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Abstract

The major histocompatibility complex (MHC) plays a key role in immune defense, and the Mhc genes of cynomolgus
macaque display a high degree of polymorphism. Based on their geographic distribution, different populations of cynomolgus
macaques are recognized. Here we present the characterization of the Mhc class I and II repertoire of a large pedigreed group
of cynomolgus macaques originating from the mainland north of the isthmus of Kra (N=42). Segregation analyses resulted
in the definition of 81 unreported Mafa-A/B/DRB/DQ/DP haplotypes, which include 32 previously unknown DRB regions.
In addition, we report 13 newly defined Mafa-A/B/DRB/DQ/DP haplotypes in a group of cynomolgus macaques originat-
ing from the mainland south of the isthmus of Kra/Maritime Southeast Asia (N=16). A relatively high level of sharing of
Mafa-A (51%) and Mafa-B (40%) lineage groups is observed between the populations native to the north and the south of
isthmus of Kra. At the allelic level, however, the Mafa-A/B haplotypes seem to be characteristic of a population. An overall
comparison of all currently known data revealed that each geographic population has its own specific combinations of Mhc
class I and II haplotypes. This illustrates the dynamic evolution of the cynomolgus macaque Mhc region, which was most
likely generated by recombination and maintained by selection due to the differential pathogenic pressures encountered in
different geographic areas.
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Introduction

Cynomolgus macaques (Macaca fascicularis, Mafa)
belong to the group of Old World monkeys, and their
natural habitat ranges from the mainland to the islands of
Southeast Asia. In addition, a population of isolated cyn-
omolgus macaques lives on the island of Mauritius near
Eastern Africa and was introduced there approximately
400 years ago by Dutch/Portuguese sailors (Sussman and
Tattersall 1986). The founder animals most likely originate
from Java or Sumatra (Kawamoto et al. 2008; Tosi and
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Coke 2007). Cynomolgus macaques, also referred to as
crab-eating or long-tailed macaques, share with humans a
common ancestor that lived approximately 25-33 million
years ago (Glazko and Nei 2003; Perelman et al. 2011).
Both species share a highly similar immune system, and
cynomolgus macaques are therefore often applied as ani-
mal model in biomedical research for various human dis-
eases, such as AIDS, tuberculosis, dengue, SARS-CoV-2,
zika, Parkinson’s and Huntington’s disease, as well as in
studies for transplantation research (Almond et al. 2019;
Boszormenyi et al. 2021; Breitbach et al. 2019; Dijkman
etal. 2019; Emborg 2017; Kwon et al. 2019).

The major histocompatibility complex (MHC) is a large
genomic region, mostly occupied by genes that encode
molecules that play a central role in generating innate
and adaptive immune responses. Some of them are cell
surface structures. In humans, the region is located on
chromosome 6 and is referred to as the human leucocyte
antigen (HLA) system. One distinguishes class I and II
molecules, in which the classical HLA class I molecules
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are designated as HLA-A, HLA-B, and HLA-C, whereas
the class II molecules are referred to as HLA-DP, HLA-
DQ, and HLA-DR. Orthologs of these molecules can be
found in cynomolgus macaques and are named Mafa-A,
Mafa-B, Mafa-DP, Mafa-DQ, and Mafa-DR. The ortholog
of HLA-C is absent in macaques (Boyson et al. 1996).
The Mhc region in humans is by far the most intensively
studied. The use of cynomolgus macaques as models in
biomedical research, however, has intensified the research
into their Mhc cluster over the past 10-15 years, resulting
in substantial information on its organization and its rep-
ertoire (Budde et al. 2010; Campbell et al. 2009; Creager
et al. 2011; Doxiadis et al. 2006, 2010, 2012; Karl et al.
2017; Krebs et al. 2005; O’Connor et al. 2007; Otting et al.
2012, 2017; Pendley et al. 2008; Saito et al. 2012; Sano
et al. 2006; Shiina et al. 2015; Shortreed et al. 2020; van
der Wiel et al. 2015; Westbrook et al. 2015).

A hallmark of the Mhc is its extensive allelic poly-
morphism, observed for most of the class I and II genes.
Moreover, some of the sections in the region are subject to
expansion and contraction, which may result in copy num-
ber variation. Both of these characteristics give rise to a
very dynamic region, reflected by variation between differ-
ent species as well as by species-specific diversification. In
humans, an Mhc class I haplotype (defined as a combination
of genes inherited together on a chromosome) comprises
a single copy of the classical HLA-A, HLA-B, and HLA-C
genes. In contrast, in cynomolgus macaques, several Mafa-
A and Mafa-B genes can be present on a haplotype, and the
number of genes may vary substantially between individu-
als. The different genes might display differential levels of
transcription, and those with high transcription levels are
referred to as majors, whereas the lowly transcribed genes
are referred to as minors (Otting 2005). For the Mafa-A
region, each haplotype seems to contain at least one highly
transcribed Mafa-Al gene (major) (de Groot et al. 2020;
Otting et al. 2005; Shortreed et al. 2020). Occasionally, the
presence of a second Mafa-Al gene on a haplotype, encod-
ing a different lineage, may occur. In addition, a haplotype
can encode several A genes that are transcribed at a lower
level (minors), and these have been designated as Mafa-
A2 to Mafa-A6 and Mafa-A8. The Mafa-B region, which
is even more complex, can encode several B genes with a
high transcription profile (majors), and haplotypes with up
to seven major B genes have been described. However, the
presence of one to three major B genes per haplotype is pre-
dominant (Budde et al. 2010; Saito et al. 2012; Shiina et al.
2015; Shortreed et al. 2020). On top of that, the region may
comprise several B genes showing a low transcription pro-
file (minors). The cynomolgus macaque Mhc genes show
extensive polymorphism, and at present, 592 Mafa-A (of
which 358 are Mafa-Al) and 1000 Mafa-B alleles have been
reported (release version 3.7.0.0 IPD-MHC NHP Database).
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Mhc class II gene products comprise an alpha and a
beta polypeptide chain and are encoded by different genes:
namely, DPA, DPB, DQA, DOB, DRA, and DRB. In humans
and cynomolgus macaques, one DPAI/DPBI and one
DQAI/DQBI gene tandem are located on a haplotype, as
is a single DRA gene. Equivalents of the HLA-DQA?2 and
HLA-DQB?2 genes are absent in macaques, and the DPA2
and DPB?2 genes are considered pseudogenes in humans and
macaques (Bontrop et al. 1999). The number of DRB genes
can vary, and one to four genes/pseudogenes (excluding the
DRB9 segment) per haplotype are documented in humans.
In cynomolgus macaques, more extensive DRB copy num-
ber variation is reported, resulting in the presence of a high
number of region configurations, which may contain two
to six genes/pseudogenes (excluding the DRB9 segment)
(Doxiadis et al. 2010, 2012). In humans, substantial lev-
els of polymorphism are encountered for the DPB1, DQAI,
DQBI, and DRB genes, whereas the DPAI and DRA genes
are oligomorphic (Robinson et al. 2020). For cynomolgus
macaques, polymorphism is reported for all abovementioned
Mhc class 11 genes, and this is mostly located in the exons
encoding the peptide-binding cleft (Blancher et al. 2014;
Creager et al. 2011; Doxiadis et al. 2006, 2012; Ling et al.
2011; Otting et al. 2012, 2017; Sano et al. 2006; van der
Wiel et al. 2015). The Mafa-DRA gene forms an exception.
For this gene, most nucleotide polymorphisms are synony-
mous, and those mutations that are non-synonymous are
mainly located in the leader sequence.

The Biomedical Primate Research Centre (BPRC) houses
a large pedigreed breeding colony of cynomolgus macaques
that initially started with animals originating from the Indo-
nesian islands, from the mainland south of the isthmus of
Kra (continental Malaysia), and from Mauritius (Doxiadis
et al. 2010). For this original cohort of animals, the Mhc
class I and II repertoires have been studied in detail (Otting
et al. 2012). Over the past decade, 84 cynomolgus macaques,
originating from other breeding facilities, have been intro-
duced into the original colony. Mitochondrial 12S rRNA
gene segment analyses showed that some of these introduced
animals are natively originating from the mainland south of
the isthmus of Kra or Maritime Southeast Asia; however,
most are characterized as originating from the mainland
north of the isthmus of Kra. For this communication, we
have thoroughly characterized the Mhc class I (Mafa-A and
Mafa-B) and I (Mafa-DPA1/DPBI1, Mafa-DQAI1/DQBI,
Mafa-DRB) repertoires of 58 of the recently introduced
animals and their offspring, using a Pacific Biosciences
(PacBio) sequencing protocol. In addition to the descrip-
tion of unreported Mhc class I and II alleles, this cohort
study revealed unreported Mafa-A, Mafa-B, and Mafa-DRB
haplotypes and Mafa-DQA1/DQBI and Mafa-DPA1/DPBI
combinations, which resulted in the identification of 94
novel Mafa-A/B/DRB/DQ/DP haplotypes. Although sharing
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on a lineage and an allelic level is observed to some extent
between cynomolgus macaques of different geographic
areas, this large cohort study together with previously
published data show that the different populations appar-
ently have their own characteristic Mafa-A/B/DRB/DQ/DP
configurations.

