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1  | INTRODUC TION

The major histocompatibility complex (MHC) is a multigene family, 
and the proteins encoded by these genes play an important role in 
the adaptive immune response. The rise of the MHC correlates with 
the emergence of the jawed vertebrate species and dates back ap-
proximately 400 million years (Kasahara, Suzuki, & Pasquier, 2004). 
The MHC region is probably one of the most gene-dense regions 
in the mammalian genome, and many of its genes display abundant 
levels of polymorphism at the population level. In humans, the region 
is designated as human leucocyte antigen (HLA), and it is located 
on the short arm of chromosome 6 (band p21.3). Traditionally, the 
region is divided into three classes: MHC class I, II and III (Francke & 
Pellegrino, 1977). The MHC class I and II regions contain the genes 
encoding cell-surface molecules involved in the activation of the 
adaptive immune response as well as others essential in the antigen 
presentation pathway. The MHC class III region, situated between 
the class I and II regions, includes a variety of genes of which the 
gene products are involved in innate immunity or inflammation or in 
the regulation of immunity. In this review, the focus is on the MHC 
class I and II regions.

MHC class I molecules are composed of a heavy chain that 
is noncovalently bound to β2-microglobulin (β2M) and can be di-
vided into a classical and a nonclassical group. The classical ones 
are expressed on virtually all nucleated cells. In humans, these 
molecules are designated as HLA-A, HLA-B and HLA-C. They 
function as peptide receptors that can signal, for example, in-
fection. MHC class I molecules commonly present intracellularly 
processed peptides, approximately 9 amino acids in length (Falk, 
Rotzschke, Stevanovic, Jung, & Rammensee, 1991), to cytolytic 
CD8+ T cells (CTL). Most of the time these are self-peptides, but if 
a foreign peptide is presented, this may result in activation of the 
CTL and subsequently the lysis of the infected cell. In addition, 
the classical MHC class I molecules act as ligands for killer cell 
immunoglobulin-like receptors (KIR) expressed on natural killer 
(NK) cells and a subset of T cells (Parham, Norman, Abi-Rached, 
& Guethlein, 2012;Trowsdale, 2001). The group of nonclassical 
MHC class I molecules, designated in humans as HLA-E, HLA-F 
and HLA-G, may show a restricted tissue distribution and a spe-
cialized function (Braud et al., 1998;Burian et al., 2016;Dulberger 
et al., 2017;Soderstrom, Corliss, Lanier, & Phillips, 1997). These 
molecules play a role in regulation of the NK cell response and can 
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Abstract
The major histocompatibility complex (MHC) is one of the most gene-dense regions 
of the mammalian genome. Multiple genes within the human MHC (HLA) show ex-
tensive polymorphism, and currently, more than 26,000 alleles divided over 39 dif-
ferent genes are known. Nonhuman primate (NHP) species are grouped into great 
and lesser apes and Old and New World monkeys, and their MHC is studied mostly 
because of their important role as animal models in preclinical research or in connec-
tion with conservation biology purposes. The evolutionary equivalents of many of 
the HLA genes are present in NHP species, and these genes may also show abundant 
levels of polymorphism. This review is intended to provide a comprehensive compari-
son relating to the organization and polymorphism of human and NHP MHC regions.
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function as a ligand for CD49/NKG2 receptors and KIR receptors, 
or are a ligand for inhibitory leucocyte immunoglobulin-like recep-
tors (LILRs) expressed on monocytes or subsets of T, B and NK cells 
(Braud et al., 1998;Dulberger et al., 2017;Shiroishi et al., 2003). 
Peptide loading of MHC class I molecules involves first the cleav-
age of the endogenous protein into peptides by the proteasome, 
followed by transfer of the peptides into the endoplasmatic re-
ticulum (ER) by the transporters associated with antigen process-
ing (TAP) molecules (Kelly et al., 1992;Kelly & Trowsdale, 2019). 
These transporter molecules map within the MHC region and are 
encoded as a heterodimer of the proteins TAP1 and TAP2 (Spies 
et al., 1990;Trowsdale et al., 1990). Subsequently, loading of the 
peptide on the MHC class I gene product takes place in the ER.

MHC class II molecules are heterodimers and are composed 
of an alpha (α) and a beta (β) chain, coded by the A and B genes. 
Three main types of MHC class II molecules are recognized in hu-
mans—designated DP, DQ and DR—which are predominantly ex-
pressed on professional antigen-presenting cells, such as dendritic 
cells, macrophages and B cells. They usually bind extracellularly 
derived peptides of approximately 13–25 amino acids in length and 
present them to CD4+ T cells (Brown et al., 1988). MHC class II 
molecules regulate antibody responses and mediate CD4+ T-cell 
help. The expression of MHC class II molecules on the cell surface 
can be induced or upregulated by interferon-gamma (IFN-γ), via 
the expression of the transcriptional activator MHC class II trans-
activator (CIITA) (Steimle, Siegrist, Mottet, Lisowska-Grospierre, 
& Mach, 1994). Furthermore, the MHC class II region is occupied 
by two genes encoding the MHC class II-like molecules DM and 
DO, which are involved in the peptide loading and transport of 
MHC class II molecules to the cell surface (van Ham et al., 1997). 
Briefly, MHC class II molecules associate with class II-associated 
invariant chain peptide (CLIP) in the ER. After localization to the 
small endosomes, the DM molecule can associate with the MHC 
class II molecule and facilitate CLIP removal. Peptide loading then 
takes place, and the MHC class II/peptide complex is transported 
to the cell surface (Denzin & Cresswell, 1995). The DO molecule, 

expressed mainly in B cells, is thought to interact with DM and 
has an inhibitory effect on the above-described reaction (Glazier 
et al., 2002;Leddon & Sant, 2010).

The MHC is most thoroughly studied in humans, mainly be-
cause of its importance in transplantation biology and its impact 
on health and disease. MHC research in nonhuman primates (NHP) 
is carried out because of the important role that several differ-
ent NHP species may serve as preclinical models for human dis-
eases such as AIDS, malaria, tuberculosis, multiple sclerosis and 
rheumatoid arthritis, but also in transplantation research (Fitch 
et al., 2019;Nakamura, Shirouzu, Nakata, Yoshimura, & Ushigome, 
2019;t Hart, Bogers, Haanstra, Verreck, & Kocken, 2015;Watkins, 
Burton, Kallas, Moore, & Koff, 2008). In addition, the MHC in NHP 
receives increasingly more attention due to issues related to conser-
vation biology (Arguello-Sanchez et al., 2018;Cao et al., 2015;Hans, 
Bergl, & Vigilant, 2017;Maibach, Hans, Hvilsom, Marques-Bonet, & 
Vigilant, 2017). True orthologues of the human MHC class I and II 
genes may be present in different NHP species. This review starts 
with a brief introduction on NHP, followed by an overview on the 
similarities and/or differences in the MHC class I and II regions in 
humans and various NHP species. In the final chapter, an overall 
summary is provided, and some additional examples are presented 
of how information on NHP MHC has contributed to our knowledge 
on the HLA system.

