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A B S T R A C T   

Human leukocyte antigen (HLA) genes play pivotal roles in numerous immunological applications. Given the 
immense number of polymorphisms, achieving accurate high-throughput HLA typing remains challenging. This 
study aimed to harness the human pan-genome reference consortium (HPRC) resources as a potential benchmark 
for HLA reference materials. We meticulously annotated specific four field-resolution alleles for 11 HLA genes 
(HLA-A, -B, -C, -DPA1, -DPB1, -DQA1, -DQB1, -DRB1, -DRB3, -DRB4 and -DRB5) from 44 high-quality HPRC 
personal genome assemblies. For sequencing, we crafted HLA-specific probes and conducted capture-based 
targeted sequencing of the genomic DNA of the HPRC cohort, ensuring focused and comprehensive coverage 
of the HLA region of interest. We used publicly available short-read whole-genome sequencing (WGS) data from 
identical samples to offer a comparative perspective. To decipher the vast amount of sequencing data, we 
employed seven distinct software tools: OptiType, HLA-VBseq, HISAT genotype, SpecHLA, T1K, QzType, and 
DRAGEN. Each tool offers unique capabilities and algorithms for HLA genotyping, allowing comprehensive 
analysis and validation of the results. We then compared these results with benchmarks derived from personal 
genome assemblies. Our findings present a comprehensive four-field-resolution HLA allele annotation for 44 
HPRC samples. Significantly, our innovative targeted next-generation sequencing (NGS) approach for HLA genes 
showed superior accuracy compared with conventional short-read WGS. An integrated analysis involving 
QzType, T1K, and DRAGEN was developed, achieving 100% accuracy for all 11 HLA genes. In conclusion, our 
study highlighted the combination of targeted short-read sequencing and astute computational analysis as a 
robust approach for HLA genotyping. Furthermore, the HPRC cohort has emerged as a valuable assembly-based 
reference in this realm.   

1. Introduction 

The human leukocyte antigen (HLA) region located on chromosome 
6p21 is a genomic complex that encodes HLA proteins. These proteins 
play pivotal roles in orchestrating both the innate and adaptive immune 

responses. Notably, the classical class I (HLA-A, HLA-B, and HLA-C) and 
class II (HLA-DR, HLA-DQ, and HLA-DP) HLA genes are the most poly
morphic entities in the human genome [1]. Their significance is 
underscored by their association with pathogen resistance, graft rejec
tion, and a plethora of over 100 immune-related diseases [2–4]. Many of 
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these conditions correlate with specific HLA alleles [5–11], emphasizing 
the importance of accurate HLA allele typing. 

Traditional molecular HLA typing methodologies include polymer
ase chain reaction (PCR)-based procedures utilizing sequence-specific 
primers [12–15], sequence-specific oligonucleotide probes (SSO) 
[16–19], and sequencing-based typing (SBT) techniques [20]. Although 
SBT remains a trusted method because of its ability to discern HLA al
leles at two-field to four-field resolutions [21,22], it is not devoid of 
limitations. Specifically, SBT suffers from inadequate throughput and 
occasionally produce ambiguous results. The advent of next-generation 
sequencing (NGS) offers a promising avenue to mitigate these challenges 
by capitalizing on the parallel sequencing capacity of numerous indi
vidual DNA molecules [23–29]. However, it’s worth noting that most 
existing NGS-based methods are contingent upon long-range PCR of the 
HLA region. PCR-based methods offer the advantages of speed and low 
DNA input requirements. However, it is worth noting that most existing 
NGS-based methods are contingent on long-range PCR of the HLA re
gion. PCR-based methods offer the advantages of speed and low DNA 
input requirements. However, caveats include the demand for relatively 
high-quality DNA, potential allele dropout in HLA class II genes, and the 
inability to detect novel alleles beyond the designed PCR range. In 
contrast, capture-based methods excel in probe coverage, extending to 
all regions except the HLA class II gene intron 1, significantly reducing 
the risk of allele dropout owing to the flexibility of probe capture. 
Moreover, capture-based methods have relatively low DNA quality re
quirements. However, their drawbacks include longer experimental 
processes and the need for higher quantities of DNA. Solutions in the 
form of probe capture-based targeted sequencing have been suggested to 
alleviate some PCR-associated concerns [30–33], as exemplified by the 
commercial product AlloSeq Tx (CareDx, Brisbane, CA, USA). None
theless, the precision of such capture-based NGS HLA typing methods 
remains largely unexplored, and the intricacies of probe designs and 
computational tools remain undisclosed. 

