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Summary

Natural killer (NK) cells play a central role in immune responses through direct cytotoxicity and
the release of cytokines that prime adaptive immunity. In simian primates, NK cell responses are
regulated by interactions between two highly polymorphic sets of molecules—the killer-cell
immunoglobulin-like receptors (KIRs) and their MHC class | ligands. KIR-MHC class |
interactions in humans have been implicated in the outcome of a number viral diseases and
cancers. However, studies to address the role of KIRs in animal models have been limited by the
complex immunogenetics and lack of defined ligands for KIRs in non-human primates. Due to the
rapid evolution of KIRs, there is little conservation among the K/R genes of different primate
species and it is not possible to predict the specificity of KIRs from known KIR-MHC class |
interactions in humans. Hence, the MHC class | ligands for KIRs in species other than humans are
poorly defined. Here we review the K/R genes of the rhesus macaque, an important animal model
for HIV/AIDS and other infectious diseases, and the MHC class | ligands that have been identified
for KIRs in this species.
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Introduction

Natural Killer (NK) cells provide a critical early defense against infectious diseases and
tumors by virtue of their ability to recognize and Kill infected or malignant cells without
previous antigenic stimulation (1, 2). In humans and other simian primates, NK cells express
killer-cell immunoglobulin-like receptors (KIRs) that regulate these responses through
interactions with MHC class | molecules on the surface of potential target cells (1, 2). KIRs
are type | integral membrane proteins that consist of two or three extracellular
immunoglobulin (Ig)-like domains (2D or 3D), a stem region, a transmembrane domain, and
either a long or short cytoplasmic tail (1, 2). Depending on their transmembrane and
cytoplasmic domains, KIRs can transduce either inhibitory or activating signals. Whereas
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inhibitory KIRs have long (L) cytoplasmic domains with a pair of immunoreceptor tyrosine-
based inhibitory maotifs (ITIMs), activating KIRs have short (S) cytoplasmic tails and a
positively charged residue in the membrane-spanning domain that recruits an adaptor protein
with an immunoreceptor tyrosine-based activation motif (ITAM) (1, 2). The recognition of
MHC class | ligands on the surface of healthy cells by inhibitory KIRs normally suppresses
NK cell activation (3-5). However, if ligand recognition is disrupted, for instance as a result
of MHC class | downmodulation by a viral pathogen (6-10) or the deletion of MHC class /
genes by tumor cells (11), this inhibition is lost, resulting in NK cell degranulation and
target cell lysis. The ligands for activating KIRs are not as well defined; however, NK cells
expressing activating KIRs respond in an MHC class I-dependent manner to directly lyse
target cells (1, 12).

The KI/R genes are polygenic with a variable number of loci per haplotype. They are
encoded by the /feukocyte receptor complex (LRC) on human chromosome 19 and segregate
independently from MHC genes (13). In addition to variable gene content, there is
considerable allelic variability within each gene. Thus, KIR diversity is a function of
variation in gene content and allelic polymorphism. Fifteen expressed K/R genes have been
identified in humans with 7 to 12 genes per haplotype (13). In humans, these haplotypes can
be grouped into two categories based on the number of genes encoded: a minimal A
haplotype that contains 7 genes with only a single activating K//, or more complex B
haplotypes that contain up to 12 genes with various combinations of activating K/R (13).
Nevertheless, four genes (KIR3DL3, KIR3DP1, KIRZ2DL4 and KIR3DL 2), referred to as
“framework genes”, are present on all human K/R haplotypes (13).

The recognition of MHC class I ligands by KIRs is primarily determined by surface residues
in a C-terminal patch of the MHC class | a1 domain and may be influenced by MHC class
I-bound peptides. In the case of KIR3DL1, HLA class | ligands are differentiated on the
basis of a public epitope corresponding to al domain residues 77-83. All HLA-B molecules
and some HLA-A molecules can be classified as either Bw4 or Bw6 allotypes based on the
sequence in this region (14). Whereas HLA-Bw4 molecules are broadly recognized by
KIR3DL1(15), human KIRs capable of recognizing HLA-Bw6 molecules have not been
identified. Similarly, HLA-C recognition by KIR2DL1 versus KIR2DL2/3 is governed by a
single amino acid polymorphism at position 80. KIR2DL1 recognizes HLA-C group 2
(HLA-C2) molecules with a lysine at position 80, while KIR2DL2 and KIR2DL3 prefer
HLA-C group 1 (HLA-C1) molecules with an asparagine at this position (16). Consistent
with crystal structures revealing that KIRs contact their HLA class | ligands across C-
terminal residues of the bound peptide (17-19), several studies have also shown that HLA
class I-bound peptides can modulate these interactions (20-25).

There is considerable genetic evidence that K/Rand HLA class | polymorphisms can
influence the outcome of infection for viral pathogens, including HIV-1 (26, 27), hepatitis C
virus (28), human papillomavirus (29) and cytomegalovirus (30). K/IRand HLA class |
genetics have also been implicated in the success of cancer immunotherapies and
reproduction (31-35). However, studies to address the immunological mechanisms
underlying these observations have been limited by the lack of a suitable animal model.
Mice and other rodent species do not have KIRs, but instead express an expanded repertoire
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of Ly49genes, which encode type Il transmembrane proteins of the C-type lectin-like
receptor family as polymorphic NK cell receptors (36). Moreover, as a consequence of the
particularly rapid pace of KIR evolution (37-40), it is generally not possible to predict the
specificity of KIRs in non-human primates on the basis of sequence comparisons with
human KIRs. Thus, it has not been possible to investigate the regulation of NK cell
responses through KIR-MHC class | interactions in species other than humans due to a lack
of defined ligands for KIRs in non-human primate models.