2  | HUMANS AND NONHUMAN PRIMATES

Approximately 150,000–200,000 years ago, the modern human 
lineage arose in Africa (Mellars, 2006), and from there, it began 
populating the different continents. Since then, the human popula-
tion has greatly expanded, and it is estimated that there are more 
than 7.7 billion people living on our planet. From an evolution-
ary point of view, nonhuman primate species are humans’ closest 
living relatives, and they are grouped into great and lesser apes, 
and Old and New World monkeys. The common chimpanzee (Pan 

F I G U R E  1   Evolutionary relationship of 
primate species. An estimation of the time 
frame relating to the most recent common 
ancestor is shown on the right-hand side 
of the figure
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troglodytes, Patr) and bonobo (Pan paniscus, Papa) belong to the 
great ape species. Humans, chimpanzees and bonobos share a 
common ancestor that lived approximately 5–6 million years ago 
(Figure 1), and nearly 98.7% of their nonrepetitive DNA is similar 
(Fujiyama et al., 2002). The chimpanzee has its natural habitat in 
the forest and savannahs of equatorial Africa. Four subspecies are 
recognized; P.t. verus, P.t. troglodytes, P.t. schweinfurthii and P.t. ellioti. 
The bonobo inhabits different sections of forest lying south of the 
Congo River (Kawamoto et al., 2013;Zsurka et al., 2010). It is esti-
mated that chimpanzees and bonobos shared a common ancestral 
species about 1.5–2 million years ago (Becquet, Patterson, Stone, 
Przeworski, & Reich, 2007;Prado-Martinez et al., 2013). The gorilla 
is the other African great ape species and lives in the tropical rainfor-
ests on that continent. There are two species—namely, the mountain 
(Gorilla beringei, Gobe) and the lowland (Gorilla gorilla, Gogo) gorilla—
that shared with humans a common ancestor that lived roughly 
10 million years ago (Figure 1) (Scally et al., 2012). Orangutans are 
the only contemporary great ape species living outside Africa, and 
they inhabit subsections of the Asian continent. The Sumatran and 
Bornean orangutan (Pongo abelii, Poab and Pongo pygmeaus, Popy, re-
spectively) shared a common ancestor with humans approximately 
12–16 million years ago (Figure 1) (Locke et al., 2011). Recently, a 
third orangutan species has been described (Pongo tapanullensis) 
that lives in the north of Sumatra (Nater et al., 2017). Lesser apes 
live also on the Asian continent, and their natural habitat includes 
the tropical and subtropical rainforest of different South-East Asian 
countries. Two types of lesser apes are distinguished—namely, the 
gibbon (Bunopithecus, Hylobates and Nomascus species) and the 
siamang (Symphalangus species)—that shared with humans a com-
mon ancestor that lived nearly 18 million years ago (Glazko & Nei, 
2003;Perelman et al., 2011). Because at present little is known about 
the MHC of lesser apes, they will not be further discussed in this 
review.

The Old World monkeys (OWM) and New World monkeys 
(NWM) represent two other large groups of NHP. The group of 
OWM consists of 24 genera and 138 species in total, which makes 
it the largest primate family (Groves, 2005). It includes different 
macaque and baboon species, which shared with humans a com-
mon ancestor that lived about 25–33 million years ago (Figure 1) 
(Glazko & Nei, 2003;Perelman et al., 2011). OWM are widespread 
and live in different environments in Africa and Asia. The Barbary 
macaque, however, is the only NHP that has a small section of 
Europe among its natural habitat, namely Gibraltar. The tropical 
regions of Central and South America as well as Mexico are the 
natural habitat of NWM species. Five different families have been 
defined: Callitrichidae, Cebidae, Aotidae, Pitheciidae and Atelidae. 
Well-known species are, for instance, the common marmoset 
(Callithrix jacchus) and cotton-top tamarin (Saguinus oedipus), the 
common squirrel monkey (Saimiri sciureus), night monkeys (Aotus 
species), saki monkeys (Pithecia species) and spider monkeys (Ateles 
species), respectively. The NWM group shared with humans a com-
mon ancestor about 37–52 million years ago (Figure 1) (Glazko & 
Nei, 2003;Perelman et al., 2011).

3  | MHC ORGANIZ ATION

3.1 | Organization of the classical MHC class I genes 
in primate species

In humans, the MHC class I region comprises one copy of the clas-
sical HLA-A, HLA-B and HLA-C genes per chromosome (haplotype). 
Established orthologues of these genes are present in chimpanzees 
and bonobos and are designated Patr-A, Patr-B and Patr-C and Papa-A, 
Papa-B and Papa-C, respectively (Figure 2a). Some chimpanzee MHC 
haplotypes may have an additional HLA-A-like gene, named Patr-AL 
(Adams, Cooper, & Parham, 2001;Geller et al., 2002). This gene, 
however, encodes molecules that have features resembling those of 
nonclassical HLA molecules (Goyos et al., 2015), and its evolution-
ary history seems to be complex (Maibach et al., 2017). In gorillas, 
the orthologues of HLA-A, HLA-B and HLA-C are also present and 
are named Gogo-A, Gogo-B and Gogo-C (Figure 2a). However, there 
are gorilla haplotypes that, instead of the Gogo-A gene, contain an 
A-related gene, designated Gogo-Oko, which is located at the same 
position as Patr-AL but shares characteristics with HLA-A (Hans 
et al., 2017;Lawlor, Warren, Taylor, & Parham, 1991;Watkins, Chen, 
Garber, Hughes, & Letvin, 1991). Furthermore, some gorilla haplo-
types may have an additional copy of the B gene, named Gogo-B*07, 
which is more closely related to the orangutan B gene than to the 
HLA-B, Patr-B and Papa-B orthologues (Hans et al., 2017). Orangutan 
haplotypes contain one Popy-A gene (Figure 2a), and, although this 
gene is more closely related to Patr-AL, it appears to display signifi-
cant levels of polymorphism (Adams et al., 2001;Gleimer et al., 2011). 
This finding suggests that the true orthologues of HLA-A are only 
present in the African great ape species. The B gene in orangutans 
shows copy number variation, and a minimum of two B genes per 
haplotype are observed (Chen et al., 1992;de Groot et al., 2016). In 
orangutans, a C gene is either present or absent (Adams, Thomson, 
& Parham, 1999;de Groot et al., 2016). The C gene arose from a du-
plication of a B gene in the progenitor species of humans and oran-
gutans (Chen et al., 1992).

In OWM species, the apparent evolutionary equivalents of the 
HLA-A and HLA-B genes are present, but they lack the equivalent of 
HLA-C (Figure 2a). Macaques and baboons belong to the group of 
OWM and are most thoroughly studied for their MHC. Family stud-
ies and genomic data illustrated that the MHC class I region in OWM 
expanded massively during evolution and is far more complex than 
the HLA equivalent (Daza-Vamenta, Glusman, Rowen, Guthrie, & 
Geraghty, 2004;Doxiadis et al., 2013;Karl et al., 2013;Kulski, Anzai, 
Shiina, & Inoko, 2004;Otting et al., 2012;van der Wiel et al., 2018). 
In rhesus macaques (Macaca mulatta, Mamu), for example, a hap-
lotype can contain one to two highly (major) and up to five low 
(minor) transcribed A genes (Doxiadis et al., 2013;Karl et al., 2013). 
To differentiate between the paralogous A genes, they are named 
A1 to A7 (de Groot et al., 2012, 2019). In cynomolgus macaques 
(Macaca fascicularis, Mafa), an A8 gene can also be present (Shiina 
et al., 2015). In general, the A1 gene displays the most polymor-
phism, whereas less polymorphism is observed for the A2-A8 genes. 
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These latter genes are referred to as minors, because the products 
coded by these genes show lower levels of transcription and expres-
sion as compared to those of the A1 gene (Rosner, Kruse, Lubke, & 
Walter, 2010;Wiseman et al., 2009). There is some evidence that the 
macaque A2*05 gene performs a specialized function, as it is mainly 
found intracellularly, has a highly conserved antigen-binding site and 
primarily prefers 8-mer peptides as a ligand (de Groot, Heijmans, de 
Ru, et al., 2017). Currently, for the other paralogous A genes, the 
function is poorly understood. Figure 2b provides an overview of a 
few representative Mamu-A haplotype configurations, which is de-
fined as the unique combination of different types of A genes on 
a chromosome (for a complete overview of macaque A haplotype 
configurations, see de Groot et al., 2019). The number of paralogous 
Mamu-B genes on a haplotype can reach up to nineteen, although 
most of these genes are not transcribed (Daza-Vamenta et al., 2004). 
A haplotype can comprise one to six major and one to ten minor 
transcribed Mamu-B genes (Daza-Vamenta et al., 2004;Doxiadis 
et al., 2013;Karl et al., 2013). Due to contraction and expansion of 
the rhesus macaque MHC class I region, haplotypes may carry a 
differential number of highly related Mamu-B genes, which makes it 
difficult at this stage to assign alleles to a particular Mamu-B gene or 
locus. Therefore, in contrast to Mamu-A, no locus numbers have been 
introduced as yet for most paralogous Mamu-B genes. Exceptions 
are Mamu-I, which was previously designated as Mamu-B3, and is an 
oligomorphic gene present on each haplotype (Urvater et al., 2000), 
and the pseudogenes Mamu-B11, -B12, -B16 and -B17. Furthermore, 
macaque B transcripts may show differential expression across dif-
ferent leucocyte subsets, and this may have an effect on the MHC 
class I-restricted T-cell responses in macaque species (Greene 
et al., 2011).

