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ABSTRACT
HLA-DMA, -DMB, -DOA and -DOB are non-classical HLA Class II genes that play a crucial role in the selection of highly stable 
HLA Class II/peptide complexes on antigen-presenting cells. Although the genes were initially thought to have a limited diver-
sity with less than 13 alleles per gene documented in the IPD-IMGT/HLA Database in 2022, recent studies suggest a potential 
impact of certain alleles on the outcome of hematopoietic cell transplantation. To gain a deeper understanding of allelic diversity, 
we sequenced HLA-DMA, -DMB, -DOA and -DOB of 1880 potential stem cell donors from Germany, Poland, Great Britain and 
Chile, achieving full-gene resolution. Remarkably, we identified 3968 previously undescribed sequences, including 28 distinct 
novel proteins. The observed allele frequencies were consistent across all studied populations with one dominating protein for 
each gene: HLA-DMA*01:01 (> 77%), HLA-DMB*01:01 (> 63%), HLA-DOA*01:01 (> 97%) and HLA-DOB*01:01 (> 77%). Notably, a 
much higher diversity was observed in full-genomic resolution. Finally, we submitted 51 distinct novel sequences for HLA-DMA, 
58 for HLA-DMB, 80 for HLA-DOA and 47 for HLA-DOB to the IPD-IMGT/HLA Database. This comprehensive reference data-
base update will not only simplify future genotyping of HLA-DMA, -DMB, -DOA and -DOB but will hopefully also enhance our 
understanding of the complex process of peptide selection and loading to the HLA Class II proteins.

1   |   Introduction

HLA-DM and HLA-DO (from here on DM and DO) are HLA 
Class II-like heterodimers, encoded by the genes HLA-DMA 
and HLA-DMB (from here on DMA and DMB), and HLA-DOA 
and HLA-DOB (from here on DOA and DOB), respectively [1, 2]. 
While they do not present peptides, they serve as accessory mol-
ecules for optimal peptide loading of the classical HLA Class II 
proteins. DM is ubiquitously expressed in antigen-presenting 
cells (APCs) and necessary for the efficient displacement of 
the Class II-associated invariant chain peptide (CLIP) from the 
peptide binding groove. Likewise, non-optimal peptides are dis-
placed from HLA Class II molecules, thereby selecting immu-
nodominant (DM-resistant) epitopes [3]. In contrast, expression 

of DO is restricted to B cells, thymic medullary epithelial cells, 
and subpopulations of dendritic cells [4, 5]. As of today, multi-
ple, partly conflicting models for the modulatory function of DO 
have been proposed [6]. On one hand, competitive inhibition of 
DM by DO has been proposed to result in a broader repertoire of 
(DM-sensitive) epitopes [7–10]. On the other hand, DO has been 
reported to stabilise the open binding groove of HLA Class II 
proteins, thereby increasing the stringency of epitope selection 
by DM [11, 12].

Even though the DMA, DMB, DOA and DOB genes are lo-
cated within the MHC complex between the highly diverse 
HLA-DQB1 and HLA-DPB1 genes, knowledge about DM/
DO diversity and its functional impact is sparse [13–15]. The 
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heterodimer DMA*01:03/DMB*01:07 has been predicted to be 
a less efficient peptide-exchange catalyst than DMA*01:01/
DMB*01:01 [16]. Similarly, some DOA and DOB variants 
show altered efficiency in vitro in comparison to DOA*01:01 
and DOB*01:01. Among them are DOA*01:02 and DOA*01:03 
with increased efficiency [14, 15]. In  vivo, a recent study on 
haploidentical hematopoietic cell transplantations (HCTs) 
associated DMA*01:03 with a higher risk of relapse for the 
patient [17]. Additionally, DM impacts the permissiveness of 
HLA-DPB1 mismatches in HCT. HLA-DPB1 alleles of the same 
T-cell receptor group usually present peptides of limited di-
vergence. However, in the absence of DM in APCs in  vitro, 
the divergence of peptides was as high as for nonpermissive 
HLA-DPB1 mismatches [18, 19].

