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Abstract
An imputation algorithm for human leukocyte antigen (HLA) is helpful for exploring novel disease associations. However,
population-specific HLA imputation references are essential for achieving high imputation accuracy. In this study, a subset of
1012 individuals from the Taiwan Biobank (TWB) who underwent both whole-genome SNP array and NGS-based HLA
typing were used to establish Taiwanese HLA imputation references. The HIBAG package was used to generate the
imputation references for eight HLA loci at a two- and three-field resolution. Internal validation was carried out to evaluate
the call threshold and accuracy for each HLA gene. HLA class II genes found to be associated with rheumatoid arthritis (RA)
were validated in this study by the imputed HLA alleles. Our Taiwanese population-specific references achieved average
HLA imputation accuracies of 98.11% for two-field and 98.08% for three-field resolution. The frequency distribution of
imputed HLA alleles among 23,972 TWB subjects were comparable with PCR-based HLA alleles in general Taiwanese
reported in the allele frequency net database. We replicated four common HLA alleles (HLA-DRB1*03:01, DRB1*04:05,
DQA1*03:03, and DQB1*04:01) significantly associated with RA. The population-specific references provide an
informative tool to investigate the associations of HLA variants and human diseases in large-scale population-based studies.

Introduction

The major histocompatibility complex (MHC), better
known as the human leukocyte antigen complex (HLA) in
humans, encompasses 7.6 Mb on chromosome 6p21 and is
the most gene dense region in the human genome, with 252
expressed loci [1]. The HLA complex is known to be the
most important region for humans with respect to infection,
as well as innate and adaptive immunity. Strong associa-
tions between HLA genes and autoimmune diseases [2, 3],
infectious diseases [4–6], virus-related cancers [7–9], and
adverse drug responses [10] have been reported.

In recent years, the advancement of HLA genotyping
technologies has enabled three and four-field DNA-based
typing, as opposed to traditional HLA genotyping methods
such as polymerase chain reaction sequence-specific oli-
gonucleotide (PCR-SSO) or sequence-specific primer
(PCR-SSP), which only target selective exons (two-field
HLA typing results). However, HLA genotyping remains
labor-intensive, time-consuming, and expensive. Further-
more, the interpretation of HLA typing results requires
intensive expert training. The classic Sanger sequencing
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method cannot fully capture HLA variation due to short read
lengths and difficulties in designing specific primers that
target whole HLA genes. Although the development of next
generation sequencing (NGS) has facilitated HLA sequen-
cing and has improved our understanding of this poly-
morphic region [11], it remains impractical for large-scale
association studies.

Imputation methods for predicting HLA genotypes
based on single-nucleotide polymorphisms (SNPs) can
overcome these problems [12, 13]. Driven by the avail-
ability of large samples and SNP genotyping data
from existing genome-wide association studies (GWASs),
imputation provides a valuable way for identifying bio-
logically informative HLA allele-level associations with
human diseases [5].

Several HLA imputation software programs exist that are
based on different computational approaches. HLA*IMP:02
uses a graphical haplotype method based on SNP data from
multiple populations that can accommodate haplotypic
heterogeneity within the HLA region [14]. SNP2HLA
can impute both classical HLA alleles and amino acid
substitutions in the HLA region, by using an imputation
algorithm from the BEAGLE software package [15]. The
HIBAG R package is based on attribute bagging, which
infers HLA alleles by averaging HLA posterior probabilities
over an ensemble of classifiers [16]. Multiple studies have
been conducted to evaluate the accuracies of these software
programs [17, 18], and HIBAG has been consistently
reported as having the highest accuracy. However, unlike
SNP imputation reference panels, population-specific HLA
imputation panels are essential for high-accuracy HLA
imputation, as they cover an array of HLA alleles that might
be absent in other populations. In a previous study,
we emphasized the importance of building custom popula-
tion references for homogenous populations such as the
Japanese population [19].

Therefore, this study aimed to generate Taiwanese-
specific HLA imputation references. In order to evaluate the
accuracies of these Taiwanese-specific references, we per-
formed an internal validation and compared imputed HLA
frequencies with publicly available datasets. Moreover,
previously reported associations of HLA class II genes with
rheumatoid arthritis (RA) were also tested in the Taiwan
Biobank (TWB) dataset.