Macaques are valuable animal models for HIV-1/AIDS (41) and for other human viral
pathogens, including cytomegalovirus, Epstein-Barr virus and Kaposi’s sarcoma-associated
herpesvirus (42-45). Characterization of macaque K/Rand MHC class I genes has also
yielded fascinating insights into the evolution of these loci in primates (46-49). Thus,
knowledge of the underlying genetics and molecular interactions for KIR and MHC class |
molecules of macaques is both of significant practical value for investigating NK cell
responses in hon-human primate models of viral disease and fundamental importance for
comparative immunogenetics. In this review, we will focus on the immunogenetics and
ligand specificity of macaque KIRs, with particular emphasis on the rhesus macaque
(Macaca mulatta) as the best characterized of the macaque species.

Genetics of macaque KIRs

Despite considerable divergence in gene content and sequence, the K/R loci of macaques
share a number of similarities with their human counterparts at the genomic level. Similar to
humans, the K/R genes of macaques are arranged in a head-to-tail manner on chromosome
19 within the LRC (40). The K/R loci of macaques can also be divided into centromeric and
telomeric clusters that exhibit extensive variation in the number of genes per haplotype as
well as animal-to-animal variation in gene sequence (40, 45, 46, 50). Therefore, in order to
understand macaque K/R genetics one must consider the number of genes encoded by a
given animal, the identity of those genes and their allelic variation.

Nomenclature

KIR genes are named according to the domain structure of the receptors they encode. The
first digit in the gene name indicates the number of Ig-like domains in the molecule, and the
‘D’ denotes ‘domain’. Following the D is either an ‘L’ for long cytoplasmic tail, ‘S’ for
short cytoplasmic tail or ‘P’ for pseudogene. The final digits indicate the gene number. For
example, the product of K/R3DL 02 has three Ig-like domains, a long cytoplasmic tail, and is
the second gene corresponding to this domain structure. Rhesus macaque K/Rs are prefixed
with *Mamu' (Macaca mulatta), as in Mamu-KIR3DS02. When comparing K/R genes
between species, is important to note that a shared gene name goes not indicate an
orthologous relationship. For example, although human K/R3DL 1 and Mamu-KIR3DL 01
encode molecules with a similar domain structure (three Ig-like domains and a long
cytoplasmic tail) the gene number does not indicate sequence similarity or a common
evolutionary origin. As might be expected for a developing field, the nomenclature for
macaque KIRs has not been consistent across the literature. For this review, we will use
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Immuno-Polymporhism Database (IPD) conventions (51), and the standardized gene names
widely adopted by recent publications in the field (47, 50, 52-54).

Based on sequence similarity, the K/R genes of apes and Old World monkeys can also be
classified into broad phylogenetic lineages that are useful for understanding their
evolutionary relationships among different species. Four K/R lineages are recognized in
humans (I, 11, 111 and V) that correspond to receptors differing in domain structure and
ligand specificity; lineage | includes KIR2DL 4, KIRZDL5A and KIRZDL 5B, lineage Il
includes KIR3DL1/51and KIR3DLZ, lineage Il includes KIR2DS2, KIRZDLZ2/3,
KIR2DS3/5, KIRZDP1, KIRZDL 1, KIR3DPI, KIR2DS1 and KIR2DS4, and lineage V
includes K/IR3DL 3 (55). The expanded K/R3DL/S genes of macaques and other Old World
monkeys were originally classified as a fifth lineage (lineage 1V) to reflect their sequence
divergence and distinct phylogenetic clustering from human lineage Il K/Rs (56). However,
we will follow the precedent of recent publications, which have dropped the lineage 1V
distinction in favor of grouping these genes with human lineage Il K/Rs (55, 57).

Gene content

The first studies to characterize macaque K/Rs primarily relied on cDNA sequences (45,
58); however, one complete rhesus macaque haplotype as also been described at the genomic
level (40). Later studies sequenced additional full- and partial-length K//R cDNAs, and used
segregation analysis to infer the gene content of K/R haplotypes (46, 47, 49, 52). Although
the organization of macaque K/R genes is still unclear, the most recent phylogenetic and
segregation analyses support the existence of 22 K/R genes (46, 47, 50) (Table 1). As the
body of K/R sequences has grown, most have been found to be similar to previously
reported sequences, suggesting that the expressed K/R genes of macaques have been
identified. Nevertheless, the number of distinct K/Rsexpressed per animal varies widely,
ranging from 6-13 (46). It should also be noted that the vast majority of K/R sequences are
derived from cDNA, and although many K/R pseudogenes have been identified, it is likely
that others remain to be discovered.

Centromeric region—The centromeric end of the macaque K/Rregion is less variable
than the telomeric end and comparatively gene poor. There are three K/Rloci in this region:
Mamu-KIR3DL20, -KIR1D and-KIR2DL04 (Fig. 1). In contrast to most K/R, these three
genes have more limited polymorphism. It has therefore been speculated that their receptors
may recognize conserved ligands, such as non-classical MHC molecules. However, no
ligands have been identified so far the receptors encoded by these genes.