Materials and methods
Samples and geographic origin

Between 2011 and 2016, a large number of cynomolgus
macaques (N =84), originating from Chinese and other
European breeding facilities, were introduced into the exist-
ing breeding colony housed at the BPRC, the Netherlands
(also referred to as BPRC’s original breeding cohort). The
original geographic origin of these animals was defined by
a phylogenetic comparison of the mitochondrial 12S rRNA
gene segments (Doxiadis et al. 2010). From this cohort, the
Mhc class I and II repertoire was analyzed in depth. Off-
spring of these animals were included to deduce the Mhc
haplotypes. Twenty-two of the 84 animals, however, did not
produce offspring, which prevented us from deducing their
Mhc haplotypes. In addition, for 4 of the 84 animals, both
Mhc haplotypes were found to be identical to those present
in the pre-existing cohort (Otting et al. 2012), and this data
is not included. For the remainder 58 animals, the Mhc class
I and II haplotypes are provided. For deducing these haplo-
types, in total, 309 animals were analyzed (Table S1).

Mitochondrial 12S rRNA gene segment
and phylogenetic analysis

Amplification of part of the mitochondrial 12S rRNA gene
was performed essentially as described previously (Kocher
et al. 1989), using a specific primer set (Table S2). The
PCR for each sample was performed in a 50-pl reaction
mixture containing 200-500 ng of mitochondrial DNA
isolated from fresh EDTA blood or serum, 1 X PCR bulffer,
2.5 mM MgCl,, 0.25 mM dNTP, and 5 U Taq polymerase
(Thermo Fisher Scientific). The cycling reaction started with
an initial denaturation step of 2 min at 95 °C, followed by
35 cycles each consisting of 20 s at 95 °C, 20 s at 55 °C,
40 s at 72 °C, and a final extension of 5 min at 72 °C. The
PCR products were purified using the Genelet Gel extrac-
tion kit (Thermo Fisher Scientific) and sequenced either
on a ABI 3100, 3130, or 3500 genetic analyzer (Applied
Biosystems, Foster City, USA) in accordance with the
manufacturer’s guidelines. The data were analyzed using
the Sequence Navigator program (Applied Biosystems),
MacVector, or Geneious Prime 2021.1.1 software (Kearse
et al. 2012). The eight unreported sequences (Table S3)

were confirmed by identification in different animals and/
or by doing two independent PCR reactions and submitted
to the European Nucleotide Archive (accession numbers:
0OV260054, OV260064, OV260068, OV260184, OV260833,
0OV260835, OV260836, OV260461). Phylogenetic analysis
was conducted with MEGA version 7.0.18 using the maxi-
mum likelihood method based on the Jukes-Cantor model
(Tamura et al. 2004). The bootstrap values were inferred
from 1000 replicates.

Genomic DNA isolation and microsatellite
typing of STR-MHC-A (D652854 and D652859)
and STR-MHC-DRB (D652878)

Genomic DNA (gDNA) was extracted from EDTA whole
blood samples using a standard salting out procedure, or
from + 15 10® PBMCs with an AllPrep DNA/RNA Mini
Kit (Qiagen) according to the manufacturer’s instructions.
Amplification of the relevant DNA segments in cynomolgus
macaques was performed as described for rhesus macaques
using the same primer sets (Doxiadis et al. 2007, 2011). For
each sample, the PCR fragments of the STR-MHC-A micro-
satellite markers D6S2854 and D6S2859 were multiplexed
in a 25-pl mixture. The multiplexed STR-MHC-A fragments
and the STR-MHC-DRB (D6S2878) fragments were each
mixed with size standards and separated on an automated
capillary electrophoresis system (ABI 3500, Applies Bio-
systems). Fragment-length analyses were performed with
Genemapper software (Applied Biosystems).

RNA isolation and MHC class | and Il amplification

Total RNA was extracted directly from EDTA whole blood sam-
ples or from + 15 x 10° PBMCs with the AllPrep DNA/RNA
Mini Kit. First-strand complementary DNA (cDNA) was syn-
thesized with the RevertAid First Strand cDNA Synthesis Kit
(Invitrogen) in accordance with the manufacturer’s instructions.

Full-length Mhc class I (Mafa-A and Mafa-B) transcripts
were obtained by amplification of total cDNA with a mixture of
two forward and three reverse primers (Table S2), in accordance
with a previously reported protocol (van der Wiel et al. 2018).
For the amplification of full-length DRB (cDRB) (de Groot
2004), DPAI, DQAI, and DQBI transcripts and partial DRB
(~800 bp containing exon 2 and intron 2) at the genomic level
(gDRB), a set of one forward and one reverse primer was used
for each different application (Table S2). The partial DRB
(gDRB) amplicon contains exon 2 and the STR-MHC-DRB,
which allows us to characterize the STR-length coupled to
each different DRB allele. Full-length DPB] transcripts were
amplified using a set of one forward and two reverse prim-
ers (Table S2). Each primer was tagged at the 5’ end with a
unique 16-bp barcode (www.pacb.com) to allow identification
of pooled samples after PacBio sequencing. The PCRs for the
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cDRB, DPAI, DPBI, DQAI, and DQBI samples were per-
formed in a 50-pl reaction mixture containing 5 pl of cDNA,
1 X Phusion HF buffer, 0.2 mM dNTPs, 0.4 uM of the differen-
tially barcoded forward and reverse primer(s), 3% DMSO, and
0.02 U/pl Phusion Hot Start Il DNA Polymerase (Thermo Fisher
Scientific). The amplification started with an initial denatura-
tion of 3 min at 98 °C, followed by 25 cycles, each consisting
of 5sat 98 °C, 10 s at 60 °C (for cDRB) or 10 s at 56 °C (for
DPAI,DPBI1, DQAI, and DQBI), and 20 s at 72 °C and a final
extension of 5 min at 72 °C. For the amplification of gDRB,
the same protocol was used as described for cDRB, except that
10 pl of gDNA (50 ng/pl) was added to the PCR mixture, and
the amplification was performed with 30 cycles.

PCR products were size-selected (Table S2) by gel-
electrophoresis and purified using the GenelJet Gel extrac-
tion kit. The DNA concentrations of the single samples
were measured using the Qubit dsDNA HS assay kit and
Qubit 2.0 Fluorometer (Thermo Fisher Scientific). The
Mhc class I and II amplicons were pooled proportion-
ately to their concentrations and number of expected
alleles. For Mafa-A/B, Mafa-DRB, and Mafa-DQ/DP,
respectively, 50, 40, and 15 ng per sample were used.
The pooled samples were purified twice using AMPure
XP beads (Beckman Coulter) at a 1:1 bead to DNA vol-
ume ratio, and the concentration was measured again and
had to be more than 1 pg of total DNA. PacBio SMRTbell
libraries were generated according to Pacific Biosciences
“Procedure & Checklist — Amplicon Template Prepara-
tion and Sequencing,” and sequencing was performed by
the Leiden Genome Technology Center using a Pacific
Biosciences RSII (P4-C2 sequencing chemistry), Sequel
I (P6-C4 sequencing chemistry), or Sequel II system
(sequencing kit versions 2.0 and 2.1). Sequence data col-
lection was performed with a 4, 10, or 20—24 h movie
time to obtain sufficient yields of high-quality circular
consensus reads, respectively.

PacBio data analysis

Circular consensus sequences (CCS) were selected for high read
quality (value of 0.99 or higher) and demultiplexed based on
unique barcoding. Geneious Prime 2021.1.1 software (Kearse
et al. 2012) was used to map the CCS reads to a reference data-
base, consisting of reported cynomolgus macaque Mhc class |
or II sequences, to identify 100% matching reads (100% overlap,
0% mismatch, maximum ambiguity = 1). The unused reads were
grouped and were de novo assembled. The consensus of each
de novo contig was trimmed for the primer sequence and phy-
logenetically aligned with the cynomolgus macaque Mhc class
I or IT reference database. The novel sequences were confirmed
by identification in two independent Pacbio runs and show-
ing to segregate into families. Eight novel sequences (Mafa-
AI*003:10, Mafa-A1%063:03:03, Mafa-B*077:04, Mafa-
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DRB*W026:02:02, Mafa-DQA1%*24:09, Mafa-DQBI1*28:02,
Mafa-DPA1%#02:55, and Mafa-DPB1*17:03:02) were detected
in a single animal and confirmed by identification in two inde-
pendent Pacbio runs taking a cutoff read number> 50 (100%
identical). The novel sequences are submitted to the European
Nucleotide Archive (https://www.ebi.ac.uk/ena/) and IPD-MHC
NHP Database (https://www.ebi.ac.uk/ipd/mhc/group/NHP/)
(Maccari et al. 2017). For the definition of a Mhc haplotype,
the focus was on the highly transcribed alleles (corresponding
to a relatively high number of reads). The allele with the high-
est number of reads was defined as the “major 1” (Table S1).