Extensive research in different NWM species has failed to de-
tect the evolutionary equivalents of HLA-A genes, suggesting that 
these are absent in NWM. The apparent equivalent of HLA-B can be 

detected in NWM and shows differential levels of expansion among 
different NWM species and a low level or tissue-specific expression 
in the family of Callitrichidae (e.g. common marmoset and cotton-top 
tamarin) (Lugo & Cadavid, 2015). Most NWM, however, display an 
expansion and diversification of the HLA-G-like gene (Figure 2a). In 
humans, HLA-G represents a nonclassical MHC class I molecule with 
features such as restricted tissue distribution and less polymorphism. 
The HLA-G-like gene in NWM has been found to encode molecules 
that seem to have taken over the classical MHC class I antigen pre-
sentation function (Lugo & Cadavid, 2015;Watkins et al., 1990;van 
der Wiel, Otting, de Groot, Doxiadis, & Bontrop, 2013).

In summary, particularly humans and great apes share a highly 
similar MHC class I region. Dissimilarities occur considering the num-
ber of MHC class I genes present on a haplotype (Figure 2a), which 
may vary significantly in different NHP species.

3.2 | Nonclassical MHC class I molecules

The equivalents of HLA-E, HLA-F and HLA-G are present in great 
ape, OWM and NWM species. The genes that encode these mole-
cules display less polymorphism as compared to the genes encoding 
the classical MHC class I molecules and may often exhibit restricted 
tissue distribution. The gene encoding HLA-E is located on the cen-
tromeric side of HLA-A (Figure 2c). The genes encoding HLA-F and 
HLA-G are located on the telomeric side of HLA-A, in which the lo-
cation of the gene for HLA-G is in closer proximity to HLA-A than 
the gene encoding HLA-F (Figure 2c). The IPD-IMGT/HLA database 
(https://www.ebi.ac.uk/ipd/imgt/hla/), a specialist database for se-
quences of the human MHC, comprises 84 HLA-E, 44 HLA-F and 69 
HLA-G alleles, which encode 15 HLA-E, 6 HLA-F and 19 HLA-G pro-
teins, respectively (numbers according release 3.39.0). In nonhuman 
primates, the nonclassical MHC class I genes are less thoroughly 

F I G U R E  2   (a) Schematic organization of the MHC class I region in humans (HLA) and different nonhuman primate species (chimpanzee 
(Patr), bonobo (Papa), gorilla (Gogo), orangutan (Popy), rhesus macaque (Mamu) and common marmoset (Caja)). As compared to the 
organization in humans, chimpanzees may also have haplotypes that contain an extra A-like gene (Patr-AL) and that have features 
resembling that of nonclassical HLA molecules (Goyos et al., 2015); therefore, this gene is coloured in ochre in the figure. Some gorilla 
haplotypes include the A-related gene Gogo-Oko, which is located at the same position as Patr-AL, but shows characteristics of HLA-A (Hans 
et al., 2017;Lawlor et al., 1991;Watkins et al., 1991). In the figure, the gene is therefore indicated in the same yellow colour as HLA-A. For 
some gorilla haplotypes, an additional B gene (Gogo-B*07) is reported, indicated by the colour bordeaux in the figure, in order to highlight 
that it is more closely related to the orangutan B gene than to the HLA-B, Patr-B and Papa-B orthologues (Hans et al., 2017). The orangutan 
A gene is more closely related to Patr-AL and is therefore displayed in the figure in the corresponding colour. Furthermore, orangutan 
haplotypes have duplicated their B gene, and a C gene can be absent, which is indicated by a question mark. Rhesus macaque haplotypes 
comprise the evolutionary equivalents of the HLA-A and HLA-B genes, named Mamu-A and Mamu-B; therefore, these are indicated in 
corresponding colours. However, in contrast to HLA-A and -B, an expansion of the number of the Mamu-A and Mamu-B genes is observed. 
In common marmosets, the equivalent of the HLA-B gene, Caja-B, can be detected but it may be nonfunctional (Lugo & Cadavid, 2015); it is 
therefore presented in grey colour in the figure. The Caja-G gene is duplicated on a haplotype and encodes molecules that have taken over 
the classical antigen presentation function in common marmosets (Lugo & Cadavid, 2015;Watkins et al., 1990;van der Wiel et al., 2013). (b) 
Representative examples of Mamu-A haplotype configurations. The different paralogous A genes, A1 to A7, which can be detected in rhesus 
macaques (Macaca mulatta, Mamu), are indicated at the top of the figure. For Mamu-A2 and Mamu-A4, two different genes are described, 
designated Mamu-A2*01 and Mamu-A2*05, and Mamu-A4*14 and -A4*01/02/03, respectively, and they may be present on the same 
haplotype. To illustrate the diversity in haplotype configurations, each paralogous gene has been given its own specific colour. (c) Schematic 
organization of the nonclassical HLA class I genes, HLA-E, HLA-F and HLA-G. An identical organization can be found for these genes in great 
apes. In OWM and NWM species, the organization of the genes seems to be similar; however, species-specific expansion–contraction of the 
genes can be observed (Kono et al., 2014;Wu et al., 2018)

https://www.ebi.ac.uk/ipd/imgt/hla/
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investigated, and most studies have been based primarily on iden-
tification of the presence of the genes in a species. Table 1 provides 
an overview of the species in which the equivalents of HLA-E, HLA-F 
and HLA-G are documented, and for which data are available in the 
IPD-MHC NHP database (https://www.ebi.ac.uk/ipd/mhc/group /
NHP), a specialist database for sequences of the MHC of NHP. In 
NHP, a similar organization has been found as described for HLA-E, 
HLA-F and HLA-G genes.

