample. This “shotgun” approach typically 

requires a long process of many steps (Fig. 1A, left panel). Bias may also be introduced to 

regions with high GC content during amplification and library preparation, causing 

inadequate coverage of key exons (Fig. 1B). This problem may be protocol dependent and 

has been shown to cause ambiguity or typing errors of several HLA genes with some 

protocols [43] but not as pronounced with others as reported by the same laboratory [44]. 

Increasing the data available for analysis by generating more sequencing reads per locus 

may mitigate such risk but at the cost of efficiency. Alternatively, additional primers have 

been spiked into the initial PCR reaction to further enrich the key exons in certain assays to 

compensate for the negative bias during library preparation [45].

In contrast, MinION can sequence long-range amplicons spanning a full HLA gene without 

the need for fragmentation. Neither does nanopore sequencing require clonal amplification 

on the Illumina flow cell or ion-sphere particles of the Ion Torrent platform. Therefore, the 

library preparation for nanopore sequencing can be significantly simplified (Fig. 1A, right 

panel). Barcodes can be added to the long-range amplicon by two main strategies. First, a 

four-primer PCR can amplify target genes using HLA-specific inner primers with 5’ adapter 

sequences, followed by a second amplification using outer primers with overlapping adapter 

sequences and unique barcode sequences. Second, barcode fragments can be directly ligated 

to the long-range amplicons. Next, the sequencing adapter with the motor protein and tether 

can be added to the DNA duplexes by ligation, or through a proprietary rapid attachment 

reaction within a minute. The hands-on time to complete these procedures is typically 1–2 

hours. As the nanopore approach removes the bias intrinsic to enzyme-based fragmentation, 

uniform coverage can be achieved throughout target genes, including regions with high-GC 

content (Fig. 1B).

There used to be an option of sequencing both strands of a duplex molecule that are 

connected by a hairpin linker at one end; the other end was ligated to a Y-shaped sequencing 

adapter with the motor protein and tether. The template read and the linked complementary 

read were combined by pairwise alignment to generate the so-called 2D reads. This library 

preparation option is no longer available. Instead, 1D reads can be generated by adding Y-

shaped adapters to both ends of a duplex DNA and sequencing the two strands 

independently of each other. These reads have a higher error rate than the 2D reads [27], but 
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the 1D approach increases the efficiency of library preparation and sequencing throughput. 

The feasibility of using 1D reads for accurate HLA typing has been demonstrated in several 

recent studies [40, 46]. Another method called 1D2 allows sequential sequencing of the 

template and complementary strands of a duplex molecule without physically linking them 

with a hairpin [47, 48]. This method also results in improved read accuracy but is not yet 

compatible with amplicon sequencing.

To improve the accuracy of nanopore sequencing reads, Li and colleagues developed a 

library preparation method called INC-seq (Intramolecular-ligated Nanopore Consensus 

Sequencing) [49]. Double-stranded DNA molecules are self-ligated to form circular DNA 

molecules followed by rolling-circle amplification. The amplicons are sequenced on 

MinION to generate sequences with repeating units. Consensus sequence based on repeating 

units of the same origin showed a median accuracy of over 97%, allowing accurate 16S 

rRNA-based bacterial profiling at the species level. The application of INC-seq to HLA 

typing has not been reported to our knowledge. INC-seq is analogous to the single-molecule 

real-time (SMRT) sequencing on the PacBio platform, where double-stranded DNA 

molecules are converted to single-stranded circular DNA to be sequenced repeatedly around 

the circle. Multiple sub-reads of the same origin are generated and can be combined to 

create highly accurate consensus reads for HLA typing [8].

