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Abstract

The major histocompatibility complex (MHC) is central to the innate and adaptive immune responses of jawed vertebrates.
Characteristic of the MHC are high gene density, gene copy number variation, and allelic polymorphism. Because apes and monkeys
are the closest living relatives of humans, the MHCs of these non-human primates (NHP) are studied in depth in the context of
evolution, biomedicine, and conservation biology. The Immuno Polymorphism Database (IPD)-MHC NHP Database (IPD-MHC
NHP), which curates MHC data of great and small apes, as well as Old and New World monkeys, has been upgraded. The curators of
the database are responsible for providing official designations for newly discovered alleles. This nomenclature report updates the 2012
report, and summarizes important nomenclature issues and relevant novel features of the IPD-MHC NHP Database.

Keywords MHC - NHP - Database - Nomenclature - IPD

Introduction

In 2012, we published a nomenclature report focused on the
major histocompatibility complex (MHC) genes and alleles of
the great apes as well as Old and New World monkey species
(de Groot et al. 2012). Since then, research on the MHC of
non-human primate (NHP) species has intensified, and most
often concerns species that are models for human biology and
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disease. In addition, there has also been a steady growth in the
MHC content—derived diverse NHP species that are studied
for conservation biology purposes (Cao et al. 2015; de Groot
et al. 2017a, b; Hans et al. 2017; Maibach et al. 2017;
Wroblewski et al. 2017; Arguello-Sanchez et al. 2018).

The MHC is a large genomic region (approximately 5 mil-
lion base pairs in length), and is packed with different genes,
many of which are polymorphic. Mapping allelic polymor-
phisms is still a challenge, though recent technical develop-
ments such as next-generation sequencing technologies are
speeding up the discovery of alleles, thereby increasing the
reported number of MHC genes and alleles. The Immuno
Polymorphism Database (IPD)-MHC Non Human Primate
Database (https://www.ebi.ac.uk/ipd/mhc/group/NHP) is the
platform used to store and retrieve quality-controlled and an-
notated MHC sequences of various non-human primate spe-
cies. In order to cope with current and future developments,
this platform was recently upgraded to allow the processing
and annotation of large flows of data (Maccari et al. 2017).

In humans, the MHC is referred to as the human leukocyte
antigen (HLA) complex, and it has an active WHO
Nomenclature Committee for Factors of the HLA System. The
committee’s most recent complete nomenclature report was pub-
lished in 2010, and described the currently used naming
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convention for HLA factors (Marsh et al. 2010). The conventions
laid out by that committee have, whenever possible, also been
applied to the non-human primate MHC equivalents. However,
when these rules are inadequate or inapplicable—for instance
when there is no apparent evolutionarily related counterpart in
humans—specific non-human primate nomenclature is intro-
duced. As indicated in the previous NHP nomenclature report
(de Groot et al. 2012), lineages and alleles of different MHC
genes may have been named arbitrarily, based largely on the
order in which they were discovered. However, there are excep-
tions. In some lineages shared between species, the same digits
are used. HLA-DRBI1*03:27, Patr-DRB1%03:03, and Mamu-
DRBI1*03:09, for example, are the official names for human,
chimpanzee, and rhesus macaque alleles, respectively, that de-
scend from an ancient DRBI lineage that predated their specia-
tion (Bontrop et al. 1999). Since the report in 2012, huge
amounts of new data have become available, which has helped
us to rename a number of the lineages/alleles with a more bio-
logically representative designation.

This nomenclature report presents a detailed description of the
most recent rules regarding NHP-specific nomenclature. It also
provides an overview of the annotated data that are currently
available in the [IPD-MHC NHP Database. Also summarized
are the upgrade of this platform and its novel features, which
are now available or forthcoming, and which should facilitate
future use of the database by all researchers in the field.

Guidelines: nomenclature of the non-human
primate MHC

Nomenclature for the MHC systems of NHP species

The first nomenclature proposal regarding the major histocom-
patibility complex of different species was published in 1990
(Klein et al. 1990). Most of the nomenclature rules concerning
the species prefixes that were then proposed are, in essence,
currently still valid. In brief, the Mhc symbol is followed by a
four-letter abbreviation of the species’ scientific name. The first
two letters are derived from the name of the genus, and the last
two letters from the name of the species. For the sake of conve-
nience, the prefix “Mhc” is often omitted. A complicating factor
is that there is no officially accepted consensus on non-human
primate taxonomy, as the status of many species is still under
discussion (Groves 2014). The 1990 nomenclature report used
scientific species names based on those given by Corbet and Hill
(1986). At present, the assignment of names at the levels of genus
and species is based on Groves (2005). A register of officially
accepted MHC names for 56 different NHP, for which annotated
MHC genes or alleles may have been published and maintained
by the IPD-MHC database, is provided (Table 1). Research on
other vertebrate species has resulted in the discovery and descrip-
tion of MHC systems as well (i.e., see IPD Database; www.ebi.
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ac.uk/ipd/mhc/), and most have been named according to the
nomenclature proposal that was originally published in 1990
(Klein et al. 1990). There is, however, a possibility that the
MHC:s of two or more different species have inadvertently been
given identical species designations (Ballingall et al. 2018;
Maccari et al. 2018). Therefore, this committee advises research
communities working on the MHC:s of other groups of species to
develop and publish an MHC register. In this way, potential
confusion will be avoided as much as possible.