MHC-E binds and presents 9-mer peptides derived from the 
leader sequences of the classical MHC class I polypeptides to in-
hibitory CD94:NKG2A/B and activating CD94:NKG2C receptors 
to regulate NK cell activity (Braud et al., 1998;Braud, Jones, & 
McMichael, 1997). In addition, pathogen-derived peptides can be 
bound by MHC-E and successfully presented to MHC-E-restricted 
CD8+ T cells (Joosten et al., 2010;Pietra et al., 2003;Salerno-
Goncalves, Fernandez-Vina, Lewinsohn, & Sztein, 2004). In 
humans and nonhuman primate species, limited diversity is ob-
served for MHC-E, and almost all primate species show a complete 

conservation of the peptide-binding groove of the corresponding 
molecule (Boyson et al., 1995;Knapp, Cadavid, & Watkins, 1998). 
For NHP, MHC-E polymorphism is most thoroughly investigated in 
the rhesus and cynomolgus macaque, and 33 and 16 different alleles 
are described encoding 30 and 14 proteins, respectively (Table 1). 
Rhesus and cynomolgus macaques may express 1–4 and 1–3 dis-
tinct MHC-E transcripts, respectively, suggesting that the MHC-E 
gene is duplicated in these species (Wu et al., 2018). Although the 
implications of this duplication in macaques are unclear, the HLA-E 
and the macaque counterparts show conservation concerning their 
T-cell immunity, which includes similar upregulation by viral patho-
gens and the presentation of identical viral peptides to CD8+ T cells 
(Wu et al., 2018).

Only recently, a couple of studies shed some light on the 
functional properties of HLA-F (Burian et al., 2016;Burrows 
et al., 2016;Dulberger et al., 2017;Garcia-Beltran et al., 2016), which 
illustrated that it may exist as open conformers: the HLA-F heavy 
chain without β2M and a peptide. In addition, the replacement of 

Scientific name Common name MHC-E MHC-F MHC-G/-AG

Gorilla gorilla Gorilla 2 (1) 3 (3) 1

Pan paniscus Bonobo   1

Pan troglodytus Chimpanzee 2 (1) 6 (3) 1

Pongo pygmaeus Bornean orangutan 1 1  

Pongo abelli Sumatran orangutan  2 (1)  

Cercocebus atys Sooty mangabey 3 (3) 4 (4)  

Chlorocebus aethiops Grivet   2 (2)/ -

Chlorocebus sabaeus Green monkey 3 (2)  -/ 1

Macaca fascicularis Cynomolgus macaque 16 (13) 33 (22) 10 (9)/ 36 
(27)

Macaca mulatta Rhesus macaque 33 (30) 24 (18) 4 (4)/ 9 (8)

Macaca nemestrina S. Pigtailed macaque 8 (8) 11 (7) -/ 1

Papio anubis Olive baboon  4 (3) -/ 5 (4)

Papio cynocephalus Yellow baboon 1   

Aotus lemurinus Gray-bellied Night m.  5 (5)  

Aotus trivigatus Three-striped Night m. 1  3 (3)

Ateles belzebuth White-fronted spider 
m.

1  3 (3)

Ateles fusciceps Black-headed spider m. 2 (2)  9 (9)

Callithrix jacchus Common marmoset 3 (2) 11 (6) 108 (99)

Leontopithecus rosalia Golden lion tamarin   2 (2)

Pithecia pithecia White-faced saki 1  4 (4)

Saguinus fuscicollis Brown-mantled tamarin   4 (4)

Saguinus labiatus White-lipped tamarin   13 (8)

Sagiunus oedipus Cotton-top tamarin 1 4 (4) 19 (11)

Saimiri sciureus Common squirrel m.   1

Note: Shown is the number of alleles and, in brackets, the number of proteins that are encoded (m. 
means monkey; S. means Southern) (numbers are according IPD-release 3.4.0.0). The number of 
animals studied may vary from 1 to approximately 150, depending on the species and gene.

TA B L E  1   Different great ape, 
OWM and NWM species in which the 
equivalents of HLA-E, HLA-F and HLA-G 
are described

https://www.ebi.ac.uk/ipd/mhc/group/NHP
https://www.ebi.ac.uk/ipd/mhc/group/NHP


     |  249HEIJMANS Et Al.

arginine (R) to tryptophan (W) at amino acid position 62 (R62W) 
of the HLA-F gene product converts HLA-F from an open con-
former into a peptide-presenting molecule that associates with 
β2M (Dulberger et al., 2017). This substitution is only observed in 
humans and orangutans, which most likely evolved independently 
in these two species, thus suggesting that in other primate spe-
cies MHC-F molecules only appear as open conformers (Dulberger 
et al., 2017). HLA-F open conformers function as a ligand for NK 
cell receptors: for example, KIR3DS1 (Garcia-Beltran et al., 2016). 
The peptide-bound form of HLA-F has been shown to interact 
with leucocyte immunoglobulin-like receptor 1 (LIR1), also denoted 
in the literature as LILRB1 or Ig-like transcript 2 (ILT2) (Dulberger 
et al., 2017). Interaction with ILT4 (also denoted as LIR2 or LILRB2) is 
also described (Lepin et al., 2000). HLA-F can present peptides that 
vary in length and may be more than 30 amino acids long, and re-
sembles the peptide binding as observed for MHC class II molecules 
(Dulberger et al., 2017).

HLA-G is expressed in the placenta by extravillous trophoblast 
cells, the foetal tissue that invades the uterine wall during embryo 
implantation at the beginning of pregnancy when the placenta is 
formed. The MHC-G in great apes shows a similar tissue distribution 
as well as limited polymorphism. In OWM, the equivalent of HLA-G 
is inactivated and became a pseudogene, and the function and ex-
clusive tissue distribution have been taken over by the gene desig-
nated MHC-AG (Boyson, Iwanaga, Golos, & Watkins, 1997). MHC-AG 
is identified in several OWM species, and a limited amount of poly-
morphism is recorded in rhesus and cynomolgus macaques (Table 1). 
In NWM, as mentioned in the previous section, the apparent ortho-
logue of HLA-G is present; however, in at least some of the NWM 
species, the HLA-G-like gene seems to fulfil the classical antigen pre-
sentation function (van der Wiel et al., 2013). The common marmo-
set is the most intensively studied NWM species, and 108 different 
Caja-G alleles distributed over 19 lineages are currently retrievable 
in the IPD-MHC NHP database. HLA-G acts primarily as ligand for 
the LILRB1 and LILRB2 receptors that are expressed on monocytes 
or subsets of T, B and NK cells (Shiroishi et al., 2003). Furthermore, 
the NK cell receptor KIR2DL4 may interact with HLA-G (Yan & 
Fan, 2005). Equivalents of the LILRB and KIR2DL4 receptor mol-
ecules are present in different nonhuman primates (Abi-Rached, 
Moesta, Rajalingam, Guethlein, & Parham, 2010;Blokhuis, van der 
Wiel, Doxiadis, & Bontrop, 2009;Canavez et al., 2001;Guethlein 
et al., 2017;Prall et al., 2017;Slukvin, Grendell, Rao, Hughes, & 
Golos, 2006), suggesting that similar immunological responses can 
be initiated in different primate species.

In addition to the above-described nonclassical MHC class I mol-
ecules that are conserved between humans and NHP, different NHP 
species appear to possess species-specific MHC genes that encode 
molecules that also have nonclassical features. An example is Patr-AL. 
This chimpanzee-specific MHC-A-like gene is present on approxi-
mately half of the chimpanzee MHC haplotypes (Geller et al., 2002), 
suggesting that the absence of the gene in homozygous animals is 
still compatible with life. Patr-AL transfection studies have illus-
trated that its distinctive cytoplasmic tail initiates the intracellular 

retention of the molecule, which results in low cell-surface expres-
sion (Goyos et al., 2015). Patr-AL has an overlapping peptide-binding 
repertoire with HLA-A2 (Gleimer et al., 2011), and it is suggested 
that it may fulfil a specialized function, although it is unclear why 
the gene then never reached fixation. In several macaque species 
and in the sooty mangabey (Cercocebus atys), an MHC-B-like gene, 
named MHC-I, can be found, which is characterized by low levels of 
polymorphism (de Groot et al., 2019;Heimbruch et al., 2015;Urvater 
et al., 2000). The gene seems to have arisen from a duplication event 
in the MHC-B block of OWM and is fixed. The function of the mol-
ecules encoded by the MHC-I gene is currently unknown. Based on 
its hybrid character, between classical and nonclassical MHC class I 
molecules, high levels of conservation, and the observation that it 
is detected mainly intracellularly (Rosner et al., 2010), it most likely 
fulfils an at present unknown specialized function.

