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A B S T R A C T

Our understanding of sequence variation in the HLA-DPB1 gene is largely restricted to the hypervariable antigen
recognition domain (ARD) encoded by exon 2. Here, we employed a redundant sequencing strategy combining
long-read and short-read data to accurately phase and characterise in full length the majority of common and
well-documented (CWD) DPB1 alleles as well as alleles with an observed frequency of at least 0.0006% in our
predominantly European sample set. We generated 664 DPB1 sequences, comprising 279 distinct allelic variants.
This allows us to present the, to date, most comprehensive analysis of the nature and extent of DPB1 sequence
variation.

The full-length sequence analysis revealed the existence of two highly diverged allele clades. These clades
correlate with the rs9277534 A G variant, a known expression marker located in the 3 -UTR. The two clades
are fully differentiated by 174 fixed polymorphisms throughout a 3.6 kb stretch at the 3 -end of DPB1. The region
upstream of this differentiation zone is characterised by increasingly shared variation between the clades. The
low-expression A clade comprises 59% of the distinct allelic sequences including the three by far most frequent
DPB1 alleles, DPB1*04:01, DPB1*02:01 and DPB1*04:02. Alleles in the A clade show reduced nucleotide di-
versity with an excess of rare variants when compared to the high-expression G clade. This pattern is consistent
with a scenario of recent proliferation of A-clade alleles.

The full-length characterisation of all but the most rare DPB1 alleles will benefit the application of NGS for
DPB1 genotyping and provides a helpful framework for a deeper understanding of high- and low-expression
alleles and their implications in the context of unrelated haematopoietic stem-cell transplantation.

1. Introduction

HLA-DP is one of the three classical class II immunoglobulin cell-
surface molecules encoded within the hyperpolymorphic human leu-
kocyte antigen (HLA) complex.

HLA-DP molecules are expressed on antigen-presenting cells and,
like other HLA molecules, are centrally involved in the adaptive im-
mune response. As heterodimers, the HLA-DP proteins consist of
structurally homologous - and -chains, each contributing half of the
antigen-binding groove. These chains are encoded by the HLA-DPA1
and -DPB1 genes, respectively.

HLA genes play a crucial role in solid organ and haematopoietic
stem-cell transplantation (HSCT) [1,2], and the allelic concordance of
HLA genes of stem-cell donors and patients is arguably one of the most
relevant factors for HSCT outcome [3,4]. Currently, the class I genes

HLA-A, -B and -C and the class II genes HLA-DRB1 and, to a lesser
extent, HLA-DQB1 are considered critical for transplantation outcome
[5,3,6]. The high resolution genotyping and complete allelic matching
of these five genes is viewed as the gold standard for unrelated donor
selection [7]. This view is being challenged by studies showing that the
match status of DPB1 does significantly affect the risk of graft-versus-
host-disease (GVHD), disease relapse, graft rejection and non-relapse
mortality [1,8–11]. Additionally, DPB1 is suspected to play a role in
predisposition to and clearance of hepatitis B virus infections [12,13]
and other diseases [14–16].

In the context of donor selection for HSCT limited attention has
been paid to variation outside of the antigen recognition domain (non-
ARD), i.e.,

a) coding variation outside of exon 2 (exons 2 and 3 for class I
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genes), and
b) non-coding variation in introns and the untranslated regions
(UTRs).

Variation in the UTRs has been associated with disease suscept-
ibility and pathogenesis [17–19]. UTRs often contain elements med-
iating transcriptional and posttranscriptional regulation of expression
levels and may be involved in mRNA stability and microRNA binding
[20–23]. Variation in such elements may thus modify the levels of
immunogenicity of otherwise ARD-identical alleles.

For DPB1 it has been shown that, in addition to allelic mismatches,
HLA-DP expression levels influence the incidence of GVHD after HSCT
[9]. The expression level of a DPB1 allele has been found to correlate
with variant rs9277534 [13,9], an A G single nucleotide poly-
morphism (SNP) located in the 3 -UTR of DPB1. Alleles with the variant
rs9277534-A (referred to as A clade) are associated with low expression
of DPB1, while alleles with the variant rs9277534-G (G clade) are as-
sociated with high expression of DPB1 [13]. The 3 -UTR rs9277534
variants have been shown to be in perfect linkage with the known exon
3 sequences of DPB1 [24]. The extent of genetic differentiation between
A-clade and G-clade alleles and the exact sequence motifs that cause the
differences in expression are not currently known, however. So far, all
studies associating functional differences in expression to non-ARD
variation in DPB1 were limited by the lack of full-length sequences for
most alleles.