Nomenclature for NHP MHC genes, lineages,
and alleles

As the human MHC (HLA), located on the short arm of chro-
mosome 6, is the MHC most thoroughly studied, the HLA com-
munity has longstanding experience in dealing with issues of
nomenclature. For that reason, the NHP committee uses the
HLA system as both a guideline and a reference to name MHC
genes, lineages, and alleles in NHP species. Our 2012 report
gives a detailed description of the important nomenclature issues
and how they apply to NHP species (de Groot et al. 2012). These
guidelines are still applicable, but where updates are needed the
changes implemented are described in this report. Table 1 pro-
vides an overview of the various classical and non-classical
MHC genes that are now described for the great and small apes,
Old World monkeys (OWM), and New World monkeys
(NWM). The next section describes in more details the specific
nomenclature applicable to particular NHP.

Non-human primate-specific nomenclature

In most cases, NHP MHC genes/lineages/alleles can be
named according to the 2010 nomenclature rules described
by the WHO Nomenclature Committee for Factors of the
HLA System (Marsh et al. 2010). However, research into
the MHC of non-human primates revealed genes/lineages that
are not detectable, or present, in the HLA system.
Consequently, in those cases, non-human primate-specific no-
menclature was introduced. For example, classical class I
genes in OWM species, such as the rhesus monkey, show
extensive gene copy number variation that is absent from the
HLA (Vogel et al. 1999; Daza-Vamenta et al. 2004; Otting
et al. 2005). An overview and explanation of all specific pre-
fixes and suffixes that are introduced in the non-human pri-
mate nomenclature is provided in Table 2.

Nomenclature for the MHC class | genes
in non-human primates

It has become manifest that the true orthologs of the HLA-A,
HLA-B, and HLA-C genes are only present in the great ape spe-
cies (Hans et al. 2017; Partham and Guethlein 2018). However,
some great ape species may have additional class I genes (Fig. 1);
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Table1 Register of official MHC symbols for non-human primates, and the genes and number of alleles represented in the IPD-MHC NHP Database
Genes for which data are present in the IPD-MHC NHP Database
No. of alleles in
Species Name MHC designation | the IPD Database Class | Class Il Non classical
Common Scientific New old 2012 2019 | A OKO B C [DP DQ DR DM DO| AL Ap E F G AG H | N Ps
Common chimpanzee Pan troglodytes Patr ChLA 266 349 + + + + + + + + + + + + +
Bonobo Pan paniscus Papa 30 90 + + + + + + + +
Eastern gorilla Gorilla beringei Gobe 3 + + o+
Greatand |Western gorilla Gorilla gorilla Gogo GoLA 82 117 + o+ + o+ + + + + + + + +
Small Apes [Sumatran orangutan Pongo abelii Poab 30 + + + + + + +
Bornean orangutan Pongo pygmaeus Popy OrLA 50 69 + + + + + + + + + +
Lar gibbon Hylobates lar Hyla 13 13 + + +
Silvery gibbon Hylobates moloch Hymo 15 +
Sooty mangabey Cercocebus atys Ceat 144 + + + + +
Blue monkey Cercopithecus mitis Cemi 8 15 +
de Brazza's monkey Cercopithecus neglectus Cene 2 2 +
Grivet Chlorocebus aethiops Chae 29 59 + + + + +
Vervet monkey Chlorocebus pygerythrus | Chpy 136 + +
Green monkey Chlorocebus sabaeus Chsa 25 157 + + + + + + +
Mantled guereza Colobus guereza Cogu 1 1 +
Black crested mangabey Lophocebus aterrimus Loat 1 1 +
Stump-tailed macaque Macaca arctoides Maar 15 31 + + + + + +
Assam macaque Macaca assamensis Maas 22 + + +
Crab-eating macaque# Macaca fascicularis Mafa 1344 2426 + + + + + + + + + + +
Japanese macaque Macaca fuscata Mafu 27 27 +
Northern Pig-tailed macaque Macaca leonina Malo 120 + + + + + + + +
owMm Rhesus monkey Macaca mulatta Mamu  RhLA 1096 1614 | + + + + + + + + + + +
Southern Pig-tailed macaque Macaca nemestrina Mane 408 848 + + + + + + + +
Lion-tailed macaque Macaca silenus Masi 9 9 +
Tibetan macaque#t Macaca thibetana Math 37 88 + + + + +
Drill Mandrillus leucophaeus Male 2 +
Mandrill Mandrillus sphinx Masp 42 42 +
Olive baboon Papio anubis Paan 11 292 + + + + + +
Yellow baboon Papio cynocephalus Pacy 18 18 + + + +
Hamadryas baboon Papio hamadryas Paha 9 17 + + + + +
Guinea baboon Papio papio Papp 4 4 +
Chacma baboon Papio ursinus Paur 23 23 +
Golden snub-nosed monkey* Rhinopithecus roxellana Rhro
Northern Plains Gray langur Semnopithecus entellus Seen Pren 1 1 +
Gelada Theropithecus gelada Thge 2 +
Guatemalan black howler Alouatta pigra Alpi 21 +
Azara's Night monkey Aotus azarae Aoaz 2 +
Gray-bellied Night monkey* Aotus lemurinus Aole
Nancy Ma's Night monkey Aotus nancymaae Aona 122 134 + + +
Black-headed Night monkey Aotus nigriceps Aoni 32 32 +
Three-striped Night monkey Aotus trivirgatus Aotr  OmLA 17 17 + + + + +
Spix's Night monkey Aotus vociferans Aovo 12 28 +
White-fronted spider monkey |Ateles belzebuth Atbe 8 8 + + + +
Black-headed spider monkey Ateles fusciceps Atfu 2 23 + + +
Common marmoset Callithrix jacchus Caja MalLA 61 214 + + + + + + +
NWM Pygmy marmoset Callithrix pygmaea Capy Cepy 2 2 +
Red-bellied Titi Callicebus moloch Camo 15 15 +
Tufted capuchin Cebus apella Ceap 6 6 +
Golden lion tamarin Leontopithecus rosalia Lero 2 2 +
White-faced saki Pithecia pithecia Pipi 9 9 + + + +
Brown-mantled tamarin Saguinus fuscicollis Safu 6 6 + +
Geoffroy's tamarin Saguinus geoffroyi Sage 2 2 +
White-lipped tamarin Saguinus labiatus Sala 19 19 + +
Moustached tamarin Saguinus mystax Samy 2 2 +
Cottontop tamarin Saguinus oedipus Saoe 79 79 + + + + + + + +
Common squirrel monkey Saimiri sciureus Sasc 15 15 + + +