Long-reads for improved haplotype phasing

Although NGS on the short-read sequencing platforms have reduced the cis-trans ambiguity 

involving variants that are hundreds of bases apart, the ability of short sequencing reads to 

phase distant variants is limited. In our recent evaluation of a commercial assay on the Ion 

Torrent S5 instrument for two-field resolution HLA typing [50], we encountered cis-trans 

ambiguity across different exons in 26 out of 1685 genotypes (1.5%) primarily affecting the 

HLA-A, -B, -DPB1 and -DQB1 loci. Most of the ambiguous genotypes include one or two 

rare alleles, which can be reported with NMDP codes, and the limitation may not be unique 

to the method or sequencer we evaluated. For Illumina sequencing libraries, despite the short 

read length, the inclusion of longer fragments with pair-end sequencing can improve the 

phasing of distant variants to some extent [51].

The long reads from nanopore sequencing can readily phase distant variant positions. One 

example is the genotype DQB1*06:03 and DQB1*06:04 versus the alternative genotype 

DQB1*06:39 and DQB1*06:41. The two genotypes cannot be distinguished with short reads 

from Ion Torrent due to the cis-trans ambiguity across exon 2 and exon 3. Sequencing reads 

must bridge two variant positions that are 2668 bases apart to be able to resolve the 

ambiguity (Fig. 2). Paired-end reads from the Illumina platform may not be able to resolve 

these genotypes either due to the lack of library fragments that happen to span these variant 

positions. We performed nanopore sequencing of full-gene amplicons of DQB1, and 

sequencing reads with an average length of 6654 bases were generated, which unequivocally 

support the assignment of DQB1*06:03 and DQB1*06:04 in a sample we tested (Fig. 2).
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Affordable, scalable, and portable HLA typing

The advantages in library preparation and variant phasing described above are not unique to 

nanopore sequencing, as similar progress has been made on the PacBio platform as well. 

However, PacBio sequencers require significant capital investment and laboratory space, 

while nanopore sequencing removes such requirement, allowing smaller HLA laboratories 

with limited resources to access NGS. It will not be surprising if nanopore sequencing starts 

to penetrate the molecular testing and HLA typing market in developing countries.

The multiplexing capability and scalability of nanopore sequencing also impact the cost of 

HLA typing on this platform. A MinION device can generate up to 50 Gb of data per run 

under optimized conditions (https://nanoporetech.com). This data yield can theoretically 

provide a theoretical 2000x coverage for 11 HLA genes and approximately 50 samples 

multiplexed in a run, even after cutting the run time by half to 24 hours and excluding low-

quality reads (~50%) that cannot be basecalled. Currently, up to 96 samples can be indexed 

using the PCR Barcoding kits from ONT. The above data output and multiplexing capacity 

would probably suit the need of most hospital-based HLA laboratories. But in case a higher 

throughput is desired, the platform can be scaled up with the GridION and PromethION 

devices that can generate up to 250 Gb and 5.2 Tb per device, respectively.

In the other direction, nanopore sequencing can also be scaled down with Flongle, which is a 

smaller flow cell with 126 channels (vs. 512 for MinION) used in conjunction with a 

reusable adapter. Almost proportional to the decrease in the number of channels for 

sequencing, Flongle costs about a quarter of the price of a MinION flow cell. For under 

$100 per flow cell, up to 2 Gb of data can be generated on Flongle per run. When 

sequencing amplicons, we regularly obtain a range of 0.2 −1.6 Gb of data per run depending 

on how much library is loaded onto the flow cells. Even more futuristic is the SmidgION in 

the pipeline that is probably the smallest sequencing device that can be plugged into a 

smartphone for sequencing. With these smaller, inexpensive flow cells, it will be affordable 

to perform NGS for HLA typing on a small batch of samples, or on a single sample without 

batching at all. De Santis and colleagues successfully implemented single sample typing of 

11 HLA loci using Flongle flow cells [42]. This unprecedented level of flexibility will 

benefit laboratories with low testing volumes as well as larger laboratories that need an 

option for urgent high-resolution HLA typing.