Nomenclature

In the past, the characterization of the Mhc class II genes was
mainly based on sequencing only exon 2, which is by far the
most polymorphic exon for these types of genes. Recently,
however, a large number of full-length macaque Mhc class
II transcript sequences were archived in the IPD-MHC NHP
Database. Phylogenetic analysis of all currently known
macaque DQBI sequences showed that several of the pre-
viously described alleles of the DQBI*17 and *I8 lineages
cluster into separate groups, and renaming has been proposed
(Otting et al. 2017). The IPD-MHC NHP nomenclature com-
mittee introduced the renaming at the beginning of 2020, and
three new lineages for the macaque DQBI gene were intro-
duced: namely, DQBI*26, DOBI*27, and DQBI*28 (https://
www.ebi.ac.uk/ipd/mhc/group/NHP/). Consequently, particular
alleles of the DOB1*17 and *18 lineages were renamed, and an
overview of the renamed alleles relevant to the present study is
provided (Table 1).

Results

Determining the geographic origin
of the cynomolgus macaques using mitochondrial
DNA analysis

The mitochondrial 12S rRNA gene segment, shown to be
highly informative to elucidate the geographic origin of

Table 1 Overview of the renamed Mafa-DQBI*17 and Mafa-DQBI*18
lineage members relevant to the present study (https://www.ebi.ac.uk/
ipd/mhc/group/NHP/)

Current designation Previous designation

Mafa-DQBI+%26:01:01
Mafa-DQBI*27:02
Mafa-DQBI%27:03
Mafa-DQBI*27:05
Mafa-DQBI*27:09
Mafa-DQBI%28:01

Mafa-DQBI1%#17:07:01
Mafa-DQBI1%*18:06
Mafa-DQBI1*18:07
Mafa-DQBI1*18:17
Mafa-DQBI1%18:28
Mafa-DQBI1*18:08
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different macaques (de Groot et al. 2008; Doxiadis et al.
2010; Tosi et al. 2003), was sequenced for the 84 cyn-
omolgus macaques introduced into the existing breeding
colony of the BPRC. A phylogenetic comparison with ref-
erence data revealed that most of the animals, 61 in total,
have a segment that clusters with reference sequences of
cynomolgus macaques with an origin from the mainland
north of the isthmus of Kra, 2 with reference sequences
indicative of animals living on the mainland south of
the isthmus of Kra, and 21 with reference sequences
that match Indonesian and Malaysian island populations
(Fig. 1; Table S3). In contrast, most of the animals of
BPRC’s original breeding colony originate from the main-
land south of the isthmus of Kra and the Indonesian and
Malaysian islands and a few from the island of Mauritius
(Doxiadis et al. 2010). In the remaining sections, the ani-
mals originating from the mainland north of the isthmus
of Kra will be referred to as mainland N.i.K., whereas the

animals originating from the mainland south of the isth-
mus of Kra and Indonesian and Malaysian islands are seen
as one cohort and will be referred to as mainland S.i.K./
Maritime Southeast Asia.

Microsatellite typing for STR-MHC-A
and STR-MHC-DRB revealed new length patterns
in the cynomolgus macaques

The microsatellite markers D6S2854 and D6S2859 for Mhc-
A and D6S2878 for Mhc-DRB are shown to be highly poly-
morphic. Genotyping with these markers in rhesus and cyn-
omolgus macaque has revealed different patterns that may
consist of several peaks of variable length (de Groot et al.
2008; Doxiadis et al. 2011; Otting et al. 2012). The length
patterns of these three microsatellite markers were previ-
ously shown to segregate with Mafa-A and Mafa-DRB hap-
lotypes in the population of cynomolgus macaques housed at
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Fig. 1 Phylogenetic analysis of the 12S rRNA segment of representa-
tive cynomolgus macaques from the 84 animals introduced into the
BPRC breeding colony in comparison to reference sequences of cyn-
omolgus macaques of known geographic origin (Table S3; Doxiadis
et al. 2010). The 12S rRNA segments of rhesus macaques (Mamu)
from Burmese, Chinese, and Indian origin are taken as an outgroup.
Bootstrap values <50 have been omitted. The brackets indicate the
geographic clusters. The eight different 12S rRNA segments that
were previously unreported are incorporated in phylogenetic analy-

sis and recognizable by Ji-numbers. The map of the Asian continent
depicted on the right side of the figure illustrates the natural habi-
tat of cynomolgus macaques, with a division into the mainland area
north of the isthmus of Kra and the mainland south of the isthmus
of Kra and Indonesian and Malaysian islands. With regard to these
two areas, the number of animals introduced into the original BPRC
breeding colony is indicated. The island of Mauritius is located over
4000 miles off the southeast coast of Africa and is not illustrated
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the BPRC, respectively (Otting et al. 2012). We determined
the length patterns of D6S2854/D6S2859 and D6S2878 in
the cohort of 84 cynomolgus macaques that had been intro-
duced into the BPRC breeding colony. Here we report the
STR typing of 58 introduced animals, for which one or more
offspring were also analyzed to establish segregation of the
STR markers (Table S1). In this panel, we describe 53 dif-
ferent STR patterns for the microsatellite markers D6S2854/
D6S2859 and 63 distinct patterns for D6S2878 (Table S1).
Three of the patterns were identical to ones observed in
the cynomolgus macaques from BPRC’s original breeding
cohort (Otting et al. 2012), and these were all Mhc-A STR
patterns (Table S1, indicated by a gray background). Four
of the identified Mhc-A STR patterns are shared between
the cohort of animals originating from mainland N.i.K.
and mainland S.iK/Maritime Southeast Asia (Table S1,
D6S2854/D6S2859 patterns presented in boldface). None
of the reported Mhc-DRB STR patterns was shared between
the animals from these two well-defined populations. These
results show that between the cynomolgus macaque popula-
tions originating from mainland N.i.K. and from mainland
S.i.K/Maritime Southeast Asia/Mauritius a small percentage
(5%) of Mhc-A STR patterns is shared, whereas these popu-
lations share no currently known Mhc-DRB STR patterns
(Fig. 2) (this study) (Otting et al. 2012).

Mafa-A and Mafa-B polymorphism in cynomolgus
macaques recently introduced in BPRC breeding
cohort

Microsatellite typing resulted in the characterization of sev-
eral distinct, previously unknown, Mhc-A STR patterns, for
which the Mafa-A haplotypes that segregate with the pat-
terns have been determined. In addition, the Mafa-B haplo-
types linked to the different Mafa-A haplotypes have been
characterized. Therefore, genetic material of 58 introduced
animals and/or their offspring was sequenced using a PacBio
sequencing platform. This resulted in the identification of 56
and 103 different major Mafa-Al and Mafa-B alleles, respec-
tively, and three alleles of the Mafa-A2*01 and Mafa-A2*24
lineages, which also show a high transcription profile and
are considered to be majors (Table S1). In addition, alleles
of the lower transcribed Mafa-A2*05, Mafa-A3*13, Mafa-
A4*01/*14, Mafa-A5*30, and Mafa-A6*01 lineages as well
as several lower transcribed Mafa-B alleles per animal were
also identified. Segregation analyses showed that duplica-
tions are encountered on some haplotypes, and next to the
major Mafa-Al lineage member, a second copy (belonging
to another lineage) was observed, which can be highly or
lowly transcribed. For example, on the haplotype that con-
tains Mafa-A1*018:01:01, the minor Mafa-A1*086:01:02 is
encountered (Table S1, haplotype nos. 28-31), and Mafa-
A1%056:03:01 is found together with Mafa-Al%*090:03,
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Mafa-MHC-A STR

26

Mafa-MHC-DRB STR

30

Fig.2 Venn diagrams illustrating the degree of sharing of Mhc-A
(D6S2854 and D6S2859) and Mhc-DRB (D6S2878) STR patterns
between cynomolgus macaques originating from mainland N.i.K.
(black circle), mainland S.i.K./Maritime Southeast Asia (dark gray
circle), and BPRC’s original cohort of cynomolgus macaques (light
gray circle)

which is considered a major as well (Table S1, haplotype
no. 62). Most Mafa-A allele combinations are linked to a
specific D6S2854/D6S2859 pattern, but some exceptions
have been found. For instance, allele combination Mafa-
Al1*001:02:01/A2%05:57:01 is linked to two different
STR patterns in animals originating from mainland N.i.K.
(Table S1, haplotype nos. 2—4).

Of the majors, only two Mafa-Al alleles and 11 Mafa-B
alleles were also detected in animals from the original breeding
colony (Table S1, alleles indicated with a salmon background)
(Otting et al. 2012). Therefore, the introduced cynomolgus
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Major Mafa-A alleles Major Mafa-B alleles

78 s

8

26 46

Mafa-DRB alleles Mafa-DQA alleles Mafa-DQB alleles

43 14 9

Mafa-DPA alleles Mafa-DPB alleles

15 13

Fig.3 Venn diagrams illustrating the degree of sharing of the Mhc N.i.K. (black circle), mainland S.i.K/Maritime Southeast Asia (dark
class I (major Mafa-A and Mafa-B) and 11 (Mafa-DRB, Mafa-DQA, gray circle), and BPRC’s original cohort of cynomolgus macaques
Mafa-DOB, Mafa-DPA, and Mafa-DPB) alleles detected in the stud-
ied cohorts of cynomolgus macaques originating from mainland

(light gray circle)
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macaques extend the overall Mhc-A and Mhc-B repertoire
of the BPRC breeding colony (Fig. 3, cohorts represented by
black and dark gray circles), thereby expanding its outbred
status. Most of the Mafa-A and Mafa-B alleles, encountered
in the present study, represent known entities that are archived
in the IPD-MHC NHP Database (Maccari et al. 2017). Five
Mafa-Al, one Mafa-A2*05, and nine Mafa-B alleles were
not previously reported (Table 2; Table S1). Between the two
cohorts analyzed in this communication (mainland N.i.K. and
mainland S.i.K./Maritime Southeast Asia), one major A and
six B alleles are shared (Fig. 3; Table S1 alleles indicated with
a $ sign). In addition, these cohorts share minors as well, such
as Mafa-A4%01:02, Mafa-B*060:01, and Mafa-B*060:04
(Table S1, alleles indicated with an “&” sign). In animals orig-
inating from mainland N.i.K., the majors Mafa-A1*007:01 and
Mafa-B*056:01:01 were most frequently observed (Table S1).