Official MHC symbols presented in red are newly introduced in comparison to the 2012 report. When applicable, designations given in the past are
specified in the column “MHC designations old.” From the listed species, data are available in the IPD-MHC NHP Database, and the number of alleles of
a species is indicated by way of a comparison between the current numbers and those from 2012. In the last three columns, the MHC classes I and I and
non-classical genes for which data are available in the database are indicated. The numbers in red indicate newly introduced data, and a red plus marks
the corresponding gene(s) for which data have become available since 2012. The blue numbers indicate an expansion of the amount of data when
compared to 2012, and the genes for which data have become available are marked by a blue plus. OWM: Old World monkey. NWM: New World
monkey. * In the literature, the crab-eating macaque is also referred to as the long-tailed or cynomolgus macaque, and the Tibetan macaque is also referred
to as the Milne Edwards’s macaque. *NHP species for which the official MHC symbol is claimed but the IPD-MHC NHP Database is awaiting data

for example, some chimpanzee MHC haplotypes have an addi-
tional HLA-A-like gene, designated Patr-AL (Adams et al. 2001).
Some gorilla MHC haplotypes also have an additional A-related
gene, named Gogo-Oko, which shares features with the classical
MHC class I genes (Lawlor et al. 1991; Watkins et al. 1991a;
Hans et al. 2017). Moreover, some gorilla haplotypes have an-
other A-related gene, designated Gogo-A*05. This gene appears
to be the equivalent of the human pseudogene HLA-Y, and may
also be a pseudogene in gorillas (Hans et al. 2017). The

orangutan A gene (Popy-A) is closely related to Patr-AL
(Adams et al. 2001; Gleimer et al. 2011), emphasizing the fact
that true orthologs of HLA-A are present only in African great
apes.

Chimpanzees possess one copy of a B and C gene per haplo-
type, as is the situation in humans. In gorillas, haplotypes with
one copy of a B and C gene are also observed. In addition, some
gorillas have an additional B gene (Gogo-B*07) (Hans et al.
2017). In orangutans, the C gene can be present or absent
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Table 2 Specific prefixes and suffixes used in the MHC nomenclature of non-human primates
Prefix ID Description Reference
Al, Bl etc. Sequential Arabic numbers are added to a gene to identify the different (de Groot et al. 2012)
numbers of the gene that can be observed due to an expansion.
AG Introduced in Old World monkey (OWM) to describe a new gene. MHC-G (Boyson et al. 1997)
is a pseudogene in OWM, and its function has been taken over by MHC-AG.
AL Only used in Pan troglodytes MHC nomenclature, and refers to a MHC-A-like (Adams et al. 2001)
gene identified in this species.
Ap Only used in Pongo pygmaeus MHC nomenclature, and refers to an MHC-A (Adams et al. 2001)
pseudogene identified in this species.
1 Used in macaque MHC nomenclature to indicate an oligomorphic B-like gene. (Urvater et al. 2000)
N Only used in Saguinus oedipus MHC nomenclature to indicate “new, (Watkins et al. 1991b)
non-functional” MHC class I genes.
OKO Only used in gorilla MHC nomenclature to indicate a newly identified gene, (Lawlor et al. 1991; Watkins et al.
which is an A-related gene. 1991a; Hans et al. 2017)
Wor w Used to indicate that an allele cannot be designated to a specific locus/gene yet. (de Groot et al. 2012)
Ps Is also used as a suffix, and in both instances indicates a pseudogene. -
Suffix ID Description Reference
N The allele is characterized by a premature stop codon, also referred to -
as “null allele.”
Sp Used to indicate that the described allele is a splice variant. -