With these first indications that the HLA Class II peptide load-
ing machinery might have a clinical impact in at least some HCT 
settings, the question arose if the incorporation of DM/DO ge-
notyping in donor selection could be beneficial for the patient. 
Naturally, that would only be warranted if there was a relevant 
allelic variation in the population. However, due to limited pre-
vious studies, it was presumed that the described alleles in the 
IPD-IMGT/HLA Database, the global reference for donor HLA 
genotyping, might only touch the surface of the allelic diversity 
[13]. Consequently, the aim of this study was to gain additional 
insights into the diversity and allele frequencies of DMA, DMB, 
DOA and DOB in different populations and submit the encoun-
tered novel alleles to the IPD-IMGT/HLA Database to generate 
a broader and more reasonable database foundation for these 
four genes.

2   |   Methods

2.1   |   Samples

A total of 1880 volunteers from Germany (40%), the United 
Kingdom (30%), Poland (15%), Chile (10%) and the United 
States (5%) provided samples to DKMS for registration as po-
tential stem cell donors. As part of the registration process, the 
donors are asked to self-assign their ethnic background. The 
genotyping is within the scope of the consent forms signed at 
recruitment.

2.2   |   PCR and Sequencing

DNA was isolated from buccal swabs as described before 
[20, 21]. In general, obtained DNA concentrations ranged from 2 
to 100 ng/μL and DNA was used without prior normalisation or 
fragment length analysis. The genes DMA, DMB, DOA and DOB 
were amplified from 5′ UTR to 3′ UTR (complete exon and intron 
coverage) by PCR with the following primer pairs: GCTGGTC  
GCTTACAGACTGAG and GAAAAACATCATGTACCGCC  
AAGAC (DMA); CTGAACTCCCGGCATCTTTACAG and GAG  
AGGCATGGTAGCATCATTGAG (DMB); GTGCTCTGACGGC  
CTTTTCTC and CATCATGGCAGGATACCAGTGG (DOA); GG  
AGTTTCCAATCCTGGGGAAG and CCAGAGAGAGAAGCT  
TCAGTGAGG (DOB) (metabion, Planegg, Germany). 
Overhangs were attached at primer 5′ ends to provide binding 
sites for subsequent indexing PCR [22]. Primers for DMA and 

DMB (125 nM each) or primers for DOA and DOB (25 and 50 nM) 
were used in two PCR reactions containing genomic DNA 
(range: 2–100 ng), dNTPs (0.4 mM each) (Roche Diagnostics, 
Mannheim, Germany), 1× Advantage Genomic LA Buffer, and 
0.5 U Advantage Genomic LA Polymerase Mix (Takara Bio, 
Mountain View, CA, USA) in a 10 μL reaction. PCR conditions: 
94°C 3 min, 30 cycles: 98°C 10 s/57°C 20 s/66°C 8 min, 72°C 
10 min. Amplicon sizes were expected between 3.6 kb (DOA) 
and 6 kb (DMB). PCR products were diluted 1:20, and 1 μL was 
used for a 10-cycle indexing PCR with custom barcodes  [22] 
using the same reaction conditions as above. PCR success was 
checked by agarose gel electrophoresis. Failed PCR reactions 
were not repeated.

Barcoded PCR products were pooled and purified using 0.7× 
SPRIselect beads (Beckman Coulter, Brea, CA, USA). Library 
preparation was performed with SQK-LSK110 kits. Sequencing 
was performed on a GridION instrument (7× MinION flowcells 
10.3, basecalling: Guppy R10.3 HAC) according to the manu-
facturer's instructions (Oxford Nanopore Technologies, Oxford, 
UK) (Figure 1). Up to 570 samples were loaded on one MinION 
flowcell.