Mafa-DRB polymorphism linked to STR-MHC-DRB

To characterize the Mafa-DRB allelic repertoire that is
linked to the 63 identified STR-MHC-DRB patterns, a

Table2 Overview of the newly detected alleles as well as alleles for
which the sequence was extended (ext) in the two studied cohorts
with their corresponding ENA accession number

Mhc gene Allele name Accession number
A Mafa-A1%003:10 HG994093
Mafa-A1%007:10 HG994097
Mafa-Al1%053:04 HG994094
Mafa-Al1%054:04 HG994096
Mafa-A1%063:03:03 HG994095
Mafa-A2%05:78 HG994098
B Mafa-B*038:03 HG994108
Mafa-B*047:04 HG994100
Mafa-B*048:08 HG994103
Mafa-B*050:13 HG994107
Mafa-B*056:07 HG994106
Mafa-B*066:02 HG994102
Mafa-B*077:04 HG994105
Mafa-B*090:04 HG994101
Mafa-B*137:12 HG994104
DRB Mafa-DRB1%04:07:02 (ext) HG994109
Mafa-DRB*W026:02:02 (ext) HG994110
DQAI Mafa-DQA1%01:29 HG994120
Mafa-DQA1%24:09 (ext) HG994118
DQOBI Mafa-DQB1%06:27 (ext) HG994113
Mafa-DQB1%*28:02 (ext) HG994112
DPAI Mafa-DPA1%02:21:03 HG994124
Mafa-DPA1%02:53 HG994121
Mafa-DPA1%02:54 HG994122
Mafa-DPA1%02:55 HG994123
DPBI Mafa-DPBI*15:14 HG994117
Mafa-DPB1*17:03:02 HG994116
Mafa-DPB1%18:03:02 (ext) HG994115
Mafa-DPB1%23:01 (ext) HG994114

@ Springer

stretch of 710-928 nucleotides, including exon 2 of Mhc-
DRB and the adjacent microsatellite (D6S2878) located in
intron 2, was sequenced at the gDNA level (gDRB). Most of
the STR-MHC-DRB patterns are linked to a specific com-
bination of Mafa-DRB alleles. As reported previously, we
observed that one Mafa-DRB allele can be linked to differ-
ent STR lengths. This seems to depend on the DRB haplo-
type it segregates on and is in agreement with the fact that
STRs evolve faster than their adjacent coding sequence (de
Groot et al. 2008; Doxiadis et al. 2007). For example, Mafa-
DRBI1%*03:07 is found in conjunction with STR lengths 209,
220, and 224, segregating on haplotype nos. 56, 67, and 77
in animals originating from mainland N.i.K. and haplotype
nos. 82 and 83 in animals originating from mainland S.i.K./
Maritime Southeast Asia (Table S1). For haplotype nos. 67
and 77, the combination of DRB alleles is identical, but the
different STR length patterns obviously refer to the distinct
families they segregate in. For haplotype nos. 56 and 82-83,
Mafa-DRB1%03:07 is found in combination with alleles of
different lineages resulting in distinct region configuration.

In addition, we sequenced the Mafa-DRB alleles at the
cDNA level, and in the panel of 58 animals, we character-
ized 76 full-length transcripts (Table S1, alleles indicated
in bold). Three DRBI, two DRB*W, and the DBR6 (pseu-
dogene) lineage alleles did not amplify at cDNA level, and
characterization of these alleles was only at the gDNA level
(comprising exon 2 and adjacent DRB-STR). Twenty-four
alleles are shared with the DRB repertoire present in ani-
mals from the original BPRC cohort (Fig. 3; Table S1)
(Otting et al. 2012). All DRB alleles detected were pre-
viously archived in the IPD-MHC NHP Database. The
sequence length of two DRB alleles was extended (Table 2;
Table S1). Five DRB alleles are shared between the two
recently studied cohorts (Fig. 3; Table S1). The haplotypes
Mafa-DRB1%03:03/-DRB*W001:01/-DRB*W003:02/-
DRB6*01:28 (11 times) and Mafa-DRBI1*04:13:01/-
DRB*W037:02/-DRB6*01:13:01 (12 times) were most
frequently observed in animals originating from mainland
N.i.K (Table S1).

Characterization of the DQ and DP repertoire

In the present panel of 58 animals, 34 DQAI, 32 DQBI,
32 DPAI, and 30 DPBI alleles were recovered. Seven
alleles (one DQAI, four DPA1, and two DPBI) were newly
identified, which were all detected in animals originating
from mainland N.i.K., and for five alleles, the sequences
were extended (Table 2). The majority of the DQ and DP
alleles detected represent polymorphisms that are known
and archived in the IPD-MHC NHP Database. Seven
DQAI, seven DQBI, two DPAI, and eight DPBI alleles
are shared with alleles present in animals from BPRC’s
original colony (Fig. 3; Table S1) (Otting et al. 2012).
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Fig.4 Mafa-DQ and Mafa-DP pairs characterized in the two cohorts »
studied. Newly described Mafa-DQ and Mafa-DP pairs are indi-
cated by a gray background. The number (number sign) of Mhc
haplotypes on which a particular DQ or DP combination is found is
provided (see also Table S1). In the last two columns, an “x” marks
whether a DQ or DP combination was previously published in cyn-
omolgus macaques originating either from Cambodian/Vietnam (Ca/
Vi) and/or from the mainland south of the isthmus of Kra/Indone-
sian and Malaysian islands (Indo) (Otting et al. 2017; Shortreed et al.
2020). For three haplotypes, the DQAI or DPAI allele could not be
determined (Table S1). The newly described combination Mafa-
DQAI1%01:14:04/-DQB*06:23 observed in both cohorts is indicated
in boldface

Between the two cohorts studied for this communication,
six alleles (one DQAI, four DQBI, and one DPBI) are
shared (Fig. 3; Table S1), whereas no sharing of DPAI
alleles was observed. As compared to Mafa-A, Mafa-B,
and Mafa-DRB, characterization of the Mafa-DQ and
Mafa-DP repertoire by deep sequencing revealed several
alternatively spliced transcripts for the different genes
(data not shown). An inventory showed that, in particu-
lar, Mafa-DQB is subject to alternative splicing, including
for instance the skipping of exon 4, which codes for the
transmembrane region. The generation of such an isoform
is also predicted on the basis of certain HLA-DQB tran-
scripts (Briata et al. 1989). The conserved character of
this specific splice event between humans and cynomol-
gus macaques suggests biological relevance. Neverthe-
less, additional research is required to establish the exact
impact of alternative splicing in Mhc class II genes in
primates.