(Adams et al. 1999; de Groot et al. 2016), whereas the B gene
exhibits copy number variation, with a minimum of two B genes
per haplotype (Chen et al. 1992; de Groot et al. 2016). Due to the
absence of segregation and of sufficient genomic data, the differ-
ent paralogous B genes in orangutans have yet to be given official
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Fig. 1 Schematic overview of the MHC class I A and B/C region
haplotypes that are present in humans and the various great ape species.
The figure was adapted (Hans et al. 2017). The orthologs of the HLA-A,
HLA-B, and HLA-C genes are presented in blue boxes. The orthologs of
the A-related genes are in red boxes. The orthologous B genes present
only in gorilla and orangutan are depicted in green boxes. Bn indicates
that copy number variation in orangutan exists for the MHC-B gene
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gene designations. The additional Gogo-B*07 gene, which dif-
fers from the B clade shared between humans, chimpanzees, and
gorilla, appears to be most similar to the orangutan B genes
(Hans et al. 2017). Figure 1 gives a schematic impression of
the MHC-A and MHC-B/MHC-C region haplotypes that are
present in humans and great apes.

In various Old World monkey species, family studies and
genomic data have determined which genes are carried on the
same haplotype. To differentiate the paralogous genes in these
OWM, a nomenclature protocol was introduced that mirrors
the designation of the various human HLA-DRB region genes.
For example, Mamu-A1, Mamu-A2, and Mamu-A3 are closely
related MHC class I A genes of the rhesus macaque, which can
be present on the same MHC haplotype. Similar configura-
tions are present in other macaque species (Fig. 2). Currently,
the orthologous and paralogous relationships of the various
OWM MHC-B genes are poorly understood. We anticipate
that the precise order of the class I genes on macaque MHC
haplotypes will be determined in the near future, which should
aid in devising a precise and sensible nomenclature. A detailed
description of macaque MHC class I nomenclature is given in
the 2012 nomenclature report (de Groot et al. 2012).

Nomenclature of MHC-class Il alleles

Orthologs of HLA-DPAI, HLA-DPBI, HLA-DQAI, HLA-
DQBI, HLA-DRA, and HLA-DRB are present in all the non-
human primate species so far investigated. In the past, only
exon 2 sequences of MHC class II alleles were sequenced,
but this practice is giving way to the sequencing of full-length
cDNAs and genes (Otting et al. 2017). When naming non-
human primate class II alleles, the HLA class II nomenclature
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Fig. 2 Haplotype distribution of the Mhc-A genes in three macaque
species. Mamu is Macaca mulatta, Mafa is M. fascicularis, and Mane
is M. nemestrina. The presence of a haplotype in a particular macaque
species is indicated with a different colored circle (Budde et al. 2010;
Orysiuk et al. 2012; Doxiadis et al. 2013; Karl et al. 2013; Shiina et al.

is used when applicable. In some species, however, the class 11
genes have evolved differently from the human genes. For ex-
ample, HLA-DPAI is conserved, while the orthologous ma-
caque gene is polymorphic. Below we describe the rationale
behind naming the DQ, DP, DR, and DM of non-human pri-
mates (Maccari et al. 2017).

For the HLA-DQAI gene, six allele groups/lineages are
defined (Marsh et al. 2000), named DQAI*0I up to *06.
Great apes and OWM have alleles that group with the HLA-
DQA1#01 and the DQA1*05 lineages, and this is reflected in
the nomenclature. Thus, chimpanzee Patr-DQA1*01:01 is
orthologous to HLA-DQAI*01, and rhesus macaque Mamu-
DQAI1*05:01 is orthologous to HLA-DQA1*05. Other alleles
can belong to lineages that are specific to a species or to a
subset of non-human primate species. These lineages are num-
bered in series starting from DQAI*20, thus reserving HLA-
DQAI1*07-*19 for HLA-DQA lineages that have yet to be
discovered. Previously, lineage-numbers were given to se-
quences that do not meet the current criterion for a name
(full-length exon 2 sequences): for example, gibbon
DQAI*22. We encourage researchers to extend these incom-
plete sequences in order to confirm their lineage division.