Mamu-KIR1D—Mamu-KIR1D encodes a single Ig-like domain and no cytoplasmic tail.
While the nucleotide sequence of the transcript encodes two Ig-like domains and a
cytoplasmic tail similar in length to Mamu-KIR2DL 04, the translated amino acid sequence
contains only one intact Ig-like domain (D1) and two thirds of the D2 1g-like domain, which
is disrupted by a frameshift mutation (45). Because of this frameshift, the translated protein
instead has a novel 55 amino acid domain and truncates without a cytoplasmic tail (Fig. 1).
Although the function of Mamu-KIR1D is presently unclear, it is hypothesized to be
secreted (58). There is no human ortholog to Mamu-KIR1D; however, variants of human

Immunol Rev. Author manuscript; available in PMC 2018 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bimber and Evans

Page 5

KIR2DS4 have also been described that lack a cytoplasmic tail due to a frameshift mutation
and are also predicted to produce a soluble protein (59).

Mamu-KIR2DL04—Mamu-KIRZDL 04 is present in the majority of published macaque
KIR haplotypes (46). Its gene product shares approximately 84% sequence similarity with
human KIR2DL4 at the amino acid level, although one notable difference is that Mamu-
KIR2DLO04 encodes two ITIM motifs in the cytoplasmic tail in contrast to one in human
KIR2DL4 (45). Human KIR2DL4 binds HLA-G (60, 61), and has been shown to play a role
in placental development. In macaques, the ortholog to HLA-G is a pseudogene (62).
However, macaques express another non-classical molecule in the placenta (Mamu-AG)
(63), which shares characteristics of HLA-G and could potentially serve as a ligand for
Mamu-KIR2DL04.

Mamu-KIR3DL20—Mamu-KIR3DL 20 encodes an inhibitory KIR that is present in most,
but not all, macaque K/R haplotypes (46, 52). Several papers have reported macaque
KIR2DL sequences similar to human K/R2DL5, which are identical to Mamu-KIR3DL20
transcripts, except that Mamu- KIR3DL 20 encodes an additional Ig-like domain (40, 45).
These Mamu-KIR2DL5 transcripts are believed to represent alternative splice variants, or an
alternative allele, of Mamu-KIR3DL20in which this exon is not present. The KIRZ2DL5/
KIR3DL 201ocus has been speculated to represent an evolutionary intermediate between
KIR2DL and K/IR3DL genes (40).

Telomeric region—The K/R loci at the telomeric end of the macaque LRC are
particularly diverse with variable numbers of polymorphic lineage Il K/R3DL/S genes on
any given haplotype. As described above, these genes are most similar to human lineage Il
KIRs, but cluster as a distinct phylogenetic group sometimes referred to as lineage 1V (40,
64). The diversity of these genes is one of the features that distinguish macaque and human
KIR. Whereas humans have an expanded complement of lineage 111 K/Rs that encode
receptors for HLA-C, macaques and other Old World monkeys lack lineage 111 K/R and
MHC-C genes (40, 45, 65). These species instead express an expanded repertoire of
KIR3DL/S genes that mirrors the expansion of their MHC-A and —B genes. Accordingly,
several MHC-A and —B molecules of macaques have been identified as KIR3DL/S ligands
(53, 66, 67).

Mamu-KIR3DL/S genes—Phylogenetic and segregation analyses support the existence of
ten Mamu-KIR3DL genes (Mamu-KIR3DLO1, -KIR3DL02, -KIR3DLWO3, -KIR3DL04, -
KIR3DL05, -KIR3DL06, -KIR3DLO07, -KIR3DL0S, -KIR3DL10and -K/IR3DL11) and nine
Mamu-KIR3DS genes (Mamu-KIR3DS01, -KIR3DS02, -KIR3DS03, -KIR3DS04, -
KIR3DS05, -KIR3DS06, -KIR3DSWO7, -KIR3DSWO08 and -KIR3DSW09) in rhesus
macaques (45, 47, 50, 52) (Table 1). Individual haplotypes are highly variable and may
include additional gene duplications. Moreover, the Mamu-KIR3DL/S genes are
characterized by substantial allelic diversity (45, 47, 50, 52). There is also extensive domain
sharing among the lineage Il KIRs, which is consistent with ancestral recombination and
duplication events in the formation of these loci (50).

Immunol Rev. Author manuscript; available in PMC 2018 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bimber and Evans

Page 6

The Mamu-KIR3DS genes, which are presumed to encode activating KIRs, appear to have
evolved from a recombination between ancestral K/IR3DL and KIRZDL 04 genes after the
divergence of apes and Old World monkeys. Whereas exons 1-5 are most similar to extant
Mamu-KIR3DL genes, exons 6-9 are most similar to Mamu-KIR2DL04 (45, 48). However,
due to a deletion in exon 8 and a single nucleotide substitution in the splice donor of intron
8, Mamu-KIR3DS transcripts express receptors with truncated cytoplasmic tails (48). Thus,
the Mamu-KIR3DS genes encode KIRs with 3 1g-like domains followed by a stem,
transmembrane and truncated cytoplasmic domain that lacks the pair of ITIMs present in
Mamu-KIR2DL04. These receptors were originally designated KIR3DH, where ‘H’ denotes
hybrid, to reflect their hybrid origins (45), but were later re-named KIR3DS in accordance
with human nomenclature (47, 50). However, human and macaque K/R3DS genes are
clearly not related.

