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A B S T R A C T

Next Generation Sequencing (NGS) has become a major technology in HLA typing. The expectations are that
highly accurate and unambiguous typing results will be obtained. However, HLA typing by NGS has some
limitations caused by imperfections in the PCR amplification. The accuracy of NGS data is investigated by
analyzing the Short Tandem Repeats (STR) regions. For this analysis HLA-DRB5 is used as the model. The repeat
length in a sample highly influences the repeat length distribution present in the reads of NGS data. With a
repeat length of 20 only 50% of all reads were of the estimated repeat length, seriously hampering distinguishing
allelic differences in this region correctly. Our findings are confirmed by doing the same analysis in HLA-DRB1.
Despite the uncertainty of determining the repeat lengths, several new HLA-DRB5 alleles have been identified in
this paper.

1. Introduction

Next Generation Sequencing (NGS) has become a major technology
in HLA typing. NGS is known for highly accurate and unambiguous HLA
typing results. However, HLA typing by NGS has some limitations. Both
the PCR amplification as well as the technique to determine the DNA
sequence cause inaccuracies in the final reads. PCR errors may consist
of randomly erroneous incorporation of single nucleotides and slippage,
especially at homopolymer regions and regions with STRs [1–3]. De-
pending on the sequencing platform, additional errors may be en-
countered.

Since in NGS analysis each read originates from a single molecule,
the aforementioned errors can be inspected in close detail. Using the
detailed inspection the effect of those errors on the final analysis result
is investigated.

To determine the influence of STR regions on the accuracy of the
NGS data, the repeated region adjacent to the 3′ end of exon two in
HLA-DRB5 is studied. This region consists of two flanking dinucleotide
repeats. The HLA-DRB5 gene is a good model because many individuals
only possess a single copy of this gene, which eliminates analysis
challenges caused by heterozygous individuals. HLA-DRB5 is associated
with DRB1 * 15 or DRB1 * 16 alleles [4]. Selecting samples from in-
dividuals with either a DRB1 * 15 or a DRB1 * 16 allele, and a second
allele which does not belong to these groups, guarantees that only one
copy of the HLA-DRB5 gene is present. Based on the STR length dis-
tribution in the reads, an estimate of the repeat length can be de-
termined. Additionally the percentage of reads with this estimated

repeat length can be identified. This percentage influences the relia-
bility of the HLA typing, and could explain false-heterozygous calling in
this region.

The analysis is extended to HLA-DRB1 gene, which contains a si-
milar STR structure located in the beginning of intron two. As the re-
peat patterns within HLA-DRB1 are distinct, the alleles within the
heterozygous samples can be separated.

2. Materials and methods

2.1. Sample selection

Samples were selected to contain a single copy of the HLA-DRB5
gene, or are homozygous for HLA-DRB1 and HLA-DRB5.

For DRB1, samples were selected to include samples of all DRB1
allele groups.

2.2. PCR

Human genomic DNA samples were used to amplify HLA-DRB5
(n= 18) and HLA-DRB1 (n=23) by a Polymerase Chain Reaction
(PCR) using NGSgo®-AmpX (GenDx) and the GenDx-LongRange PCR kit
according to the Instructions for Use. The enzyme in this kit is a mixture
of a Taq polymerase and a proofreading enzyme with 3′-5′-exonuclease
activity for the removal of erroneously built-in, wrong bases. The pro-
cessivity is primarily driven by the Taq polymerase.

The PCR consists of 35 cycles of the following steps: 15 s, 95 °C
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denaturation, 30 s, 65 °C annealing, and 6min, 68 °C elongation. To
study the effect on PCR slippage, the number of PCR cycles in the
amplification protocol increased in steps of 2 cycli from 25 to 35.

2.3. Library preparation and NGS analysis

HLA-DRB5 and HLA-DRB1 amplicons were processed in the NGSgo®
workflow for Illumina using NGSgo-LibrX and NGSgo-IndX (GenDx).
Libraries were paired-end sequenced (2x150bp) on a MiSeq platform
(Illumina). FASTQ files were analyzed in NGSengine® HLA typing
software V2.9 (GenDx), using IPD-IMGT/HLA database 3.31.0 [5] to
determine the HLA-DRB5 typing based on exon 2. HLA-DRB1 typing
was based exon 2, exon 3 and intron 3. The best match reported by
NGSengine is the typing result which is best represented by the NGS
data. Note that the repeat discussed in this paper is located in intron 2,
and is thus excluded for obtaining the typing result.