Materials and methods

Study design

Figure 1 shows the flowchart for the design of this study.
We included a subset of 1012 subjects from the TWB with
both SNP and HLA genotyped data available. The HIBAG

R package was used to generate Taiwanese-specific impu-
tation references for eight HLA loci at a two-field and three-
field resolution. Internal validation was carried out to
evaluate the call threshold (CT) and imputation accuracy of
each HLA gene. HLA imputation was then performed on all
of the TWB samples. External validation was carried out by
comparing the frequencies of imputed HLA alleles with the
HLA alleles in Taiwanese individuals from the allele fre-
quency net database (AFND, http://www.allelefrequencies.
net) [20]. Datasets with appropriate sample size (n > 500)
and with HLA results of at least two-field resolution were
chosen to compare with the imputed HLA distributions in
TWB. The first dataset consisted of 504 subjects with HLA
genotypes determined by PCR-SSO typing for HLA-A, C,
B, DRB1, and DQB1 [21]. The other dataset was from the
Taiwan Tzu Chi Cord Blood Bank (n= 710), which per-
formed HLA-A, B, and DRB1 genotyping using the PCR-
SSP method [22].

Study population

Taiwan Biobank (TWB)

The TWB was established to facilitate genomic research, in
order to better elucidate environmental and identify novel
genetic risk factors for the progression of human diseases
[23]. This study included 23,972 study subjects from TWB
(Table 1), which consisted of adults from the general popu-
lation, who had no history of cancers, and were aged between
30 and 70 years old during 2008–2016. Written informed
consent was obtained from all participants for an interview,

Fig. 1 Study design flowchart.
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anthropometric measurement, physical examination, and
biospecimen collection at study enrollment. Comprehensive
information on sociodemographic characteristics, personal
health conditions, lifestyle habits, environmental exposures,
dietary habits, and family history of major diseases were
collected by trained interviewers via standardized ques-
tionnaire. Blood and urine samples were collected for bio-
chemical serological assays, and SNP genotyping. The study
protocol was approved by the Institutional Review Board of
National Yang-Ming University, Taipei, Taiwan and by the
Ethics and Governance Council of the TWB, Taiwan.

SNP genotyping by the Axiom-Taiwan Biobank Array

Human genomic DNA was extracted from blood samples
of all participants using standardized protocols. In order to
obtain the maximum amount of genetic information from
samples in the Taiwanese Han population, a TWB geno-
type array for the high-throughput Affymetrix Axiom
genotyping platform was designed [24]. SNPs from the
Axiom Genome-Wide CHB 1 Array (Affymetrix, Inc.,
Santa Clara, CA, USA) with minor allele frequencies
(MAFs) ≥5%, and SNPs from the Human Exome Bead-
Chip (Illumina, Inc., San Diego, CA, USA) with MAFs >
10% in the Taiwanese Han Chinese population were
selected for the TWB array. In addition, the TWB array
also included SNPs that were previously reported in
ancestry information panels [25], GWASs and cancer
studies [26], and pharmacogenetic panels [27]. In total,
653,291 SNPs across the whole human genome were
included in the Axiom-Taiwan Biobank Array Plate
(TWB chip: Affymetrix, Inc., Santa Clara, CA, USA).
All genotyping was performed by the National Center of
Genome Medicine, Academia Sinica, Taipei, Taiwan.

SNP data quality control

All TWB subjects were genotyped using the Axiom
Genome-Wide TWB Array (Affymetrix, Inc., Santa Clara,
CA, USA). After SNP quality control (SNPs with call rate
<95%, MAFs <5%, and Hardy–Weinberg equilibrium
<0.0001 were removed), 8131 SNPs remained in the
extended major histocompatibility complex (xMHC) region
on chromosome 6, ranging from 25,759,242 to 33,534,827
bp based on hg19 positions.