Although Mamu-KIR3DS molecules share features with activating KIRs of humans at the
protein level, including a charged residue in the transmembrane domain and short
cytoplasmic domain that lacks inhibitory motifs, these features evolved independently. This
is perhaps best reflected at the primary amino acid sequence level, where the transmembrane
domain of Mamu-KIR3DS contains an arginine rather than the lysine residue found in
human activating KIRs. The presence of an arginine in this domain suggests that Mamu-
KIR3DS recruits the Fc receptor a chain instead of DAP12 to transduce activating signals
(45), as has been demonstrated for human KIR2DLA4 (68). Thus, the activating KIRs of
humans and macaques evolved independently to have similar features.

In many species, pairs of activating and inhibitory KIRs are observed with highly similar Ig-
like domains, with human KIR3DL1/KIR3DS1 being the best-studied example (26, 69-71).
Macaques also have pairs of activating and inhibitory K/Rsthat encode similar 1g-like
domains (48, 50). The best-matched pair of activating and inhibitory K/Rsis Mamu-
KIR3DLWO3 and -KIR3DS05. Mamu-KIR3DL 07 and - KIR3DSW09 also share two of three
Ig-like domains. Although the functional significance of having inhibitory and activating
KIRs with similar Ig-like domains is not fully understood, these observations further support
the evolution of activating K/Rs from inhibitory genes.

KIR genotypes and haplotypes

There is substantial diversity in the number of K/R genes expressed by a given animal and in
the gene content of macaque K/R haplotypes. Macaque haplotypes contain 3-7 genes with
an average of 11-12 expressed K/R genes per animal (47) (Fig. 1). In contrast to human
KIRs, there are no framework genes in macaques, although Mamu-KIR3DL20, - KIRZDL 04
and -K/R3DL 01 are present on most haplotypes (46, 50, 52). Macaque haplotypes also do
not conform to A and B haplotype groups, raising the possibility that they are subject to
different selective pressures. The diversity of K/R haplotypes in macaques is therefore much
greater than human haplotype diversity (47).

In addition to a lack of framework genes, there is a range of K/R gene frequency. Of the
lineage Il KIRs, Mamu-KIR3DLO01, -KIR3DL02, -KIR3DL05, -KIR3DL07, -KIR3DL08, -
KIR3DL10and -KIR3DS0Z2 are the most common, with at least one copy present in 50-85%
of animals (50). Most of the remaining K/R genes were detected in 15-40% of animals.
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Note, because these frequencies are based on genotype, gene frequencies at the haplotype
level will be lower. The K/R genes of rhesus macaques also have different frequencies for
populations of distinct geographic origins. For instance, Mamu-KIR3DL 04 is observed
exclusively in Indian-origin animals, whereas Mamu-KIR3DL06 is primarily observed in
animals of Chinese origin (47). Chinese-origin rhesus macaques typically also have one
additional inhibitory K/R on average compared to animals of Indian or Burmese origin (47).

Genotyping approaches

Several approaches for K/R genotyping of macaques have been reported. The majority of
published genotypes were determined by sequence-specific PCR using primers designed to
target specific K/R genes (46, 52, 54). This approach is cost effective and allows relatively
high throughput analysis, but typically does not provide allele-specific typing. Panels of
microsatellite markers have also been used for K/R genotyping (49). While these markers
can be highly informative in certain contexts, this indirect genotyping approach is typically
lower in resolution than sequence-specific PCR (49). More recently, a number of groups
have turned to methods based on next generation sequencing (50, 72). These approaches
generally use primers to conserved regions of K/R genes in order to broadly amplify
macaque K/Rsand have the advantage of providing allele-specific information.

Other macaque species

In addition to rhesus macaques, K/R sequences have also been reported for pigtailed
macaques (M. nemestring) and cynomolgus macaques (M. fascicularis). Phylogenetic
analyses indicate that most of these sequences cluster with rhesus macaque K/Rs (49, 66),
suggesting that macaques share an orthologous repertoire of K/R genes that was formed
prior to the divergence of these species from a common ancestor approximately 3.5 million
years ago (73). The K/R genes of Mauritian cynomolgus macaques (MCMs) are the best
characterized due to their simplified genetics. A small founder population of cynomolgus
macaques, estimated to be as few as four animals, was introduced to the island of Mauritius
approximately 500 years ago (74). MCMs have since expanded to form a population of more
than 20,000 animals. Due to their limited genetic diversity, it was possible to characterize all
of the K/R genes and haplotypes in this unique population. Microsatellite typing was
initially used to define eight K/R haplotypes (49), which is comparable to the seven MHC
haplotypes previously identified in these animals (75). The K/Rsexpressed by animals
homozygous for each haplotype (except two for which only heterozygotes were available)
were sequenced, identifying 3-8 K/R genes per haplotype. Although none of these
sequences were identical to previously reported K/R alleles from other species, all are
phylogenetically related to putative K/R genes of rhesus macaques (49). These results are
therefore consistent with the recent divergence of cynomolgus and rhesus macaques from a
common ancestor approximately 1.9 million years ago and the similarity in their MHC class
/genes (73, 76). Comparisons with the genetics of K/Rsin MCMs have also helped to
define and classify the K/R genes of rhesus macaques (47, 50). MCMs may be of special
interest for studying the role of KIR-MHC class | interactions in disease pathogenesis,
because unlike any other model, the limited number of K/Rand MHC haplotypes in this
population makes it possible to build cohorts of animals that are K/Rand/or MHC identical.
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MHC class | ligands of macaque KIRs

Although the ligands for macaque KIRs remain poorly defined, MHC class | ligands for a
few of the lineage Il KIRs have recently been identified (53, 54, 66, 77). Similar to HLA-A
and —B recognition by human lineage 11 KIRs, these KIRs recognize Mamu-A and -B
molecules and differentiate ligands on the basis of a1l domain sequences corresponding to
Bw4 and Bw6 epitopes. However, in addition to having KIRs specific for Bw4 ligands,
macaques also express KIRs that are capable of recognizing MHC ligands with Bw6
epitopes.