Equivalents of the HLA-DQB1*02, *03, *05, and *06
lineages are present in great apes, whereas in OWM only
the DOB1*06 lineage has been found. Non-human
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2015). The brown open circles indicate the haplotypes that were detected
in several pedigreed groups of Southern pig-tailed macaques, but the
related data have not yet been published (B. Lafont, personal
observations). In M. fascicularis, the A6-gene haplotype distribution is
not yet known (Otting et al. 2007; Saito et al. 2012)

primate DQBI lineages with no similarity to HLA-DQOBI
lineages are numbered in series starting from DQOBI*15.

The DRA gene is relatively conserved in humans and
most non-human primates, with all allele designations be-
ing part of the DRA*(0] group. An exception is the ma-
caque DRA gene, which exhibits substantial variation in
exon 1. To accommodate this variation, a second group of
alleles, DRA*02, is defined for macaques. The DRB gene
is duplicated in humans as well as in non-human primates.
The non-human primate genes/loci are numbered DRBI,
DRB3, DRB5, and DRB6, and, in essence, follow the
HLA system. Within cases where a sequence or group
of sequences cannot yet be assigned to a gene, the gene
number is omitted, and the lineage number is preceded by
W, thereby denoting a temporary “workshop” designation.
For instance, Poab-DRB*WI118:01 is the most recently
designated DRB allele of the Sumatran orangutan, but its
precise relation to DRB in humans and other great apes is
not sufficiently well understood.

HLA-DPAI is oligomorphic, having four sub-lineages of
alleles. In contrast to humans, the macaque DPA gene is poly-
morphic, with alleles grouping into clusters, which are differ-
ent from the human equivalents. Historically, the DPAI*01
lineage name was used for humans and great apes, whereas
the macaque alleles were given the names DPA*02, *04, and
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*()6 up to *13, and the baboon DPA alleles were named
DPAI*14, *15, and *16.

Non-human primate DPB nomenclature is more complicated
because the gene evolved differently in humans and OWM. In
HLA-DPBI, the exchange of sequence motifs by recombination
has played a prominent role in the generation of allelic diversity.
Over a thousand sequences are currently known, named HLA-
DPBI1%01:01 up to HLA-DPB1*1069:01 (Gyllensten et al. 1996;
Marsh et al. 2010). The DPB gene in OWM is more polymorphic
than in humans, and these differences are generated mainly by
point mutations. Moreover, the alleles group into distinctive phy-
logenetic lineages (Otting et al. 2017). Consequently, the

Table 3 New class II alleles in gorilla (Gogo), orangutan (Poab and
Popy), and chimpanzee (Patr). The newly detected alleles are listed in
alphabetical order, together with the accession numbers and names of the
animals in which the sequences were present. The gorilla group (Gogo)
included the sire Jambo along with three offspring Mapasa, M’Zungu,

nomenclature of HLA-DPB barely overlaps with that of non-
human primate DPB. All human alleles are part of the
DPBI*01 lineage, whereas the macaque alleles, and those of
other non-human primates, are distributed among the
DPBI1%*01-*30 lineages.

Full-length chimpanzee class II cDNA sequences have
recently become available in the IPD-MHC Database
(Otting et al. 2019). In addition, class II sequences of
gorillas and two orangutan species have been deposited
(N. Otting, personal observations). The allele names, ac-
cession numbers, and individual animals studied are given
in Table 3 of this report. Phylogenetic analyses of great

and Wimbe. These animals share a haplotype, the alleles of which are
depicted in blue. The two subspecies of orangutan share a haplotype as
well, except for 1- or 2-nt differences in some alleles. This haplotype is
depicted in light green for the Sumatran Pongo abelii (Poab) and in dark
green for the Bornean Pongo pygmaeus (Popy)

Poab-DPA1*01:01
Poab-DPA1*01:02

LR025136 |Guchi
LR025137 |PPY1

Gene Accession Found in: Gene Accession Found in:
Gogo-DPA1*01:01 LR025139 [GGO5 Jambo Mapasa M'Zungu Wimbe Gogo-DRA*01:01:01 [LS974001 [GGO5 Jambo Mapasa M'Zungu Wimbe
Gogo-DPA1*18:01 LR025140 |Mali Jambo Gogo-DRA*01:01:02 [LS974002 [(GGO5
Gogo-DPA1*18:02 LR131841 |Wimbe Gogo-DRA*01:01:03 [LS974003 |Mali M'Zungu

