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Abstract The human major histocompatibility complex
(MHC) region encodes three types of class II molecules
designated HLA-DR, -DQ, and -DP. Both the HLA-DQ and
-DP gene region comprise a duplicated tandem of A and B
genes, whereas in macaques, only one set of genes is present
per region. A substantial sequencing project on the DQ and
DP genes in various macaque populations resulted in the de-
tection of previously 304 unreported full-length alleles.
Phylogenetic studies showed that humans and macaques share
trans-species lineages for the DOAI and DOBI1 genes, where-
as the DPAI and DPBI lineages in macaques appear to be
species-specific. Amino acid variability plot analyses revealed
that each of the four genes displays more allelic variation in
macaques than is encountered in humans. Moreover, the num-
bers of different amino acids at certain positions in the
encoded proteins are higher than in humans. This phenome-
non is remarkably prominent at the contact positions of the
peptide-binding sites of the deduced macaque DP[3-chains.
These differences in the MHC class II DP regions of
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macaques and humans suggest separate evolutionary mecha-
nisms in the generation of diversity.
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Introduction

The glycoproteins of the major histocompatibility complex
(MHC) play an important role in immunological defense.
Two main groups of classical MHC genes and gene products
are distinguished: class I and class II. The class II glycopro-
teins are usually expressed on the surface of antigen-
presenting cells. They bind peptides and display them for rec-
ognition to the CD4" T lymphocytes, thus providing a mech-
anism for the induction and regulation of adaptive immune
responses to extracellular pathogens.

MHC class II proteins consist of two polypeptide chains, o
and [3, which are encoded by two distinct genes. In humans,
these genes are the HLA-DRA and -DRB, HLA-DQA and -
DQOB, and HLA-DPA and -DPB pairs, and they are located
on the short arm of chromosome 6. The DRB, DOB, DQOA,
and DPB genes are highly polymorphic in the human popula-
tion, and hundreds of alleles are known today, whereas the
HLA-DRA and -DPA genes are oligomorphic (Robinson
et al. 2015). The polymorphism of MHC class II plays a role
in the susceptibility or the resistance to certain diseases. In
autoimmune diseases, in particular, the MHC class II genes
appear to be an important predisposing factor (Thorsby and
Lie 2005). Certain HLA-DQ alleles, for example, are associ-
ated with disorders such as type 1 diabetes, multiple sclerosis,
and celiac disease. Some DQ allotypes, with aspartic acid at
position 357, confer susceptibility to type 1 diabetes, whereas
[3 chains with alanine or serine at this position are associated
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with protection (Gough and Simmonds 2007; Jones et al.
2006; Thorsby and Lie 2005). HLA-DP may play a role in
Wegener’s granulomatosis (Xie et al. 2013) and beryllium
disease (Amicosante et al. 2001; Dai et al. 2010; Silveira
et al. 2012). The latter syndrome is a chronic allergic-lung
response to the inhalation of beryllium, a lightweight alkaline
earth metal. Susceptibility is associated with HLA-DP
allotypes that have a glutamic acid at position 369.

Species such as the rhesus monkey (Macaca mulatta),
the cynomolgus macaque (Macaca fascicularis), and the
pig-tailed macaque (Macaca nemestrina) are important
models in human biology and diseases (t Hart et al.
2015). They are used in studies on infectious diseases such
as HIV (Bontrop and Watkins 2005; Breed et al. 2015;
Mooij et al. 2015; Mudd et al. 2012), tuberculosis (Flynn
et al. 2015), and malaria (Divis et al. 2015), and in auto-
immune disorders such as multiple sclerosis (Haanstra
et al. 2013). Furthermore, macaques are essential as pre-
clinical models for the evaluation of transplantation strat-
egies (Kean et al. 2012). The MHC of these animals has
been investigated in recent years. The orthologs of the
human class II genes are present in macaques and are des-
ignated, respectively, Mamu-, Mafa- and Mane-DR, -DQ,
and -DP. Sequencing analyses have resulted in the descrip-
tion of about 450 class II alleles that are archived in the
nonhuman primate section of the IPD-MHC database
(Blancher et al. 2014; Creager et al. 2011; de Groot et al.
2004; de Groot et al. 2012; Deng et al. 2013; Karl et al.
2014; Otting et al. 2012). However, most of these studies