Several Mamu-A molecules were initially identified as ligands for three inhibitory KIRs
(Mamu-KIR3DLWO03, -KIR3DLO05, -KIR3DL11) and one activating KIR (Mamu-
KIR3DSO05) by staining MHC class I-transfected cells with soluble KIR-immunoglobulin Fc
domain (KIR-Fc) fusion proteins (77). Significant increases in staining over background
were observed for Mamu-KIR3DLW03*004 bound to cells expressing Mamu-A1*001:01, -
A1*008:01 and —A1*011:01, for Mamu-KIR3DL05*007 bound to cells expressing Mamu-
A1*001:01, -A1*002:01 and —A3*13:11, for Mamu-KIR3DL11*003 bound to cells
expressing Mamu-A1*008:01, and for Mamu-KIR3DS05*003 bound to cells expressing
Mamu-A1*001:01 and —A1*011:01 (Table 2). The highest avidity interactions were for
Mamu-KIR3DLW03*004/-A1*001:01 and Mamu-KIR3DL05*007/-A3*13:11, which
reflect KIR binding to Bw4 versus Bw6 ligands respectively. Reciprocal exchange of the
Bw4 and Bw6 residues of Mamu-A1*001:01 and Mamu-A3*13:11 revealed that Mamu-
KIR3DLWO03*004 binding is strictly dependent on the presence of the Bw4 epitope, whereas
Mamu-KIR3DL05*007 can bind to molecules with either epitope, but prefers ligands such
as Mamu-A1*002 that contain a Bw6 variant with asparagine at position 77 (77). In the case
of Mamu-KIR3DS05*003, the binding of this activating receptor to Mamu-A1*001:01 and —
A1*011:01 was surprising given the difficulty in demonstrating MHC class I binding to
activating KIRs. However, the avidity of these interactions was especially low, which may be
analogous to reports of low avidity HLA class | binding to human activating KIRs (78, 79).

A concurrent study identified Mamu-A1*002 as ligand for Mamu-KIR3DLO05 and
demonstrated that this interaction is strongly influenced by Mamu-A1*002-bound peptides
(54). Mamu-A1*002 tetramers folded with certain SIV peptides, but not others, bound to
primary NK cells and to transfected cells expressing multiple allotypes of Mamu-KIR3DLO05
(Table 2). A comparison of the binding of seven Mamu-KIR3DLO05 allotypes to four
different tetramers, each representing a different Mamu-A1*002-restricted CD8" T cell
epitope (Gag GY9, Env RY8, Nef YY9 or Vif IW9), revealed that most allotypes bound with
highest avidity to Mamu-A1*002 in complex with the Gag GY9 peptide, followed by the
Env RY8 and Nef YY9 peptides (54). In the case of Gag GY9, the interaction was strong
enough to directly observe tetramer staining of unstimulated primary NK cells isolated from
peripheral blood (54). However, none of the Mamu-KIR3DLO05 allotypes bound to Mamu-
A1*002 folded with the Vif IW9 peptide, even under conditions of protein over-expression
in transfected cells. This study therefore identified SIV peptides that both stabilize and
disrupt Mamu-A1*002 binding to Mamu-KIR3DLO05.
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The identification of SIV peptides that stabilize MHC class | binding to an inhibitory KIR
suggests an intriguing mechanism of immune evasion. Mamu-A1*002 and —KIR3DLO05 are
both commonly expressed in Indian origin rhesus macaques at frequencies of approximately
20% and 40% (54, 80), respectively, and might therefore be expected to exert selective
pressure on virus replication in a significant percentage of animals. Moreover, the SIV
peptides that enhance Mamu-A1*002 binding to Mamu-KIR3DLO05 (Gag GY9, Env RY8
and Nef YY9) correspond to immunodominant CD8* T cell epitopes that are bound with
particularly high affinity by Mamu-A1*002 (81), suggesting that these peptides are
abundantly presented on the surface of virus-infected cells. Thus, SIV may have acquired
changes in epitopes that stabilize Mamu-A1*002 interactions with Mamu-KIR3DLO05 to
prevent the elimination of virus-infected cells by NK cells expressing this KIR. This
possibility is consistent with the finding that HIV-1 is under selective pressure to acquire
changes in KIR2DL2" individuals, which increase KIR2DL?2 hinding to virus-infected cells
and impair the ability of NK cells to suppress virus replication /n vitro (82). By acquiring
changes in viral epitopes that stabilize the binding of common MHC class | molecules to
inhibitory KIRs, immunodeficiency viruses, and possibly other viral pathogens, may reduce
the susceptibility of infected cells to certain NK cell subsets as a mechanism of immune
evasion.