In the contemporary landscape, multiple NGS data types are 
amenable to HLA typing analysis via a range of software tools, including 
HLAminer [34], HLAforest [35], ATHLATES[36], seq2HLA[37], Opti
Type[38], HLAssign[39], HLAreporter[40], Polysolver[41], HLA-VBseq 
[42], HLA*PRG[43], xHLA[44], HLA-HD[45], HLAscan[46], PHLAT 
[47], Kourami[48], STC-Seq[49], OncoHLA[50], HLA*LA[51], 
HISAT-genotype[52], arcasHLA[53], SpecHLA[54], T1K[55], DRAGEN 
[56], and QzType (TBG Biotechnology Corp., Taipei, Taiwan) 
(http://www.tbgbio.com/en/product/product_analysis_software) (sup
plementary-1). Several studies have addressed systematic comparisons 
[33,50,57–59], however a definitive assessment, particularly consid
ering both probe capture-based and whole-genome sequencing (WGS) 
approaches, remain elusive. This study explored and compared multiple 
HLA genotyping tools using whole-genome and capture-based 
sequencing data, an aspect that has not been thoroughly addressed in 
the literature. The utilization of high-quality personal genome assembly 
annotations as a benchmark in our study was uncommon in prior 
research, further enhancing the novelty of our research. Additionally, 
we propose that human pan-genome reference consortium (HPRC) 
specimens sourced from diverse populations provide a valuable alter
native to the International Histocompatibility Working Group (IHWG) 
reference panel and enrich the HLA reference database. 

2. Materials and methods 

2.1. HLA nomenclature 

HLA allele names consist of four fields of digits separated by colons, 
each serving a distinct purpose. The first field signifies serologic or 
sequence similarity, the second field represents a unique designation 
based on the order of discovery, the third field indicates synonymous 
variation, and the fourth field denotes variation in the non-coding re
gion. Notably, discrepancies in the digits of the first two fields of an 

allele imply one or more nucleotide substitutions resulting in differences 
in the encoded protein [60]. 

2.2. Utilization of international reference materials with high 
populational diversity 

We acquired 44 specimens from the Coriell Institute for Medical 
Research (https://www.coriell.org/), which were sourced directly from 
the HPRC. These specimens were assembled using PacBio HiFi long-read 
technology, producing superior quality triophased personal assembly 
files that are accessible for reference [61].(https://github.com/human 
-pangenomics/HPP_Year1_Assemblies). 

After comprehensive annotation, as detailed in the following section, 
these specimens offered benchmark HLA allele types for evaluating the 
precision and reliability of diverse HLA-focused wet- and dry-lab 
methodologies. 

2.3. HLA allele annotation for the HPRC samples 

The HPRC-derived personal genome assembly FASTQ files were 
subjected to HLA annotation using two distinct tools: gAIRR-annotate 
[62] and minimap2 [63]. The gAIRR-annotate procedure, which was 
originally designed to annotate adaptive immune receptor repertoire 
(AIRR) allele types, designates the PacBio HiFi personal assemblies as 
references and employs BWA-MEM (v0.7.17) for the alignment of 
known AIRR allele sequences to the references. The resulting BAM files 
were then subjected to a selection process to identify the V(D)J genes 
within the assemblies. Therefore, by substituting the AIRR allele se
quences with all full-length HLA allele sequences provided by the 
IMGT/HLA database, we successfully determined the HLA genotypes in 
the assemblies. 

Conversely, minimap2 (v2.24) functions by aligning the HLA coding 
sequences (CDSs) to the PacBio HiFi Trio Phased Assemblies. It then 
prioritizes the HLA genotypes possessing sequences that exhibit a perfect 
match or have the highest alignment score as HLA genotypes for each 
assembly. 

When disparate allele annotations were offered by these two soft
ware tools, a subsequent step was initiated to extract relevant contigs 
from the assembly. The extracted contig(s) were further analyzed using 
the commercial software Geneious (Biomatters, Auckland, New Zea
land), involving alignment with HLA allele sequences possessing the 
highest alignment scores to identify the correct result or potential novel 
loci. A thorough manual review ensured that all inconsistencies or am
biguities stemming from the software outputs were judiciously 
addressed and reconciled. This stringent approach vouches for the ve
racity and dependability of benchmark findings, amplifying the integrity 
of HLA genotyping evaluations, and augmenting our understanding of 
genetic diversity within this pivotal region. 