2.3   |   Characterisation and Submission of Novel 
Alleles

Reads from ONT sequencing were used to identify sam-
ples with novel alleles (NGSengine (GenDx, Utrecht, The 
Netherlands), IPD-IMGT/HLA Database version 3.44). Since 
novel alleles for IPD-IMGT/HLA Database submission have 
to be confirmed by a second PCR, the respective genes were 
subjected to additional Illumina shotgun sequencing. Samples 
for Illumina sequencing were selected to include all sequences 
with novel exon variations and frequent intron variations. If 
possible, three independent samples with an identical novel 
sequence were used. In addition to these prioritised samples, 
96-well plates were filled up with novel sequences that were 
not prioritised (e.g., intron variations that were detected only 
once). Finally, 380 samples were subjected to Illumina se-
quencing (Figure  1). Subsequent to another PCR reaction as 
described above, fragmentation and adapter ligation were per-
formed according to ‘NEBNext Ultra II DNA Library Prep Kit 
for Illumina’ protocol (New England Biolabs, Ipswich, MA, 
USA). Amplicons were purified with 0.7× SPRIselect beads, 
and custom barcodes were attached by a seven-cycle-indexing 
PCR. Finally, 47 or 48 samples were pooled (one PCR positive 
control per 96-well plate is not sequenced) and subsequently 
purified using 0.7× SPRIselect beads. After qPCR-based li-
brary quantification, pools (190 samples each) were sequenced 
on a MiSeq instrument (MiSeq Reagent Kit v2 2 × 250) accord-
ing to the manufacturer's instructions (Illumina, San Diego, 
CA, USA).

Sequencing reads obtained from ONT and Illumina sequenc-
ing were first analysed independently using NGSengine, IPD-
IMGT/HLA Database version 3.48 (Figure 1). This release was 
the current one at the time of sequence analysis and, for DM 
and DO genes, did not differ from version 3.44, which was 
used for novel allele identification. The mean read length for 
ONT reads was 4734 bp (DMA), 5434 (DMB), 3389 (DOA) and 
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3648 (DOB). As expected, the median base quality score of 
mapped ONT reads was lower than that of Illumina reads (21 
vs. 37). Nevertheless, for most samples, both sequencing meth-
ods generated identical and fully phased sequences. These 
were approved. For samples with questionable or inconsistent 
results (all DMB sequences because of their long homopoly-
meric region and three sequences that contained insertions 
and/or deletions (1× DOA, 2× DOB)), dual redundant refer-
ence sequencing (DR2S) was used. Its algorithm combines 
short and long reads to generate the highest quality error 
corrected consensus sequences [22–24]. Sequences that were 
still ambiguous were rejected (n = 45). Finally, all approved se-
quences with novel alleles were submitted to the IPD-IMGT/
HLA Database using TypeLoader2 [25, 26]. If possible, a sec-
ond, independent sample was submitted for each novel allele 
to confirm the sequence. Additionally, sequence extensions 
were submitted for existing alleles with only partial sequence 
information in the database.

Please note that some novel alleles were identified but not 
characterised and submitted to the IPD-IMGT/HLA Database, 
mostly because of prioritisation of our resources on exon and/
or frequent variations. Furthermore, some sequences could 
not be characterised because of technical reasons (e.g., PCR 
failure).

2.4   |   Genotyping

After the novel alleles were named by the IPD-IMGT/HLA 
Database, final genotyping of the DMA, DMB, DOA and 
DOB data sets was performed with NGSengine, IPD-IMGT/
HLA Database version 3.51, based on the original Oxford 
Nanopore sequencing data (Figure  1). Primer regions were 

ignored for the genotyping calls. The chosen phasing algo-
rithm was ‘cluster’ with parameters 50 (coverage), 30 (average 
second base for heterozygous calls) and 20 (noise). If neces-
sary, error-prone bases (e.g., the long T-homopolymer in DMB) 
were edited manually. Before manuscript submission, all left-
over novel alleles were rechecked against the newest version 
of the IPD-IMGT/HLA Database (3.58). Due to the described 
sequence variations in the UTRs outside of our primer bind-
ing sites, the following ambiguities could not be resolved: 
DMA*01:01:01:01/01:01:01:41, DMB*01:01:01:01/01:01:01:03/01:0
1:01:46, DMB*01:01:01:02/01:01:01:51, DMB*01:03:01:02/01:03:0
1:04/01:03:01:19 and DOB*01:01:03:02/01:01:03:10.