3.3 | Organization of the MHC class II genes in 
primate species

The evolutionary equivalent of HLA-DP, HLA-DQ and HLA-DR 
genes is present in great apes, OWM and NWM species, although 
some exceptions are observed in the DP region of certain NWM 

F I G U R E  3   Schematic organization of the MHC class II region 
in humans (HLA), great apes, Old World monkey (OWM) and New 
World monkey (NWM). *The DP region in the common marmosets 
seems to be inactive, whereas this region is found to be active in 
the cotton-top tamarin and Nancy Ma's night monkey (Antunes 
et al., 1998;Bidwell et al., 1994;Diaz et al., 2002)
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species (Figure 3) (Antunes et al., 1998;Bidwell et al., 1994;Bontro
p, 2006;Diaz, Daubenberger, Zalac, Rodriguez, & Patarroyo, 2002). 
In humans, two DPA, DPB, DQA and DQB genes are present per 
haplotype. The HLA-DPA1/DPB1 and HLA-DQA1/DQB1 pairs en-
code functional products, which are expressed on the cell surface 
of professional antigen-presenting cells like B cells and dendritic 
cells. The HLA-DQA2/DQB2 gene pair is also found to encode func-
tional transcripts, but the corresponding proteins are expressed 
only on epidermal Langerhans cells (Lenormand et al., 2012). Great 
apes and NWM possess two DPA, DPB, DQA and DQB genes on a 
haplotype as well, whereas in OWM, the DQA2 and DQB2 genes 
have been deleted (Bontrop, 2006;Bontrop, Otting, de Groot, & 
Doxiadis, 1999). Functional transcripts for the DPA1/DPB1 and 
DQA1/DQB1 tandems are described in great apes, OWM and 
NWM.

The HLA-DR region comprises one DRA gene, whereas the 
DRB region shows copy number variation, and one to four genes/
pseudogenes can be present per haplotype (Figure 4a). On a chro-
mosome, the combination of different DRB genes, referred to as 
haplotype configuration, can be unique. Five HLA-DR haplotype 
configurations are encountered in humans, termed DR1, DR8, 
DR51, DR52, DR53, differing in gene content and its combinations 
(Marsh, Parham, & Barber, 2000). Great apes, OWM and NWM 
show disparate variation as regards DR haplotype configurations. 
For the great apes, chimpanzees in particular are studied exten-
sively, and nine different DR haplotype configurations are known 
(de Groot et al., 2009). One DRA gene and two to five DRB genes/
pseudogenes per haplotype can be present (Figure 4b). Humans and 
chimpanzees share the haplotype configuration containing the DRB
1*07/DRB7*01/DRB8/DRB4*01 genes, which in humans represents 
one of the DR53 haplotypes. Macaque and baboon species, as rep-
resentatives of the OWM, possess many different DR haplotype 
configurations (Figure 4c). Each haplotype contains one DRA gene, 
but the number and content of DRB genes can vary extensively 
(Doxiadis et al., 2007;Doxiadis, de Vos-Rouweler, de Groot, Otting, 
& Bontrop, 2012). Two to six DRB genes/pseudogenes per haplotype 
can be encountered. DRB6 is a pseudogene that is often present, 
and it is speculated that the retroviral element in this pseudogene 
may drive recombination, resulting in many different DR haplotype 
configurations (Doxiadis, de Groot, & Bontrop, 2008). In contrast, in 
common marmosets, an NWM species, only one DR haplotype con-
figuration is reported, containing one DRA and three types of DRB 
genes (Figure 4d) (Antunes et al., 1998;Doxiadis et al., 2006). The 
Caja-DRB genes are either monomorphic or display only moderate 
levels of polymorphism, and one gene, Caja-DRB1*03, appeared to 
be a pseudogene. From this pseudogene, the characteristic EYSTS-
motif, which is fundamental for the peptide-binding site, was “res-
cued” by a recombination event in common marmosets (Doxiadis 
et al., 2006).

Briefly, in general the organization of the MHC II region in hu-
mans and NHP is comparable. In particular, dissimilarities are ob-
served in the total number of DRB genes present per haplotype, and 
one to four DRB genes can be transcribed per haplotype.

4  | MHC POLYMORPHISM: HUMANS 
VERSUS CHIMPANZEES AND RHESUS 
MAC AQUES

4.1 | Reduced MHC repertoire in Pan species

Worldwide, over 1,200 human population studies have been 
performed concerning the characterization of the MHC reper-
toire (Gonzalez-Galarza et al., 2015). The IPD-IMGT/HLA data-
base (Robinson et al., 2015) currently comprises data on 5,907 
HLA-A, 7,126 HLA-B, 5,709 -C, 168 HLA-DPA1, 1,537 HLA-DPB1, 
229 HLA-DQA1, 1,795 HLA-DQB1, 29 HLA-DRA and 3,331 HLA-
DRB alleles (numbers are according release 3.39.0). For com-
mon chimpanzees, individuals of P.t.verus, P.t.troglodytes and 
P.t.schweinfurthii populations were studied for their MHC reper-
toire (de Groot et al., 2000;Maibach et al., 2017;Otting, de Groot, 
& Bontrop, 2019;Wroblewski et al., 2015). One has to realize, how-
ever, that for NHP no commercial MHC typing kits are available, and 
the MHC genes are studied independently. The characterization of 
the MHC in NHP may comprise family-related animals, which allows 
the definition of MHC haplotype. For chimpanzees, approximately 
250 animals were studied for the MHC, but the number of genes 
studied per animal may vary. The IPD-MHC NHP database (de Groot 
et al., 2019;Maccari et al., 2017) archives 46 Patr-A, 88 Patr-B, 47 
Patr-C, 10 Patr-DPA1, 34 Patr-DPB1, 11 Patr-DQA1, 13 Patr-DQB1, 
5 Patr-DRA and 81 Patr-DRB alleles (numbers are according release 
3.4.0.0). Although there is a considerable discrepancy between the 
total number of humans and chimpanzees analysed, a thorough 
population analysis demonstrated that chimpanzees experienced a 
selective sweep that targeted their MHC class I region (de Groot & 
Bontrop, 2013;de Groot et al., 2002). As a result, chimpanzees have 
a reduced MHC class I repertoire (Figure 5). The Patr-A alleles are 
only related to the evolutionary equivalents of the HLA-A1/A3/A11/
A30 family, whereas the equivalents of the other five HLA-A fami-
lies (HLA-A2, HLA-A9, HLA-A10, HLA-A19 and HLA-A80) are absent. 
Gorillas (≈35 animals were studied for their MHC class I variation), 
however, possess the evolutionary equivalents of the HLA-A2 family 
(Hans et al., 2017;Lawlor et al., 1991). Therefore, this HLA-A2 fam-
ily originates from a shared ancestor of humans, chimpanzees and 
gorillas, and as such is lost in chimpanzees. Chimpanzees also have 
a reduced B and C repertoire (Figure 5) (de Groot & Bontrop, 2013) 
and show a reduction in the MHC class I chain-related gene (MIC) 
repertoire (de Groot et al., 2005). With regard to diminished levels 
of allelic polymorphism and lineages, this genetic footprint illustrates 
that chimpanzees experienced a selective sweep in their MHC class 
I repertoire. The question is whether this footprint extends to the 
MHC class II region. Indeed, for the MHC class II genes, chimpanzees 
also possess a relatively low number of lineages and alleles as com-
pared to humans. For example, Patr-DQA and Patr-DQB alleles each 
cluster into three lineages, in contrast to the HLA-DQA and HLA-DQB 
alleles, that each cluster into six different lineages (Table 2). For the 
DRB region, in particular the total number of HLA-DRB1 lineages ex-
ceeds the total number of Patr-DRB1 lineages (Table 2). Chimpanzees 
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only possess DRB1 alleles clustering into the HLA-DRB1*03, *07 and 
*10 lineage, and alleles clustering into the HLA-DRB1*01, *08, *09, 
*11 till *16 lineages have not been detected (de Groot et al., 2008, 
2009;Otting et al., 2019). Moreover, the equivalent of the HLA-
DRB1*04 lineage, which is present in macaques and humans, and as 
such represents an old entity, was lost during chimpanzee evolution 
(de Groot et al., 2009). The HLA-DPB1 genes seem to evolve rapidly. 
The concerted action of point mutations and the exchange of se-
quence motifs has resulted in the definition of over 1,500 HLA-DPB1 
alleles (https://www.ebi.ac.uk/ipd/imgt/hla/stats.html). The rapid 
evolution, however, hampered division of the HLA-DPB1 alleles into 
distinct lineages, and most alleles received their own lineage name 
(DPB1*01 to DPB1*999). In chimpanzees, only 34 DPB1 alleles are de-
fined, which cluster into three distinct lineages (Otting et al., 2019). 
The mechanism of frequent exchange of sequence motifs, which 