2.4. Probe design and synthesis 

Our probe design utilized an HLA-related sequence from the GRCh37 
reference genome. These sequences were identical between GRCh37 and 
GRCh38, with differences only in the chromosomal position. In addition, 
we complemented the design with a complete set of known HLA se
quences from the IPD-IMGT/HLA Database. (https://www.ebi.ac.uk/i 
pd/imgt/hla/download/). As of October 2023, the IMGT/HLA data
base has reported 26,341 HLA class I and 11,175 HLA class II alleles, 
totaling 37,516 alleles. We strategically positioned the probe-binding 
regions within stable intronic areas or at the exon-intron junctions of 
the HLA genes, as illustrated in Fig. 1. Additional probes were designed 
to accommodate alleles with significant sequence differences from the 
GRCh37 reference genome within the same genomic region. Caution 
was exercised to circumvent the incorporation of probes into repetitive 
elements, notably long interspersed nuclear elements (LINEs) or short 
interspersed nuclear elements (SINEs) situated in introns, with special 
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attention paid to HLA class II intron 1. 
The constructed panel comprised 297 probes, providing coverage 

across the entirety of the class I HLA genes (HLA-A, -B, -C) and the 
majority (except for certain intron 1 regions) of the class II HLA genes 
(HLA-DRB1, -DPA1, -DPB1, -DQA1, -DQB1, -DRB3, -DRB4, -DRB5). We 
selected these 11 HLA genes because of their clinical relevance in organ 
transplantation, which necessitates the matching of HLA-A, HLA-B, HLA- 
C, HLA-DPB1, HLA-DQB1, and HLA-DRB1. The remaining five genes 
have been associated with various immune-related diseases in numerous 
studies, rendering them of significant research value. The emphasis 
placed on these genes by most commercial kits and analytical software 
underscores their importance. It is important to recognize that certain 
parts of the HLA class II intron 1 were deliberately omitted from probe 
coverage because of the dense presence of repetitive elements. The 
length of intron 1 varies among HLA class II genes, from 1.1 kbp (HLA- 
DQB1) to 9.5 kbp (HLA-DRB4). Therefore, among the HLA class II genes, 
only HLA-DQB1 has been fully sequenced. The total length of these 11 
HLA genes was approximately 100 kbp; after subtracting the lengths of 
some intron 1 regions without the designed probes, the target region 
covered by the probes was approximately 57 kbp. Roche (Basel, 
Switzerland) supplied bespoke 120-bp probes. The bed file related to the 
probes is provided in Supplementary-2 file. 

2.5. Library preparation, probe capture-based enrichment, and 
sequencing 

To initiate the procedure, we took one microgram of genomic DNA 
and subjected it to fragmentation via the Covaris instrument (Covaris, 
Inc., Woburn, MA, USA), yielding fragments with an average length of 
800 bps. This was followed by a series of preparatory steps, including 
end-repair, size selection, dA-tailing, and index ligation, using the Tru
Seq DNA PCR-free Low-Throughput Library Prep Kit (Illumina, Inc., San 
Diego, CA, USA). 

Our probe-based capture methodology adhered to the KAPA 
HyperCap workflow v3.0 (Roche, Basel, Switzerland), utilizing the 
KAPA HyperCapture Reagent kit and KAPA HyperCapture Bead kit. 
Briefly, the libraries of fragmented genomic DNA, each uniquely 

indexed for every sample, were pooled before hybridizing them with 
Roche-customized capture probes. 

This mixture was incubated at 55 ℃ for a duration of 16 h. The 
ensuing day entailed a purification phase, which was followed by 
amplification of the captured samples via ligation-mediated polymerase 
chain reaction (LM-PCR) over 14 cycles. After purification, the enriched 
libraries were quantified using the KAPA Library Quantification Kit 
(Roche, Basel, Switzerland) and sequenced. Sequencing was performed 
using the NovaSeq 6000 S4 Reagent Kit v1.5 (Illumina, Inc., San Diego, 
CA, USA), producing 150 bp paired-end reads. 

This hybridization mix was incubated at 55 ℃ for a duration of 16 h. 
The next day entailed a clean-up phase followed by amplification of the 
captured sample via LM-PCR over 14 cycles. After clean-up, the target- 
enriched libraries were quantified using the KAPA Library Quantifica
tion Kit (Roche) and used for sequencing. Sequencing was performed 
using the NovaSeq 6000 S4 Reagent Kit v1.5 (Illumina, Inc.), yielding 
two–150 bp paired-end reads. 

2.6. Computational analysis 

Given that the primary objective of this study was not to undertake a 
comprehensive comparison of all available HLA analysis tools, we chose 
a subset of tools. The selection criteria were based on recent advance
ments, capacity to interpret a wide range of genes (both class I and class 
II), and typing resolution (three or four fields). Additionally, although 
OptiType is only capable of typing HLA class I, it is commonly used in 
comparative studies of HLA typing tools. Therefore, we included this in 
our analysis. In the end, We conducted a comparative evaluation of five 
open-source software tools: OptiType (v1.1.3), HLA-VBseq (v1), HISAT- 
genotype (v1.3.2), SpecHLA (v1.0.3), and T1K (v1.0.2), alongside two 
proprietary software platforms, DRAGEN (v4.2.4)[56] and QzType 
(v1.0.8665.38443) (TBG Biotechnology Corp., Taiwan) (http://www. 
tbgbio.com/en/product/product_analysis_software). Each software 
package was used in adherence to the official user guidelines. Raw 
FASTQ files were used as the inputs. These original FASTQ files were 
obtained from two distinct sources: one set originated from our 
capture-based sequencing experiments, whereas the other was derived 