Strong linkage is documented for the DQA1/DQBI and
DPA1/DPBI gene tandems, and a comprehensive overview
of the recorded combinations has been provided, comparing
two populations of Indonesian cynomolgus macaques with
a population of cynomolgus macaques of Cambodian/Viet-
namese origin (Otting et al. 2017). This latter population has
a more extensive number of DQ and DP haplotypes in com-
parison to the two Indonesian cynomolgus macaque popula-
tions, and only some of the haplotypes are shared between
the populations of different origin. In the animals analyzed
for this study, most of the found DQ and DP combinations
substantiate previously published data. Nine DQ and twelve
DP combinations are new, with the majority found in ani-
mals originating from mainland N.i.K. (Fig. 4). The newly
described combination Mafa-DQAI1*01:14:04/-DQB*06:23
was observed in both cohorts (Fig. 4). This DQ pair was
found in linkage with the DP pairs Mafa-DPAI1*11:01/-
DPBI1*16:01 and Mafa-DPA1%*09:02/-DPB1*17:01:02
(Table S1). These two DP pairs are also both documented
in literature in animals originating from mainland N.i.K. and
S.i.K./Maritime Southeast Asia (Otting et al. 2017). Based on
the latest nomenclature update (see “materials and methods
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Mafa-DQA1 | Mafa-DQB1 | # | Ca/Vi | Indo
*01:03:02 *06:16 7 X
*01:03:02 *06:19 4 X
*01:03:04 *06:37 1
*01:06:02 *06:11:01 1 X
*01:07:01 *06:14 6 X X
*01:09:02 *06:01:02 | 1 X
*01:10 *06:26 3 X
*01:12 *06:13:01 1 X
*01:12 *06:27 1
*01:14:04 *06:23 2
*01:16:01 *06:06:02 | 2
*01:29 *06:12:02 | 1
*05:01:01 *17:03 3 X X
*05:03:01 *16:01 1 X X
Mainland N.i.K. *05:03:02 *15:03:01 2 X
*05:04:01 *17:10 13 X
*05:05:01 *17:02:01 1 X
*05:05:03 *17:02:01 2
*05:11 *16:02 2 X
*05:13 *24.01 4 X
*23:01:02 *18:04 8 X
*24:02:01 *28:01 3 X X
*24:04 *18:16 2 X
*24:05 *18:09 1 X
*24:07 *27.05 2
*24:09 *28:02 1
*26:01:01 *15:01:01 | 4 X
*26:09 *18:02 2 X
*26:11 *26:01:01 1 X
*26:12 *27:03 1 X
*01:04 *06:01:01 7 X X
*01:06:01 *06:11:01 5 X
Mainland S.i.KJ/ *01:08:01 *06:01:02 3
Maritime Southeast *01:11 *06:07:01 2 X
Asia *01:14:04 *06:23 1
*24:02:03 *28:01 2 X
*24:13 *27:02 1 X
Mafa-DPA1 | Mafa-DPB1 | # | Ca/Vi | Indo
*02:06:01 *07:01 1 X
*02:06:01 *07:02 1 X
*02:08:02 *07:03:02 | 3
*02:09:01 *15:01:01 18 X
*02:09:01 *15:14 1
*02:17 *04:01 1 X
*02:21:03 *01:04:.02 1
*02:27 *01:01:01 6 X X
*02:28 *01:04:01 1 X
*02:30:01 *01:02:01 4 X
*02:32:01 *06:01 2 X
*02:34 *08:02 1 X
*02:53 *01:01:01 1
*02:54 *01:02:01 2
*02:55 *01:02:01 1
. . *04:01 *02:02 3 X X
Mainland N..K. *04:01 02:0401 | 1| x
*04:01 *03:04:01 1 X
*06:01:01 *01:02:01 2 X
*07:03 *19:01 1 X
*07:05 *19:06:01 4 X
*07:07 *19:06:01 5 X X
*07:11:02 *19:01 1
*07:12 *23:02 1 X
*07:14 *23:01 1
*08:01 *04:01 2 X
*09.03 *17:03:02 | 1
*10:03:01 *18:02 2
*10:03:01 *18:03:01 1 X
*10:03:01 *18:03:02 | 3
*10:05 *18:02 5 X
*11:01 *16:01 3 X X
*02:26 *25:03 2 X
. . *07.01 *20:01 7
enessi orosor | sror |||
Asia *09:02 *17:01:02 | 1 X X
*13:01 *09:02 1 X
*13:03 *04:01 9 X

@ Springer
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Fig.5 Combinations of
cynomolgus macaque DQAI/
DQBI and DPA1/DPBI line-
ages observed in the present and
previously characterized cohorts
(indicated by black boxes). The
shaded (Otting et al. 2017) and
gray (Shortreed et al. 2020)
boxes indicate combinations
that were additionally described
in previously characterized
panels. For DOBI lineages, the
previously used designations are
given in brackets (see “materials
and methods section”) (Otting
et al. 2017)

section” section), an overview is provided of the DQAI/

DQA1

*26

DQB1
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DQBI and DPAI/DPBI lineage combinations that can be

encountered in cynomolgus macaques (Fig. 5) (this study)

(Otting et al. 2017; Shortreed et al. 2020).
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Cynomolgus macaque Mhc haplotypes

The segregation analysis of the Mafa class I and II rep-

ertoire in the cohort of animals characterized for this
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communication resulted in the identification of 94 differ-
ent Mafa-A/B/DRB/DQ/DP haplotypes distinct from the
ones identified in BPRC’s original breeding cohort (Otting
et al. 2012). The analysis includes 81 haplotypes in animals
originating from mainland N.i.K. and 13 in animals from
mainland S.i.K./Maritime Southeast Asia (Table S1). Please
note that the exact order of some of these genes is unknown
at present.

In the panel of animals originating from mainland N.i.K.
(N=42), we identified 49 Mafa-A, 48 Mafa-B, and 35 Mafa-
DRB haplotypes (Table S1), of which 23 Mafa-A and 27
Mafa-B haplotypes are newly identified (Fig. 6). The remain-
ing Mafa-A and Mafa-B haplotypes were found in a panel of
cynomolgus macaques that were of Vietnamese, Cambodian,
and Cambodian/Indonesian mixed origin (Karl et al. 2017). A
few of the newly characterized haplotypes show variation only
at the allelic level when compared to haplotypes found in the
panel of cynomolgus macaques of Vietnamese, Cambodian,
and Cambodian/Indonesian mixed origin (Karl et al. 2017). For
instance, Mafa-A1*003:07/-A4*14:03:01 differs for the minor
A4 allele, Mafa-B*001:01:01/*%044:14/%085:01:01/%030:03:01
for the Mafa-B*044 allele, and for haplotypes that contain a
Mafa-B*028-lineage member; allelic variation is observed
for either the Mafa-B*021, Mafa-B*030, Mafa-B*068,
or Mafa-B*124-lineage allele. Furthermore, two Mafa-B
haplotypes (Mafa-B*001:01:01/B*007:01:01 and Mafa-
B*039:01:01/B*007:08:01) are presented as new in this study
because they differ from the ones characterized in the panel
of Karl and colleagues (2017) by lacking a B*030-lineage
member.

To the best of our knowledge, no data is currently avail-
able in the literature on DRB haplotypes in cynomolgus
macaques native to mainland N.i.K. Therefore, the major-
ity of the DRB haplotypes (32 of the 35) that we report are
novel (Fig. 7, upper panel). The three DRB haplotypes in the
lower panel of Fig. 7 had been reported earlier, but a precise
indication of the geographic origin of the animals these hap-
lotypes were detected in was lacking (Doxiadis et al. 2010).
Furthermore, three of the haplotypes are also reported in
cynomolgus macaques native to mainland S.i.K./Maritime
Southeast Asia (Fig. 7, haplotypes within the black bordered
boxes) (Otting et al. 2012; Shortreed et al. 2020).

The haplotypes that are most frequently observed in
the cohort native to mainland N.i.K. are Mafa-A1*007:01/
A2%05:22/A4%14:03:01 (6%), Mafa-B*039:01:01/B*007:01:01
(6%), Mafa-B*145:01:01/B*068:06:01/B*144:01:01 (7%),
Mafa-DRB1%*03:03/DRB*W001:01/DRB*W003:02 (13%),
and Mafa-DRB1%04:13:01/W037:02 (14%) (Table S1). Most
of the 42 analyzed animals of this cohort appear to differ for
their Mafa-A/B/DRB/DQ/DP haplotypes. The sharing of a
Mafa-A/B/DRB/DQ/DP haplotype was found in the case of five
couples of cynomolgus macaques (Table S1, haplotype nos. 13,
29, 34, 48, 77), and mitochondrial 12S rRNA analysis suggests

that some of these animals might be related. Two animals share
both Mhc haplotypes (haplotype nos. 19 and 50) as well as their
mitochondrial 12S rRNA gene segment, suggesting that they
descended from the same parents.

In the group of animals native to mainland S.i.K./Mari-
time Southeast Asia, 11 of the 16 animals have either one
Mafa-A/B/DRB/DQ/DP haplotype that is shared with a
haplotype of the original breeding colony or have one hap-
lotype that could not be confirmed in the contemporary
offspring population. The 13 newly described Mafa-A/B/
DRB/DQ/DP haplotypes consist of nine Mafa-A, seven
Mafa-B, and seven Mafa-DRB haplotypes (Table S1), of
which four, six, and three represent novel entities, respec-
tively (Fig. 6) (Otting et al. 2012; Shortreed et al. 2020).
The majority of these novel haplotypes show variation
only at the allelic level. Haplotypes Mafa-A1%022:02/
A4*01:02, Mafa-A1*%032:01/A1%047:02/A4%01:09, Mafa-
B*095:01:01/B*033:01:01, and Mafa-DRB1%03:07/
DRB*W001:07/DRB*W026:02:01 seem to represent
newly reported combinations. One of the haplotypes
identified in the mainland S.i.K./Maritime Southeast Asia
cohort is identical to the M2 haplotype defined in Mauri-
tius cynomolgus macaques (Table S1, haplotype no. 91)
(Wiseman et al. 2013).

Evidence for cross-over events

Within the cohort of animals studied for this communica-
tion, four different cross-over events did turn up (Fig. 8;
Table S4). All of them were observed in offspring of the
introduced animals native to mainland N.i.K. One of the
recombination events occurred between the Mafa-A and
Mafa-B regions and three between the Mafa-B and Mafa-
DRB regions. In total, 283 individuals (representing intro-
duced animals native to mainland N.i.K and their offspring)
were analyzed, which yielded a frequency of recombina-
tion of 1.0% for the cross-over events observed between
the Mafa-B and Mafa-DRB regions and 0.3% for the other
event. These numbers are in line with earlier published data
(Aarnink et al. 2014; Blancher et al. 2012a; Shortreed et al.
2020), and further support that in cynomolgus macaques,
there may exist one or more recombination hot spots in the
area located between the Mafa class I and II regions (de
Groot et al. 2014).