2.5   |   Haplotypes

Using Hapl-o-Mat, our open-source implementation of an 
expectation–maximisation (EM) algorithm, haplotypes and 
their respective frequencies were estimated from unphased 
genotype data [27, 28]. Since the algorithm operates with the 
prerequisite of a sufficiently large cohort of a population in 
Hardy–Weinberg equilibrium, we restricted our analysis to 
samples with German ethnic backgrounds (n = 426). To esti-
mate eight-locus haplotypes (DMA, DMB, DOA, DOB, HLA-
DPA1, HLA-DPB1, HLA-DQA1 and HLA-DQB1), we included 
additional genotyping data that was generated as described 
before [29, 30]. To exclude the issue of residual typing ambi-
guities, haplotype resolution for DMA, DMB, DOA and DOB 
was reduced to three fields. The remaining four loci have been 
considered on ‘small-g’ resolution. This approach groups al-
leles with identical and synonymous exon 2 and 3 sequences, 
including null alleles [31]. To more closely investigate linkage 
disequilibrium on smaller haplotypes, we also estimated fre-
quencies for subsets with fewer loci.

FIGURE 1    |    Workflow for DMA, DMB, DOA and DOB genotyping and novel allele characterisation. Nanopore sequencing reads were analysed 
multiple times. First, to identify samples with novel sequences. Selected samples were then subjected to a second long-range PCR and Illumina se-
quencing. Second, to characterise the novel alleles by joint analysis of Illumina and Nanopore sequencing reads. Third, for the final genotyping after 
the novel alleles were named by the IPD-IMGT/HLA Database. Blue boxes depict wet lab processes, and green boxes depict analysis steps. Filled 
arrows indicate the final genotyping workflow, while dashed arrows indicate the novel allele characterisation workflow.
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3   |   Results

3.1   |   Novel Alleles

Out of 1880 samples, 1637 (87%), 1493 (79%), 1482 (79%) and 
1475 (78%) samples were successfully sequenced and anal-
ysed for DMA, DMB, DOA and DOB, respectively (average 
sequencing depth: 2068×, 895×, 876× and 1122×). Sample 
dropouts were predominantly caused by PCR failure, presum-
ably due to insufficient DNA quality for long-range amplifica-
tion. However, we cannot rule out that single samples failed 
because of unknown base variations at the primer binding 
sites. Strikingly, we identified 3968 non-distinct unknown se-
quences in 1498 samples (DMA: 665; DMB: 1139; DOA: 1336 
and DOB: 828). Since many of these unknown sequences were 
encountered multiple times, we identified 311 distinct novel 
sequences. Among them were 5 novel DMA proteins, 2 novel 
DMB proteins, 11 novel DOA proteins and 10 novel DOB pro-
teins (Table  1, Figure  2A, Supporting Information  1). These 
high numbers confirmed our hypothesis that the genomic di-
versity in the IPD-IMGT/HLA Database has so far been se-
verely underestimated. To improve this situation, we submitted 
236 distinct novel sequences to the IPD-IMGT/HLA Database 
(51 DMA, 58 DMB, 80 DOA and 47 DOB). Specifically, we sub-
mitted sequences of 5 distinct novel proteins, 1 synonymous 
exon variation and 45 intron variations of DMA. For DMB, 
we submitted 2 novel proteins, 1 synonymous exon variation 
and 55 intron variations. Similarly, for DOA, we submitted 11 
novel proteins, 6 synonymous exon variations and 63 intron 
variations, and for DOB, 10 novel proteins, 5 synonymous exon 
variations and 32 intron variations (Figure 2A). Additionally, 
we characterised and submitted 148 sequence extensions 
and confirmations (24 DMA, 50 DMB, 42 DOA and 32 DOB) 
(Figure  2A, Supporting Information  1). These numbers in-
clude sequences with which we confirmed our own data (e.g., 
a second sample of a novel allele) as well as confirmations and 
sequence extensions of previously submitted sequences from 
other laboratories. Overall, the number of described alleles 
increased tremendously from the IPD-IMGT/HLA Database 
release 3.48 (April 2022) to 3.58 (October 2024): for DMA from 
7 known alleles to 60, for DMB from 13 to 85, for DOA from 12 
to 113 and for DOB from 13 to 71 (Figure 2B).