Fig. 1. A schematic representation highlighting the relative positions of HLA CDS and probes. This schematic is drawn to scale based on the lengths of the com
ponents depicted. Notably, HLA class II intron1 possess an abundance of repetitive elements (omitted for clarity), complicating probe design within these regions. 
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from publicly available WGS data (https://s3-us-west-2.amazonaws. 
com/human-pangenomics/index.html?prefix=working/HPRC_PLUS/). 
The results were classified into two- and three-field resolutions and then 
juxtaposed with the benchmark results to gauge their consistency 
(Fig. 2). The percentage of consistency for each tool was calculated as 
the number of correctly predicted alleles divided by the total number of 
alleles. The raw FASTQ files generated by capture-based sequencing can 
be downloaded from the following link (https://www.ncbi.nlm.nih.go 
v/Traces/study/?acc=PRJNA1078907&o=acc_s%3Aa); the relevant 
bash commands and typing results are provided in Supplementary-3 and 
− 4 files. Fig. 3 and Fig. 4. 

Whenever there were inconsistencies in the reported HLA genotypes, 
we conducted a joint analysis using two (T1K and DRAGEN) or three 
(T1K, DRAGEN, and QzType) tools together with manual elucidation. 
When the joint analysis identified inconsistent HLA genotypes, we per
formed an alignment using BWA-MEM (v0.7.17) on the filtered FASTQ 
files from the HLA-relevant regions and corresponding full-length HLA 
allele sequences. Subsequently, we utilized Integrative Genomics Viewer 
(IGV) to meticulously inspect the SNP positions carried by inconsistent 
HLA, ensuring that the reads in that region support the results provided 
by the tool. An example explanation is provided in the Supplementary-5 
file. 

3. Results 

3.1. HLA allele annotation of 44 HPRC personal assemblies 

The benchmark results for the HPRC personal assemblies were 
generated through a consensus approach using two annotation methods. 
The gAIRR-annotate method leverages the full-length HLA gene se
quences, thereby providing comprehensive four-field results. In 
contrast, minimap2 relies solely on the HLA CDS, limiting its resolution 
to three fields. When there was a discrepancy between the results of the 
two annotation techniques, long contiguous contigs containing the 
relevant HLA genes were extracted from the PacBio HiFi assembly. 
Subsequently, the commercial software Geneious (Biomatters, Auck
land, New Zealand) was used to superimpose both sets of results onto the 
isolated contigs to verify accurate annotation. 

During our benchmarking activities, we identified a significant lim
itation pertaining to the use of minimap2 for the alignment. It is 
imperative to highlight that minimap2’s alignment approach occasion
ally overlooks small exons. Consequently, this limitation affected 
alignment scores and lengths, especially when contrasting HLA- 
A* 02:01:01:01 and HLA-A* 02:844. The omission of the last 5 bp small 

CDS of class I exon8 in the alignment indicated that the alignment pa
rameters for HLA-A* 02:01:01:01 were frequently less optimal than 
those for HLA-A* 02:844. Such disparities in the alignment results oc
casionally prompted our designed filtering system to produce erroneous 
outputs for HLA-A* 02:844. 

The comprehensive four-field-resolution HLA genotypes of the 44 
HPRC samples are provided in the Supplementary-6 file. 

3.2. Evaluation of software tools for analyzing targeted/panel short-read 
NGS data 

A total of 44 samples were compared in our analysis. Therefore, the 
percentage of consistency for each tool was calculated as the number of 
correctly predicted alleles divided by 88. HLA-VBseq, HISAT, and 
SpecHLA consistently underperformed compared to other software tools 
in the two- and three-field resolution categories (Table 1). Specifically, 
for HLA-VBseq at the three-field resolution, its accuracy rates were 
moderate, with HLA-DQA1 registering the highest accuracy at 96.59% 
and HLA-DRB1 the lowest at 73.86%. The two-field resolution showed 
marginal improvement, with HLA-C achieving a pinnacle accuracy of 
97.73%. HISAT outperformed HLA-VBseq in both resolution categories, 
with high concordance rates for the majority of HLA genes. The standout 
genes were HLA-A, HLA-C, and HLA-DQA1, each reaching a concordance 
rate of 98.86% at two-field resolution. SpecHLA demonstrated the 
highest accuracy for HLA-C at 98.86%, whereas HLA-DQA1 exhibited 
the lowest accuracy at 79.55% for the three-field resolutions. Tran
sitioning to a two-field resolution showed a slight improvement, with 
HLA-C achieving a perfect accuracy of 100%. OptiType performed 
comparably to HISAT and SpecHLA for HLA class I typing and slightly 
outperformed HLA-VBseq. However, none of these genes achieced a 
100% accuracy. Compared with T1K, QZtype, and DRAGEN, the per
formance of OptiType was slightly inferior. 