The HLA system is the most variable region in the human genome
with thousands of different observed alleles across the major HLA genes
( https://www.ebi.ac.uk/ipd/imgt/hla/stats.html). By February 2018,
962 DPB1 alleles have been recorded in the central public database for
HLA allelic variation (IPD-IMGT/HLA release 3.31.0) [25]. Although
the number of described alleles is high and ever increasing, there is only
a modest number of alleles for which full genomic sequences are
available. Prior to the submission of the bulk of the sequences described
here, the full-length sequences of only 13 DPB1 alleles were available
(IPD-IMGT/HLA release 3.25.0, compare Fig. 1).

Structurally, DPB1 is composed of five exons, with exon 2 encoding
the HLA antigen recognition domain (ARD). The gene encompasses

11,475 bp with a transcript length of 1560 bp (Fig. 2). Interestingly,
functional genetic structures overlap with DPB1 both on the coding and
the template strand (Fig. 2):

a) The 5 -UTR, exon 1 and parts of intron 1 of DPA1 overlap with
DPB1 starting from the middle of exon 2 (template strand).
b) A processed pseudogene of the ribosomal protein L32 resides in
intron 1 of DPB1 (coding strand) [26,27].
c) Two promotor regions overlap with the 5 -part of DPB1: One
promotor overlaps with the 5 -UTR, exon 1 and a part of intron 1
(coding strand). A second promotor overlaps with a part of intron 1,
exon 2 and intron 2 (template strand).
d) conserved binding motif for the CTCF transcriptional repressor is
located in intron 2 at position 7199 to 7265 (template strand) [28].

For the present work, we applied a dual sequencing approach to
obtain full-length sequences of all major DPB1 alleles. This approach
combined Pacific Biosciences Single Molecule Real Time sequencing
with Illumina shotgun sequencing to generate fully-phased highly ac-
curate consensus sequences [29]. We analysed the sequences with re-
spect to differences between A-clade and G-clade alleles as defined by
the 3 -UTR variant rs9277534. We inferred patterns of nucleotide di-
versity and selection in different regions of DPB1, and described the
number and location of polymorphic sites to identify and quantify non-
coding variation within and between A-clade and G-clade alleles. Fi-
nally, we identified novel gene features in the non-coding part of DPB1.

2. Material and methods

2.1. Samples

A total of 332 whole blood or buccal swab samples were selected to
represent all common and well-documented (CWD) DPB1 alleles [30], as
well as alleles that are not currently defined as CWD but with an allele
frequency of at least 0.0006% in our predominantly European donor
population (i.e., alleles occurring>50 times in 4 million heterozygous
samples). During registration, donors signed an informed consent
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Fig. 1. Cumulative numbers of DPB1 alleles
in the IPD-IMGT/HLA database: The cumu-
lative number of known alleles from release
3.20.0 onwards. Only 13 alleles were known
in full length when the first sequences re-
ported here were generated (release 3.25.0).
The current database release (3.31.0) con-
tains 286 full-length alleles, 252 of which
were generated as part of the present study.
27 additional alleles are being processed
and not yet included in IPD-IMGT/HLA. Full
length is defined here as including both 5 -
and 3 -UTR sequence information.
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approving HLA genotyping and other analyses to facilitate or improve
donor search for stem-cell transplantation. No ethics committee ap-
proval was obtained as the described analyses are within the scope of
this consent form. DNA was isolated using the “Chemagic DNA Blood or
Buccal Swab Kit Special” according to the manufacturer’s instructions
(PerkinElmer, Baesweiler, Germany). The isolated DNA was eluted in
10mM Tris-HCl pH8.0 elution buffer. DNA concentration was measured
with SYBR Green fluorescence (Biozym, Hessisch Oldendorf, Germany).