NGS-based HLA genotyping and data analysis

A subset of 1012 subjects in TWB (Table 1) were geno-
typed using the NXTypeTM NGS HLA typing kit (One
Lambda, Inc., Canoga Park, CA). Samples were sequenced
over the entire genes for HLA-A, C, B, DQA1, and DPA1;
exon 2 to intron 3 for HLA-DRB1 and DQB1; and exon 2 to
the 3′ UTR for HLA-DPB1. Library enrichment and chip
loading were performed using the Ion ChefTM system
(Thermo Fisher Scientific, Waltham, MA). The library-
loaded chips were then sequenced on the Ion S5TM XL
sequencer (Thermo Fisher Scientific). All the sequence data
were analyzed by TypeStreamTM software v.1.1.0 (One
Lambda, Inc.) according to the manufacturer’s instructions.
Sequences with read length < 100 bp, base read depth < 20,
insertion or deletion counts > 3, and mismatch bases > 5
were excluded for final genotype calling. The mean cov-
erage across each exon for the eight HLA genes ranged from
354 to 2543, with at least 99.85% of key exon regions (exon
2 and exon 3) been fully covered. IMGT/HLA database
version 3.29.0.1 was used for HLA calling. Ambiguous
alleles were manually checked and determined by the base
pair patterns of mapped reads.

Table 1 Numbers of individuals and the observed numbers of HLA alleles in each dataset.

HLA genes

A C B DRB1 DQA1 DQB1 DPA1 DPB1

Taiwan biobank (TWB)

No. of subjects with NGS-based HLA typing 1012 1012 1012 1012 1012 1012 1012 1012

No. of subjects imputed for HLA 23,972 23,972 23,972 23,972 23,972 23,972 23,972 23,972

Taiwanese in the allele frequency net database

No. of subjects in Chen PL et al. [21] 504 504 504 504 NA 504 NA 504

No. of subjects in Wen SH et al. [22] 710 NA 710 710 NA NA NA NA

Numbers of HLA alleles

TWB (two-field resolution) 37 39 73 42 16 19 7 31

TWB (three-field resolution) 41 45 81 44 20 20 7 33

Chen PL et al. [21] (two-field resolution) 25 23 58 38 NA 18 NA 21

Wen SH et al. [22] (two-field resolution) 21 NA 59 28 NA NA NA NA

HLA human leukocyte antigen, TWB Taiwan Biobank, NA not available.
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Customized Taiwanese population-specific parameter
estimates

Taiwanese population-specific parameter estimates were
generated based on SNP markers within a 500 kb flanking
region of each HLA gene, and two-field and three-field
NGS-based HLA typing datasets. The HIBAG R package
prediction algorithm was used to generate Taiwanese
population-specific parameter estimates based on individual
classifiers consisting of HLA and SNP haplotype prob-
abilities that were estimated from bootstrapped samples and
SNP subsets [16]. The SNP subsets were determined using
a variable selection algorithm with a random component.
The selection algorithm iteratively sampled a subset of
SNPs at random, and added one SNP to the classifier at a
time till the sustained high prediction accuracy of HLA
types was achieved. Finally, the HLA types were predicted
by averaging the posterior probabilities from all generated
classifiers. A total of 500 classifiers were used to generate
Taiwanese population-specific parameter estimates. A total
of 16 parameter estimates were generated for two-field and
three-field parameter estimates covering HLA-A, C, B,
DRB1, DQA1, DQB1, DPA1, and DPB1.

Internal validation of imputation accuracy and CT

Internal validation of the imputation accuracy for Taiwa-
nese population-specific parameter estimates was assessed
using a random partitioning strategy to produce training and
validation datasets with approximately equal proportions of
study subjects carried the same HLA alleles. The SNP and
NGS-based HLA genotype information in training dataset
were severed as the imputation references to impute the
HLA genotypes in validation dataset. The SNP markers in
the 500 kb flanking region covering each HLA gene and 100
bootstrapping sampling was performed in the data of
training dataset to generate the imputation references.

For the imputation of each HLA gene, posterior prob-
abilities were generated for each pair of imputed HLA
alleles for each individual in the validation dataset. The
imputation accuracies were assessed by comparing the
imputed HLA genotypes and the NGS-based HLA geno-
types. Different CTs were applied to evaluate maximum
HLA imputation accuracies and sample call rate.

HLA imputation

SNP information for the xMHC region were extracted from
23,972 participants. The established Taiwanese HLA
imputation references were used for HLA allele imputation
of the HLA-A, C, B, DRB1, DQA1, DQB1, DPA1, and
DPB1 genes at two-field and three-field resolution. A post-

imputation quality control CT of 0.5 was applied to exclude
imputed HLA alleles with poor quality. A total of 20,052
(83.6%) participants with a CT ≥ 0.5 at eight HLA loci were
included in subsequent analyses.