T1K outperformed most other tools, showing remarkable concor
dance rates, especially at two-field resolution. HLA-B, HLA-C, HLA- 
DPA1, HLA-DPB1, and HLA-DRB5 showed accuracy of 100%. Even in the 
context of HLA-DRB1 typing, T1K achieved an accuracy of 97.73%. 

QzType, at a two-field resolution, displayed solid performance across 
the board, with most genes achieving 100% concordance, except for 
HLA-DQB1 at 95.35%. At three-field resolution, while maintaining high 
accuracy, QzType displayed a slight decrease in HLA-DQA1, HLA-DQB1, 
and HLA-DRB1 typing. 

DRAGEN showed reasonably good accuracy at a two-field resolution, 
with HLA-B, HLA-C, HLA-DQA1, and HLA-DQB1 achieving 100% accu
racy. However, it is important to note that the highest resolution was 

Fig. 2. Schematic representation of the experiment workflow illustrates the multi-faceted approach employed. Each sample from the HPRC dataset yields three 
distinct sets of data: firstly, benchmark results derived from the annotation of PacBio HiFi assembly; secondly, HLA typing results from the public available WGS data; 
thirdly, HLA typing results from capture-based sequencing data. These results, acquired using seven distinct computation tools, are then juxtaposed with the cor
responding benchmarks. The percentage of consistency for each tool is the number of correctly predicted alleles divided by the total number of alleles. 
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only two-field, and some HLA genes (HLA-DPA1, -DPB1, -DRB3, -DRB4, 
and -DRB5) could not be analyzed using DRAGEN. 

3.3. Evaluation of software tools for analyzing WGS NGS data 

QzType is unable to process WGS data; therefore, it was not included 
in the comparison of WGS methods. 

It can be observed that the overall accuracy of WGS analysis is 
generally lower compared to the capture-based panel. Notably, in 
SpecHLA, two specimens were excluded from WGS analysis, thereby 
reducing the sample size to 42. This exclusion was due to insufficient 
reads in the HLA region, leading to an inability to determine the HLA 
genotype. 

T1K demonstrated a higher accuracy at a three-field resolution, 
outperforming the other three software tools. At two-field resolution, 
T1K fell slightly behind DRAGEN, except for HLA-DRB1. 

3.4. Joint analysis efficacy of software tools for WGS or targeted 
sequencing data 

Among the available software tools, QzType, T1K, and DRAGEN 
exhibited commendable performance in the analysis of short-read NGS 
data, albeit with occasional discrepancies in HLA genotype determina
tion. Considering these inconsistencies, we advocate a joint analytical 
framework. This approach involves meticulous curation of these 
inconsistent HLA genotypes, accomplished by realigning NGS reads to 
the purported alleles. Depending on the nature of the NGS procedures, 
such as WGS or panel-based targeted sequencing, the analysis can 
incorporate either a combination of tools (T1K and DRAGEN) or a trio 
(T1K, DRAGEN, and QzType). 

Our empirical findings underscore the fact that a joint analysis 
employing these two tools considerably enhances accuracy. 

Remarkably, utilizing the three tools for joint analysis culminated in an 
impeccable 100% accuracy rate in both two-field and three-field typing 
across all 11 HLA genes, as detailed in Table 1, and illustrated in Fig. 5. 

This table provides a systematic comparison of seven distinct HLA 
typing software tools, all of which utilize HPRC samples and differ in 
their field resolution for typing (either two- or three-field). This evalu
ation encompasses both the resolution and accuracy rates of specific 
HLA genes. DRAGEN produces results solely for two fields and is inca
pable of typing the HLA-DPA1, -DPB1, -DRB3, -DRB4 and -DRB5 alleles. 
OptiType produces only two-field HLA class I results. _ joint2: joint 
analysis of T1K and DRAGEN. _joint3: joint analysis of T1K, DRAGEN, 
and QzType. 