Dynamics in cynomolgus macaque Mhc class 1 and 11
haplotypes

Cynomolgus macaques of Vietnamese/Cambodian, Filipino,
Indonesian, and Mauritian origin have been intensively stud-
ied for their Mhc repertoire (Blancher et al. 2012b, 2014;
Budde et al. 2010; Campbell et al. 2009; Creager et al.
2011; Doxiadis et al. 2012; Huang et al. 2019; Karl et al.
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Hapl. Mafa-A

no.
A1*011:02
A4*14:03:01

10 A4*14:03:01

16 —(A1*007:07

17 A1*053:04 (new,

19 —{A1*008:07 +—{(A2%01:01 }
21 —(A1*010:08

22,23 A4*14:03:01
36
37 —{AT7025:01 )
41 A2*05:46
52 A601:01
56 —(A1°048:01 )
57 A4*14:01N
60 A205:57:01
61 —({AT°054:04 (new) )
70 A4-14:03:01
71 —{A17074:01:03__}
73 —(A1°078:03 ) (A2°05.:78 (new) —{(A4*14:03:017 }—(A5°30.06.01)—
74,75,76 AZ14:03:01
77 —A17091:03  }—{A1%090:04 }
79 AT°011:02
80 A414:03:01
Mafa-B

49 —(001:01:01 __)}—{*007:01:01 )
59 —{(*001:01:01 __)—(*044:14 }—(7085:01:017 )—{(*030:03:01 )} {(7079.02:01 }
38 —{*007:02 }—(%078:03 }—(%056:04 __)—{*066:02 (new))—(*068:07:07 —{7060.04 __}—{*098:03:07 )

1d north of the isthmus of Kra

57 —(*007:08:01 _ }—{*090:01 } {*035:03 +—(*046:10:02'}
i 16, 26, 37 —(*013:13:01 _ }—{*137:03:01 _}—{*030:03:02_} *060:01:01
: 65 —(*015:03 }—{(*068:06:017 ) {*098:12 +—(*115:05:01 }—(*134:04 })———
33 —(015:09 '} (*134:03 __ }—{7011.04 _}—{(011.06 _ }—(*082:01:01 }—
36 —(f016:017 {*071:05:017_)}—(*060:23 )
18,69 —(*023:03 }—(*030:05:01 }—{¥041:02:01 }
15 —(*028 +—(021:02 }—{*030:03:02 }—(*068:04:01 }—{(*124:01:02 }—(*051:08:01 }—(*061:04:01 }
54 —(%028:02:01 _ }—{*021:02 }—{*030:18 }—{*068:04:01  }—{*124:01:02 }—*051:05 —(?061:04:01 }
2 —(*028:03 }—{%021:01 }—{¥030:01:017 }—{*068:02:01 }—(*124:04:01 }—(n.d. —{na. )]
62, 66, 77 —(*028:03 +—(*021:01 }—{¥030:12:017 }—(*068:02:01 }—{*124:04:01 }—{n.d. —(nd. }—(*074.06.01 }———
40,72 —(*028:04:01 __ }—{*021:05 }—{%030:17:017 }—(*068:02:01 }
8 —{(*038:03 (new) }—*047:04 (new)} {(*051:08:01 }—{*088:04.01 }—{*089:01.02 }——
60 —(*039:01:01 __ }—{*007:08:01 } {*051:04:01 }
21 —(*045:01:01 _ }—{*036:01:03 }—{*037:01:01 } {*050:11 }—*134:05:01 }
63 —{*048:06:01  }—{*068:12:01 } {(*051:08:01 }—{*060:24:01 }—*098:03:01 }———
31 —(*048:08 (new) }—(*137:12 (new)} {(*079:01:01 _}—*098:04 }—{*098:05 ) —
70 —(*056:07 (new) }—(*066:01 }—{*068:07:01 } (*046:10:02_}
74 —{(*065:02:01 _ }—{*090:04 (new)} {(*060:01:01 +—{*098:17:01 }
78 —(*075:03 }—{¥034:01 } {*098:04 —(*174:01N_}
80 —(*077:04 (new) }
46 —(*083:02 }—(*030:15:01 }—{*041:02:01 } {*089:01:02 }—{*115:02__}
3 —{(*100:071:02_ }—{*099:03 } {(*079:02:01 }—*149:02}
34 —{*101:02:01 _ }—{*038:01:02 } {*051:08:01_}
29 —(*206:01 }—{(*027:04 } {*060:19 __}
Mafa-A
84 —{A1%007:10 (new)
- 85 —(A1%022:02 —Aa401.02 }——
5 86, 87, 88 —(A17032:01 —(A1*047:02 }—{A401:09 ) ——
g 94 —(A17063:03:03 (new))
2 ﬁ Mafa-B
Eg
Ze 85 —(*017:01 }—{(¥022:01:02 }—{*056:02:01 }—*050:13 (new) ——
g‘g 82 —(*017:01 +—{*023:03 }—{*056:02:01 }—{*060:02 —*116:01 —
‘%ﬁ 84 —(*018:01:01 }—(*081:05:02  }———(*050:02:01 _}—{*115:04:01 }—
SE 91, 94 —(*019:03:01 +—{*148:01:01 _—(*150:01:01 )}
§§ 90 —(*083:02 }—{(*030:04 }—{*041:04 }
T = 87, 88,92 —(*095:01:01 —{(¥033:01:01
©
£ Mafa-DRB
= DRB
82,83 —(DRB1*03:07 _ —{DRB*W001:07 —{DRB*W026:02:01—
87, 88,92 —(DRB1%04:02:01 }—(DRB*W004:01 }—{DRB6*01:25 —

90 —{DRB1707:02:02 }—{DRB*W026:02:02 (ext)—DRB4701:08 )}
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«Fig.6 Mafa-A/-B and Mafa-A/-B/-DRB haplotypes newly identified
in cynomolgus macaques native to the mainland north of the isth-
mus of Kra and native to the mainland south of the isthmus of Kra/
Maritime Southeast Asia, respectively. The major Mafa-A and Mafa-
B alleles as well as the Mafa-DRB transcripts are printed in boldface
with a dark gray background. Newly identified alleles (new) together
with alleles for which the sequence information is extended (ext) are
indicated. Allele resolution was sometimes not reached, in which case
only the lineage designation is indicated. The haplotype numbers
(Hapl.no.) on which the indicated Mafa-A, Mafa-B, and Mafa-DRB
haplotypes segregate are shown and correspond to those indicated in
Table S1. In the allele name, the suffix N indicates that the allele is
characterized by a premature stop codon. N.d. stands for not deter-
mined

2017; Lietal. 2012; Ling et al. 2011, 2012; Otting et al. 2012,
2017; Sano et al. 2006; Shiina et al. 2015; Shortreed et al.
2020; van der Wiel et al. 2015; Zhang et al. 2012; Wang et
al. 2011), and for some of the studied populations, Mafa-A/B
or Mafa-A/B/DRB/DQ/DP haplotypes have been published
(Budde et al. 2010; Karl et al. 2017; Otting et al. 2012; Saito
et al. 2012; Shortreed et al. 2020). Here, we distinguish the
different Mafa-A and Mafa-B haplotypes by means of the most
abundant transcribed mRNA allele encoded by a particular
haplotype (referred to as “major 1” in Table S1, and possi-
bly referred to by others as diagnostic Mafa-A and Mafa-B)
(Karl et al. 2017; Shortreed et al. 2020). The sequences of the
“major 17 alleles cluster into lineages of which the majority
are old entities and predate the speciation of macaques. A
comparison analysis of all currently characterized Mafa-A/-
B haplotypes indicates that particular “major 1"’ Mafa-A and
Mafa-B lineage groups might only be present in cynomolgus
macaques from a specific geographic region (Table S5). Of
the 72 major Mafa-A and 62 major Mafa-B lineage groups
identified, 37 (51%) and 25 (40%), respectively, are shared
between populations native to mainland N.i.K. and S.i.K./
Maritime Southeast Asia/Mauritius (Fig. 9). Nevertheless,
most of the shared major Mafa-A lineage groups were found
to be linked to different major Mafa-B lineage groups when
animals native to mainland N.i.K. and S.i.K./Maritime South-
east Asia/Mauritius were compared (Fig. 10). This example
illustrates the dynamic diversity of the Mhc class I region in
different populations of cynomolgus macaques. Nine of the
major Mafa-A lineage groups were found to share linkage to
a particular Mafa-B lineage group when animals native to
mainland N.i.K. and S.i.K/Maritime Southeast Asia/Mauri-
tius were compared (Fig. 10). For instance, major Mafa-A
lineage group A7*006 shares linkage to B*002 and B*013.
However, when we zoomed in on the haplotypes, and taking
all the gene and allelic variation into account, we found that
animals native to mainland N.i.K. and S.i.K. ultimately have
their own characteristic Mafa-A and/or Mafa-B gene/allele
combinations. The major Mafa-B lineage groups B*013,
B*028, B*045, and B*056 are frequently observed and found
in linkage to a variety of major Mafa-A lineage groups in

animals native to mainland N.i.K. and S.i.K./Maritime South-
east Asia/Mauritius (Fig. 10). This might suggest that these
B lineage groups have been enriched in the different popula-
tions and may encode molecules that are of benefit to the
species.