Polymorphisms in the DO and D1 domains of Mamu-KIR3DLO05 accounted for differences
in the avidity and peptide preference of binding to Mamu-A1*002 (54). For one allotype, a
shift in peptide preference mapped to a cluster of amino acids in a surface-exposed loop of
the D1 domain. Whereas most Mamu-KIR3DLO05 allotypes preferentially bound to Mamu-
A1*002 folded with Gag GY9, mmKIR3DO05x (did not receive an IPD designation) only
bound to Mamu-A1*002 folded with Nef Y'Y9. Reciprocal exchange of six amino acids
corresponding to D1 residues 164-170 of mmKIR3D05x and Mamu-KIR3DL05*008
switched the specificity of the resulting recombinants for Mamu-A1*002-bound peptides
(54); an observation consistent with the three-dimensional structure of KIR3DL1 in complex
with HLA-B*57 showing that these residues coincide with a loop that contacts the MHC
class | al-domain adjacent to C-terminal residues of the bound peptide (Fig. 2) (19).
Interestingly, sequence comparisons of mmKIR3DL05 with other rhesus macaque K/Rs
revealed that, whereas exons 5-9 are most similar to Mamu-KIR3DL 05, exons 1-4 are
identical to Mamu-KIR3DS02 (54). Thus, the unique D1 domain of mmKIR3D05x appears
to be the result of a recombination event between Mamu-KIR3DS02 and - KIR3DL05. These
observations provide a glimpse into the role of domain shuffling and D1 polymorphisms in
shaping the selectivity of KIRs for MHC class I-bound peptides.

Another inhibitory KIR of rhesus macaques, Mamu-KIR3DLO01, was recently shown to
recognize MHC class ligands with a Bw4 motif (53). The identification of ligands for this
KIR was facilitated by the discovery of a monoclonal antibody to human KIR2D molecules
that cross-reacts with allotypes of Mamu-KIR3DLO1 that contain an aspartic acid residue at
position 233 (D233) (Table 2) (53). This antibody was used to isolate Mamu-KIR3DLO01*
NK cells and show that their cytolytic activity is suppressed by target cells expressing
Mamu-B*007:01, -B*041:01, -B*058:02 or -B*065:01 (Table 2) (53). Although the Bw4
epitope of these molecules was necessary for Mamu-KIR3DLO1 recognition, it was not
sufficient, since Mamu-B*017:01, which also contains a Bw4 motif, failed to suppress
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Mamu-KIR3DLO01* NK cell responses. However, inhibition of these NK cells could be
restored by replacing three amino acids of Mamu-B*017:01 (residues 76, 142 and 149) with
the corresponding residues of other Mamu-Bw4 ligands at sites predicted to contact Mamu-
KIR3DLO01 based on the KIR3DL1-HLA-B*57 structure (53). Thus, Mamu-KIR3DLO01 and
human KIR3DL1 have similar specificities for Bw4 ligands. Yet, despite recognition of
similar ligands and a coincidental similarity in nomenclature, Mamu-KIR3DLO1 and
KIR3DL1 are not othologous and share fewer than half of the residues predicted to contact
MHC class | molecules based on the KIR3DL1-HLA-B*57 crystal structure (Fig. 3). These
observations reveal remarkable conservation of Bw4 recognition despite the divergence of
KIRs since humans and macaques last shared a common ancestor approximately 25 million
years ago (83).

Mamu-KIR3DLO1 is also one of the most polymorphic and commonly expressed KIRs in
the rhesus macaque. At least 28 different alleles of Mamu-KIR3DL 01 have been identified
so far and this gene is present in approximately 85-95% of Indian origin animals (46, 47, 50,
52). The diversity of Mamu-KIR3DL 01 therefore mirrors the complexity of the highly
polymorphic Mamu-B genes. Moreover, the prevalence of Mamu-KIR3DL 01 suggests that
its gene product may participate in the regulation of NK cell activity in a majority of
animals. Hence, definition of the ligand specificity of Mamu-KIR3DLO1, together with the
identification of a commercially available antibody that cross-reacts with most Mamu-
KIR3DLO1 allotypes, is particularly valuable for investigating NK cell responses in the
rhesus macaque.

Direct tetramer staining of peripheral blood NK cells also led to the identification of MHC
class I ligands for an inhibitory KIR of pigtailed macaques. Mane (Macaca nemestrina)-
A1*082 and —A1*084 tetramers folded with SIV peptides stained primary NK cells and
transfected cell lines expressing KIR049-4 (66). Although phylogenetic analysis suggests
that KIR049-4 is most similar to rhesus macaque Mamu-KIR3DLW03*004, which binds to
Mamu-A1*001:01 in a Bw4-dependent manner (77), Mane- A1*082 and —A1*084 both
contain a Bw6 motif (66). However, additional characterization with a panel of HLA class |
tetramers revealed that KIR049-4 also binds to Bw4, Bw6 and non-Bw4/Bw6 molecules,
and that these interactions are sensitive to HLA-bound peptides (66). KIR049-4 therefore
exhibits a degenerate, yet peptide-dependent, pattern of MHC class | recognition.

These features appear to be shared by other non-human primate KIRs that recognize Bw6
ligands. Similar to KIR049-4, Mamu-KIR3DLO05 and a previously described inhibitory KIR
of chimpanzees exhibit dual specificity for Bw4 and Bw6 ligands (39, 54, 66, 77). The
unusually high avidity of Mamu-KIR3DLO05 and KIR049-4 for MHC class | tetramers
loaded with specific peptides suggests that Bw6 recognition may involve greater
participation of MHC class | bound-peptides (54, 66). These features contrast with the
exclusive recognition of Bw4 molecules and a less prominent role for peptides in
interactions with human KIR3DL1 and Mamu-KIR3DLO01 (15, 53). Thus, although the
molecular determinants of Bw6 recognition by non-human primate KIRs have not been
defined, Bw6 recognition appears to be associated with more promiscuous MHC class |
interactions and a greater dependence on MHC class I-bound peptides.
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Macaque KIR-specific reagents