4. Discussion 

The HLA region, comprising a vast array of genes pivotal for the 
immune response, is the subject of intensive research because of its 
direct implications in transplant immunology, pharmacogenomics, and 
disease predisposition. The accuracy with which HLA alleles are deter
mined can critically influence clinical decisions hypersensitivity re
actions. However, given the extensive polymorphism of the HLA region, 
achieving impeccable accuracy remains challenging. Recent advances in 
NGS technologies have ushered in a new era of HLA genotyping, 
promising higher resolution and accuracy than traditional methods. 
However, as our study highlights, even state-of-the-art NGS methodol
ogies, when used in isolation, have limitations, particularly when 
applied to short-read data. Variances between software tools, each built 
on its own alignment and imputation strategies, can lead to sporadic 
discrepancies in HLA allele calls. This is particularly concerning in 
clinical settings where even minor inaccuracies can culminate in cata
strophic consequences. 

Probe-capture-based targeted sequencing has emerged as a 

Fig. 3. Depiction of typing accuracy across eight HLA genes using five computational tools. This blue trajectory signifies the accuracy achieved at two-field reso
lution, whereas the red trajectory delineates the accuracy observed at three-field resolution. In the radar plot, each vertex represents one of the HLA genes, and the 
proximity of a trajectory to a regular octagon shape indicates higher accuracy. Notably, HLA-DRB3/4/5 are not included in the plot because not all software tools can 
interpret these genes. As OptiType can only produce HLA class I typing at two-field resolution, it was not included in the depiction. 
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promising alternative to WGS and long-range PCR-based NGS for HLA 
genotyping. The advantages of this approach are manifold. Compared 
with WGS, targeted sequencing offers an unparalleled depth of coverage 
for regions of interest, which is essential given the intricate polymorphic 
nature of the HLA system. The QzType analysis results confirmed 100% 
coverage in the HLA CDS region, with over 90% of the CDS region 
reaching a depth of 300 (supplementary-7). This ensures that even 
minute variants are not missed, thus bolstering confidence in the allele 
calls. Additionally, targeted sequencing circumvents the prodigious 
costs associated with sequencing an entire genome, making it a more 
cost-effective choice for laboratories with a singular focus on HLA or 
related regions. The reduction in sequenced regions also expedites both 
sequencing and data analysis times, allowing for a quicker turnaround, 
which is a paramount feature in time-sensitive clinical scenarios. In 
juxtaposition with long-range PCR-based NGS, probe capture-based 
methods offer a distinct advantage in terms of flexibility, allowing for 
the addition of probes as needed or the integration of other panels of 
interest, as well as providing broader coverage of sequencing regions. As 
a testament to this adaptability, our method permitted the integration of 
probes specific to KIR and AIRR alongside the primary HLA panel. 
Comprehensive sequencing methods and results for AIRR genes have 

been published in another paper by our team [62], while sequencing of 
KIR genes is currently underway. Both results exhibited robust coverage 
and sufficient depth. This amalgamated approach provides a compre
hensive view of the immunogenomic landscape in a single sequencing 
run, opening avenues for intricate studies linking the HLA, KIR, and 
AIRR genes to immunological responses and disorders. Furthermore, a 
recurrent issue with long-range PCR is allelic dropout, a phenomenon in 
which one allele in a heterozygous sample is preferentially amplified 
over the other. Probe capture-based methods mitigate the issue of allele 
dropout as well as the necessity of high-quality and ample genomic 
DNA. 

However, capture-based sequencing using short reads has several 
limitations. In the case of Class II Intron 1 s, which contain numerous 
repetitive elements such as SINEs or LINEs that are widely spread 
throughout the genome, designing probes to capture these regions may 
result in the capture of an excessive number of fragments unrelated to 
the HLA region, thereby increasing the complexity and time required for 
subsequent analyses. Moreover, the sequencing system used in this 
experiment employs 150 bp paired-end short read sequencing, and the 
obtained short reads may not fully span all repetitive elements because 
of the read length limit. Consequently, it is challenging to distinguish 

Fig. 4. Comparative accuracy analysis of four typing tools employing WGS and panel-based methods across eight HLA genes.The blue trajectory denotes the accuracy 
of two-field typing utilizing panel data, the light blue trajectory indicates the accuracy of two-field typing with WGS data, the red trajectory captures the accuracy of 
three-field typing using panel data, and the light red trajectory signifies the accuracy of three-field typing derived from WGS data. Notably, QzType is absent from the 
representation due to its incapability of analyzing WGS data. 
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Table 1 
Evaluation of short-read NGS analysis accuracy for 44 HPRC samples.  