Table 1  Primers used in this study

Primer name Sequence

DQA
5'MHCII-DQA-F-2 CTGAGGCTGCCTTGGGAAGAA
3'MHCII-DQA-R-2 TTAGGTAGCTGGGTGGCTTACT
DQA-F GAGGCTGCCTTGGGAAGA
DQA-R CCTAGGTCATGTAGCAAGTCCA

DOB

5'MHCII-DQB-F-2
3'MHCII-DQB-R-2

CCACTACTTTTCCCTTCGTCT
GGCAGGGACAAGTAGGCATT

DQB-R CCAGTTAAAATAGTCTCAGGAGTCA
DPA
DPA-F CGTAGTCATCAATTAGAGACCC
DPA-R TCCTAAGTCCTCTTCTGTTCAG
DPA-F-inex GACAGAATGTTCSAGACCAG
DPA-fw1 CTCATCACTGTTCCTGTGCTC
DPB

5'MHCII-DPB-F-1
3'MHCII-DPB-R-2
DPB-R738

GCAGCTCTTTTCATTTTGCCATCC
GTCCTGGAACCAGGTGCTAACG
CCTCCTGTGCATGAAGATRCCC
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Table2 The numbers of alleles detected in this study. A comparison is
made to the contents of the IPD-MHC database at date 2016-01-01. The
“novel” alleles and “extensions” are submitted. The “confirmed” alleles
were presented as full-length sequences in the database and were also
detected in the present study. Other sequences in the database were “not
found” in our cohorts

Novel Extension Confirmed Not found

Mafa-DQOAI 25 7 29 24
Mamu-DQAI 11 8 17 12
Mane-DQOAI 22 0 0 7
Mafa-DQOBI 12 17 32 41
Mamu-DOBI 9 16 21 34
Mane-DOB1 3 20 1 14
Mafa-DPAI 24 8 27 23
Mamu-DPAI 22 8 12 8
Mane-DPA1 14 0 3 1
Mafa-DPB1 24 12 23 30
Mamu-DPB1 22 6 10 23
Mane-DPBI 14 0 0 2

by 202 102 175 219

focused only on exon 2 sequences, which encode the
antigen-binding region of the proteins (Doxiadis et al.
2006; Ling et al. 2011; Sano et al. 2006). In contrast to
humans, the DPA genes are polymorphic in the macaques,
and, moreover, the polymorphism is not restricted to exon
2 (Karl et al. 2014; Otting et al. 2012).

In the present study, six cohorts of macaques, encompassing
three species, were sequenced for the full-length alleles
of DO and DP genes. The animals originated from dif-
ferent geographical regions. The study constituted a part
of an extended project, with the aim of discovering
nonhuman primate MHC genes and developing typing
technologies. Not only were the repertoires of alleles
in the cohorts determined but the DQOA-DQOB and the
DPA-DPB allele combinations on the chromosomes, as
they segregate in families, were also explored. This
large-scale approach allowed a comparison to be made
regarding relevant HLA class II genes.

Fig. 1 Maximum parsimony analyses of HLA-DQOBI and Mafa-DQOBI P>
sequences. The evolutionary history was inferred using the maximum
parsimony method. The most parsimonious tree with length =798 is
shown. The consistency index is (0.449333), the retention index is
(0.774563), and the composite index is 0.373693 (0.348037) for all
sites and parsimony-informative sites. The percentages of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The tree is drawn to scale, with
branch lengths calculated using the average pathway method and are in
the units of the number of changes over the whole sequence. The human
sequences are depicted in green; an out-group of swine sequences is
depicted in blue. The DOB*17 and DOB*18 lineages, which were
originally defined based on exon 2 sequences, are both spliced in two
branches, a and b
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Materials and methods
Animals and RNA samples

For the sequencing analyses of the MHC class II genes in the
cohorts of rhesus, cynomolgus, and pig-tailed macaques, we
collected peripheral blood mononuclear cells (PBMCs) or
RNA samples from different institutions. The animals were
selected based on sire/dame/offspring combinations, though a
number of unrelated animals were also present in the panels.
Indian rhesus macaque samples were derived from the Oregon
National Primate Research Centre (ONPRC), Beaverton, OR
(N=61) and from the breeding colony at the Biomedical
Primate Research Centre (BPRC) in the Netherlands
(N =69). Samples of rhesus macaques of Chinese origin were
delivered by breeding centers in Chengdu and in Yuling, both
in China (N = 78). AlphaGenesis Incorporated, Yemassee, SC,
provided RNA samples of Indonesian cynomolgus macaques
(N=179), whereas Cambodian/Vietnamese cynomolgus sam-
ples were supplied by the three Chinese breeding centers in
Hainan, in Yuling, and in Jinggong (N =119). The pig-tailed
macaque RNA samples were derived from animals housed at
the Johns Hopkins University, Baltimore, MD (N = 74).