Since we focused our resources on the characterisation of novel 
proteins and frequent sequence variations and experienced some 
PCR failures and/or insufficient sequencing quality, we did not 
submit every novel allele that we encountered to the IPD-IMGT/
HLA Database.

3.2   |   Allele Frequencies

Allele frequencies of DMA, DMB, DOA and DOB were calcu-
lated for the four largest populations in our data set: Germans 
(n = 637), British/Irish (n = 379), Poles (n = 282) and non-
indigenous Chileans (n = 138). Overall, the allele frequencies 
in the four populations were consistent (Figure  3, Supporting 
Information 2). In our largest cohort, the German population, 
one major protein (*01:01) with frequencies above 74% was iden-
tified in all four genes. In detail, DMA*01:01 has a frequency of 
83%, DMA*01:02 of 11% and DMA*01:03 of 4%. DMB*01:01 (75%) 

is followed by DMB*01:03 (18%) and DMB*01:07 (4%). For DOA, 
there is only one major protein, DOA*01:01 with 97% allele fre-
quency, followed by DOA*01:02 (2%). DOB*01:01 has 77% allele 
frequency in the German population, followed by DOB*01:04 
(9%), DOB*01:02 (6%), DOB*01:03 (4%) and DOB*01:05 (4%). 
Albeit still small, the largest differences between the popu-
lations were observed in DMB. DMB*01:01 frequencies are 
higher in Germany and Poland (75% and 82%) compared to GB/
Ireland and non-indigenous Chileans (64% and 65%). In con-
trast, the British/Irish population and non-indigenous Chileans 
have higher frequencies of DMB*01:03 (26% and 25%) com-
pared to Germans and Poles (18% and 9%). The same is true for 
DMB*01:04 (3% and 4% compared to 1%) (Figure 3, Supporting 
Information 2).

In DMA and DMB, almost no synonymous exon variations 
(three-field resolution) could be identified (Figure 4). In contrast, 
the major DOA protein DOA*01:01 (97%) is subdivided into mul-
tiple sequences, among them DOA*01:01:02 (55%), DOA*01:01:01 
(22%), DOA*01:01:04 (13%), DOA*01:01:03 (4%) and DOA*01:01:05 
(2%). Likewise, DOB demonstrates some variability at the third 
field level. By zooming even further into the full-gene resolu-
tion (four-field resolution), it becomes evident that the genomic 
allelic diversity of DMA, DMB, DOA, and DOB is actually quite 
high (Figure 4). Especially, the four major proteins can be subdi-
vided into multiple distinct genomic sequences that were often 
detected with allele frequencies greater than 1% in all studied 
populations (Figure 4, Supporting Information 2).

In our data set, we could identify all proteins from IPD-IMGT/
HLA Database release 3.58 with the exception of DMB*01:05 
[32], DMB*01:06 [33], DOA*01:03, DOA*01:04N [34], DOA*01:16, 
DOA*01:17, DOB*01:17 and DOB*01:18N. Some of these alleles 
were originally characterised from samples of Asian heritage, 
ethnicities that are underrepresented in this study. DOA*01:16, 
DOA*01:17 and DOB*01:17 were more recently identified in 
samples from Europe [13]. Since we could not identify them in 
our predominantly European cohort, we assume that these are 
rare alleles.