2.2. Amplification, library preparation and sequencing strategy

Lab procedures and the sequencing strategy have been described
elsewhere in detail [29]. Briefly, for each sample we performed two
independent long-range PCR reactions targeting the whole DPB1 gene
using primers flanking the UTR-regions. The 12 kb amplicons were se-
quenced by two strategies on different platforms:

a) shotgun sequencing on Illumina MiSeq instruments (Illumina,
San Diego, California) generating 250 bp paired-end reads, and
b) Single Molecule Real Time (SMRT) sequencing on PacBio RS II
instruments (Pacific Biosciences, Menlo Park, California).

Phase-defined allelic consensus sequences were generated from the
long-read data and polished with the high-fidelity short reads using the
software package DR2S ( https://github.com/gschofl/DR2S). The data
were submitted to the EMBL-ENA and the IPD-IMGT/HLA databases
using TypeLoader ( https://github.com/DKMS-LSL/typeloader) [31].

2.3. Statistical analysis

All analyses were carried out using the R software environment for
statistical computing, version 3.4.3 [32]. A multiple sequence align-
ment (MSA) of all resulting full-length DPB1 alleles was constructed
using the R package DECIPHER [33]. The MSA was manually checked
and gap-site adjusted. Measures of nucleotide diversity, [34], diver-
gence, d [35], and deviation from expectations from the neutral model
(Tajima’s D [36]) were estimated using the R package Popgenome [37].
All statistics were computed in a sliding window with a width of 100 nt
and jumps of 25 nt. The genealogical relationship amongst haplotypes
was explored by calculating undirected minimum spanning trees

(MSTs) using the igraph package [38] and visualised using the neato
graph layout algorithm implemented in the graphviz software
package [39]. Feature positions in DPB1 are provided using HLA-
DPB1*01:01:01:01 as reference allele.

3. Results

3.1. Allele-level variation

3.1.1. Number of new full length alleles
The dual sequencing strategy enabled us to characterise 664 DPB1

alleles in full length while solving all phasing ambiguities. These
comprised 279 distinct sequences of which 269 were not previously
described in full length in the IPD-IMGT/HLA database (Version
3.25.0).

The 279 distinct alleles contain all 40 common and 14 well-docu-
mented alleles of the CWD catalogue (CWD release 2.0) [30]. A recently
published complementary CWD catalogue based on European data [40]
recognised 77 CWD-defined DPB1 alleles in total, of which 30 are de-
fined as common and 47 are defined as well-documented. We still cover
all alleles defined as common by the European catalogue, but lack data
on 20 of the alleles defined as well-documented there.252 alleles have
successfully been submitted to the IPD-IMGT/HLA database using the
TypeLoader software [31]. The remaining 27 alleles are in the process
of submission. This substantially increases the number of fully char-
acterised alleles in IPD-IMGT/HLA and the knowledge of DPB1 se-
quences (see Fig. 1).

3.1.2. A clade and G clade
We augmented our dataset with 34 additional recently published

full-length DPB1 sequences retrieved from IPD-IMGT/HLA [25], re-
sulting in a total of 313 alleles for downstream analysis at the sequence
level. Where possible, alleles were assigned to either the A clade or the
G clade based on variant rs9277534. 176 alleles are a member of the A
clade and 122 alleles are a member of the G clade. 15 of the 34 addi-
tional alleles from IPD-IMGT/HLA could not be assigned due to missing
3 -UTR sequence data.

3.1.3. Gene length
After dismissing the 15 alleles from IPD-IMGT/HLA due to

Fig. 2. HLA-DPB1 gene structure and overlapping features: (A) Gene model of DPB1; black boxes denote 3 - and 5 -UTR, grey boxes denote exons. The variant
rs9277534 and the microsatellite (Short tandem repeat, STR) are shown in red. Homogenisation zone, transition zone, and differentiation zone describe sequence blocks
with contrasting patterns of variation. See the text for details. Positions are relative to the start of the 5 -UTR. (B) Features that overlap with DPB1 on the coding
strand. (C) Features that overlap with DPB1 on the template strand.
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incomplete UTR sequences, DPB1 alleles range from 11,455 to 11,544
nucleotides in length, including the UTRs. Alleles in the A clade
(minimum 11,510 nt) are always longer than alleles in the G clade
(maximum 11,475 nt), see Table 1.