Rapid, real-time HLA typing

Nanopore sequencing does not require a fixed sequencing time to complete a predetermined 

number of cycles as on the Illumina or Ion Torrent platforms. Instead, sequencing reads can 

be generated and basecalled in real time followed by downstream data analysis. These 

features make it feasible to perform rapid HLA typing by sequencing for as much time as 

needed to generate sufficient read coverage for the intended application. We have observed 

that thousands of long reads covering the full-length class I genes can be generated within 

half an hour of sequencing on a MinION R9.4 flow cell, and accurate HLA typing can be 

determined using these data (Fig. 3). Considering the entire HLA typing process including 

DNA extraction (~1 hour), target enrichment by PCR (~3 hours), ONT library preparation (~ 

2 hours), nanopore sequencing (~ 0.5–1.5 hours), and data analysis (~0.5 hours), it becomes 
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realistic to develop an assay on the ONT platform to complete a high-resolution HLA typing 

by NGS within a few hours [42]. That being said, the sequencing speed may vary 

significantly between different runs (Fig. 3, compare left and right panels), and process 

standardization will be necessary to achieve a predictable data output.

Furthermore, the number of on-target sequencing reads per sample and per locus in a 

multiplexed sequencing assay may vary substantially [50] depending on the PCR reagent 

and precision of library pooling process. It is critical to ensure balanced representation of all 

target genes and samples to maximize the multiplexing capability for NGS-based HLA 

typing. While optimization of the primer mix and process standardization are critical, 

balanced sequencing of target amplicons can potentially be achieved on the ONT platform 

through the real-time selective sequencing developed by Loose and colleagues [52]. The 

process was implemented through an open-source “Read Until” software that matches the 

ionic current tracing (the segmented sequential events or “squiggle” data) to reference 

sequences in squiggle space and in real-time. If correct matches were identified for the first 

250 events, the amplicon is regarded as from the target region and will be selectively 

sequenced until a prespecified goal has been reached (e.g., certain coverage depth). 

Amplicons from the off-target regions were rejected from corresponding pores by a reversal 

of voltage across these pores. Amplicons from target regions that had been sufficiently 

covered were also rejected. The approach effectively prioritized the sequencing of multiple 

target regions and normalized their coverages, which will be beneficial in the setting of 

amplicon-based typing of multiple HLA genes. Although the method appears to be 

computationally demanding, it has the potential to be optimized for broader applications.

Bioinformatics

Using long but noisy nanopore sequencing reads for HLA typing requires bioinformatic 

solutions distinct from those designed for shorter but more accurate reads from the Illumina 

and Ion Torrent platforms. An excellent and comprehensive review of the bioinformatics for 

HLA typing using NGS data was published recently [53]. This section will focus on the 

bioinformatic approaches to HLA typing using nanopore reads.

The first attempt to type HLA-A and -B genes through amplicon sequencing on an earlier 

version of MinION (R7.3 flow cell) was unsuccessful, with four out of four alleles assigned 

incorrectly [36]. The result could be explained by the high error rates of earlier nanopore 

reads and the lack of customized bioinformatic tools at the time. The GATK HLACaller, 

initially designed for short reads from the 454 platform [54], was used to assign HLA alleles 

in this study, and the algorithm turned out to be incompatible with error-prone nanopore 

reads. With the continued improvement in sequencing chemistry and basecalling method, the 

read error rate of 1D reads from the R9.4/R9.5 flow cells has been hovering around 85–90%, 

using the recurrent neural network algorithm for basecalling [27]. Subsequent efforts to 

perform HLA typing using these noisy reads have explored three main strategies as outlined 

below: 1) consensus allele matching, 2) graph alignment-based allele assignment, and 3) 

allele-specific read clustering and hierarchical scoring.