3.3   |   Diversity Coverage in the IPD-IMGT/HLA 
Database

Even though we genotyped over 1500 samples and character-
ised all novel proteins, the question remained if we caught the 
most frequent ones of the investigated populations. To get a 
rough estimation, we compared available SNP data from the 
gnomAD database (version 4.1.0; 730,947 exomes and 76,215 
genomes) [35]. In its current version, 297, 317, 408 and 383 pro-
tein variations for DMA, DMB, DOA and DOB are included, 
respectively (Supporting Information 3). Naturally, these data 
do not contain phasing information and do not meet the qual-
ity criteria for novel allele characterisation, but they might be 
a rough estimate of how many proteins could be found in the 
global population. According to gnomAD, the most frequent 
and still unnamed (IPD-IMGT/HLA Database version 3.58) 
protein variations are DMA V209M (0.04% global, 0.5% in 
African Genetic Ancestry Group), DMB M196V (0.08% global, 
1% in South Asian Genetic Ancestry Group), DOA V155M 
(0.01% global, 0.2% in African Genetic Ancestry Group) 
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TABLE 1    |    Characterised and submitted novel alleles of DMA, DMB, DOA and DOB, leading to altered protein sequences.

Gene Allele name
AA position 

(mature protein)

Reference 
allele *01:01 
> Novel AA Exon

Samples in 
data set Ethnic group(s)

HLA-DMA DMA*01:05 149 F > L 3 1 GB/Ireland

DMA*01:06 80 E > K 2 1 Poland

DMA*01:07 30 S > N 2 1 GB/Ireland

DMA*01:08 146 G > E 3 1 Unknown

DMA*01:09 220 V > M 4 1 Germany

HLA-DMB DMB*01:08 187 R > Q 3 1 Poland

DMB*01:09 48 F > S 2 9 Europe, Chile

HLA-DOA DOA*01:05 212 V > I 4 1 Germany

DOA*01:06 206 G > V 4 4 Europe

DOA*01:07 124 R > C 3 1 Germany

DOA*01:08 114 F > L 3 6 Europe, Chile

DOA*01:09 54 R > H 2 5 Europe

DOA*01:10 −20 G > R 1 4 India

DOA*01:11 126 G > R 3 1 Wales

DOA*01:12 3 A > D 2 1 India

DOA*01:13 189 D > N 4 2 Germany

DOA*01:14 150 H > R 3 1 Chile

DOA*01:15 147 R > C 3 1 Philippines

HLA-DOB DOB*01:06 203 I > T 4 1 GB/Ireland

DOB*01:07 60 Q > K 2 8 Europe, Ukraine, 
Kosovo

DOB*01:08 93 R > K 2 4 Germany, Chile

208 L > F 4

DOB*01:09 26 F > S 2 1 Poland

DOB*01:10 −9 R > Q 1 1 Poland

208 L > I 4

DOB*01:11 57 D > Y 2 1 Russia

218 V > I 4

DOB*01:12 208 L > F 4 1 GB/Ireland

235 N > S 5

DOB*01:13 236 E > K 5 1 Unknown

DOB*01:14 −6 S > T 1 1 Germany

208 L > F 4

DOB*01:15 150 N > S 3 1 Poland

Note: The amino acid changes, their positions (in the mature protein) and the respective exons in the gene are listed based on the reference proteins DMA*01:01, 
DMB*01:01, DOA*01:01 and DOB*01:01. Ethnic group(s) refer to the self-assigned heritage of donors. Here, Europe is used as an abbreviation for multiple samples from 
German, Polish and/or British/Irish ethnic groups. See Table S1 for a complete list of novel alleles.



6 of 9 HLA, 2025

and DOB G226R (0.03% global, 0.03% in European Genetic 
Ancestry Group) (Supporting Information  3). Reference al-
leles for these variant calls are DMA*01:01, DMB*01:03, 
DOA*01:01 and DOB*01:01 (GRCh38). From these data, 
we estimate that IPD-IMGT/HLA-listed alleles now cover 
over 99% of the cumulative allele frequency and lack only 
minor variants at protein resolution. However, this may not 
be valid for underrepresented populations in gnomAD. On 
the other hand, some fully characterised and named varia-
tions are extremely rare in gnomAD; for example, variation 
F148L (in DMA*01:05) with a frequency of 0.0002% and DOB 
F26S (DOB*01:09) with only 0.0006%. Furthermore, some 

variations (DOA L74V (DOA*01:03), DOA S40N (DOA*01:16), 
DOA A3D (DOA*01:12) and DOB S-6 T (DOB*01:14)) were 
only detected once in the whole gnomAD data set (Supporting 
Information 3).