Gogo-DRA*01:01:04
Poab-DRA:01:01:01

LR131840 [Mapasa
LS973997 |Jinjing

Gogo-DQA1*05:03
Gogo-DQA1*05:04
Gogo-DQA1*05:05
Poab-DQA1*01:01
Poab-DQA1*05:01

LR025193 [GGO5 Jambo Mapasa M'Zungu Wimbe
LR131845 [M'Zungu

LR131846 [Jambo Wimbe

LR025188 |Jinjing

LR025189 |Jinjing

bPal Poab-DPA1*17:01 LR025138 |Guchi Jinjing PPY1 DRA Poab-DRA:01:01:02  |LS973998 |Jinjing
Popy-DPA1*01:01 LR025132 |Elmar Katja Poab-DRA:01:02 LS973999 |Guchi PPY1
Popy-DPA1*17:01 LR025133 |Elmar Katja Poab-DRA:01:03 LS974000 |Guchi PPY1
Popy-DPA1*01:02 LR025134 [Jago Popy-DRA*01:01 LS973995 |Elmar Jago Katja
Popy-DPA1*01:03 LR025135 |Jago Popy-DRA*01:02 LS973996 |Katja
Gogo-DPB1*01:01 LS999928 |GGO5 Jambo Mapasa M'Zungu Wimbe Gogo-DRB1*03:07 LR535680 [Jambo Mapasa M'Zungu Wimbe
Gogo-DPB1*01:02 LS999929 |GGO5 Gogo-DRB1*03:09 LR135752 |Mali, GGO5
Gogo-DPB1*01:03 LS999930 ([Mali Gogo-DRB1*10:02 LR135757 |GGO5 Jambo Mapasa Wimbe
Gogo-DPB1*01:05 LR131843 [Wimbe Gogo-DRB3*01:01 LR135755 |GGO5 Jambo Mapasa M'Zungu Wimbe
Gogo-DPB1*01:06 LR131844 |Jambo Gogo-DRB5*01:01 LR135759 |GGO5
Poab-DPB1*01:01 LS999926 |Guchi Gogo-DRB5*01:02 LR135758 |M'Zungu

DPB1 |Poab-DPB1*01:02 LR130181 [PPY1 Gogo-DRB5*05:01 LR135756 |Jambo Mapasa M'Zungu Wimbe
Poab-DPB1*04:01 LS999927 [Guchi Jinjing PPY1 Gogo-DRB*W008:02 [LR135754 [(GGO5 Jambo Mapasa Wimbe
Popy-DPB1*01:01 LS999921 |Elmar Patr-DRB1*02:15 LR216145 |Riet
Popy-DPB1*01:02 LS999922 |Jago Patr-DRB1*02:16 LR216144 |Riet Bram Olga
Popy-DPB1*01:03 LS999923 ([Jago Patr-DRB5*03:11 LR216146 [Riet
Popy-DPB1*04:01 LS999924 |(Elmar Katja Patr-DRB5*03:14 LR216147 |Eva
Popy-DPB1*05:01 LS999925 |Katja Poab-DRB1*08:01 LR136933 |Guchi
Gogo-DQA1*05:02 LR025192 |GGO5 Mapasa DRB Poab-DRB3*02:01 LR136941 |PPY1

DQA1
Poab-DQA1*05:02 LR025190 [PPY1
Poab-DQA1*21:01 LR025191 |Guchi PPY1
Popy-DQA1*01:03 LR025184 (Elmar
Popy-DQA1*01:02 LR025185 [Jago
Popy-DQA1*05:01 LR025186 [Jago
Popy-DQA1*21:01 LR025187 |Elmar Katja
Gogo-DQB1*02:02 LR131847 [Jambo
Gogo-DQB1*19:04 LR025116 |GGO5
Gogo-DQB1*19:05 LR131848 [Jambo Mapasa M'Zungu Wimbe
Gogo-DQB1*19:06 LR131849 |M'Zungu Wimbe
Gogo-DQB1*19:07 LR131850 |Mapasa

DQB1 Poab-DQB1*03:01 LR025112 [PPY1

Poab-DQB1*06:01
Poab-DQB1*16:01
Poab-DQB1*16:02

LR025113 |Jinjing
LR025114 |Guchi PPY1
LR025115 |dinjing

Popy-DQB1*16:01 LR025109 |Elmar Jago Katja
Popy-DQB1*06:05 LR025110 [Jago
Popy-DQB1*06:03 LR025111 |Elmar
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Poab-DRB5*01:01
Poab-DRB5*01:02
Poab-DRB*W114:01
Poab-DRB*W115:01
Poab-DRB*W116:01
Poab-DRB*W117:01
Poab-DRB*W118:01
Popy-DRB1*08:01
Popy-DRB5*06:04
Popy-DRB5*06:05
Popy-DRB*W113:01
Popy-DRB*W114:01
Popy-DRB*W115:01
Popy-DRB*W116:01

LR136938 |PPY1
LR136939 |(PPY1
LR136935 |Guchi
LR136934 |Guchi PPY1
LR136936 |Jinjing
LR136937 |Jinjing
LR136940 |(PPY1
LR136929 |Jago
LR136931 [Elmar Katja
LR136932 |Katja
LR136926 |Elmar
LR136927 |Elmar
LR136928 |Elmar Katja
LR136930 |Jago
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ape, macaque, and human DPBI sequences point to DPB
polymorphism being limited in great apes, compared to
macaques (data not shown). However, the great ape
DPB alleles cluster into groups and are given lineage-
numbers DPB1*01-*05. Of note, there is no similarity
between great ape and Old/New World monkey DPBI
alleles that have the same lineage number.