Consensus sequence can effectively correct random errors in individual nanopore reads 

given sufficient coverage. High-quality consensus sequences have been generated using 
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nanopore reads alone for homogenous haploid samples using tools such as Canu [55], 

Freebayes [56], Nanocorrect [57], and Racon [58]. For example, Loman and colleagues 

developed Nanocorrect to assemble the E. coli K-12 MG1655 genome de novo and 

Nanopolish to refine the assembly using the squiggle (signal-level) data. The approach 

achieved a 99.5% nucleotide identity at a ~29x theoretical coverage [57], demonstrating a 

potential pathway to overcoming the read-level noise. For consense-based HLA typing by 

amplicon sequencing on MinION, we developed the Athlon pipeline [37] to first identify 

one (homozygous) or two (heterozygous) candidate alleles at class I HLA loci through two 

processes: 1) read mapping to a collection of known reference sequences in the IMGT/HLA 

database, and 2) comparison of total read depth at the antigen and allele levels. Next, 

consensus sequences were generated using Freebayes [56] for reads realigned to each 

candidate allele. Finally, the consensus sequences were compared with the IMGT/HLA 

database, and the best-matched alleles were selected for the final assignment. This proof-of-

concept study considered exons 2 and 3 that encode the antigen-recognitition domains 

(ARD). At this resolution, Athlon achieved a 100% accuracy using either 2D reads or 1D 

reads from the R9.4 flow cells. Despite the encouraging results, a relatively high coverage (≥ 

1000 1D reads per locus) was required as shown in the downsampling analysis. In addition 

to the limitation in typing resolution at 2-field level (only considering key exons by the 

pipeline), Athlon may be susceptible to allele dropout depending on the allele balance in the 

library and could not handle class II HLA typing at the time of publication. The consensus 

accuracy of nanopore sequencing reads currently lags behind PacBio (>99.999% at 30x 

coverage depth) [59]. Even with an identity approaching 99.9% between the consensus 

sequence and ground truth with nanopore reads [55], about 4 erroneous bases may be 

present in the consensus for a typical class I allele (~4,000 bases in full length), which will 

complicate the final allele assignment. This effect may be inconspicuous when Athlon 

restricted the analysis to key exons with less than 600 bases in total length. These residual 

errors may be difficult to eliminate completely if they represent systematic errors intrinsic to 

the nanopore sequencing chemistry or basecalling method.

Instead of mapping sequencing reads to a collection of reference sequences, the graph 

alignment strategy identifies linear alignments between sequencing reads and a population 

reference graph (PRG) that combines known reference sequences into a generative model 

for variations within target genes [60, 61]. For the inference of the final HLA type, all 

alignments are scored, and the most likely pair of underlying alleles at G group resolution 

are reported. The strategy was initially implemented as HLA*PRG for whole-genome 

sequencing (WGS) data from the Illumina platform and achieved an accuracy of 99.4% for 

158 alleles analyzed [61]. One caveat of HLA*PRG was its high computational demands. 

An improved implementation, HLA*LA [15], allows optimization of linear alignments 

projected on the PRG through a stepwise process, including alignment inspection, polishing, 

and extension. HLA*LA supports the analysis of more diverse types of NGS data. With 

exome and low-coverage WGS data from the Illumina platform, HLA*LA demonstrated 

equal or superior accuracies when compared with other variation-aware alignment 

approaches, including HLA*PRG [61], Kourami [16], and xHLA [17]. Importantly, 

HLA*LA is the only graph alignment-based program that has been shown to successfully 

analyze noisy long reads from PacBio and nanopore platforms, with accuracies ranging from 
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95% to 100% for targeted sequencing data. If validated with additional nanopore sequencing 

data, the graph alignment approach may offer an excellent option for HLA typing at the G-

group resolution.

Klasberg and colleagues recently reported the nanotyper pipeline for amplicon-based HLA 

typing, which features read clustering and hierarchical scoring [40, 62, 63]. With this 

method, nanopore reads were first mapped to a generic reference of the target gene and then 

clustered into allele-specific read sets. The clustering was implemented based on 

polymorphic positions that are phase-informative and unlikely to be sequencing artifacts. 