Among the populations originating from mainland
N.i.K. and S.i.K./Maritime Southeast Asia/Mauritius, and
for which as well as the Mafa-A/B also the Mafa-DRB/
DQ/DP haplotypes are characterized, we observed that two
of the DRB haplotypes are shared (Fig. 11A) (this study)
(Otting et al. 2012; Shortreed et al. 2020). Of these, Mafa-
DRBI1*03:03/DRB*W001:01/DRB*W003:02/DRB6*01:28
was frequently observed, eleven times in the population
native to mainland N.i.K. and seven times in the population
native to mainland S.i.K./Maritime Southeast Asia/Mauri-
tius. For both populations, linkage to -DQA1*01:03:02 was
often seen, whereas allelic variation was detected in the
-DOBI gene and lineage and allelic variation for the -DPA 1
and -DPBI genes (Fig. 11A). Furthermore, in most cases,
this specific DRB-haplotype is found linked to different
major Mafa-A and Mafa-B lineage groups. Only the com-
bination with A7 *043/B*045 is observed in both cohorts,
north and south (Fig. 12), but as mentioned above, when
we zoomed in on the haplotype, we found allelic variation
for the Mafa-A and Mafa-B region configurations. For two
animals originating from mainland N.i.K., we found that
the DRB-haplotype is linked to the same major Mafa-A and
Mafa-B lineage groups (Fig. 12; Table S1, haplotype nos.
5 and 6). However, these two animals differ with regard
to the -DOBI, -DPAI, and -DPBI genes (Fig. 11A, gene
combinations indicated by a gray background) as well as
with regard to their mitochondrial 12S rRNA gene seg-
ment. The other shared DRB-haplotype, DRB*W005:01/
DRB*W021:01/DRB6%*01:01, is found linked to different
DQ and DP genes in the geographically distinct popula-
tions (Fig. 11A) and is linked to different major Mafa-A
and Mafa-B lineage groups (Fig. 12). In addition, five DRB
region configurations were found to be shared (Fig. 11B),
eventually exhibiting their own specific allelic variation,
depending on the animal/population of origin it was char-
acterized in. Therefore, the majority of the DRB haplo-
types in cynomolgus macaques of different geographic
origins are characteristic for a population, which has its
influences on the haplotype dynamics that can be observed
between the cynomolgus macaque populations native to
mainland N.i.K. and mainland S.i.K./Maritime Southeast
Asia/Mauritius.

Discussion
The extensive characterization of the Mhc class I and II rep-

ertoire in different populations of cynomolgus macaques
by a variety of research groups has resulted in data on 51
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Fig.7 Mafa-DRB haplotypes
characterized in animals native
to the mainland north of the
isthmus of Kra. The tran-
scribed DRB alleles are printed
in boldface with a dark gray
background. The allele for
which the sequence information
is extended (ext) is indicated.
Allele resolution was sometimes
not reached, in which case only
the lineage designation is indi-
cated. The haplotype numbers
(Hapl.no.) on which the indi-
cated DRB haplotypes segregate
are shown, and they correspond
to those indicated in Table S1.
The black-bordered boxes mark
the haplotypes that are also
found in cynomolgus macaques
from mainland S.i.K./Maritime
Southeast Asia. “The DRBI
allele for this haplotype could
not be amplified at the cDNA
level, and at the gDNA level,
only exon 2 was sequenced,
which does not distinguish
between Mafa-DRB1%03:12:01
and Mafa-DRB1*03:36
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Fig.8 Schematic presentation of the four cross-over events observed in the
Mhc region in the offspring of four introduced animals originating from the
mainland north of the isthmus of Kra. The Mafa-A, Mafa-B, and Mafa-DRB
haplotypes are shown with their short names (Table S4). The putative cross-
over position is indicated with a large x. The haplotype resulting from the
cross-over event is illustrated below the arrow

genes for which 2977 different alleles have been archived
(IPD-MHC NHP release version 3.7.0.0). It is evident that
particular Mhc class I and II alleles may be shared between
cynomolgus macaque populations of different geographic
origins (this study) (Karl et al. 2017; Otting et al. 2017)
and even between different macaque species (Doxiadis et al.
2006; Karl et al. 2017). Despite this sharing of allelic enti-
ties, our present communication illustrates that the Mafa-
A/B/DRB/DQ/DP haplotypes might be characteristic of a
given cynomolgus macaque population. These observa-
tions suggest dynamic evolution of Mhc haplotypes in cyn-
omolgus macaques of different geographic origins. Such
novel haplotypes might be generated by the formation of
population specific alleles; the generation of novel region
configurations for A, B, or DRB by recombination events;
recombination between different Mafa-A, Mafa-B, Mafa-
DRB, Mafa-DQ, and Mafa-DP haplotypes; or a combina-
tion of these genetic events. All alleles shared between the
two populations studied in this communication are, however,
found embedded in different Mafa-A/B/DRB/DQ/DP haplo-
types (Table S1).

To elucidate the geographic origin of the 84 newly intro-
duced cynomolgus macaques into BPRC’s existing breed-
ing colony, the mitochondrial 12S rRNA gene segment was
analyzed. However, mitochondrial DNA is inherited strictly
from the maternal line, and therefore, we want to emphasize
that for defining the geographic origin of an animal; in addi-
tion, pedigree details might be required to link the ancestry
of an MHC haplotype to a geographic origin.

The microsatellite analysis revealed four Mhc-A STR pat-
terns being shared between the two cohorts that we inves-
tigated (Table S1). The subsequent sequencing analyses
showed that only in the case of pattern 188/167, also an
identical Mafa-A1 allele — namely, Mafa-A1*038:01:01 —
was segregating in both cohorts (Table S1, haplotype nos.
42/43 and 90, respectively). This substantiates the notion that
sequencing results involving newly analyzed populations/ani-
mals are initially required for a correct calling of a Mhc allele
that is segregating with a particular STR pattern. If once
mapped, however, STR typing is extremely cost-efficient to
determine the Mhc variability inherited by offspring and can
be applied for instance in colony management (de Groot et al.
2017a; Doxiadis et al. 2007; Otting et al. 2012).

Some haplotypes in cynomolgus macaques were found to
contain two distinct copies of a Mafa-Al gene, which may
exhibit dissimilar transcription profiles as well. For example,
we observed a dissimilar transcription profile for two closely
related Mafa-A1%*011 alleles. Mafa-A1*011:01 seems to rep-
resent a major (Table S1, haplotype nos. 22 and 23), whereas
Mafa-A1%011:02 was found lowly transcribed on two differ-
ent haplotypes in addition to the highly transcribed Mafa-
AI*001:01:02 or Mafa-A2%*24:07 (Table S1, haplotype nos.
1 and 79). These observations highlight the plasticity of the
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macaque A/ region. To determine what might possibly cause
the aberrant transcription level, further research is required
on those haplotypes characterized with an additional copy
of an AJ gene.

Disparities in transcription levels are frequently observed
in the Mhc class I B genes, and dissimilar transcription pro-
files for different alleles belonging to a certain B lineage
have been found. An example are members of the Mafa-
B*056 lineage. Mafa-B*056:01:01 and Mafa-B*056:07
are both found to be transcribed abundantly and are con-
sidered as “major 1 (Table S1, haplotype nos. 11, 45, 53,
61, 64, 73,75, and 79 and haplotype no. 70, respectively),
whereas Mafa-B*056:04 and Mafa-B*056:02:01 are
embedded within haplotypes next to the highly transcribed
Mafa-B*001:02 and Mafa-B*017:01 alleles, respectively
(Table S1, haplotype no. 38 and haplotype nos. 82, 83, and
85, respectively). Moreover, within the present panel, we
encountered examples of an allele that may display a dis-
parate transcription profile, and this seems to be haplotype
dependent. For instance, Mafa-B*023:03 is found in animals
native to mainland N.i.K. as a “major 1” B allele, whereas
in an animal native to mainland S.i.K./Maritime South-
east Asia, this allele is found as “major 2” on a haplotype
linked to Mafa-B*017:01 as “major 1” B allele (Table S1,
haplotype no. 18/69 and haplotype no. 82, respectively).
Another example involves Mafa-B*018:01:01, which is
considered as “major 1” on a haplotype characterized in
an animal native to mainland S.i.K./Maritime Southeast
Asia, whereas it is found as “major 3” on a haplotype next
to Mafa-B*017:02:01/-B*007:01:01 (“major 1"/’major 2")
in animals native to mainland N.i.K. (Table S1, haplotype
no. 84 and nos. 7, 39, 55, and 56, respectively). Therefore,
identical alleles embedded within different haplotypes
may show dissimilar transcription profiles. It is probable

Fig. 9 Bar chart illustrating the 80
number of major Mafa-A and
Mafa-B lineage groups specific 70
for or shared by populations of
cynomolgus macaques originat- 60
ing from the mainland north of Q
the isthmus of Kra (North) and 3 50
south of the isthmus of Kra/ S}
Maritime Southeast Asia/Mau- S 40
ritius (South) §
= 30
5]
* 20
10
0