3.4   |   Estimation of Major Haplotypes

Based on our largest cohort (German population), we esti-
mated haplotype frequencies using all samples with suc-
cessful genotyping of all four loci (n = 426). DOB*01:01:01  
~DMB*01:01:01~DMA*01:01:01~DOA*01:01:02 was identified 

FIGURE 2    |    Sequence submissions to the IPD-IMGT/HLA Database. (A) Number of characterised and submitted sequences for DMA, DMB, DOA 
and DOB, respectively. Novel alleles are differentiated into new proteins (red), new synonymous exon variations (yellow), and new intron sequences 
(blue). In addition, we submitted sequence extensions of only partially described alleles as well as sequence confirmations (summed up in green). (B) 
Contribution of the submitted sequences (red) to the current IPD-IMGT/HLA Database (release 3.58).

FIGURE 3    |    Frequencies of DMA, DMB, DOA and DOB alleles at two-field resolution (protein level) in samples from non-indigenous Chilean, 
British/Irish, German and Polish ethnic groups.
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as the major haplotype with a frequency of 16%, followed by 
DOB*01:01:03~DMB*01:01:01~DMA*01:01:01~DOA*01:01:02 
(12%), DOB*01:01:01~DMB*01:03:01~DMA*01:01:01~DOA*01:  
01:02 (9%) and DOB*01:01:01~DMB*01:01:01~DMA*01:01:01~D  
OA*01:01:01 (8%). More haplotypes are reported in Supporting 
Information 4 (only the 60 most frequent are included as ap-
propriate with the limited sample size). The most common 
extended haplotype in the German population was identified 
as D​QA1​*01​:02​g~D​QB1​*06​:02​g~D​OB*​01:​01:​01~​DMB​*01​:03​:01​
~DM​A*0​1:0​1:0​1~D​OA*​01:​01:​02~DPA1*01:03g~DPB1*04:01g 
with a frequency of 4% (Supporting Information 4). Since the 
DMB*01:07~DMA*01:03 haplotype might be of further interest 
for HCT, we investigated if this haplotype could potentially 
be predicted from standard HLA genotyping. Upon inclusion 
of the two neighbouring classical HLA genes HLA-DPB1 and 
HLA-DQB1 into the haplotype calculation, the most frequent 
DMB*01:07~DMA*01:03 haplotype in the German population 
is DQB1*03:01g~DMB*01:07:01~DMA*01:03:01~DPB1*04:01g 
(0.8%), followed by DQB1*05:01g~DMB*01:07:01~DMA*01:03:  
01~DPB1*04:01g and DQB1*03:01g~DMB*01:07:01~DMA*01:  
03:01~DPB1*04:02g (0.4% each). However, the same HLA-D  
PB1 and HLA-DQB1 alleles can also be associated with DMB*01:  
01~DMA*01:01 haplotypes with even higher frequencies (e.g., 
DQB1*03:01g~DMB*01:01:01~DMA*01:01:01~DPB1*04:01g; 5%). 
Consequently, with the available allelic resolution for HLA-
DPB1 and HLA-DQB1, it does not seem possible to use linkage 
information to predict DM alleles (Supporting Information 4).

4   |   Discussion

While it has long been known that DM and DO are involved in 
peptide loading to HLA Class II proteins [3–5], most research has 

been dedicated to the HLA Class II proteins themselves. Yet, re-
cent technological advancements in the field of immunopeptid-
omics begin to shed a more detailed light on the interplay between 
specific HLA alleles and the structure of presented peptides [36]. 
Naturally, the loading of a specific peptide onto a certain HLA 
Class II molecule might be not only driven by the receptor/pep-
tide combination but also by the peptide loading machinery, for 
example, DM and/or DO. Indeed, HLA-DPB1 presents a broader 
peptide repertoire in the absence of DM in vitro [19].