Next, reads in each allele-specific set were used to create a multiple sequence alignment, and 

the final genotype was determined by hierarchical scoring that prioritized key exons 

followed by non-key exons and then non-coding sequences. The authors determined 4-field 

HLA typings in 94 samples, which were benchmarked against genotypes generated by 

Illumina and PacBio sequencing [40]. The concordance rates were 99.4–100% for class I 

genes and 95% for HLA-DQB1, and 60% of these results were unambiguous. Two primary 

sources of ambiguity were identified, one being the incomplete coverage of the 3’-UTR and 

the other due to the failure to differentiate homopolymer tracks of different lengths. As the 

method continues to mature, especially for all relevant class II loci, nanopore sequencing 

may become a serious contender in ultra-high-resolution HLA typing.

In addition to the above academic bioinformatic tools, some commercial software such as 

SeqPilot (JSI medical systems GmbH, Germany) and NGSengine (GenDx, Utrecht, 

Netherland) have also been used to analyze nanopore sequencing data for HLA typing with 

promising results [39, 42, 64]. Nevertheless, homopolymer errors will continue to be the 

major challenge in this application as the translocation of extended homopolymer tracks (> 

5-mers) through a nanopore does not cause changes in the ionic current signal; the number 

of bases within a homopolymer region cannot be reliably inferred due to the nonuniform 

speed of translocation [27]. One compromise is to exclude these difficult regions from 

decision making during allele assignment, especially when they are located in introns, and 

accept the increased ambiguity [48, 65]. The relatively high error rate and homopolymer 

issue of nanopore reads also makes it challenging to ascertain the presence of novel alleles 

not in the existing database. The hybrid consensus approach combining data from nanopore 

sequencing and other methods may be useful in this context to achieve excellent phasing and 

accuracy at the same time [14, 48]. To ultimately root out the problem, innovation in the 

nanopore design and basecalling method will be necessary. The latest R10.3 nanopore has a 

longer channel with dual recognition sites that are separate from each other to enhance the 

resolution of homopolymer tracks [66]. The full validation and integration of this new 

development are likely to boost the performance of nanopore sequencing and qualify the 

technology for clinical HLA typing in the near future.

Other immunogenetics applications beyond HLA typing

Nanopore sequencing offers a lot more opportunities for immunogenetics research than just 

HLA genotyping. One natural application that takes advantage of the nanopore read length is 

to generate extended haplotypes of the major histocompatibility complex (MHC) region. In 

the recent effort to assemble a reference genome for the human GM12878 Utah/Ceph cell 
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line by nanopore sequencing, a protocol was developed to generate ultra-long reads with an 

N50 of greater than 100kb, meaning that reads with a length of 100kb or greater sum to at 

least half of the total bases generated [28]. These ultra-long 1D reads made it possible to 

assemble the 4Mb MHC region into a single contig with haplotype phasing. Due to the error 

rate and limited depth of nanopore reads, the assembly and phasing were assisted by 

Illumina reads to call the heterozygous variants. Nevertheless, this accomplishment will lead 

to future work to better understand the recombination events in the MHC region and to 

elucidate functional gene and disease associations.

Nanopore sequencing can also discriminate nucleotide with chemical modifications such as 

cytosine methylation, among others [33, 67]. The direct detection of epigenetic marks on 

native DNA can overcome some of the limitations of existing methods, including bisulfite 

sequencing for the profiling of DNA methylation. Selective sequencing of genomic DNA 

with epigenetic modifications has also become a reality with Cas9-guided adapter ligation to 

target regions of interest, revealing haplotype-phased methylation patterns [68]. These 

advances offer abundant opportunities for immunogenetics research. It has been shown that 

allelic expression of HLA may impact the outcome after hematopoietic stem cell 

transplantation, as elevated expressions of mismatched host antigens (HLA-DPB1 or -C) 

have been associated with an increased risk of graft-versus-host disease [69, 70]. Nanopore 

sequencing may allow direct coupling of HLA genotyping and the allelic epigenetic 

modification patterns to shed light on the regulatory mechanism of HLA allelic expressions. 