RNA isolation, cDNA synthesis, and PCR

RNA was isolated from the PBMC samples using either the
All prep DNA/RNA mini kit (Qiagen) or the TRIzol method
(ThermoFisher Scientific), according to the suppliers’ proto-
cols. First-strand complementary DNA (cDNA) syntheses
were performed on the RNA samples, using the Revertaid
kit, as recommended by the supplier (ThermoFisher
Scientific). PCR primers used for amplification of the DQA,
DQOB, DPA, and DPB genes were copied from other studies on
cynomolgus macaques (O’Connor et al. 2007) and pig-tailed
macaques (Karl et al. 2014). These primers were situated in
the promotor and 3’ UTR regions of the class II genes,
resulting in full-length PCR products that included the
start and stop codons (Table 1). Two additional DP primers
were designed based on exon sequences, resulting in PCR
products that were not full-length. The amplification reac-
tions were performed as follows: An initial step of 2 min at
94 °C was followed by 25 cycles of 94 °C for 30 s, 55 °C
for 30 s, and 72 °C for 1 min, and the last extension step
was extended to 5 min. The PCR products were run on a
1 % agarose gel, excised from this gel, and purified using
the Genelet gel extraction kit (ThermoFisher Scientific).
The PCR amplifications were always performed with the
primers that were first mentioned in Table 1. In instances
where no PCR product was obtained, or when only one
allele was found, another round of PCR was performed
with the additional primers.
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Sequencing and analyses

Direct sequencing reactions on the PCR products were per-
formed in two directions, using the BigDye terminator cycle
sequencing kit, and the samples were run on a Genetic
Analyzer 3130 capillary system (ThermoFisher Scientific).
The sequencing primers were identical to the PCR primers.
The results were, in most cases, peak-patterns containing dou-
ble peaks based on two alleles. The two full-length alleles were
identified by the SBT engine software (Gendx, Utrecht, the
Netherlands) or by manual comparison using MacVector™ ver-
sion 13.0.7 (Oxford Molecular Group). In the event that two
alleles in a PCR sample could not be identified, a cloning step
was introduced. These PCR products were ligated using the
CloneJET PCR cloning system (ThermoFisher Scientific).
After transformation into XL1-blue bacteria (Stratagene,
Huissen, the Netherlands), 16 colonies were selected for cultur-
ing and plasmid isolation. Sequencing on the plasmid DNA was
performed as described above.

New alleles, based on at least two independent PCR reac-
tions, were submitted to the EMBL/EBI database (www.ebi.ac.
uk/ena), and for official designations, to the nonhuman primate
section of the IPD-MHC database (www.ebi.ac.
uk/ipd/mhc/nhp/) (de Groot et al. 2012). Phylogenetic analyses
of the MHC class II sequences were conducted using MEGA7
software (Kumar et al. 2016). The evolutionary histories were
inferred using the maximum parsimony analysis method.

Results
Novel alleles

All animals in the six cohorts were sequenced for the DQ and
DP genes, and the obtained sequences were compared to the
alleles that were already deposited in the IPD-MHC database,
using the SBT engine and MacVector software. New alleles
were in most cases confirmed by other animals in the
sire/dame/offspring triads. In instances where an unreported
sequence was observed in only one animal, a second round of
PCR and sequencing was performed on the same sample to
confirm this sequence. In total, 304 novel alleles were

Fig. 2 Maximum parsimony analysis of HLA-DPBI and Mafa-DPBI1 P>
sequences. The evolutionary history was inferred using the maximum
parsimony method. The most parsimonious tree with length =467 is
shown. The consistency index is (0.437071), the retention index is
(0.832196), and the composite index is 0.393823 (0.363729) for all
sites and parsimony-informative sites. The percentages of replicate trees
in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The tree is drawn to scale, with
branch lengths calculated using the average pathway method and are in
the units of the number of changes over the whole sequence. The HLA-
DPB]I sequences are depicted in green. Non-primate full-length DPB1
sequences, to use as an out-group, were not available
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identified and submitted to the databases, 102 of which were
extensions of known sequences. All the submitted alleles, to-
gether with the accession numbers, a reference animal, and
other relevant information, are shown in Supplementary
Table 1. The alleles were designated according to the nomen-
clature rules for macaques and other nonhuman primates,
which have been published (de Groot et al. 2012). The alleles
received the locus-number “1” in their designations, since
they are assumed to be orthologs of the expressed human
HLA-DQAI, -DQBI, -DPAI, and -DPBI genes.