Assessment of imputation reliability among RA patients in
TWB

Among 20,052 TWB subjects, 148 TWB subjects were self-
reported as RA patients. Healthy controls consisted of
16,645 subjects without family history of any arthritic dis-
ease, or autoimmune diseases such as type 1 diabetes or
multiple sclerosis. To evaluate HLA alleles and their asso-
ciation with RA, we compared the frequency distributions
of various HLA alleles between cases and controls using
Fisher’s exact test, and adjusted for multiple comparisons
by controlling the false discovery rate. Odds ratios (ORs)
with 95% confidence intervals (CI) were estimated to assess
the magnitude of the association. Alleles with a frequency
<1% were combined into rare alleles. Analyses were per-
formed using the SAS software package (version 9.4; SAS
Institute Inc., Cary, NC).

Results

Internal validation of imputation accuracy

Internal validations were applied to the Taiwanese population-
specific parameter estimates to evaluate the HLA imputation
accuracies for HLA-A, C, B, DRB1, DQA1, DQB1, DPA1,
and DPB1. Before applying the CT (Fig. 2), two-field HLA
class I imputation accuracies ranged from 92.7 to 97.5%,
three-field HLA class I imputation accuracies ranged from
93.9 to 96.1%, two-field HLA class II imputation accuracies
ranged from 94.3 to 99.6%, and three-field HLA class II
imputation accuracies ranged from 94.6 to 99.6%. After
applying a CT ≥ 0.5 (Fig. 2), two-field HLA class I imputation
accuracies increased to 95.9–97.7%, three-field HLA class I
imputation accuracies increased to 96.6–97.4%, two-field
HLA class II imputation accuracies increased to 96.8–99.8%,
and three-field HLA class II imputation accuracies increased
to 96.6–99.8%. In general, the poorest performance was at
HLA-B (CT ≥ 0.5, two-field= 95.9%, and three-field=
97.4%) and HLA-DRB1 (CT ≥ 0.5, two-field= 96.8%, and
three-field= 96.6%), mainly due to the larger number of rare
alleles presented in these two HLA genes. It is expected that
the accuracies for rare alleles would improve with an increase
in reference sample size. For HLA class II genes, except for
HLA-DRB1, all other genes (HLA-DQA1, DQB1, DPA1, and
DPB1) achieved an average accuracy of >99% for two-field
and three-field HLA imputation after CT quality control.

Y.-H. Huang et al.



CT evaluation

Posterior probabilities were generated for each pair of
imputed HLA alleles. Previously, we reported that a CT of
0.4 was sufficient for homogenous populations such as the
Japanese population [19]. In this study (Supplementary
Figs. 1 and 2), a CT of 0.5 is recommended for Taiwanese
references, considering the small decrease in call rate while
increasing the imputation accuracies. It should be noted that
for small-size case–control association studies, we recom-
mend a CT of 0.4 to maximize the effect size of the study.

A detailed internal validation at a CT of 0.5 (Supple-
mentary Tables 2 and 4) showed that when specific HLA
alleles were imputed incorrectly, most of the time, they were
imputed incorrectly at the two-field or three-field resolution,
but were imputed correctly at the one-field resolution (ser-
ological class). In addition, most of the incorrectly imputed
HLA alleles were concentrated among rare HLA alleles (copy
number < 10 copies). We have provided a list of HLA alleles
that were more prone to imputation errors (Supplementary
Table 1–4). It is advised that users refer to these tables when
a significant association is discovered in case–control asso-
ciation studies.

Subdivision of HLA alleles from two-field to three-
field resolution

Seven out of eight HLA genes investigated showed a divi-
sion of two-field into different three-field categories
(Table 1), with four divisions observed for HLA-A, eight
divisions for HLA-B, six divisions for HLA-C, two divisions
for HLA-DRB1, four divisions for HLA-DQA1, one division
for HLA-DQB1, and two divisions for HLA-DPB1.
(Supplementary Table 5). For illustration purpose, HLA

alleles with at least a 5% difference between their numbers
of subdivision alleles are shown in Fig. 4.