Similarly, cDNA sequencing or direct RNA sequencing [26, 32] on nanopore platforms can 

generate reads for full-length transcripts, enabling simultaneous genotyping and transcripts 

quantification; chemical modification of RNA can also be directly detected [71]. Weimer 

and colleagues recently performed whole-transcriptome sequencing on MinION to 

determine the class I HLA typing and gene transcription in donor lymphocytes. Variable 

gene expression was observed among individual donors, which correlated with the median 

channel shift on flow crossmatch using sera with a single donor-specific antibody to the 

donor cells [41]. Finally, except for a small number of classical and non-classical HLA 

genes [72–75], different splicing isoforms of HLA genes and their physiological relevance 

have not been extensively examined. Nanopore sequencing has been successfully used to 

determine the transcriptional variations, including allele-specific isoforms, of complex genes 

in various cell types [26, 76, 77]; it may prove a useful tool to study the exon connectivity in 

HLA gene transcripts and its functional impact.

Conclusion and future directions

Nanopore sequencing is a unique technology that sequences DNA/RNA strands through 

chemistry independent of nucleic acid synthesis. It has the potential to deliver rapid, 

portable, and inexpensive high-resolution HLA typing free of cis-trans ambiguity. The 

library preparation process is simple and flexible, which remains a fertile ground for 

innovation. The lengths of nanopore reads are only limited by the lengths of library 

fragments, which can span the entirety of HLA genes and transcripts. The technology also 

has the capability of directly detecting epigenetic modifications, which is a remarkable 

breakthrough and may lead to novel discoveries in immunogenetics research.
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The biggest hurdle for the broad application of nanopore sequencing in clinical molecular 

testing and HLA typing is the high error rate of the sequencing reads. The cumulative 

sample size of HLA typing by nanopore sequencing remains small in the literature and is 

dwarfed by the number of samples sequenced by other NGS platforms [4, 6]. Moreover, the 

excellent performance of existing NGS platforms are raising our expectations for full-gene 

characterization at a nearly perfect accuracy. Nanopore sequencing must meet the high 

standards shaped by existing NGS platforms to qualify for clinical HLA typing. To meet this 

goal, novel bioinformatic tools and validated commercial software packages are needed to 

generate accurate typing results from the noisy nanopore reads. And, together with the 

continued improvement in the nanopore design and basecalling method, nanopore 

sequencing may fulfill the promise of a robust and versatile platform for HLA typing and 

immunogenetics research in the near future.
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ONT Oxford Nanopore Technologies

HLA Human Leukocyte Antigen
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SMRT Single-molecule real-time
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Fig. 1. 
Gaps in HLA typing technologies. (A) Comparison of workflows by traditional NGS 

(commercial assays on Illumina and Ion-torrent platforms) and nanopore sequencing. 

Equimolar pooling is optional for MinION if not multiplexing. (B) Selected coverage plots 

of the HLA-B locus. Library preparation using enzyme-based fragmentation can produce 

uneven coverage patterns. Key exons may be poorly covered (red boxes) in affected samples 

leading to error or ambiguity (i). In contrast, nanopore reads cover the entire gene without 

significant variations (ii). Panels (i) and (iii) are adapted from reference [43]; panel (ii) was 

generated in the author’s research laboratory.
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Fig. 2. 
Resolving cis-trans ambiguity with nanopore sequencing long reads. Reads from full-length 

amplicon sequencing of DQB1 were fully aligned to the genotype DQB1*06:03:01:01 and 

DQB1*06:04:01:01 with uniform coverage, but not the alternative genotype DQB1*06:39 

and DQB1*06:41. The cis-trans ambiguity involves two variant positions in exon 2 and exon 