At present, the BPRC breeding colony comprises about
1100 rhesus macaques (M. mulatta) of Indian origin.
Animals in the colony were typed for their MHC-markers
for three decades, and 140 different MHC-haplotypes have
been defined by segregation analyses (Doxiadis et al. 2013).
The cohort of 69 Indian rhesus macaques is a sample
representing haplotypes in the contemporary BPRC breeding
colony. Sequencing of the class II genes in this group revealed
the presence of 18 DQAI, 19 DOBI, 14 DPAI, and 14 DPBI
alleles. Most of these alleles had already been published and
deposited in the IPD-MHC database. Only seven novel alleles
were found, and five other exon 2 sequences have been ex-
tended. Sequencing the cohort of Indian rhesus macaques ob-
tained from ONPRC appeared to contain almost the same set
of alleles as are present in the BPRC animals. Three unreport-
ed alleles were found; however, two of which were also pres-
ent in Chinese rhesus macaques. Within the panel of 78 ani-
mals, derived from Chinese centers, substantially more allelic
variation was encountered, and 30 DQAI, 37 DOBI, 35
DPAI, and 30 DPBI alleles were detected. From these al-
leles, 28 extended already published exon 2 sequences,
whereas another 58, mostly DPAI and DPBI, represented
unreported alleles.

In the cohort of 79 cynomolgus macaques (M. fascicularis)
of Indonesian origin, 27 DQAI, 25 DQOBI, 22 DPAI, and 25
DPBI alleles were present. Among these, 27 sequences ap-
peared to be novel, and six were elongations of known ones.
The cynomolgus monkeys, which are kept at the three
Chinese breeding centers, were of Cambodian (Ca),
Vietnamese (Vi), or mixed origin. Since there are no natural
boundaries between these two neighboring realms, we consid-
ered them as originating from the same region (Ca/Vi). In the
panel of 119 animals, as many as 51 DQAI, 49 DQOBI, 47
DPAI, and 48 DPBI alleles were detected. Twelve sequences
confirmed new alleles present in the Indonesian animals as
well, whereas 27 were extensions of published exon 2 se-
quences. Furthermore, 70 unreported alleles were detected in
this panel.

The panel of pig-tailed macaques (M. nemestrina) com-
prised 74 animals, in which 17 DPAI, 14 DPBI, 22 DQOAI,
and 24 DQBI alleles were found. Recently, MHC class II
genes have been analyzed by next-generation sequencing
(NGS) in 32 pig-tailed macaques that are also held at the
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Johns Hopkins University (Karl et al. 2014). The present
Sanger sequencing analyses confirmed the findings in this
report, and the accession numbers of both studies are provided
in the Supplementary Table 1. In the IPD-MHC database, a
series of Mane-DOBI exon 2 sequences had already been
archived. Full-length sequencing elongated 20 of these depos-
ited exon 2 sequences, and four novel DOBI alleles were
found. In the NGS and the present Sanger sequencing studies,
the DPAI, DPBI, and DQA1 genes in the pig-tailed macaque
have been sequenced for the first time, and all alleles are new.
In Table 2, an overview is provided of the numbers of newly
detected alleles for each gene, in comparison to the sums of
those already deposited in the [IPD-MHC database. In the co-
horts analyzed, 202 were submitted as novel alleles and 102 as
extensions of known sequences. A total of 175 alleles present
in the database were confirmed by our analyses, whereas an-
other 219—either exon 2 or full-length sequences—were not
observed in these cohorts.

Allelic lineages: does the trans-species mode of evolution
persist?

The different macaque species share many full-length MHC
class II alleles (Doxiadis et al. 2006). For instance, out of the
group of 32 submitted Mafa-DQAI alleles, 13 sequences are
also present in the rhesus or in the pig-tailed macaques
(Supplementary Table 1, last column). The high level of shar-
ing of full-length alleles has not been reported for other pri-
mate species. Next to the fully identical ones, various alleles
are observed that differ for only one or a few nucleotides,
which reflect the close genetic relationship of the investigated
macaque species.