Comparisons of imputed HLA alleles and Taiwanese
HLA alleles in the AFND

HLA allele distributions of two available Taiwanese datasets
extracted from the AFND were compared with the imputed
alleles from the 20,052 TWB subjects (Fig. 3). Most of the
common HLA alleles showed similar allele distributions,
with differences concentrated in rare HLA alleles. In tradi-
tional HLA genotyping methodologies (PCR-SSO and PCR-
SSP), some HLA alleles were genotyped with ambiguous
calls in which the most common alleles were normally
assumed. For example, DRB1*14:01 was taken as the final
HLA result using the PCR-SSO/PCR-SSP method, with
DRB1*14:54 being one of the ambiguous call candidates.
However, by using NGS-based HLA genotyping and cus-
tom Taiwanese population-specific parameter estimates, the
final HLA genotype was DRB1*14:54, consistent with
previous studies [28].

Assessment of imputation reliability among RA
patients in TWB

To further assess the reliability of our Taiwanese HLA
references, we performed a case–control association study
among RA cases and healthy controls from the TWB. Four
HLA alleles were significantly associated with RA after
multiple corrections (Table 2). DRB1*03:01 showed sig-
nificant negative association with RA, with OR of
0.40 (0.22–0.73). On the other hand, DRB1*04:05,
DQA1*03:03, and DQB1*04:01 showed significant posi-
tive associations with RA, with ORs of 1.71 (1.21–2.41),

Fig. 2 Internal validation
accuracy of TWB HLA
imputation references before and
after CT QC (n= 1012).
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Fig. 3 Comparison of HLA allele distributions with available Taiwanese datasets.
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1.83 (1.32–2.54), and 1.84 (1.30–2.60), respectively. These
four alleles have previously been reported in other studies,
including in Taiwanese [29, 30], Han Chinese [31], or
Asian populations [32]. The analyses were performed
without excluding the subjects with CT < 0.5, the four
alleles remained statistically significant to be associated
with RA. The patterns of the associations between these
alleles and RA were similar as the associations analyzed by
restricting to the subjects achieved CT ≥ 0.5, suggesting the
possible bias was limited.

Discussion

The Taiwanese population consists of Minnan, Hakka, and
Mainlander subpopulations, according to their geographic
origins. The genetic background of the Taiwanese is more
homogenous than other admixed populations such as His-
panics and African Americans. The principle component
from the HLA region also shapes the unique population
structure of the Taiwanese [24]. The TWB was established
for the purpose of exploring genetic associations of com-
mon diseases in Taiwan [23]. In order to investigate the
associations of HLA genes with diseases, a customized HLA
imputation reference is essential, in order to achieve the
highest prediction accuracy of HLA genotypes.

In this study, we generated 16 Taiwanese-specific para-
meter estimates for two-field and three-field HLA genotypes,
including HLA-A, C, B, DRB1, DQA1, DQB1, DPA1, and
DPB1. Internal validation (Fig. 2) showed satisfactory
accuracies for HLA class II genes. The average accuracy was
98.9% for two-field and 98.8% for three-field resolution
across five genes on HLA class II. In addition, the average
accuracy was 96.8% for two-field and 96.9% for three-field
resolution for three genes on HLA class I. Most of the two-
field HLA alleles could be assigned to the same three-field
HLA alleles, with the exception of the HLA alleles listed in
Fig. 4 and Supplementary Table 5. It was expected that HLA
imputation accuracies would increase when HLA alleles were
divided into more specific three-field definition. However, we
observed that three-field imputation accuracies decreased in
most cases due to declining numbers of samples in each
subdivided group. In a previous study, we reported that at
least ten copies of an HLA allele are required in a reference in
order to achieve high-accuracy imputation [16].

External validation was performed by comparing HLA
frequencies in two Taiwanese studies recorded in AFND
[21, 22] with the imputed HLA allele frequencies from the
20,052 TWB subjects in this study. Common HLA allele
frequencies were consistent across the comparison groups,
suggesting that the common HLA alleles were imputed with
adequate accuracy. Our results suggest that utilizing this
imputation algorithm may benefit future studies of HLATa
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genes and human diseases, particularly for large-scale
population-based studies.