2.4. Repeats

The DRB5 repeat can be represented as GGGAATCTGA (GT)m (GA)n
GGAAGAGAGAG in which the factors m and n are numbers describing
the lengths of the respective dinucleotide repeats.

A software tool was developed to analyze all reads from the NGS
data which fully cover the repeat region, including the flanking se-
quences. For these reads, the m and n values are determined and the
distribution of these factors is studied.

The estimated repeat length is defined as the value with the largest
number of reads. This is based on the assumption that the majority of
fragments that will be generated during the PCR reaction have the
correct length. However, for longer repeat lengths, the majority of
generated fragments have lengths which differ from the estimated re-
peat length and thus large numbers of fragments with an inaccurate
length will be present (see Fig. 1B).

Data of HLA-DRB1 of 23 samples have been studied in a similar
way. The DRB1 repeat is flanked by ATCTGA and CGCCAT. Within
these two flanking regions there is a GT and a GA repeat, however the
GA repeat is interrupted by other nucleotides. Hence, only the GT re-
peat has been analyzed, since this repeat is present in the same con-
figuration in all alleles.

Note that, the GT repeat of DRB1 * 07:01:01 is interrupted by a G

and a T; ATCTGAGTGGTGTT(GT)m(GA)nGCGAGACCGCCAT. The GT
repeat used for this analysis starts after the additional T, as indicated in
the pattern before. This pattern was observed in all samples with a
DRB1 * 07:01:01.

18 of the DRB1 samples are heterozygous, due to the pattern around
the GA repeat the two alleles of these samples could be distinguished
reliably. For a list of the patterns of the repeats in DRB1 see Table 2.

3. Results

The NGS data of 18 DRB5 samples was used to determine the dif-
ferent lengths of the repeat per sample. A typical example of the length
distribution of the GA repeat is shown in Fig. 1A. Here, 75% of all reads
have a repeat length of 8 times GA, which is thus the estimated repeat
length for this sample. The length distribution of the GT repeats in the

Fig. 1. Distribution of the length of the GA repeat and GT repeat in a sample typed as DRB5 * 01:02. 1A: The estimated GA repeat length is 8. 75% of all reads
contained 8 times GA. 1B: The estimated GT repeat length is 23. 32% of all reads have 23 times GT.

Fig. 2. Relation between the estimated repeat length and the percentage of
reads with the estimated GA (open dots) and GT (closed dots) repeat length for
HLA-DRB5.
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same sample is shown in Fig. 1B. The estimated repeat length is 23
repeats, which occurs in only 32% of all reads. 29% of all reads have 1
or 2 repeats more, 26% have less repeats.

For all 18 samples the relation between the estimated repeat lengths
and the percentage of reads with this length is shown in Fig. 2. The
estimated repeat length and the percentage containing this length are
correlated (p < 0.001, R2= 0.71). Remarkably, with an estimated
repeat length of 20, the percentage of reads with the estimated repeat
length is only 50%.

Typing the samples considering only exon 2, i.e. using the core re-
gion, revealed 8 samples to be DRB5 * 01:01, 6 samples DRB5 * 01:02
and 4 samples DRB5 * 02:02. Analysis of the repeats in the 8
DRB5 * 01:01 samples showed 4 different repeat configurations, as is
shown in Table 1. The number of occurrences of these configurations in
the analyzed samples is indicated between brackets. Analysis of the
repeats of the 6 DRB5 * 01:02 samples showed 4 repeat configurations.
All DRB5 * 02:02 samples have the same repeat configuration of 15
times GT followed by 11 times GA.

In all samples the sequences flanking the repeats were identical to
the sequences described in the Materials and Methods.