3.2. Variation

3.2.1. Short tandem repeats
We identified a tetranucleotide microsatellite (repeat motif

“GGAA”) located at the end of intron 2 after an A-homopolymer of 6–9
residues (position 9157; Fig. 3). Interestingly, in the G clade the mi-
crosatellite has a fixed number of four repeat units, while A-clade al-
leles show a highly variable number of 9–17 repeat units. Additionally,
the A clade exhibits two repeat variations:

a) The penultimate repeat is conserved as “AGAA” in all A-clade
sequences.
b) One allele shows a substitution of one repeat unit with “GGAG”.

This microsatellite length polymorphism partially explains the
length difference of A clade and G clade. Whilst G-clade alleles are still
never longer than A-clade alleles, there are alleles of the same length
from both clades if the microsatellite is masked.

3.2.2. CTCF binding site
A CTCF binding site has been annotated inside intron 2 from posi-

tion 7199 to 7265 [28] (compare Fig. 2). We found three polymorphic
sites within the CTCF binding site. These polymorphic sites separate the
A and G clades to a large degree, but not completely. Two positions (at
7208 nt and 7225 nt) separate the clades, except for four G-clade alleles
(DPB1*19:01:01:01, DPB1*19:01:01:02, DPB1*34:01:01:01 and
DPB1*34:01:01:02) showing the nucleotide of the A clade and one A-
clade allele (DPB1*162:01:02) containing the nucleotide of the G clade.
The third position (at 7237 nt) separates the clades, except for two G-
clade alleles (DPB1*19:01:01:01 and DPB1*19:01:01:02) showing the
nucleotide of the A clade and the A-clade allele DPB1*162:01:02
showing the nucleotide of the G clade. Two of the positions, 7225 nt
and 7237 nt, are located within the binding motif.

3.2.3. Nucleotide diversity
We estimated the nucleotide diversity, , separately for the two

clades and the divergence, d , between the two clades in a sliding

window over the whole gene sequence (Fig. 4). Overall, nucleotide
diversity and divergence show a bipartite pattern: The 5 -part of the
gene up to intron 2 at position 6533 nt exhibits a similarly patterned
nucleotide diversity within the clades and little divergence between the
clades. In this stretch of the gene, the highest diversity is observed in
exon 2, which is coding for the highly variable ARD. In contrast, for
most of the 3 -part of the gene after position 6533 nt, within-clade di-
versity is low, whilst between-clade divergence rises dramatically. The
highest level of divergence between the clades are observed in the
3 -UTR.

This pattern suggests that few to no fixed structural differences exist
between the clades throughout the 5 -part of DPB1. The 3 -part of DPB1,
however, is characterised by a clear structural separation of the clades.
Overall, alleles in the G clade exhibit higher levels of nucleotide di-
versity then sequences in the A clade.

3.2.4. Polymorphic positions
In total, the 313 DPB1 alleles feature 669 polymorphic sites of

which 142 carry a deletion in at least one sequence (Table 2). Only 182
(27.2%) of the polymorphic sites are shared between the clades, i.e., the
position is polymorphic in both clades (S sites). 312 sites are poly-
morphic only in either the A clade (168 A sites) or the G clade (144 G
sites). 175 (26.2%) of the sites are polymorphic between the clades, but
not within either of the clades itself, i.e., these are nucleotide positions
that perfectly differentiate the clades (D sites).

Similar to the pattern of nucleotide diversity and divergence, the
distribution of the categories of polymorphic sites differs along the gene
(Table 2). In absolute terms, most polymorphisms reside in the non-
coding regions. The introns 1 and 2 contain 164 and 281 polymorphic
sites (percentage of substitutions: 3.61% and 6.96%), respectively. The
3 -UTR contains 88 polymorphic sites (percentage of substitutions:
9.14%). The coding regions with the highest number of variable posi-
tions are exons 2 and 3 with 45 and 27 polymorphic sites (percentage of
substitutions: 17.5% and 9.57%), respectively. Most polymorphic sites
in exon 2 are shared between clades, maintaining high variability in the
ARD. No site in exon 2 is strictly differentiating the two clades. Exon 3
is the only coding region of DPB1 that contains variants that clearly
differentiate the clades. Our results show the same seven segregating
sites differentiating the clades in exon 3 that were previously described
by Schöne et al. [24].