In addition to defining the MHC class | ligands for macaque KIRs, functional studies to
assess the role of these receptors in models of infectious disease will require reagents for
differentiating these KIRs on primary NK cells. As described above, a few KIR-specific
reagents have been identified serendipitously, including Mamu-A1*002 and Mane-A1*082
tetramers, which bind with sufficiently high avidity to stain Mamu-KIR3DL05 and
KIR049-4 on primary, unstimulated NK cells (54, 66), and the anti-human KIR2D-specific
antibody NKVFS1, which binds to D233 allotypes of Mamu-KIR3DLO1 (Table 2) (53). A
handful of monoclonal antibodies to rhesus macaque KIRs have also been generated by
immunizing mice with soluble KIR-immunoglobulin Fc domain fusion proteins (84).
Characterization of these antibodies identified clones with varying specificities. Whereas
one clone (1C7) was broadly reactive with all of the Mamu-KIR3D proteins tested, two
others (2H5 and 2H9) where more specific. 2H5 bound only to Mamu-KIR3DLO05, while
2H9 bound to Mamu-KIR3DLWO03 and weakly to Mamu-KIR3DS05 (Table 2) (84).
Another clone (2H3) exhibited an intermediate pattern of reactivity against Mamu-
KIR3DSWO08, -KIR3DS07 and —KIR3DLO7. Phenotypic characterization of rhesus macaque
lymphocytes using these antibodies confirmed a variegated pattern of KIR expression on NK
and T cell subsets similar to the distribution of KIR on human lymphocytes (85).

KIR polymorphisms in SIV pathogenesis

Investigation of the role of KIRs in hon-human primate models of infectious disease has so
far been limited to studies of SIV pathogenesis in rhesus macaques. One of the first studies
to investigate KIR polymorphisms in SIV-infected macaques identified a single nucleotide
polymorphism in exon 4, which corresponds to a histidine versus glutamine polymorphism
the D1 domain (Q138D) that is over-represented among animals with high viral loads (86).
In a cohort of 38 SIV-infected rhesus macaques, the Q138 polymorphism was present in
85% of animals with high viral loads in plasma (>10° viral RNA copies/ml) versus 43% of
animals with low plasma viral loads (<10° viral RNA copies/ml) (86). This polymorphism
was later shown to be a marker for Mamu-KIR3DLO05 (54). It is therefore tempting to
speculate that the stabilization of Mamu-KIR3DLO05 binding to Mamu-A1*002, or to
another MHC class | ligand, by SIV peptides may have facilitated virus replication in some
of these animals by suppressing Mamu-KIR3DL05" NK cell responses.

A more recent study applied next generation sequencing technology to obtain a
comprehensive data set for K/Rand MHC class /transcripts in 52 SIV-infected rhesus
macaques (72). Mamu-KIR3DL02 and —-KIR3DSW08 were associated with low set-point
viral loads in plasma (<10° viral RNA copies/ml), whereas Mamu-KIR3DS02was
associated with high plasma viral loads (>10° viral RNA copies/ml) (72). Epistatic
interactions were also reported for Mamu-KIR3DL05, -KIR3DS05 and —KIR3DL10in the
presence of Mamu-B*012 or in the absence of Mamu-A17001 (72). This study represents
the most comprehensive analysis of K/Rand MHC class / associations with viral loads in
SIV-infected macaques to date. However, these genetic associations are difficult to interpret
due to our limited understanding of the MHC class I ligands for macaque KIRs. Indeed, the
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ligands for each of the KIRs associated with high or low viral loads in this study remain
undefined.

Viral load differences in SIV-infected macaques have also been attributed to variation in the
copy number of activating Mamu-KIR3DS genes (87). Using a quantitative real-time PCR
assay, the number of Mamu-KIR3DS genes in rhesus macaques was found to vary from 0 to
12 (median 4.11) copies per diploid genome (87). Evaluation of a cohort of 57 SIV-infected
rhesus macaques for plasma viral load associations with Mamu-K/IR3DS copy number
variation (CNV) reported that significantly lower peak viral loads were associated with high
Mamu-KIR3DS CNV, but only for animals that were negative for Mamu-A1*001 and
positive for restrictive TR/IM5alleles (87). Regardless of Mamu-A1*001 or TRIMS
genotype, no significant differences were detectable in set-point viral loads during chronic
infection. Although Mamu-A17*001 has been associated with lower set-point viral loads in
SIV-infected animals, this MHC class /allele has no effect on peak viremia during acute
infection (88). It is therefore unclear how it could have masked the effects of Mamu-
KIR3DS CNV on peak viral loads. It is also unclear how polymorphisms in the 7TR/M5
gene, which encodes a post-entry block to virus infection with little or no effect on the strain
of SIV used in this study (89, 90), could have modified the effects of Mamu-KIR3DS. Given
that the conclusions of this study are based on comparisons of smaller groups of animals
after parsing according to Mamu-A1*001 and TRIMS5 genotype, which were not corrected
for multiple comparisons, the reported association of Mamu-KIR3DS CNV with peak viral
loads is not very robust and potentially reflects a statistical anomaly.