is the hallmark for the HLA-DPB genes, seems to be absent here. 
Although chimpanzees appear to possess a limited MHC class II 
repertoire as compared to humans, recent work highlighted that the 
limited number of alleles present are distributed maximally across 
different haplotypes by means of crossing-over processes. More 
in detail, in a group of chimpanzees (P.t.verus), which comprised 27 
founders animals, a total number of 37 unique DPA-DPB-DQA-DQB-
DRA-DRB haplotypes have been defined (Otting et al., 2019).

Recently, three independent research groups published elab-
orate work on the bonobo MHC class I repertoire (≈100 animals, 
but number of genes studied per animal may vary), and this has 
resulted in the characterization of 24 Papa-A, 33 Papa-B and 17 
Papa-C alleles (de Groot, Heijmans, Helsen, et al., 2017;Maibach 
et al., 2017;Wroblewski et al., 2017). The selective sweep that 
targeted the chimpanzee MHC class I region was dated to have 

F I G U R E  4   Schematic overview of DR 
haplotype configurations in (a) human, 
(b) chimpanzee, (c) rhesus macaque and 
(d) common marmoset. For the rhesus 
macaque, only a representative number 
of DR haplotype configurations is shown. 
The different functional DRB genes on 
a haplotype configuration are indicated 
in red boxes, whereas the blue boxes 
represent pseudogenes. Each haplotype 
configuration has a DRA gene present 
(yellow box). The different genes within 
a gene region are numbered sequentially 
in the order of description, and for NHP, 
wherever possible, the HLA nomenclature 
was followed. However, when it is not 
clear whether it is a different gene or that 
we are dealing with multiple lineages that 
belong to the same gene, a workshop 
(W) designation has been introduced. 
$On some haplotypes the HLA-DRB4 
gene is translated. #There are two 
transcripts detected that partially contain 
Caja-DRB1*03, which illustrates that 
occasionally this gene can be functional. 
In those two cases, the exon 2 part of 
the DRB1*03 gene is placed in the Caja-
DRB*W16 gene backbone, most likely by 
exon shuffling, and the products were 
found to be highly transcribed (Doxiadis 
et al., 2006)

(a)

(b)

(c)

(d)

https://www.ebi.ac.uk/ipd/imgt/hla/stats.html
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happened approximately 2–3 million years ago (de Groot et al., 2002), 
before the speciation of chimpanzees and bonobos about 1.5 to 2 
million years ago (Becquet et al., 2007;Prado-Martinez et al., 2013). 
Bonobos share a comparable MHC class I repertoire with that of 
chimpanzees (Figure 5) (de Groot, Heijmans, Helsen, et al., 2017), 
which further confirmed that the selective sweep took place before 
the speciation of these two species. However, bonobos appear to 
have an even more reduced MHC class I B repertoire than chimpan-
zees (Figure 5) (de Groot, Heijmans, Helsen, et al., 2017;Wroblewski 
et al., 2017). This suggests that after the selective sweep, bonobos 
experienced subsequent selective forces that have further shaped 
their MHC class I repertoire. Based on the functional characteristics 

of the present bonobo MHC-B repertoire, we recently put forward 
the hypothesis that a malaria-like parasite may be a candidate 
pathogen that has further shaped their MHC repertoire (de Groot, 
Stevens, & Bontrop, 2018).

One wonders what may have caused the initial selective sweep. 
In brief, chimpanzees appear to be relatively resistant to developing 
AIDS after experimental infection with human immunodeficiency 
virus type-1 (HIV-1) or natural infection with the chimpanzee-derived 
simian immunodeficiency virus (SIVcpz) infection (de Groot, Heijmans, 
& Bontrop, 2017). In bonobos, infections with HIV-1/SIV have not 
been documented (Li et al., 2012). In humans, a relative resistance 
to developing AIDS correlates with the presence of particular HLA 

F I G U R E  5   Pie charts illustrating the MHC class I intron 2 lineage distribution in human (HLA), chimpanzee (Patr) and bonobo (Papa) 
(adapted from Groot, Heijmans, & Bontrop, 2017). The influence of selection on the classical MHC class I genes has been studied by 
comparing intron 2 variation in humans and chimpanzee alleles in two well-defined populations (de Groot et al., 2002). The intron 2 lineages 
have been defined based on phylogenetic clustering of the different human and chimpanzee intron 2 alleles, and the presence of a particular 
intron 2 lineage (in MHC-A numbered a1-a10, in MHC-B b1-b6 and in MHC-C c1-c9) in a species is indicated by a coloured section in a pie. 
Statistical analyses showed that the intron 2 variation found in humans as compared to chimpanzees is 2.56 and 2.64 times higher for 
MHC-A and for MHC-B, respectively (de Groot et al., 2002). Subsequently, analyses on the difference in unique number of alleles (Δne) of 
MHC class I intron 2 revealed that for all three MHC class I genes (A, B and C), a statistical significant difference was observed for the Δne 
as well as for the ratio (number of unique alleles in humans divided by the number of unique alleles in chimpanzees) between humans and 
chimpanzees (de Groot & Bontrop, 2013), and substantiated that chimpanzees experienced a selective sweep targeting their MHC class I 
repertoire. Recently, MHC class I analyses (including exon 2, intron 2 and exon 3) was conducted in a panel of bonobos, and this revealed 
that this species shows an even more reduced MHC class I B intron 2 repertoire as compared to chimpanzees (de Groot, Heijmans, Helsen, 
et al., 2017)
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allotypes, such as HLA-B*27/B*57 (Fellay et al., 2007;Goulder & 
Walker, 2012;Kiepiela et al., 2004). From a functional point of view, 
the reduced chimpanzee MHC class I repertoire encodes allotypes 
that have the capability of targeting conserved retroviral elements 
(Groot, Heijmans, & Bontrop, 2017;de Groot et al., 2010), and act in a 
way similar to that of the AIDS controlling HLA-B*27/B*57 allotypes 
in humans. Hence, the selective sweep in the MHC class I repertoire 
of chimpanzees was most likely caused by an ancestral retroviral 
infection that had similarities to HIV-1 (de Groot et al., 2010). This 
assumption is supported further by a recent investigation of CD4 
receptor diversity in a large sample of wild chimpanzees (Bibollet-
Ruche et al., 2019). CD4 is the primary receptor used by HIV-1/SIVs 
to enter the target cell. Although the D1 domain of the chimpan-
zee CD4 displays polymorphism, they are distributed differentially 
among the chimpanzee subspecies, and in such a way that the most 
logical explanation is that these polymorphisms have evolved in a 
common ancestor. Based on the lines of evidence that the selective 
sweep in the chimpanzee MHC class I was caused by an ancestral 
retroviral infection such as HIV-1/SIVcpz, it has been suggested that 
different SIVs may as well have shaped the chimpanzee CD4 reper-
toire (Bibollet-Ruche et al., 2019).