Total
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Shared North/South

Fig. 10 Schematic presentation of evolutionary dynamics in Mafa-»
A/B haplotypes in cynomolgus macaque populations native to the
mainland north of the isthmus of Kra (North) and mainland south of
the isthmus of Kra /Maritime Southeast Asia/Mauritius (South). The
37 major Mafa-A lineage groups shared between north and south pop-
ulations are taken as a starting point (Table S5) and are shown on the
left-hand side of the figure. For all currently documented Mafa-A/B
haplotypes (this study) (Budde et al. 2010; Karl et al. 2017; Otting
et al. 2012; Saito et al. 2012; Shiina et al. 2015; Shortreed et al.
2020), the major Mafa-B lineage groups linked to a particular major
Mafa-A lineage group are indicated, and each major B lineage group
was given its specific background color. The major B lineage groups
indicated with a white background color were found only in combina-
tion with one major A lineage group. The underscored major Mafa-
A lineage groups share one or more linked major Mafa-B lineage
group(s) between the north and south populations, and the Mafa-B
lineage group(s) in question is/are indicated in boldface and outlined
with a black border

that recombination processes underlie this. As a result of
these types of processes, one may hypothesize that an allele
might be placed for instance in front of a stronger or weaker
promoter, thereby causing the difference in transcription
observed. It has long been known that different macaque
Mhc class 1 alleles show disparate transcription levels, which
have been substantiated by different studies showing that
this also translates to the level of cell surface expression (de
Groot et al. 2017b; Otting et al. 2005; Rosner et al. 2010;
Wiseman et al. 2009). To date, however, nothing is known
about the mechanisms that regulates this phenomenon.

The comparison of the Mafa-A/B haplotypes between ani-
mals native to mainland N.i.K. and mainland S.i.K./Mari-
time Southeast Asia/Mauritius suggests that certain major
Mafa-A and Mafa-B lineage groups are only present in a
population from a specific geographic region (Table S5). On
the one hand, this might have been caused by the differen-
tial selection and different pathogenic pressures that these

North South

B Major Mafa-A Major Mafa B
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North South
A1*001 < B*028 B*100 B*155 B*184 B*056
A1*002  B*001 B*136
A1*003 B*001 B*013 B'017 B*038- B*184 B*028 B*194

A1*004

A1*006- B*013| B*028 B*056 B*104

A1*008 B*023 B*056 [=M0ER| B*104

B*017 B*056 - B*083 B*090
[F5 o]

o5 [ +~- [0

- B*101 B*157

A1*010 - B*017 B*028 B*052 B*056 B*090 B*104
- B*015 B*025 -- B*206 -- B*013 B*083 B*090 B*099 N:hkid
A1*022 B*013 B*016 B*028 - B*065 - B*101  B*137 - B*017

A1*032 B*015 WENZERWNLE B*151
A1*033 B*045

A1*038 B*013 - B*056 B*077 - B*024 B*083
A1*040 B*028 - B*056 - B*083

A1*041 B*001 B*013 - B*043 B*083 B*047
A1*043 B*013 - B*045 - B*184 - B*017 B*028 |=KIZ5)

A1*045 B*001 B*028 B*056 B*065 B*052

A1*052 B*007 B*095

A1*053 B*001 -
A1*054 B*056 B*013 -
A1*056 < B*028 - B*104 B*012
A1*058 - B*083 B*106

B*015

A1*060 B*056 B*015 B*101 B*164
A1*063 B*085 B*019 B*075 B*104
A1*064 B*001 B*025

A1*065 B*015 B*025 B*034 - B*056 B*101 B*104 -

A1*066 B*013 B*085 B*017 B*083 B*203

A1*067 B*023 B*056 B*083 F=RUCE] B*012 B*090
A1*070 ' B*028 B*104 B*013 B*056 B*101 B*181
A1*074 B*158

A1*077 ' B*028 B*083 B*101

A1*079 B*001 B*056 B*065 - B*138

A1*089 B*015 B*064 B*137

A1*091  B*028

A1*092 B*017 B*056 B*056 B*101 B*148

A1*097 B*101 - B*056 B*137

A1*124 B*015 -

strictly separated populations may have experienced. On the  in the context of a different Mafa-A/B/DRB/DQ/DP haplo-
other hand, we see the sharing of major Mafa-A and Mafa-  type, which might be considered a marker for a population.
B lineage groups (Fig. 10), and even the sharing of alleles ~ The different Mhc regions (Mafa-A, Mafa-B, Mafa-DRB,
between the two defined populations (Table S1), but always  Mafa-DQA/DQB, and Mafa-DPA/DPB) of a Mafa-A/B/DRB/
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A Population north of the isthmus of Kra Populations south of the isthmus of Kra/Maritime Southeast Asia/Mauritius
This study This study and Otting 2012 Shortreed 2020

DRB haplotype DRB#|DQA1* |DQB1* |DPA1* |DPB1* DRB#[DQAT‘ DQB1* |DPA1* ]DPB1* #|DRB#|DQA1* |DQB1* |DPA1* |DPBT1*

DRB1*03:03/DRB*W001:01/ 11 |01:03:02 |06:16 02:09:01 | 15:01:01 7 01:03:02 |06:18 02:13:02 | 15:02

DRB*W005:02/DRB6701:28 01:03:02 |06:16 | 06:01:01 |01:02:01

01:03:02 | 06:16 10:03:01 | 18:02
01:03:02 | 06:16 02:34 08:02

01:03:02 | 06:16 02:54 01:02:01
01:03:02 | 06:19 02:09:01 | 15:01:01
01:03:02 | 06:19 02:53 01:01:01
01:06:02 | 06:11:01 | 07:07 19:06:01

01:29 06:12:02 | 02:21:03 | 01:04:02

01:03:02 | 06:18 02:15:01 | 10:01
01:03:02 | 06:18 07:01 21:02
01:03:02 | 06:18 07:07 19:06:01
01:03:05 | 06:12 02:13:02 | 15:02

slw|a|a|alw

alalalalalmdala|n|al o=

DRB region configuration
DRB1*03/DRB*W020/DRB6*01
DRB1*03/DRB5*03/DRB*W065/DRB6*01
DRB1*04/DRB*W037/DRB6*01
DRB1*04/DRB*W007
DRB*W004/DRB*W025/DRB6*01

Fig. 11 DRB haplotypes (A) and region configurations (B) shared
between cynomolgus macaque populations of different geographical
origin. A The column “DRB #” provides the number of Mafa-A/B/
DRB/DQ/DP haplotypes on which the two indicated DRB haplo-
types were characterized in a specific population. The -DQA/-DQB/-
DPA/-DPB combinations found linked to the indicated DRB haplo-

DQ/DP haplotype seem to be exchanged by recombination,
resulting in the high number of cynomolgus macaque Mhc
haplotypes that have been published, and with this number
being expected to grow substantially.

The low transcription level observed for particular
macaque A and B alleles can cause them to be missed in the
method we currently use, which might result in haplotypes
not being complete at this point. Furthermore, the current
method lacks information on the exact order of the genes
on a haplotype. Newly developed techniques, such as the
target-enrichment of large genomic regions as well as whole
genome sequencing using PacBio or Oxford Nanopore
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DRB*W005:01/DRB*W021:01/ 2 |01:07:01|06:14 07.05 19:06:01 24:03 18:01:01 | 07:02 19:03 1 1 24:03 l 18:01:02 |02:27 ]07.‘01.‘01 l 1
DRB6701:01 23:01:02 | 18:04 04:01 02:04:01 24:03 18:01:01 | 02:23 06:08 1
B

type are shown, followed by the number (number sign) of times the
combination has been found in a specific population studied. The
gray background highlights the combination of genes that are found
in two unrelated animals in combination with the indicated DRB-
haplotype and the major Mafa-A1*003/B*001 lineage group combi-
nation (Fig. 12; Table S1, haplotype nos. 5 and 6)

platforms, are now widely accessible. This might help and
speed up our insight into the structure and number of genes
present on an Mhc haplotype in the near future, as has been
done recently for the KIR region (Bruijnesteijn et al. 2021).
Moreover, these approaches give access to DNA modifica-
tion profiles that could provide answers in the direction of
the disparate transcription (expression) profile observed
for certain macaque Mhc class I alleles. In conclusion, the
present data strongly suggest that Mafa-A/B/DRB/DQ/DP
haplotypes are characteristic of a population of animals from
a specific geographic origin and may be a useful tool in
conservation biology as well.
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Fig. 12 Schematic presenta- North
tion of the two DRB-haplotypes

shared between cynomolgus B*001
macaque populations native
to the mainland north of the
isthmus of Kra (North) and B*017
mainland south of the isthmus
of Kra/Maritime Southeast
Asia/Mauritius (South) and

the different major Mafa-A and
Mafa-B lineage groups that

can be found linked to it. Color
codes for the different major
Mafa-B lineage groups cor-
respond to the colors in Fig. 10.
Those major Mafa-A lineage
groups indicated with a number
sign and the major Mafa-B
lineage groups shown in a white

A1*003

A1*008 ——

AT1*015#

i A1036# ——
box are only documented in one
of the populations. The under-
scored major Mafa-A/B lineage
group combination is found in
two unrelated animals together A1°043
with the indicated DRB-haplo-
type (Table S1, haplotype nos.
5 and 6)
A1*048# —— B*017
A1%063
A1*038
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