If we consider only high-frequency (HF) variation, here defined as
polymorphisms with a minor allele frequency of more than 10% in ei-
ther of the two clades, DPB1 still retains 351 HF polymorphic sites
distributed similarly to all polymorphic sites (Fig. 5 and Table 3). The
restriction to HF variation has the highest impact on shared sites and
sites specific to the A clade, with only 17% and 18% of polymorphic
sites showing HF variation, respectively. Once minor alleles are ex-
cluded, 70 sites originally classified to be A-specific, G-specific, or
shared between clades become reclassified as differentiating the two
clades, thereby increasing the number of clade-differentiating sites to
245.

Contrasting low-frequency and high-frequency variation allows a

Table 1
Number of alleles, length and STR variation of HLA-DPB1 alleles grouped into A
and G clades. Length in nucleotides. STR in number of repeat units

Clade Distinct alleles Length STR

Minimum Median Maximum

A 176 11,510 11,526 11,544 9–17
G 122 11,455 11,466 11,475 4

Fig. 3. Short tandem repeat in intron 2: The microsatellite is conserved in the G clade (4 repeat units). The A clade shows between 9 and 17 repeat units and two
variations of the repeat unit.
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classification of DPB1 sequence blocks with differential patterns of
shared and differentiating polymorphic sites (compare Fig. 2). When
considering all polymorphic sites, the first strictly clade-differentiating
polymorphic site can be found at position 7383 nt. This defines the start
of the differentiation (D) zone where the A and G clades become
completely separated. When considering only HF variation, the first
position which differentiates the two clades is located at 6533 nt. This
position constitutes the end of the homogenisation (H) zone where A-
and G-clade alleles are not distinguishable based on their sequence.
Between these two positions lies a transition (T) zone, defined by an
increasing segregation of A and G clades.

Several patterns can be observed for HF polymorphic sites along the
gene (Table 3). The majority of differentiating sites (208 sites; 84.2%)
are located in the differentiation zone, the remaining 39 are located in
the transition zone. In contrast, shared polymorphic positions are ex-
clusively found in the homogenisation zone. Clade-specific HF poly-
morphic positions are, again, not evenly distributed along the gene:
Most positions specific to A (23 sites, 74%) are observed in the differ-
entiation zone, whilst positions specific to G are found more often in the

homogenisation zone (56 sites, 66%).
Haplotype networks visualise the contrasting genetic relationship

between DPB1 alleles throughout the homogenisation zone versus the
transition and differentiation zones (Fig. 6), and highlight the weak
potential for an evolutionary transition of A-clade alleles to G-clade
alleles and vice versa. Throughout the homogenisation zone of the
gene, where DPB1 overlaps with DPA1 on the template strand, an
evolutionary transition seems feasible as shown by the lack of a clear
separation of the clades at the sequence level and modest edit distances
between sequences belonging to different clades (Fig. 6 A). The network
for the 3 -part of the gene (transition and differentiation zone) reflects
the number of clade-differentiating sites. Here, the A clade and the G
clade are separated by a minimum edit distance of 214, rendering a
complete transition extremely unlikely (Fig. 6 B).

3.2.5. Neutral evolution
We inferred selective forces acting on the A and G clades and be-

tween the clades by estimating Tajima’s D in a sliding window over the
whole gene sequence (Fig. 7). Negative values of Tajima’s D indicate an
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Table 2
Distribution of polymorphic sites within HLA-DPB1: Number of sites and nucleotide diversity, , as the number of polymorphic sites relative to feature length (in
10 3). H zone, T zone and D zone denote the homogenisation zone, transition zone and differentiation zone.