4.2 | MHC polymorphism in rhesus macaques

Rhesus macaques are often used as a model species in biomedical 
research to study human diseases. In particular, they serve as mod-
els to evaluate HIV-1 vaccine candidates or vaccine components 
(Fauci et al., 2008;Watkins et al., 2008). But rhesus monkeys, for 
instance, are also used as preclinical models in rheumatoid arthri-
tis and transplantation research (Bontrop, 2001;Vierboom, Jonker, 
Bontrop, & t Hart B, 2005). Within these models, knowledge regard-
ing MHC polymorphism and its functional consequences may con-
tribute in finding a rationale for the immune responses observed. 
Over the past few decades, the MHC has been studied exten-
sively in rhesus macaques (> 5,000 individuals), mostly in animals 
of Indian or Chinese origin, and has resulted in the description of 
over 1,800 alleles belonging to 31 different genes (https://www.ebi.
ac.uk/ipd/mhc/stati stics). But other macaque species, such as the 
cynomolgus macaque (≈ 3,000 individuals) and southern pigtailed 

TA B L E  2   Overview of the DRB, DQA and DQB lineages in 
humans, chimpanzees (Patr) and rhesus macaques (Mamu)

Human Chimpanzee 
Rhesus 
macaque 

HLA-DQA1*01 Patr-DQA1*01 Mamu-DQA1*01

HLA-DQA1*02   

HLA-DQA1*03   

HLA-DQA1*04   

HLA-DQA1*05 Patr-DQA1*05 Mamu-DQA1*05

HLA-DQA1*06   

 Patr-DQA1*20  

  Mamu-DQA1*23

  Mamu-DQA1*24

  Mamu-DQA1*26

HLA-DQB1*02   

HLA-DQB1*03 Patr-DQB1*03  

HLA-DQB1*04   

HLA-DQB1*05   

HLA-DQB1*06 Patr-DQB1*06 Mamu-DQB1*06

 Patr-DQB1*15 Mamu-DQB1*15

  Mamu-DQB1*16

  Mamu-DQB1*17

  Mamu-DQB1*18

  Mamu-DQB1*24

HLA-DRB1*01   

 Patr-DRB1*02  

HLA-DRB1*03 Patr-DRB1*03 Mamu-DRB1*03

HLA-DRB1*04 a  Mamu-DRB1*04

HLA-DRB1*07 Patr-DRB1*07 Mamu-DRB1*07

HLA-DRB1*08   

HLA-DRB1*09   

HLA-DRB1*10 Patr-DRB1*10 Mamu-DRB1*10

HLA-DRB1*11   

HLA-DRB1*12   

HLA-DRB1*13   

HLA-DRB1*14   

HLA-DRB1*15   

HLA-DRB1*16   

HLA-DRB3*01 Patr-DRB3*01  

HLA-DRB3*02 Patr-DRB3*02  

HLA-DRB3*03   

  Mamu-DRB3*04

 Patr-DRB3*07  

HLA-DRB4*01 Patr-DRB4*01 Mamu-DRB4*01

HLA-DRB4*02 Patr-DRB4*02  

HLA-DRB4*03   

HLA-DRB5*01 Patr-DRB5*01  

(Continues)

TA B L E  2   (Continued)

Human Chimpanzee 
Rhesus 
macaque 

HLA-DRB5*02   

 Patr-DRB5*03 Mamu-DRB5*03

 Patr-DRB*Wb  Mamu-DRB*Wb 

Note: Shared lineages between humans and chimpanzees or humans 
and rhesus macaques are indicated in boldface.
aDuring evolution, chimpanzees lost the equivalent of the HLA-DRB1*04 
lineage (de Groot et al., 2009). 
bSee the IPD-MHC NHP database for the different lineages. 

https://www.ebi.ac.uk/ipd/mhc/statistics
https://www.ebi.ac.uk/ipd/mhc/statistics
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macaques (Macaca nemestrina, Mane) (≈ 500 individuals), have also 
been investigated thoroughly, and more than 2,400 and 800 alleles 
belonging to 33 and 25 genes, respectively, have been assigned. 
When focussing on the classical MHC class I and II genes encod-
ing the antigen presentation molecules, in rhesus macaques 245 
Mamu-A1, 588 Mamu-B, 50 Mamu-DPA1, 66 Mamu-DPB1, 47 Mamu-
DQA1, 79 Mamu-DQB1, 28 Mamu-DRA and 261 Mamu-DRB alleles 
have been documented (numbers are according release 3.4.0.0) (de 
Groot et al., 2019;Maccari et al., 2017). The Mamu-A1 and Mamu-B 
alleles have been subject to expansion, form their own monophy-
letic groups and do not cluster together with human or great ape 
Mhc class I A and B alleles, respectively (de Groot et al., 2012). 
Intermingling with A1 and B alleles of other macaque species is fre-
quently observed (de Groot et al., 2012). Although the human and 
macaque class I alleles do not show a close phylogenetic relation-
ship at the sequence level, similarities are observed when functional 
characteristics of the allotypes, such as peptide-binding profiles, are 
considered. The peptide-binding cleft of an MHC class I molecule 
is tight, is encoded by exons 2 and 3 of the MHC class I gene and 
consists of six different pockets, designated A to F. Several HLA-A 
and HLA-B allotypes are clustered into supertypes based on their 
functional characteristics and the amino acid composition of their B 
and F pockets (Sidney, Peters, Frahm, Brander, & Sette, 2008). The 
B and F pockets usually bind the anchor residues of the peptides, 
although there are many exceptions to this rule. In general, MHC 

class I molecules bind peptides nine amino acids in length, in which 
the amino acids at the second position and at the C-terminal end 
bind into the B and F pocket, respectively. Six different HLA-A and 
six different HLA-B supertypes are recognized, all of which have 
their own specific chemical characteristic at the B and F pocket 
(Table 3). For 24 Mamu-A and Mamu-B allotypes, the peptide-
binding motifs are known (Allen et al., 1998;Dzuris et al., 2000;de 
Groot et al., 2013;de Groot, Heijmans, de Ru, et al., 2017;Hickman-
Miller et al., 2005;Loffredo et al., 2009;Mothe et al., 2013;Reed 
et al., 2011;Sette et al., 2012;Solomon et al., 2010;Southwood 
et al., 2011), and although many of them have unique features, some 
share features with the HLA supertypes A02, A03, B07, B27 and 
B44 (Table 3). Therefore, human and rhesus macaque MHC class I 
molecules may select the same processed peptides for activating 
the immune response, thereby proving the relevance of rhesus ma-
caques as preclinical models.