HPRC_panel N Resolution  HLA-A HLA-B HLA-C  HLA-DPA1 HLA-DPB1 HLA-DQA1 HLA-DQB1 HLA-DRB1  HLA-DRB3 HLA-DRB4 HLA-DRB5 

HLA-VBseq 44 Two-field  93.18% 85.23% 97.73%   87.50% 89.77% 96.59% 95.45% 76.14%  N/A N/A N/A 
Three-field  89.77% 85.23% 92.05%   80.68% 82.95% 96.59% 94.32% 73.86%  N/A N/A N/A 

HISAT 44 Two-field  98.86% 97.73% 98.86%   97.73% 89.77% 98.86% 97.73% 95.45%  N/A N/A N/A 
Three-field  93.18% 96.59% 95.45%   88.64% 73.86% 90.91% 97.73% 93.18%  N/A N/A N/A 

SpecHLA 44 Two-field  96.59% 96.59% 100.00%   97.73% 93.18% 90.91% 95.45% 97.73%  N/A N/A N/A 
Three-field  94.32% 89.77% 98.86%   94.32% 93.18% 79.55% 93.18% 96.59%  N/A N/A N/A 

T1K 44 Two-field  98.86% 100.00% 100.00%   100.00% 100.00% 95.45% 98.86% 97.73%  97.73% 86.36% 100.00% 
Three-field  98.86% 100.00% 100.00%   100.00% 100.00% 95.45% 98.86% 97.73%  97.73% 87.50% 100.00% 

QzType 44 Two-field  100.00% 100.00% 100.00%   100.00% 100.00% 100.00% 100.00% 95.45%  100.00% 100.00% 98.84% 
Three-field  100.00% 100.00% 100.00%   98.86% 97.73% 100.00% 100.00% 87.50%  100.00% 100.00% 98.84% 

DRAGEN 44 Two-field  97.73% 100.00% 100.00%   N/A N/A 100.00% 100.00% 80.68%  N/A N/A N/A 
OptiType 44 Two-field  98.86% 96.59% 98.86%   N/A N/A N/A N/A N/A  N/A N/A N/A                   

HPRC_WGS N Resolution  HLA-A HLA-B HLA-C   HLA-DPA1 HLA-DPB1 HLA-DQA1 HLA-DQB1 HLA-DRB1  HLA-DRB3 HLA-DRB4 HLA-DRB5 
HLA-VBseq 44 Two-field  76.14% 84.09% 94.32%   95.45% 94.32% 92.05% 93.18% 77.27%  N/A N/A N/A 

Three-field  73.86% 84.09% 89.77%   80.68% 87.50% 90.91% 92.05% 75.00%  N/A N/A N/A 
HISAT 44 Two-field  93.18% 96.59% 98.86%   97.73% 84.09% 97.73% 95.45% 78.41%  N/A N/A N/A 

Three-field  86.36% 95.45% 95.45%   87.50% 67.05% 90.91% 94.32% 76.14%  N/A N/A N/A 
SpecHLA 42 Two-field  95.24% 92.86% 100.00%   97.62% 88.10% 97.62% 97.62% 97.62%  N/A N/A N/A 

Three-field  91.67% 85.71% 98.81%   91.67% 88.10% 96.43% 96.43% 97.62%  N/A N/A N/A 
T1K 44 Two-field  98.86% 100.00% 98.86%   97.73% 98.86% 100.00% 95.45% 93.18%  97.73% 72.73% 75.00% 

Three-field  98.86% 100.00% 98.86%   96.59% 98.86% 100.00% 95.45% 92.05%  97.73% 72.73% 75.00% 
DRAGEN 44 Two-field  98.86% 100.00% 100.00%   N/A N/A 100.00% 100.00% 71.59%  N/A N/A N/A 
OptiType 44 Two-field  95.45% 95.45% 98.86%   N/A N/A N/A N/A N/A  N/A N/A N/A 
Joint analysis N Resolution  HLA-A HLA-B HLA-C   HLA-DPA1 HLA-DPB1 HLA-DQA1 HLA-DQB1 HLA-DRB1  HLA-DRB3 HLA-DRB4 HLA-DRB5 
WGS_joint2 44 Two-field  98.86% 100.00% 100.00%   N/A N/A 100.00% 100.00% 96.59%  N/A N/A N/A 
Panel_joint2 44 Two-field  98.86% 100.00% 100.00%   N/A N/A 100.00% 100.00% 97.73%  N/A N/A N/A 
Panel_joint3 44 Two-field  100.00% 100.00% 100.00%   100.00% 100.00% 100.00% 100.00% 100.00%  100.00% 100.00% 100.00% 

Three-field  100.00% 100.00% 100.00%   100.00% 100.00% 100.00% 100.00% 100.00%  100.00% 100.00% 100.00%  
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which reads originate from Class II Intron 1 repeat regions from other 
genomic regions. This limitation restricts the accuracy of the capture 
method in reflecting the diversity of Class II Intron 1 s. However, 
combining the capture method with long-read NGS technologies may 
help circumvent this issue. Regarding computational analysis, the cur
rent limitation is the absence of a single software capable of achieving 
100% accuracy for all 11 HLA genes, particularly for the relatively 
complex HLA-DRB1. The current approach for addressing this challenge 
involves combining multiple well-performing software tools with 
manual curation. 