The analysis has also been applied to the HLA-DRB1 gene. However,
the repeat in DRB1 is more complicated than that in DRB5. DRB5 has a
clear (GT)m (GA)n repeat, while the (GA)n repeat in DRB1 is interrupted
by other nucleotides, creating patterns like
“ATCTGA(GT)mAA(GA)xAA(GA)yGCGCGCCAT”. A longer list of pat-
terns is provided in Table 2. Because these patterns are different be-
tween allele groups, they can be used to separate the two alleles in a

heterozygous sample. Therefore, it is possible to determine the esti-
mated GT repeat length in heterozygous DRB1 samples. Of the 23
samples that were used for analysis, 5 were homozygous and 18 were

Table 1
The estimated repeat length for the DRB5 samples. For DRB5 * 01:01, four different configurations of the factors m and n are found. For DRB5 * 01:02 four different
configurations are identified. For DRB5 * 02:02 a single configuration is found. The number of alleles identified for each combination is indicated between brackets.
The *represents the configuration of the repeat in the genomic sequence of DRB5 * 01:01:01 within the IPD-IMGT/HLA database 3.34, which is the only repeat
sequence in this database.

GA

GT m\n 5 8 9 11
15 DRB5 * 02:02 (4)
18 DRB5 * 01:01 (1)
19 DRB5 * 01:01 (1)
20 DRB5 * 01:01 (3) DRB5 * 01:02 (1)
21 DRB5 * 01:01 (3)* DRB5 * 01:02 (1)
22 DRB5 * 01:02 (2)
23 DRB5 * 01:02 (2)

Table 2
The DRB1 repeat patterns and estimated repeat lengths for the (3rd field) best matching alleles found in the panel. The sequence motifs flanking the repeats are
underlined. Number of estimated repeat lengths are encoded by m, n1, n2 and n3.

Allele Pattern m IPD-IMGT/HLA 3.34

DRB1 * 01:01:01 ATCTGA(GT)mAAGAAA(GA)n1GCGCGCCAT 16 16
DRB1 * 01:02:01 ATCTGA(GT)mAAGAAA(GA)n1GCGCGCCAT 19 15
DRB1 * 03:01:01 ATCTGA(GT)m(GA)n1CAGAGAGACA(GA)n2GCGCCAT 17/20 17/19/22
DRB1 * 03:02:01 ATCTGA(GT)m(GA)n1CAGAGAGACA(GA)n2GCGCCAT 19 19
DRB1 * 04:01:01 ATCTGA(GT)m(GA)n1GCGCCAT 22 21/22
DRB1 * 04:06:01 ATCTGA(GT)m(GA)n1GCGCCAT 22/23 22
DRB1 * 07:01:01 ATCTGAGTGGTGTT(GT)m(GA)n1GCGAGACCGCCAT 7 7
DRB1 * 08:02:01 ATCTGA(GT)m(GA)n1CA(GA)n2GCGCGCCAT 17 17
DRB1 * 08:03:02 ATCTGA(GT)m(GA)n1CA(GA)n2GCGCGCCAT 17 17
DRB1 * 09:01:02 ATCTGA(GT)m(GA)n1GGAA(GA)n2CAGAAAGAGGGAGCGCGCCAT 10 10
DRB1 * 10:01:01 ATCTGACTCT(GT)m(GA)n1GCGCGCCAT 16/17 15/16/17
DRB1 * 11:01:01 ATCTGA(GT)m(GA)n1CAGAGAGACA(GA)n2GCGCCAT 23/24/25 25/27/28
DRB1 * 12:02:01 ATCTGA(GT)m(GA)n1CA(GA)n2GCGCCAT 28 28/30
DRB1 * 13:01:01 ATCTGA(GT)m(GA)n1CAGAGAGACA(GA)n2GCGCCAT 23 22/23
DRB1 * 13:02:01 ATCTGA(GT)m(GA)n1CAGAGAGACA(GA)n2GCGCCAT 20/21 20/24/26
DRB1 * 14:05:01 ATCTGA(GT)m(GA)n1CA(GA)n2GCGCCAT 25 26/28
DRB1 * 14:54:01 ATCTGA(GT)m(GA)n1CA(GA)n2GCGCCAT 24 21/25/34
DRB1 * 15:01:01 ATCTGA(GT)m(GA)n1CA(GA)n2CAGAGAGAGGAA(GA)n3GCGCCAT 18 17/18/19/20
DRB1 * 15:02:01 ATCTGA(GT)mGAGACA(GA)n1CAGAGAGAGGAA(GA)n2GCGCCAT 27 28/29
DRB1 * 16:01:01 ATCTGA(GT)m(GA)n1GGAA(GA)n2GCGCCAT 18 18

Fig. 3. Relation between the estimated GT repeat length in the HLA-DRB1
samples and the percentage of reads with the estimated repeat length.
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heterozygous, resulting in 41 estimated GT repeat lengths. A correlation
is found between the estimated GT repeat length and the percentage of
reads with the estimated repeat length (Fig. 3, p < 0.001, R2= 0.84),
which is similar to the results for DRB5.