Recent full-length class II sequencing of chimpanzee
Patr-DPB (Otting et al. 2019) identified errors in the exon
2 sequences that were described in the 1990s. After cor-
rection, the Patr-DPB alleles received new designations
as presented in Table 4.

Table 4 Renaming of DPBI alleles in chimpanzees (Patr)

Orthologs of the non-classical MHC class II genes, HLA-DM
and HLA-DQO, are also present in non-human primates, and the
DMA alleles of macaques have been named DMA*02 (Min et al.
2019). Full-length DMB sequences have been reported for chim-
panzees, gorillas, and orangutans (Alvarez et al. 1998).
Chimpanzee and gorilla DMB alleles cluster with HLA-
DMB*01, and were given the Patr-DMB*01 and Gogo-
DMB*01 names, respectively. Orangutan and macaques DMB
are named DMB*()2 and *03, respectively (Alvarez et al. 1998,
Min et al. 2019). Among the OWM, DO sequences have only
been described for macaques, and they have been named
DOA*01 and DOB*01 (Lian et al. 2018).

Allele designation Previous designation Accession numbers Remarks

Patr-DPBI1*01:01 Patr-DPBI1*05 U38868

Patr-DPBI1%*01:02 Patr-DPB1*06 U38869

Patr-DPB1*01:03 Patr-DPBI1*07 U38870

Patr-DPB1*01:04 Patr-DPB1*08 U38871

Patr-DPB1*01:05 Patr-DPBI1%#09 U38872

Patr-DPB1%#01:06 Patr-DPBI1*10 AF024567

Patr-DPB1%01:07 Patr-DPB1*11 AF024568/LT622891

Patr-DPB1%01:07 Patr-DPB1%#23 AF024561 After sequence update identical to DPB1*11
Patr-DPB1*#01:08 Patr-DPB1%12 U38875

Patr-DPB1*01:09 Patr-DPB1%13 AF024569/LT622890

Patr-DPB1%01:09 Patr-DPB1*18 AF024556 After sequence update identical to DPB1*13
Patr-DPB1%01:09 Patr-DPB1%24 AF024547 After sequence update identical to DPB1*13
Patr-DPB1*#01:10 Patr-DPB1*15 U38878

Patr-DPBI1*01:11 Patr-DPBI*16 AF024554/LT622887

Patr-DPBI1*01:11 Patr-DPB1%#25 AF024548 After sequence update identical to DPB1*16
Patr-DPBI1*01:11 Patr-DPB1*26 AF024549 After sequence update identical to DPB1*16
Patr-DPB1*01:12 Patr-DPBI1*17 AF024555/LT622892

Patr-DPB1#01:13:01 Patr-DPB1%22 AF024560/LT622889

Patr-DPB1*01:14 Patr-DPB1*27 AF024550

Patr-DPB1*#01:15 Patr-DPB1%#28 AF024551

Patr-DPB1%01:16 Patr-DPBI1%30 LT622886

Patr-DPB1#01:17 Patr-DPB1%31 LT622888

Patr-DPB1%01:17 Patr-DPB1#21 AF024559 After sequence update identical to DPB1*31
Patr-DPB1*%01:18 Patr-DPB1%32 LT622893

Patr-DPB1%02:01 Patr-DPB1*#19 AF024557/LT904984

Patr-DPBI1%02:02 Patr-DPBI*20 LT904985

Patr-DPB1%*02:02 Patr-DPB1*20 AF024558 After sequence update identical to DPB1#*20
Patr-DPB1%03:01 Patr-DPB1*01 U38865

Patr-DPBI1%03:02 Patr-DPBI1%02 U38646

Patr-DPBI1%03:03 Patr-DPBI1%03 U38866

Patr-DPBI1*03:04 Patr-DPB1%*04 AF024566/LT904983

Patr-DPB1%#03:05 Patr-DPB1%#29 AB183471

The Patr-DPB alleles cluster in three groups in phylogenetic analyses, and the old designations are adjusted and extended with the lineage-numbers *01,

*(2, and *03. Reading errors in former exon 2 submissions are updated in the public databases
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Fig.3 Annual growth of the IPD- 8000
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The IPD-MHC NHP Database

The IPD-MHC NHP Database (https://www.ebi.ac.uk/ipd/
mhc/group/NHP) is part of the IPD-MHC platform (https:/
www.ebi.ac.uk/ipd/mhc/). This platform was recently
upgraded, which has resulted in the incorporation of
sequence updates. In addition, new tools have been made
available and the submission procedure has been improved
(Maccari et al. 2017).

The first generation of the database went online in
March 2002 (Robinson et al. 2003, 2010), and since then it
has greatly expanded (Fig. 3). Today, the database includes
MHC data from great and small apes, OWM, and NWM, and
archives > 7400 allele sequences derived from 54 species of
NHP (Table 1). Due to the increasing interest in studying the
MHC of strepsirrhine species (e.g., lemurs, lorises, galagos,
pottos) (Averdam et al. 2009, 2011; Pechouskova et al. 2015;
Kaesler et al. 2017; de Winter et al. 2019), it is our intention to
deposit the data for these species in the IPD-MHC NHP
Database in the near future.