Although the benefits of probe capture-based targeted sequencing 
are pronounced, it is paramount to emphasize that achieving 100% HLA 
genotyping accuracy is sine qua non, especially in clinical practice. The 
repercussions of suboptimal accuracy are daunting and range from graft 
rejection in transplant scenarios to adverse drug reactions in pharma
cogenomic applications. The repercussions of imperfect HLA typing 
accuracy may significantly increase the risk of organ transplant rejec
tion, adversely affect the recipient’s recovery process, and potentially 
lead to various post-transplant complications, jeopardizing overall pa
tient outcomes. To address these concerns, our study pivoted on an 
integrative software analysis approach. By harnessing the combined 
strengths of multiple bioinformatics tools, we demonstrate the superi
ority of a multi-tool framework for mitigating errors. This was particu
larly evident when the individual tools yielded discordant results. The 
integration of the results from QzType, T1K, and DRAGEN led to an 
unparalleled 100% accuracy rate across all evaluated HLA genes. This 
layered redundant approach amplifies the confidence in allele calls and 
sets a benchmark for future NGS-based HLA studies. 

The crux of HLA genotyping does not just rest on sequencing or 
analysis methodologies, but extends to the reference materials 
employed. Traditional references, such as those provided by the IHWG, 
are esteemed for their comprehensive sample repositories and diverse 
population representations, thus serving as longstanding benchmarks 
within the HLA community. Nonetheless, these studies are not devoid of 
caveats. They encompass inconsistencies in resolution within the pro
vided standard genotypes, incomplete coverage of HLA genes, potential 
inaccuracies, and a propensity for the selection of class II-focused cell 
lines with homozygous alleles. In this context, we championed the use of 
HPRC resources. The superior-quality tri-phased personal assembly files 
from the HPRC, obtained using PacBio HiFi long-read technology, 
resolve standard genotypes with four-field resolution, establish haplo
type information, and offer an alternative to the IHWG standard, 
contributing substantially to the diversity of the HLA community. 
Although these assemblies benefit from diverse technologies and high 
coverage depths, the possibility of assembly errors remains low. How
ever, rare assembly errors cannot be overlooked, because a single-base 
difference can distinguish one HLA allele from another. Consequently, 
assembly errors may compromise the benchmark results. Nevertheless, 

our targeted sequencing and analysis operations, along with the anno
tation of HPRC personal assemblies, were conducted independently, 
thereby minimizing the chance of shared errors. In our analysis, the 
results from both the probe capture-based and WGS approaches were 
compared against the annotated benchmark. For each of the 44 samples, 
at least two – three tools consistently yielded results that were 
compatible with the benchmark, affirming the absence of assembly er
rors in the HLA region. Given the consistent release of high-quality data 
by the HPRC, the transition to using them as benchmark materials is 
both logical and inevitable. 

While utilizing HLA resources from the 1000 Genomes Project, 
similar to the T1K’s study [55], could indeed expand the test cohort and 
improve result representativeness, we opted not to pursue this avenue. 
This decision was based on concerns regarding the lower reliability and 
resolution of the ground truth mentioned in the T1K’s paper, as opposed 
to our utilization of personal genome assembly annotations. Moreover, 
the data available from the 1000 Genomes Project did not align with our 
focus on WGS or probe capture-based NGS, which further influenced our 
choice. However, with the prospect of receiving further high-quality 
data from the HPRC, we are eager to evaluate the efficacy of our 
method using samples sourced from the 1000 Genomes Project. This will 
enable us to comprehensively evaluate its performance. Assessing our 
method across various sample cohorts will enrich our understanding of 
its adaptability and efficacy in diverse populations. 

5. Conclusion 

HLA genotyping is complex, both technically and biologically. Our 
study serves as a testament to the efficacy of probe capture-based tar
geted sequencing, especially when complemented by an integrative 
software analysis approach. The flexibility of incorporating probes for 
diverse regions, from HLA to KIR and AIRR genes, further accentuates 
the versatility of this method. With the continuous evolution of 
sequencing technologies and bioinformatics tools, the pursuit of accu
rate HLA genotyping remains an ongoing journey. Our findings pave the 
way for future research in this ever-evolving field. In addition, the 
implementation of our tailored annotation workflow further reinforces 
the accuracy of HLA typing when utilizing long-read sequencing data 
from internationally recognized reference samples. The steady release of 
high-quality trio phased assemblies by HPRC signifies a potential shift in 
the landscape of standard reference materials, with HPRC samples 
poised to assume a prominent role. These findings not only affirm the 
reliability of our methodology but also contribute crucial resources to 
propel future research endeavors in the field of HLA-related studies. 
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