Feature Length Total Shared Only A Only G Differentiating

# # # # #

5 -UTR 366 2 0.55 2 0.55 0 0.00 0 0.00 0 0.00
Exon 1 100 1 1.00 1 1.00 0 0.00 0 0.00 0 0.00
Intron 1 4548 164 3.61 67 1.47 49 1.08 48 1.06 0 0.00
Exon 2 264 45 17.05 27 10.23 10 3.79 8 3.03 0 0.00
Intron 2 4038 281 6.96 82 2.03 76 1.88 28 0.69 95 2.35
Exon 3 282 27 9.57 3 1.06 9 3.19 9 3.19 6 2.13
Intron 3 547 24 4.39 0 0.00 8 1.46 6 1.10 10 1.83
Exon 4 111 4 3.60 0 0.00 1 0.90 3 2.70 0 0.00
Intron 4 329 31 9.42 0 0.00 5 1.52 10 3.04 16 4.86
Exon 5 20 2 10.00 0 0.00 1 5.00 1 5.00 0 0.00
3 -UTR 963 88 9.14 0 0.00 9 0.93 31 3.22 48 4.98

H zone 6549 273 4.17 138 2.11 66 1.01 69 1.05 0 0.00
T zone 1415 59 4.17 41 2.90 13 0.92 5 0.35 0 0.00
D zone 3604 337 9.35 3 0.08 89 2.47 70 1.94 175 4.86

Total 11,568 669 5.78 182 1.57 168 1.45 144 1.24 175 1.51
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excess of rare variants, suggesting the action of purifying selection on
the sequences, a recent genetic sweep, or a recent population expan-
sion. Positive values of Tajima’s D indicate an excess of intermediate
variants suggesting balancing selection.

Overall, only trends can be observed when analysing the clades
separately (Fig. 7). D values for the G clade fall between 2 and −2,
pointing to near neutral evolution. The A clade shows a similar dis-
tribution of Tajima’s D, albeit at overall slightly lower values. This may
be a reflection of a recent proliferation of high frequency A-clade alleles
like DPB1*04:01, DPB1*04:02 and DPB1*02:01.

When estimating Tajima’s D over all alleles without separating the
clades, we observed a pattern of D values similar to the separate clades
throughout the 5 -part of the gene. Throughout the 3 -part of DPB1, D
estimates within A and G are mostly below zero, and as such point
towards directional (possibly purifying) selection acting within clades.
D values over all alleles, however, are highly positive indicating bal-
ancing selection acting on the sequence that most clearly separates the
A and G clades.

4. Discussion

With only 13 known full-length sequences, HLA-DPB1 was until
recently (IPD-IMGT/HLA release 3.25.0; July 2016) the least well
characterised gene amongst the six major human MHC class I and class
II genes. This was in part a consequence of the fact that DPB1 was long
considered largely inconsequential for HSCT outcome, but also likely
due to the relative difficulties in obtaining reliable genomic sequences
for this gene in particular. The length of the gene (11.5 kb), several
difficult to resolve regions (long homopolymeric stretches and a major
microsatellite), and sometimes large distances between heterozygous
positions, present challenges even for state-of-the-art NGS sequencing
technologies. Here, we circumvent the difficulties by applying a re-
dundant sequencing approach based on two independent PCR reactions
analysed by complementary sequencing technologies (long-read SMRT
sequencing and short-read shotgun sequencing) [29]. This approach not
only guards against the systematic biases of different sequencing
technologies, but also against the possibility of reporting PCR artefacts
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Table 3
Distribution of high-frequency polymorphic sites within HLA-DPB1: Number of sites and nucleotide diversity, , as the number of polymorphic sites relative to
feature length (in 10 3). Only polymorphic sites occurring in at least 10% of alleles are considered. H zone, T zone and D zone denote the homogenisation zone,
transition zone and differentiation zone.

Feature Length Total Shared Only A Only G Differentiating

# # # # #

5 -UTR 366 1 0.00 0 0.00 1 0.00 1 0.00 0 0.00
Exon 1 100 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
Intron 1 4548 45 0.01 21 0.00 6 0.00 26 0.01 0 0.00
Exon 2 264 20 0.08 8 0.03 0 0.00 13 0.05 0 0.00
Intron 2 4038 185 0.05 2 0.00 22 0.01 28 0.01 153 0.04
Exon 3 282 7 0.02 0 0.00 1 0.00 0 0.00 7 0.02
Intron 3 547 14 0.03 0 0.00 1 0.00 2 0.00 13 0.02
Exon 4 111 1 0.01 0 0.00 0 0.00 1 0.01 0 0.00
Intron 4 329 22 0.07 0 0.00 0 0.00 3 0.01 21 0.06
Exon 5 20 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00
3 -UTR 963 56 0.06 0 0.00 0 0.00 11 0.01 53 0.06

H zone 6549 72 0.01 31 0.00 8 0.00 56 0.01 0 0.00
T zone 1415 48 0.03 0 0.00 0 0.00 11 0.01 39 0.04
D zone 3604 231 0.06 0 0.00 23 0.01 18 0.00 208 0.06

Total 11,568 351 0.03 31 0.00 31 0.00 85 0.01 247 0.02
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due to the extremely low probability of the same artefact occurring
twice in independent reactions [29].