The database includes Mhc class I (full-length or
minimal exons 2 and 3) and class II (full-length or

HLA-A*01:01:01:01

[ Old World Monkeys [ New World Monkeys M GreatApes M Lesser Apes

minimal exon 2) sequences, which have been submitted
and published by numerous authors. Since the 2012 report
(de Groot et al. 2012), the database has almost doubled in
size and includes data from an additional eight species:
Hylobates moloch (de Groot et al. 2017a), Gorilla beringei
(Hans et al. 2017), Pongo abelii (de Groot et al. 2016),
Cercocebus atys (Heimbruch et al. 2015; Wang et al.
2015), Chlorocebus pygerythrus (Gieger et al., unpub-
lished), Macaca assamensis (Yan et al. 2013), Macaca
leonina (Lian et al. 2016, 2018), and Alouatta pigra
(Arguello-Sanchez et al. 2018) (Table 1, red numbers in
column 2019). For some established species in the IPD-
MHC NHP, the data have been extended. These species
are Pan troglodytes and Pan paniscus (Wroblewski et al.
2015; de Groot et al. 2017b; Maibach et al. 2017;
Wroblewski et al. 2017; Otting et al. 2019), Gorilla gorilla
(Hans et al. 2017), Pongo pygmaeus (de Groot et al. 2016),
Cercopithecus mitis (Liu et al. 2014), Chlorocebus sabaeus
(Aarnink et al. 2014), Macaca arctoides (Yan et al. 2013),
Macaca fascicularis (Lawrence et al. 2012; Orysiuk et al.
2012; Blancher et al. 2014; van der Wiel et al. 2015; Karl
et al. 2017; Otting et al. 2017), Macaca mulatta (Karl et al.

31 41 51 61

ATGGCCGTCA TGGCGCCCCG AACCCTCCTC CTGCTACTCT CGGGGGCCCT GGCCCTGACC CAGACCTGGG CGG

Patr-a*07:01
Patr-A*08:01:01:01 [3]

Patr-a*09:01 [1]

Fig. 4 Partial alignment of some chimpanzee A (Patr-A) alleles. The
human HLA-A*01:01:01:01 allele is taken as a reference sequence. The
brackets after the Patr-A*03:01 allele indicate that the A*03 lineage

@ Springer

contains six additional alleles. A dash indicates identity to the
consensus, and a nucleotide replacement is represented by the
conventional one-letter code
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2013; Dudley et al. 2014; van der Wiel et al. 2015; Otting
et al. 2017), Macaca nemestrina (Karl et al. 2014; van der
Wiel et al. 2015; Otting et al. 2017; Semler et al. 2018),
Macaca thibetana (Yan et al. 2013; Min et al. 2019), Papio
anubis (Otting et al. 2016; Morgan et al. 2018; van der
Wiel et al. 2018), Papio hamadryas (Morgan et al. 2018),
Aotus nancymaae and Aotus vociferans (Lopez et al.
2014), Ateles fusciceps (Cao et al. 2015), and Callithrix
jacchus (van der Wiel et al. 2013), and Otting et al. and
Mueller et al., unpublished) (Table 1, blue numbers in
column 2019).

The recently improved IPD-MHC Database is also able to
host genomic sequences and to provide a multiple sequence
alignment tool for the comparison of genomic and non-
genomic data (Maccari et al. 2017). This tool facilitates
single-gene alignments, as well as inter- and intra-species
gene alignments for all species groups within the IPD-MHC
database. As a standard, the alleles in an alignment are first
grouped by identity at the first two digits, which represents the
lineage. If a particular lineage contains several alleles, the
number of the additional alleles is indicated in brackets adja-
cent to the first allele (Fig. 4). Clicking on the associated
number will allow the corresponding sub-alignment to be vi-
sualized. This feature increases the visualization of large
alignments. In addition, the level of representation of an align-
ment can be varied by changing the value in the “resolution
level” field. Four different resolution levels can be chosen: 01
is lineage level; 01:01 is allele level; 01:01:01 is all alleles
including those with synonymous substitutions; and
01:01:01:01 is all alleles including those with non-coding
variation.

The curators of the IPD-MHC NHP Database are re-
sponsible for providing official designations for newly
identified alleles. Alleles/sequences can be submitted
using the online submission tool, which is found on the
IPD-MHC Database homepage (https://www.ebi.ac.uk/
ipd/mhe/). Currently, only one sequence can be
submitted at a time. However, we are developing a bulk
submission tool. To enhance the reliability of the alleles
deposited in the IPD-MHC NHP Database, we encourage
the scientist involved in non-human primate MHC re-
search to submit the sequences they identified in their
cohort studies, even if they are identical to already pub-
lished alleles. Every 6 months, the IPD-MHC Database
releases new data, which updates the website with all
novel NHP sequences, and with additions or corrections
to previously deposited allele sequences.
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