In the designations of the macaque class II sequences, the
first two digits following the asterisk reflect the allelic lineage.
A lineage is a group of alleles that originate from one ancestral
structure. Some of the macaque DQA 1 and DOBI lineages are
shared with humans and great apes (de Groot et al. 2012). For
instance, the DOAI*01 and DQAI*05 lineages are also pres-
ent in humans, gorillas, chimpanzees, and orangutans. The
DQBI*06 lineage in macaques is shared with humans, though
DQBI1*15 and DQBI*16 are also present in, respectively,
chimpanzee and orangutan (Otting et al. 2002). The definition

Fig.3 The DQAI-DQBI pairs in the various macaque cohorts. The pairs P>
are sorted on the DQAI lineages. Only those pairs are listed that were
observed in at least two animals. The pairs A-S are identical allele sets in
different macaques species. /ndo B Indonesian cynomolgus macaques
held at the BPRC, Indo A Indonesian cynomolgus macaques held at
AlphaGenesis Inc, Ca/Vi cynomolgus macaques of Cambodian and/or
Vietnamese origin, /ndia B Indian rhesus macaques held at the BPRC,
India O Indian rhesus macaques held at the ONPRC, Chin rhesus
macaques of Chinese origin, Sang pig-tailed macaques analyzed by
Sanger sequencing, NGS pig-tailed macaques analyzed by NG
sequencing
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of the lineages above, which supports the trans-species mode
of evolution, was based on exon 2 studies. To investigate
whether this feature extends to the full-length sequences, phy-
logenetic analyses were performed. Available full-length
HLA-DQ and -DP alleles were downloaded from the IPD-
IMGT/HLA database (www.ebi.ac.uk/ipd/imgt/hla/) and
aligned using MEGA7 software, respectively, with subsets
of Mafa-DQ and -DP sequences. The resulting phylogenetic
trees confirm the sharing of the DOQAI*01, DQAI*05
(Supplementary Figure 1), and DQBI*06 (Fig. 1) lineages.
However, intermingling of human and macaque alleles in
these clades was not observed. The phylogenetic analyses
show that the DQB1*17 and DOB1*18 lineages in macaques
split into two clades (a and b), alluding to their complex evo-
lution (Fig. 1). The DOBI1*17b sequences cluster within the
main DQBI *]8a branch, whereas a separate DOB1 *18b clus-
ter is formed by only four alleles, found in the three macaque
species. Thus, subdivision into lineages, which was initially
based on motifs in exon 2, does not remain intact for the full-
length DOBI*17 and *18 sequences. Renaming of the DOB1
*]7b and *18b alleles is needed in the future.

The situation in the MHC-DP region is markedly different
in humans and macaques. In humans, the variation of the
DPBI gene is generated, to a minor extent, by point muta-
tions, but the exchange of small sequence motifs by recombi-
nation played a more prominent role in the generation of alle-
lic polymorphism (Doxiadis et al. 2001; Gyllensten et al.
1996). The rapid evolution of HLA-DPBI makes it difficult
to divide the alleles into distinct lineages, and, as a conse-
quence, each newly detected allele is sequentially named with
its own lineage number, at present 572 in total. It was pre-
sumed that this was the case for the DPB/ genes in macaques
as well, and alleles were numbered sequentially in order of
their detection. However, phylogenetic analyses with avail-
able full-length Mafa-DPB] alleles show the inter-species di-
vision in lineages (Fig. 2). For that reason, the macaque DPB
alleles were recently grouped into 20 lineages and renamed
(de Groot et al. 2012). With the novel alleles discovered in this
study, this number has been extended to 25 lineages.
Furthermore, the phylogenetic tree shows that different
HLA-DPBI lineages cluster together in one clade, separated
from macaque lineages.

The polymorphism of the HLA-DPAI gene is limited, and
about 21 alleles are available in the [IPD-IMGT/HLA data-
base, divided into four allelic lineages. The DPAI gene in
macaques is polymorphic, and 121 alleles were detected in
the present populations. Moreover, the variation is not limited
to exon 2 that encodes the antigen-binding part of the protein.
A previously published study indicated that the DPA[*04 lin-
eage is shared with humans and great apes (Otting and
Bontrop 1995), whereas the other lineages DPAI*02, *06 up
to *11 appear to be more specific for Old World monkeys. The
present phylogenetic analyses on full-length DPAI alleles of
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humans and macaques do not support the trans-species mode
of evolution (Supplementary Figure 2).