3 that are 2668 bases apart, and Ion Torrent sequencing did not resolve this ambiguity. The 

fold coverage is display at the upper left corner of each coverage plot.
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Fig. 3. 
Rapid sequencing of class I HLA genes on MinION. 1D libraries of full-gene amplicons of 

three class I HLA genes from Samples 1 (left panel) and 2 (right panel) were sequenced on 

two independent runs using R9.4 MinION flow cells. The number of high-quality 

sequencing reads (right axis) and the accuracy of typing results based on key exons (left 

axis) are plotted over time. The consensus sequences fully matched those of the reference 

alleles (exons 2 and 3) in 15 minutes for both samples. At 1, 5, and 10 minutes, the total 

numbers of mismatches between the consensus sequences and reference sequences are 1, 1, 

and 1 for sample 1, and 4, 4, and 1 for sample 2.

Liu Page 18

Hum Immunol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Liu Page 19

Table 1.

Recent publications that used nanopore sequencing data for HLA typing

Reference Target genes and library 
preparation

ONT Chemistry Bioinformatics Accuracy

Ammar et al., 2015 
[36]

HLA-A and -B (n=1), genomic 
DNA Sequencing protocol (SQK-
MAP003)

R7.3, 2D reads BLASR for read 
alignment, GATK 
HLACaller package

Discordant for all four alleles

Liu et al., 2018 [37, 
38]

HLA-A, -B, and -C (n=20), full-
gene amplicon, native barcode 
ligation

R9.4, 2D reads 
(n=10) and 1D 
reads (n=10)

BLASR for read 
mapping, Athlon 
pipeline for genotyping

Evaluated key exons only; 
100% concordant at 2-field 
resolution

Ton et al., 2018 [39] HLA-B (n=49), key-exon 
amplicon, PCR barcoding kit 
(EXP-PBC096)

R9.4, 2D reads SeqPilot v.4.3.1 (JSI 
medical systems) + 
Nanopolish pipeline

100% concordant at the G 
group resolution among 13 
samples with reference typing 
results

Klasberg et al., 
2019 [40, 62, 63]

HLA-A, -B, -C, -DRB1, -DQB1, 
and -DPB1 (n=96), full-gene 
amplicon followed by barcoding 
PCR and ONT adapter ligation

Not reported 
(conference 
abstract)

Nanotyper pipeline 
(DR2S long-read path)

Accuracy of 100% and 92% 
for HLA-A and -B at 4-field 
resolution; further adaptions 
needed for HLA-C and class II 
genes

Dilthey et al., 2019 
[15]

HLA-A, -B, -C, -DQA1, -DQB1, 
and -DRB1 full-gene amplicon 
sequencing (n=1) and whole-
genome sequencing (n=1)

R9.4, 1D reads HLA-LA program Average accuracy of 98% at 
the G group resolution

Montgomery et al., 
2020 [41]

Class I HLA genes (n=12), cDNA-
PCR sequencing kit (SQK-
PCS108)

R9.4, 1D reads Minimap2 for read 
mapping, Athlon 
pipeline for genotyping

Accuracy of 94% at the 2-field 
G group resolution.

Matern et al., 2020 
[48]

HLA-DRA full-gene amplicon 
sequencing (n=98)

Flow cell version 
not reported, 1D2 

reads

Nanopore Prospector 
and GenDx 
NGSEngine (V2.11)

Identification of 22 novel 
DRA alleles due to intronic 
and 3’ UTR variants.

De Santis et al., 
2020 [42]

HLA-A, -B, -C, -DQA1, - DQB1, -
DRB1, -DRB345, - DPA1 and -
DPB1 full-gene or partial-gene 
amplicon sequencing (n=42, SQK-
LSK109 kit)

R9.4, 1D reads 
generated on 
Flongle flow cells

GenDx NGSEngine 
(V2.13)

100% concordance at 2-field 
resolution. Some manual 
editing required at high-
background or homopolymer 
regions.
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