HLA-DPB1 is increasingly gaining traction as an additional para-
meter for upfront HLA matching for unrelated haematopoietic stem-cell
transplantation [11]. Especially a previously identified expression
marker in the 3 -UTR, rs9277534-A or -G, is predictive of increased risk
for graft-versus-host-disease in otherwise 10/10-matched donor-re-
cipient pairs [9]. This specific variant has further been linked to several
other conserved polymorphisms in exon 3 of DPB1 [24], but the gene
has not been studied comprehensively throughout its length. Here we

show that rs9277534 is a marker for two highly divergent allele groups
(clades). We found that as many as 175 single nucleotide polymorph-
isms, a microsatellite, and mutations in a conserved CTCF binding site,
clearly separate the two distinct clades.

Interestingly, the SNPs are not uniformly distributed over the gene
structure of DPB1, but exhibit a strongly bipartite pattern. Variants
which distinguish the two clades are exclusively found downstream of
exon 2 starting at position 7524 in intron 2 throughout a region we
name differentiation zone. Upstream of this region a stretch of 1 kb
shows strong differentiation between the clades but no completely fixed

Fig. 6. Haplotype networks for HLA-DPB1: Nodes denote clusters of alleles with an edit distance 2. Node size is proportional to the number of alleles contained
within a cluster. For nodes with 4 members, 6-digit codes are provided indicating the major member alleles. Edge length is proportional to the edit distance
between the least distant member alleles in two nodes. Edit distances 12 are indicated in the figure. A: Network based on the DPB1 sequence stretch from the 5 -UTR
to the end of the homogenisation zone. B: Network based on the DPB1 sequence stretch from the start of the transition zone to the 3 -UTR.
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Fig. 7. Neutral evolution within the A and G clade and in all alleles: Estimation of Tajima’s D in a sliding window over the DPB1 gene. Negative values indicate an
excess of rare variants, possibly caused by purifying selection, a recent genetic sweep or a recent population expansion. Positive values indicate an excess of
intermediate variants, possibly caused by balancing selection. A schematic representation of the gene structure is shown below with two grey boxes representing 5 -
and 3 -UTR, red boxes representing exons 1–5 and a yellow box showing the position of the microsatellite. The ranges below the gene model show the homogenisation
zone with no differentiating variants, the transition zone with increasing differentiation between the clades and the differentiation zone harbouring variants which
fully separate the two clades.
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differences (transition zone). Further upstream, roughly corresponding
with the onset of the DPA1 promotor sequence on the template strand,
DPB1 is dominated by shared variation between the two clades
(homogenisation zone).

The bipartite pattern may be explained by functional genomic fea-
tures overlapping with DPB1. Especially because DPA1 overlaps DPB1
up to exon 2 on the template strand (Fig. 2), conserved positions re-
quired to maintain functionality of DPA1 as well as DPB1 may prevent
the accumulation of clade-separating polymorphisms at certain sites.

Another key feature that differentiates the two clades is a tetra-
nucleotide microsatellite in intron 3 (Fig. 3). At least 55 of the differ-
entiating positions can be explained by the microsatellite, which is of
fixed length in G-clade alleles, but of variable length in A-clade alleles.
Still, 120 variable sites separate the two allele groups when masking the
microsatellite. The haplotype networks, as a representation of the edit
distance between alleles, exhibit a minimal edit distance of 214 nu-
cleotide substitutions between the closest alleles of the two groups,
indicating that a fast transition of A-clade alleles to G-clade alleles is not
possible.