DQ haplotypes

Based on the sire/dame/offspring triplets in the cohorts stud-
ied, it was possible to determine the combinations of alleles,
segregating on one chromosome, or haplotypes. Unrelated
animals were also included in the panels, and in many cases,
the DQ pairs were deducible by comparison to other animals.
Only the DQ pairs that were observed in at least two animals
are listed (Fig. 3). Sometimes, a combination of alleles was
present in another species of macaque (Fig. 3, A-S) but the
names of the shared alleles differ, since they are given in order
of discovery.

The results of two independent and previously pub-
lished studies are included in the overall analysis. The
first study was performed on cynomolgus macaques from
the breeding colony kept at the BPRC (Otting et al. 2012).
These animals are mainly of Indonesian origin (Fig. 3,
indo B). In addition, the NGS results involving the pig-tailed
macaques are included (Fig. 3, NGS) (Karl et al. 2014). The
sample of 69 Indian rhesus macaques held at the BPRC re-
flects, in fact, the colony of about 1100 animals that are the
offspring of 137 founder animals, representing 140 different
MHC haplotypes (Doxiadis et al. 2013).

The two cohorts of Indonesian cynomolgus macaques,
Indo B and Indo A, appear to have their own smaller reper-
toires of DQ haplotypes, whereas in the cohort of Indochinese
origin (Ca/Vi), the collection is more extended. The smaller
repertoires in the two Indonesian groups may be the result of
founder effects, due to by the starting of breeding colonies.
Another cause may be the separation of populations on the
islands in this large archipelago. However, it is possible that
more similarities are observed when these cohorts are extend-
ed. The repertoires in the two groups of Indian rhesus ma-
caques are similar, but limited in comparison with the animals
derived from the Chinese breeding centers. This is in line with
the hypothesis that the Indian rhesus macaques have experi-
enced a severe bottleneck (Hernandez et al. 2007; Smith and
McDonough 2005). The pig-tailed macaques analyzed in this
study, and those investigated by NGS, are derived from the
same breeding center, resulting in DQ series that are almost
identical.

The DQA1/BI combinations in macaques were further in-
vestigated and compared to those in humans. HLA-DQ! hap-
lotypes were downloaded from the HLA section of the allele
frequencies website (http://www.allelefrequencies.net) and
summarized (Gonzalez-Galarza et al. 2015). The data are
based on almost 26,700 haplotypes, detected in 18 popula-
tions around the world. An overview of the DQAI and
DQBI combinations, in humans and in macaques as well, is
represented (Fig. 4).


http://www.ebi.ac.uk/ipd/imgt/hla/
http://www.allelefrequencies.net/
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Human DQA1*01 DQA1*02 DQA1*03 DQAT1*04 DQA1*05 DQA17*06
DQB1*02
DQB1*03
DQB1*04
DQB1*05

DQB1*06

Macaque DQA7*01 DQA7*05 DQA1*23 DQA1*24 DQA1*26

DQB1*06

DQB1*15

DQB1*16

DQB1*17 a

DQB1*17 b

DQB1*18 a

DQB1*18 b

DQB1*24

Fig. 4 The HLA and macaque DQA1/DQBI lineage combinations. The

DQA1#01/DOB1*06 combinations are observed both in humans and in
macaques, as indicated by darker shading

In macaques, the alleles of the DOA1*01 lineage are ex-
clusively linked to sequences of the DQBI*06 cluster. In
humans, next to pairing to DOBI*06, combinations with
DQBI*05 sequences are observed, a lineage that is ab-
sent in macaques. The conserved linkage of DQAI*01
and DOBI*06 lineages predates the separation of Old
World monkeys and hominoids (Doxiadis et al. 2001).
For the other DQOA lineages, promiscuous pairing with
DQB alleles of multiple lineages is evident (Fig. 4). The
DQBI*]8 lineage in macaques is split into two clades:
the extended */8a clade and the smaller */8b group
(Fig. 1). The alleles in both clades are found in combi-
nation with DQAI1#*23, #24, or *26 lineages. The situa-
tion is different in the other fragmented lineage,
DQBI*17. One group of alleles, */7b—which clusters
close to DQBI*18—is seen with DQAI%*24 and *26,
whereas alleles in the other DOBI*I7a group pair only
with DQAI*05 alleles. This confirms our observation
that the first group of DQBI1*17b shares an evolutionary
descent with the DOBI*18a lineage.