In order to validate the imputation accuracy and link the
imputed HLA alleles to human diseases, we examined the
associations of HLA class II gene with RA [33]. In comparing
148 RA patients and 16645 non-RA controls, we found
that HLA-DRB1*03:01 and 04:05, DQA1*03:03, and
DQB1*04:01 were significantly associated with RA in our
study, which was consistent with previous reports [29–32].
These four alleles were common and with frequencies >5% in
Taiwanese population. In addition, the four identified alleles
were imputed with adequate accuracies ranging from 99.7 to
99.9%. These results imply that the imputation references and
algorithm in this study were highly accurate which could
provide a robust tool for discovering disease associations.

This is the first study to establish highly accurate two-field
and three-field HLA imputation panels for the Taiwanese
population. Compared with conventional two-field HLA
genotypes, three-field, or 4-field HLA genotypes may include
information on synonymous DNA substitutions within the
coding and noncoding regions. Variants in noncoding regions
of HLA genes that influence HLA expression have been found
to be associated with HIV viral load [34], HBV chronicity
after infection [35], and clinical outcomes of graft-versus-host
disease [36]. Thus, three-or-more-field HLA genotypes may
further enhance our understanding of disease pathogenesis.

HLA genes play an important role in drug responses and
susceptibility to various diseases. In the Han Chinese
population, HLA-B*58:01 is strongly correlated with severe
cutaneous adverse reactions (SCARs) to allopurinol, a
commonly prescribed medication for gout and hyperur-
icemia [37]. Interestingly, the allele frequency of HLA-
B*58:01 across various global ethnic populations is asso-
ciated with the prevalence of severe reactions after using
allopurinol [38]. In addition, HLA-B*15:02 is strongly
correlated with carbamazepine-induced SCARs [39], a
medication that is used for relieving certain types of neu-
rological pain and for reducing seizure activity of epilepsy.
It has been suggested that screening for these HLA alleles
before prescribing these drugs may reduce the incidence of
drug-induced severe adverse effects [38]. Using the

customized Taiwanese references, we achieved an imputa-
tion accuracy of 99.9% for HLA-B*58:01 and 100% for
HLA-B*15:02 (Supplementary Table 2). Thus, establishing
imputation references has potential clinical implications.

HLA variants are also associated with several virus-
related cancers, including nasopharyngeal carcinoma (NPC)
[7], hepatocellular carcinoma (HCC) [8, 9], and cervical
cancer [40]. In Taiwan, the incidences of NPC and HCC are
relatively high compared with other countries. Of note, the
previously reported HLA alleles associated with these
two cancers were also imputed with high accuracy. More
specifically, HLA-DQB1*03:01 and HLA-DQB1*06:02
are associated with hepatitis C virus-related HCC [9]. The
imputation accuracy for these two HLA alleles was 100%
and 99.8%, respectively. In addition, HLA-A*02:07, HLA-
B*46:01, and the haplotype HLA-A*33:03-B*58:01-
DRB1*03:01-DQB1*02:01-DPB1*04:01 are associated
with NPC [41]. All of these alleles were specific to the
Taiwanese population, and their imputation accuracies
ranged from 99.3% to 100% in our study. The high impu-
tation accuracies suggest that the Taiwanese-specific refer-
ences are also robust for cancer studies.

In conclusion, we have established high accuracy, cus-
tomized Taiwanese population imputation references for
two-field and three-field HLA alleles. We applied these
references to 23,972 community-based individuals and
imputed their HLA alleles. Using these imputed HLA alleles,
we found several HLA alleles that were significantly asso-
ciated with RA, which is consistent with previous studies.
This study suggests that imputation techniques are powerful
for investigating the association between HLA and human
diseases in large-scale studies, particularly in populations
with available genome-wide SNP array data.

Data availability

Supplementary information is available at The Pharmacoge-
nomics Journal’s website. The codes performed for this work
followed the instructions of the HIBAG author’s GitHub
repository, https://github.com/zhengxwen/HIBAG/blob/ma
ster/vignettes/HIBAG.Rmd. The Taiwanese population-

Fig. 4 Subdivision of HLA
alleles with more than 5%
difference from two-field to
three-field among TWB
participants with HLA direct
typing results.
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specific classifiers would be available from the authors upon
request.
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