An overview of the DQA/DQB and DRB lineages present in 
rhesus macaques is provided (Table 2). Rhesus macaques possess 
evolutionary equivalents of the HLA-DQA1*01, *05, HLA-DQB1*06, 
HLA-DRB1*03, *04, *07, *10 and HLA-DRB4*01 lineages (Table 2). 
For the DP genes, the trans-species mode of evolution is not sup-
ported for humans and rhesus macaques. Rhesus macaques show 
polymorphism at the DPA1 gene, and 50 Mamu-DPA1 alleles are de-
fined, which cluster into eight distinct lineages (designated Mamu-
DPA1*02, *04, *06, *07, *08, *09, *10, *11). The rhesus macaque DPB1 

HLA supertype

Chemical specificity
Rhesus 
macaqueB pocket F pocket

A01 Small and aliphatic Aromatic and large 
hydrophobic

 

A01A03 Small and aliphatic Aromatic and basic  

A01A24 Small, aliphatic and 
aromatic

Aromatic and large 
hydrophobic

 

A02 Small and aliphatic Aliphatic and small 
hydrophobic

+

A03 Small and aliphatic Basic +

A24 Aromatic and 
aliphatic

Aromatic, aliphatic and 
hydrophobic

 

B07 Proline Aromatic, aliphatic and 
hydrophobic

+

B08 Undefined Aromatic, aliphatic and 
hydrophobic

 

B27 Basic Aromatic, aliphatic, basic and 
hydrophobic

+

B44 Acidic Aromatic, aliphatic and 
hydrophobic

+

B58 Small Aromatic, aliphatic and 
hydrophobic

 

B62 Aliphatic Aromatic, aliphatic and 
hydrophobic

 

Note: Indicated are the specific chemical properties of the preferred amino acids for the B and F 
pocket (adapted from Sidney et al., 2008). A plus sign (+) indicates whether rhesus macaque MHC 
class I molecules are detected that share features with the indicated HLA supertypes.

TA B L E  3   HLA-A and HLA-B supertype 
classification
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alleles can also be grouped into lineages, with 20 at present (Otting 
et al., 2017). Of note, 120 Mamu-DRB alleles are denoted at present 
by a workshop (W) designation, as it is unclear whether these al-
leles are encoded by different genes or represent multiple lineages 
of one and the same gene (de Groot et al., 2012). An example of 
conservation of function in MHC class II is provided by the members 
of the trans-species -DRB1*03 lineage. Two unique motifs, EYSTS at 
position 9–13 and YLDRYF at position 26–31, are shared between 
human, chimpanzee and rhesus macaque DRB1*03 lineage mem-
bers. These motifs play a crucial role in binding the p3-13 peptide 
of 65-kD heat-shock protein (hsp65) of Mycobacterium leprae and M. 
tuberculosis (Geluk et al., 1993). Moreover, HLA-DRB1*03-restricted 
T cells have been shown to recognize the p3-13 hsp65 peptide in the 
context of rhesus macaque antigen-presenting cells, illustrating that 
next to conservation in the antigen-binding site, also recognition by 
the T-cell receptor can be conserved across species barrier (Geluk 
et al., 1993).

5  | CONCLUDING REMARKS

The general picture that emerges is that humans and NHP share 
a comparable MHC class I and II region and repertoire, and this is 
most robust for those species that show the closest evolutionary 
relationship to humans (Figures 2a and 3). Studies in NHP showed 
us that certain MHC polymorphisms are very old, and sharing of 
genes and lineages is common in humans, chimpanzees and rhesus 
macaques (Table 2). In addition, from the comparison of the MHC 
region between humans and NHP, we have learned that particu-
lar sections of the region are highly plastic. This plasticity can be 
found in the diversity of the region, resulting in the expansion or 
contraction of the number of genes present on a haplotype. In ad-
dition, plasticity is reflected by the functional characteristics of 
different MHC molecules: for example, Caja-G, which executes a 
classical antigen presentation function compared to the nonclas-
sical HLA-G molecule.

HLA-C molecules can be divided into two groups depending on 
the KIR epitope that is present. A C1 and C2 group are recognized, 
and the distinction is defined by a dimorphism at position 80 at the 
alpha 1 domain. Comparative genetic studies in different primate 
species showed that the C gene evolved from a duplication event 
of a B allele that encoded a C1-epitope and that this epitope could 
have already been present in the ancestor of catarrhine species 
(Guethlein, Norman, Hilton, & Parham, 2015). MHC-C allotypes 
that contain a C2-epitope are also present in chimpanzees and go-
rillas. The MHC-C gene reached fixation in a progenitor species of 
the human, chimpanzee, gorilla lineage, and these species show a 
further diversification of their KIRs in the direction of specific C1 or 
C2 receptors (Wroblewski, Parham, & Guethlein, 2019). In particular, 
HLA-C seems to have evolved to become the dominant KIR ligand 
for NK cell education and to finetune the NK cell activity. Another 
distinction between humans and NHP is observed with regard to 

the DR region (Figure 4). Five HLA-DR haplotype configurations are 
known, all showing a considerable allelic polymorphism, in partic-
ular at the -DRB1 gene (Marsh et al., 2000;Robinson et al., 2020). 
In contrast, macaque species have many different DR haplotype 
configurations (>30), which themselves display only a limited de-
gree of allelic polymorphism (Doxiadis, Otting, de Groot, Noort, 
& Bontrop, 2000;Doxiadis et al., 2012;Khazand, Peiberg, Nagy, & 
Sauermann, 1999). The common marmoset represents the other 
end of the spectrum, as only one DR haplotype configuration is en-
countered (Doxiadis et al., 2006). This species has overall a limited 
level of MHC class II variability (Antunes et al., 1998), and animals 
living in captivity were shown to be highly susceptible and prone to 
dying from certain bacterial and helminth infections (Potkay, 1992). 
The above-mentioned examples illustrate that during evolution, hu-
mans and NHP developed different strategies to generate various 
types of levels of polymorphisms at the population level to cope with 
pathogens.

The main premise is that MHC polymorphism prevents an entire 
population from becoming extinct by means of only a single patho-
gen. In this perspective, the maintenance of MHC diversity may be 
of benefit to a species, and therefore, the characterization of the 
MHC polymorphism in NHP populations is a valuable tool for con-
servation biology purposes. Nevertheless, one has to consider that 
there are examples of NHP species described that have very limited 
MHC polymorphism, such as the West African chimpanzee, bonobo 
and common marmoset, which, however, are shown to produce off-
spring and can survive in their natural habitat.

Worldwide, macaque species are used most often as animal mod-
els to study various human diseases: for instance, to test the safety 
and efficacy of new vaccines against a disease like AIDS caused by 
HIV-1. Although this review has illustrated that the organization of 
the human and macaque MHC class I and II region seem to have 
its own specificities: for example, macaques show expansion in the 
number of MHC class I A and B genes, and the equivalent of a C gene 
is absent (Figure 2a). Similarity is observed in the functional charac-
teristics of particular macaque A and B molecules when compared 
to HLA-A and HLA-B, and this supports the rationales for using this 
type of primate species in preclinical research.

Future studies focussing on increasing our knowledge with 
respect to MHC polymorphism in NHP will provide further insights 
into how different primate species/populations have evolved, 
and how evolution may have shaped the HLA system. Moreover, 
research that increases knowledge regarding the functional char-
acteristics of the various genes in different NHP will contribute to 
a better understanding of the immunological responses observed 
in a species and of how this compares to the responses observed 
in humans.
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