The pairing of specific alleles is not exclusive, and one
allele can be found in combination with more than one partner.
For example, DOAI*01:12 is found in combination with four
different DOBI*06 alleles. Also, DOB1 sequences are also
observed that are found in combination with more than one
DQA]I allele. The same observation is made with regard to the
human system (data not shown).

Although the number of HLA-DQ haplotypes are a hun-
dredfold greater than those detected in the macaque cohorts,
the general picture remains the same (Fig. 4). Some DQAI
lineages pair exclusively with particular DQOBI lineages and
vice versa. Other lineages are less strict, and pairing with more

than one lineage is observed. This is probably a reflection of
the extent to which the gene products can form dimers.

DP haplotypes

As described for the DQ loci above, the DPAI/DPBI combi-
nations in the cohorts were determined and listed
(Supplementary Figure 3). A strong linkage between DQ
and DP pairs appears to be absent due to a hotspot of recom-
bination mapping between these two regions. The DP haplo-
type repertoires are more extended in the Chinese rhesus ma-
caques and in the cynomolgus macaques of Cambodian/
Vietnamese origin, as was observed for the DO haplotypes.

The DPA1*04 lineage alleles pair only with the DPB1*02
or *03 alleles. Furthermore, DPAI*07 alleles are found in
combination with DPBI1*19, *20, *21, and *23 sequences,
with one exception: in the pig-tailed macaque, DPBI1*23:01
is found in combination with DPA1*12:01, a newly detected
lineage not observed in the rhesus and cynomolgus macaques.
DPAI*10 alleles are always connected to DPBI*18 se-
quences, whereas the DPAI*11:01/DPB1%*16:01 combination
is observed both in the cynomolgus and in the rhesus ma-
caque. The DPAI*02 lineage is a large group of alleles
(Supplementary Figure 2), and pairing to various DPB] line-
ages is observed in this cluster.

From the HLA section of the allele frequencies website,
13,200 DPA1/DPBI haplotypes were gathered from inhabi-
tants of 14 different regions. The DP haplotypes in humans
show another picture in comparison to the abovementioned
macaque combinations. For the HLA-DPAI gene, restricted
polymorphism is observed, whereas each new HLA-DPBI
allele received a unique lineage number. At present, 572
HLA-DPBI alleles/lineages are known. However, only 34 of
these are linked to particular HLA-DPA alleles and are listed
in the database. The division into lineages is more or less
dependent on the available alleles, initially based on exon 2
similarities. The present study shows that in the Mafa-
DPAT*02 lineage, more variation is present than in the four
HLA-DPAI lineages together (Supplementary Figure 2).

Variability comparison to HLA

Next to class II lineages and haplotypes, the comparison of the
deduced proteins to the human equivalents may shed light on
their evolution and the selective forces operating on them. For
this purpose, HLA-DQ and -DP protein sequences were
downloaded from the IPD-IMGT/HLA database. Full-length
human and macaque sequences (about 260 amino acids) were
used to construct variability plots. Because of their low
numbers, sequences of the pig-tailed macaques were not in-
cluded. The variability plots of the rhesus macaque appeared
to be virtually identical to those of the cynomolgus macaques,
and only the plots of the latter are included (Fig. 5). Although
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Fig. 5 Variability plots of macaque and human class II proteins. Shown
on the Y-axis is the number of different amino acids found at a position on
the protein, as depicted on the X-axis. The «1 and 31 domains of the

the Mafa-DQA1 and -DQBI plots show, as in humans, a high
degree of amino acid variation, the genes in the macaque
appear to be more polymorphic. Whereas in humans, only a
maximum of four amino acids per position is observed; in
macaques, six amino acids may be present. This suggests a
higher degree of freedom to accumulate variation. In DP pro-
teins, this type of amino acid variation is even more profound.
The plots display the low variability of the HLA-DPAI gene
and the polymorphism of its macaque ortholog over the entire
length of the encoded gene. The macaque DPB gene, in par-
ticular, is far more polymorphic than its human counterpart.
The question is whether the MHC class II proteins of
humans and macaques differ at positions that are relevant for
antigen binding. To answer this question, the amino acids
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proteins, encoded by exon 2, are situated between positions 30 and 120. N
represents the number of alleles of which full-length sequences were
available