The differential influence of A- and G-clade alleles on GVHD risk is
hypothesised to be driven by their difference in expression levels: A
alleles are lowly expressed and G alleles are more highly expressed. We
propose three not mutually exclusive scenarios to explain the difference
in DPB1 expression and the concomitant changes in GVHD risk: First,
the seven differentiating SNPs in exon 3, including two non-synon-
ymous positions, may have a direct influence on HSCT outcome by
altering the extracellular domain of the resulting protein. Possible
mechanisms may include binding sites for other molecules or functional
motifs like ubiquitination sites or signalling motifs. Although the ma-
jority of studies focus on ARD features, a comparison of known non-
ARD structures in class II genes revealed no separating mutations in
such motifs [41]. Second, conserved point mutations in the non-coding
sequences of DPB1 may impact regulation of DPB1 expression by dis-
turbing regulatory elements, especially in the 3 -UTR. Thus, a CTCF
binding site located on the template strand in intron 2 is almost com-
pletely differentiated by three polymorphic positions between the two
clades. CTCF binding sites have been shown to be involved in regula-
tion of MHC-class II expression [28]. It is not possible, however, to
directly infer the effects of mutations in the binding motif, as CTCF can
function both as a transcriptional activator or as a repressor. In addi-
tion, we do not know which gene is impacted by this CTCF binding site,
although both, an impact on DPA1 or DPB1 would affect the dynamics
of HLA-DP heterodimer formation. Third, the size, i.e., the repeat count,
of the microsatellite may serve as a regulator of DPB1 expression
[42,43]. Under this scenario it is conceivable that expression of DPB1 is
correlated to the size of the microsatellite: The more repeat units an
allele contains, the lower is the expression level. Further studies are
needed to examine a potential correlation between the length of the
microsatellite and expression by combining full-length sequencing with
determination of protein expression.

Phylogenetically, the MHC is an old system and MHC gene families
can be found in all vertebrates, but it is also an extremely variable and
evolutionarily dynamic region. This leads to the question how the two
highly distinct DPB1 allele groups might have arisen. Four possibilities
come to mind:

a) A recent emergence by accumulating point mutations with a
subsequent loss of intermediate alleles. This seems extremely un-
likely given the high edit distance between the two groups.
b) An ancient split between the two groups. This hypothesis also
seems difficult to reconcile with the complete lack of intermediate
alleles and is rendered unlikely by two additional observations:
First, the A clade contains far fewer clade-specific polymorphisms
than the G clade, suggesting an evolutionarily younger origin.
Second, A-clade alleles were not present in all human populations
and are, for instance, suspected to have entered the Japanese

population only 2300 years ago [44]. Given that signals of positive
selection have been inferred for A-clade alleles in such populations,
it is unlikely that the A clade was simply lost.
c) A gain of A-clade alleles by recombination of DPB1 with another
HLA class II gene, followed by a period of positive selection on A-
clade alleles. This scenario is in accordance with the few clade-
specific polymorphisms amongst A-clade alleles and also the mas-
sive preponderance of A-clade alleles in populations of European
origin, but no clear source for the A-clade sequence can be identified
in the human genome.
d) Finally, introgression of DNA from an archaic sister species,
possibly Neandertal hominids, as has been shown for HLA class I
genes [45], may explain the observed pattern. However, more stu-
dies are required to ascertain this evolutionary scenario, including
sensitive sequencing of ancient sister species and common ancestors.

It seems likely that the rs9277534-A clade has been acquired after
the speciation of Homo sapiens. The introgression hypothesis is further
supported by patterns of natural selection. We observed strong signs of
balancing selection across the two allele groups, indicating that both
groups are beneficial and maintained in populations, which has, to a
lower extent, been described previously [46,47]. Within the groups we
observe a near neutral evolution, but with tendencies towards lower-
than-expected diversity. This trend is greater in the A clade, possibly
indicating a selective sweep of the more recently acquired group.

Overall, the additional full-length alleles of DPB1 greatly extend the
knowledge of DPB1 which enables further studies towards the specifi-
cation of DPB1 as an important factor for unrelated haematopoietic
stem-cell transplantations. This is, to our knowledge, the first study to
analyse non-coding variation in an HLA gene on such a comprehensive
basis of full-length sequences. We found that DPB1 exhibits two deeply
divergent conserved groups of alleles, which has not been described for
any other HLA gene yet. Two likely paths of evolution for the divergent
groups of DPB1 alleles, recombination with other HLA class II genes or
introgression of DNA from archaic humans, are presented and should be
targeted by further studies.
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