So far, only a few studies looked at the potential impact of al-
lelic differences of DM/DO, one of the reasons surely being 
that the allelic diversity and allelic frequencies were largely 
unknown. While IPD-IMGT/HLA Database release 3.48 only 
contained 3 DOA proteins (and one null allele), available 
exome sequencing data of 60,000 samples hinted at at least 95 
existing missense variations [14]. To the best of our knowledge, 
our study is the first to investigate the frequencies of DM/DO 
in a larger set of samples at full genomic resolution. As ex-
pected, the diversity of DM and DO proteins is much lower 
than the diversity of classical HLA proteins. In all studied 
populations, there is one major protein (*01:01) with allele fre-
quencies over 64% (DMA, DMB and DOB), or even 95% (DOA) 
(Figure 3). Minor differences in the allele frequencies could be 
observed in a similarly sized study for the Chinese Han popu-
lation. Here, the two major alleles DMA*01:01 and DMB*01:01 
have slightly lower allele frequencies: 70% and 53%, in com-
parison to 83% and 75% in Germany, respectively. Instead, 
Chinese Hans more often harbour the alleles DMA*01:02 (28% 
vs. 11%), DMB*01:02 (14% vs. 2%) and DMB*01:03 (32% vs. 18%) 
[37]. Similar differences might be discovered for populations 
that are underrepresented in this study, for example, African 
populations.

FIGURE 4    |    High-resolution frequencies of DMA, DMB, DOA and DOB alleles (bars: three-field resolution [exon level]; colours: four-field res-
olution [full gene]) in the German population. The suffix *NEW is used to sum up all novel alleles that were identified but not characterised and 
submitted to IPD-IMGT/HLA.



8 of 9 HLA, 2025

There is evidence that DMA*01:03 differs functionally from 
DMA*01:01. The heterodimer DMA*01:03/DMB*01:01 has been 
reported to exchange peptides less efficiently than the heterodi-
mer DMA*01:01/DMB*01:01 [16]. Furthermore, in haploidenti-
cal HCT, a donor DMA*01:03 could be associated with a higher 
risk of relapse [17]. The same effect was observed for DMB*01:07, 
which is in high linkage disequilibrium with DMA*01:03 
(Supporting Information  4). This potential risk haplotype has 
a frequency of approximately 4% in all studied populations. 
In DMA*01:04 (allele frequency of 2% in the German popula-
tion), the same amino acid is modified (position 184 Arg/His 
in DMA*01:03, Arg/Cys in DMA*01:04). Data from Petersdorf 
et al. for a donor DMA*01:04 indicate a similar negative effect 
for patient outcome in haploidentical HCT as DMA*01:03, but 
the data on relapse rates were not statistically significant. A gen-
eral DM (mis)match between patient and donor had no effect on 
outcome or graft-versus-host disease (GVDH) [17]. It remains to 
be investigated whether donor DMA*01:03 and/or DMA*01:04 
would also have an adverse effect in unrelated fully or partially 
matched allogeneic HCT. In this setting, it might be possible to 
genotype and exclude unfavourable donors if multiple matches 
are available.

For DOA and DOB, some amino acid variations with altered 
DM inhibition were identified in  vitro. Among them were 
DOA*01:02 and DOA*01:03 that showed a gain of function 
[15]. Other observations affect alleles that were characterised 
and named in this study: DOB*01:08 and DOB*01:15 with de-
creased, and DOA*01:14 with increased DM inhibition [14, 15]. 
Interestingly, DOA*01:08 could not be expressed in  vitro [15]. 
However, all these alleles have very low population frequencies, 
which will make it rather difficult to gather enough samples for 
clinical investigations.

In conclusion, we genotyped over 1500 samples for 
DMA, DMB, DOA and DOB and submitted 384 sequences 
(including confirmations and sequence extensions) to the 
IPD-IMGT/HLA Database. With these additions, the database 
should now cover most protein sequences of major European 
populations (Germany, GB/Ireland and Poland), which will 
benefit future genotyping. If some of the more frequent varia-
tions have an impact on HCT or disease phenotypes remains 
to be investigated. Since these are limited to only a few ge-
nomic positions, genotyping could be performed with feasible 
effort and costs.
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