involved in the actual binding of antigens were investigated
(Bondinas et al. 2007; Dai et al. 2010; Schneider and Stephens
1990). Since the antigen contact residues are encoded by exon
2 of the genes, most available protein sequences, downloaded
from the IPD-IMGT/HLA database, were included in the
analyses. The antigen-binding amino acids were aligned for
all the loci and subjected to analyses by WebLogo
(weblogo.berkeley.edu) (Crooks et al. 2004). The amino acids
forming the antigen-binding pockets in HLA-DQA1 and -DQB1
are also observed in the macaque orthologous (Fig. 6). Mafa-
DQALI and -DQB1 have more degrees of freedom, however, since
more amino acids are visible at the bases of the graphs. This
observation is reinforced by the fact that a total of 886 HLA-
DQB sequences were plotted versus 71 Mafa-DQBI.
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Fig. 6 Weblogos of the antigen-binding amino acids. The amino acids
are placed in the columns in the same order as they occur in the primary
structure of the protein (Bondinas et al. 2007; Dai et al. 2010). The height
of a letter in a column is proportional to the frequency of the

Remarkably, the number of HLA-DQBI alleles in the databases is
almost ten times that of the HLA-DQAI alleles, whereas in ma-
caques, these numbers are comparable.

The situation for DP proteins is markedly different, in par-
ticular for the DPB proteins. Nine out of 15 antigen-binding
residues are non-variable in humans, whereas profound vari-
ation is permitted at these positions in the macaques. This is
even more striking when the numbers of allotypes are com-
pared. In humans, the number of DPB1 allotypes (578) is
almost nine times higher than in the cynomolgus macaques
(68).

Discussion

The sequencing results of this study have considerably
expanded the number of full-length MHC class II alleles of
three macaque species in the public databases. At the start of
these studies in 2014, the IPD-MHC database contained about
450 macaque DQ and DP sequences, and 203 of these were
full-length alleles. In this study, we submitted 304 sequences,
of which 268 represented full-length genes. This means that
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corresponding amino acid at that position. The colors of the letters reflect
the chemical properties of the encoded amino acids: green is polar, purple
is neutral, blue is basic, red is acidic, and black is hydrophobic

the sum of full-length MHC class II alleles for the three inves-
tigated macaque has been extended by 130 %.

Based on the sire/dame/offspring triads in cohorts, it was
possible to determine the segregation of DQ and the DP tan-
dems. Each cohort has its own repertoire of DQ and DP hap-
lotypes, though intra- and inter-species sharing of allele-pairs
is also observed. In the cynomolgus macaques of Indochinese
origin, and in the Chinese rhesus macaques, which were de-
rived from breeding centers in China, the number of different
alleles encountered was substantially higher in comparison
with the animals that are held in western breeding centers.
This most likely reflects the sampling results.

The phylogenetic analyses and the variability studies on
proteins reveal that the DQAI and DOBI genes in humans
and macaques are subject to the same evolutionary forces. In
macaque species, however, these genes are more polymor-
phic. Although far more human samples have been explored,
it seems likely that more alleles will eventually be detected in
macaques. Another observation is that DQA and DQB display
more variation in the amino acids occupying the binding sites
of the proteins. A logical explanation could be that Homo
sapiens is a relatively young species and thus has had less time
to accumulate variation. Noteworthy is the number of HLA-
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DQBI alleles in the database that exceeds more than ten times
the sum of HLA-DQAI sequences. In macaques, these num-
bers are comparable. It is possible that the HLA-DQBI gene is
more polymorphic.

The situation is strikingly different in the DP region. Despite
their common ancestry, on the DP genes in humans and ma-
caques, different mechanisms of generating polymorphism and
selection may be at work. In the case of HLA-DPBI, a huge
number of alleles have been discovered, which seem to have
been generated by exchange of small sequence motifs.
However, considering the overall result of the variation, the
diversity in amino acids of the antigen-binding sites is low. In
macaques, the allelic variation of DPA] and DPBI genes is
much higher than in humans. There is little evidence for evolu-
tion of the DPBI locus by recombination, and variability seems
to have been generated by point mutations. The degree of free-
dom observed for the contact residues of the antigen-binding
site is high in the DPf3 chain. These differences in the genera-
tion polymorphism may eventually result in the specialization
of functions. This may be another example of the plasticity of
the MHC system (van der Wiel et al. 2013).
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