Concluding remarks

Macaques afford a potentially powerful model for the functional study of KIRs and NK
cells. Genetic characterization of macaque K/Rs has defined the most common macaque
KIR genes and created a framework within which to describe macaque K/R genetics. The
most striking feature of macaque K/Rs is the expansion of the lineage Il loci, where we
observe ten Mamu-KIR3DL and nine Mamu-KIR3DS genes. Recent studies have begun to
define the MHC class I ligands of macaque KIRs; however, more work is needed. Current
evidence suggests that while Bw4 and Bw6 epitopes are important for KIR-MHC class |
interactions in macaques, these epitopes do not necessarily delineate ligands. Evidence
suggests that at least some macaque KIRs may have more promiscuous MHC class | binding
profiles, and that some of these interactions are highly dependent on MHC class I-bound
peptides. MHC class | tetramers have proven useful in the study of macaque KIRs, and in
fact the ligands for two KIRs were identified from unusual patterns of tetramer staining.
Even so, reagents are not available for differentiating most KIRs on primary macaque
lymphocytes. Thus, while the identification of a handful of MHC class I ligands for macaque
KIRs has opened the door for animal studies to address the role of these receptors in shaping
immune responses, continued definition of the ligands for macaque KIRs, together with
development of additional macaque KIR-specific antibodies, is needed to take full advantage
of the potential of macaques for investigating the influence of K/Rand MHC class /
immunogenetics in models of human disease.
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Fig 1. Macaque KIR domain structure and genomic or ganization
(A) Schematic representation of macaque KIR molecules showing domain structure.

Domains are abbreviated as follows: leader peptide (LP), immunoglobulin-like domains
(D0-D2), transmembrane region (T), stem (ST) and cytoplasmic region (C). Note: Mamu-
KIR1D has a frameshift in the final third of the D2 domain, resulting in a novel domain and
truncation at a final length of 244 amino acids. (B) KIR gene content from representative
haplotypes observed in rhesus macaques. KIR genes are indicated along the top axis. The
identity of the allele is indicated within the schematic boxes if it was determined. The
physical map of gene order is arbitrary and brackets indicate gene duplication. Due to
limitations in the technique used to generate the first 9 haplotypes, Mamu-KIR2DL04 could
not be detected and dotted lines indicate the potential presence of this gene. While Mamu-
KIR3DL20 was not detected in any of these haplotypes either, these were generated from
cDNA and this KIR can be present as a pseudogene. Dotted lines indicate this possibility.
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Fig. 2. Polymorphismsin the D1 domain of Mamu-K1R3DL 05 account for preferential binding

to Mamu-A1*002-bound peptides

(A) Residues corresponding to surface exposed loops of the D1 domain (L2 and L3) that
differ between Mamu-KIR3DL05*008 and mmKIR3DL05x (red) were mapped onto the
three-dimensional crystal structure of KIR3DL1 (cyan) bound to HLA-B*57 (blue) (19).
The HLA-B*57-bound peptide is indicated in yellow and the positions of the DO, D1 and D2
domains of KIR3DL1 relative to the a1 and a2 domains of HLA-B*57 are labeled. (B)

Jurkat cells expressing L2 and L3 recombinants of Mamu-KIR3DL05*008 and

mmKIR3DL05x were stained with Mamu-A1*002 tetramers folded with the SIV Gag GY9
and Nef Y'Y9 peptides and an antibody to the HA tag engineered into the DO domain to

confirm cell surface expression (54).
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Fig. 3. Divergence of the surfaces of Mamu-KIR3DL 01 and human KIR3DL 1 predicted to
contact Bw4 ligands

(A) Alignment of five allotypes of Mamu-KIR3DLO01 to human KIR3DL1 with residues
predicted to contact MHC class | ligands based on the KIR3DL1-HLA-B*57 crystal
structure shaded in gray (19, 53). (B) Surface projection of human KIR3DL1 with HLA-
B*57-contact residues that are conserved in Mamu-KIR3DL01*001 indicated in red and
residues that differ indicated in yellow (53). Copyright 2014. The American Association of
Immunologists, Inc.
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Table 1

KIR genes and number of alleles defined in rhesus macaques

Gene
Mamu-KIR1D
Mamu-KIR2DL04
Mamu-KIR3DLO01

Mamu-KIR3DL0Z2

Mamu-KIR3DLWO3

Mamu-KIR3DL04
Mamu-KIR3DL05
Mamu-KIR3DL06
Mamu-KIR3DLO7
Mamu-KIR3DL08
Mamu-KIR3DL10
Mamu-KIR3DL11
Mamu-KIR3DL20
Mamu-KIR3DS01
Mamu-KIR3DS02
Mamu-KIR3DS03
Mamu-KIR3DS04
Mamu-KIR3DS05
Mamu-KIR3DS06
Mamu-KIR3DS07

Mamu-KIR3DSWO08

Mamu-KIR3DS09

10

10
10
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Table 2

MHC class | ligands of macaque KIRs

Page 22

KIR
Mamu-KIR3DLO01
Mamu-KIR3DLWO03
Mamu-KIR3DL05
Mamu-KIR3DL11
Mamu-KIR3DS05

KIR049-4

Ligands

Mamu-B*007:01, -B*041:01, -B*058:02, -B*065:01
Mamu-A1*001:01, -A1*008:01, -A1*011:01
Mamu-A1*001:01, -A1*002:01, -A3*13:11
Mamu-A1*008:01

Mamu-A1*001:01, -A1*011:01

Mane-A1*082, -A1*084

Specificity KIR-Specific Reagents References
Bw4 NKVFS1 (D233 allotypes) (53)

Bw4 2H9 (77, 84)
Bw4 & Bw6  2H5, Mamu-A1*002-Gag GY9 (54, 77, 84)
undefined none (77)
undefined 2H9 (77, 84)
Bw4 & Bw6  Mane-A1*082-Gag DI9 (66)
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