One could expect that the differences in repeat length depend on the
PCR cycli, as has been shown for PCR crossover [6]. Therefore the effect
of different PCR cycli on the repeat length has been studied. The ana-
lysis to determine the estimated repeat length has been applied to two
samples with different PCR cycli, as described in the Materials and
Methodsd. The estimated repeat length was the same for each cycle,
hence the number of cycli does not have an influence on the estimated
repeat length (data not shown).

4. Discussion

HLA typing results based on NGS data are in general highly reliable.
However, errors introduced during the primary PCR amplification can
be identified in individual reads. The random incorporation of a wrong
nucleotide during PCR has a low frequency and can be identified in the
NGS data as a low level of noise. Systematic errors may influence re-
liability of the typing result. DNA slippage during PCR is a known
phenomenon that generates artefacts observed at repetitive DNA
structures, especially when this involves di-nucleotide repeats [1,2]. In
the HLA-DRB genes two adjacent dinucleotide repeats can be identified
flanking the 3′ end of exon 2. Studying repeats in HLA regions is
hampered by heterozygosity of samples, leading to complex data.
However, HLA-DRB5 can be used to study the repeats, since many
samples have only a single copy of the DRB5 gene. The 18 samples
included in this study all are proven to have a single copy of DRB5.

One could reason that different lengths of STRs are due to con-
tamination of other DRB (pseudo) genes. Co-amplification of DRB1,
DRB3, DRB4 or any of the DRB pseudogenes would result in additional
patterns visible in between the noise (base calling errors) and the real
data. One of the standard troubleshooting procedures is to blast se-
quences with these patterns. This would reveal the gene that was co-
amplified. In the DRB5 data for this study no extra patterns were ob-
served, therefore there is no indication of co-amplification, and hence,
the different length of STRs cannot arise from co-amplification.

The typical distribution of the read length in the reads reflects the
DNA slippage during PCR amplification at a dinucleotide region.
Similar patterns in STR fragment length analysis in e.g. chimerism STR
methods can be observed [2], indicating that the aberrant lengths are
generated during the PCR amplification. In Sanger dideoxy chain ter-
mination sequencing these artefacts can be identified by double peaks
(Fig. 4). Samples analyzed with both Sanger sequencing and NGS se-
quencing showed similar results: the read distribution over the repeat
lengths reflect the peak patterns in Sanger results at the repeat location
(data not shown). This supports the hypothesis that the repeat variation
in the reads is caused by the primary PCR, and not introduced by the
NGS or Sanger sequencing procedure.

Our results show a clear correlation between the estimated repeat

length and the percentage reads with the estimated repeat length.
Different configurations of repeats for specific DRB5 alleles have

been shown, which represent new alleles. Unfortunately, the sequences
of these alleles cannot be submitted to the IPD-IMGT/HLA database for
two reasons. The sequences available do not cover the complete allele,
and it is not fully proven that the lengths of the dinucleotide repeats are
correct, especially for the longer repeats.

The same method is applied to the DRB1 NGS data of 23 samples, in
which we identified 20 different best matching alleles. These alleles
cover all DRB1 allele groups. The estimated repeat length of GT in
DRB1 shows a similar correlation between percentages estimated read
length and repeat length as compared to the DRB5 result (see Fig. 3).
For 16/20 best matching alleles, the samples showed estimated repeat
lengths which are also reported by the IPD-IMGT/HLA database 3.34.
The estimated repeat lengths of 4/20 alleles differ from the length re-
ported in IPD-IMGT/HLA database. In 5/20 alleles different estimated
repeat lengths for the same best matching alleles are identified in dif-
ferent samples. This is in agreement with the IPD-IMGT/HLA database,
where alleles from the same 3-field DRB1 group have different repeat
lengths (Table 2).

If HLA typing analysis methods do not take the described results
into account, the repeat region will in many cases be identified as
heterozygous, i.e. either a repeat or an indel, which may lead to con-
fusing typing results.

Until we have overcome the PCR generating artefacts, DNA regions
of long dinucleotide repeats – in non-coding areas – should be excluded
from routine HLA typing to avoid possible misinterpretation.
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