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Abstract

The role of natural killer (NK) cells is tightly modulated by interactions of killer cell immunoglobulin-like receptors (KIR)
with their ligands of the MHC class I family. Several characteristics of the KIR gene products are conserved in primate evo-
lution, like the receptor structures and the variegated expression pattern. At the genomic level, however, the clusters encod-
ing the KIR family display species-specific diversity, reflected by differential gene expansions and haplotype architecture.
The human KIR cluster is extensively studied in large cohorts from various populations, which revealed two KIR haplotype
groups, A and B, that represent more inhibitory and more activating functional profiles, respectively. So far, genomic KIR
analyses in large outbred populations of non-human primate species are lacking. In this study, we roughly quadrupled the
number of rhesus macaques studied for their KIR transcriptome (n =298). Using segregation analysis, we defined 112 unique
KIR region configurations, half of which display a more inhibitory profile, whereas the other half has a more activating
potential. The frequencies and functional potential of these profiles might mirror the human KIR haplotype groups. However,
whereas the human group A and B KIR haplotypes are confined to largely fixed organizations, the haplotypes in macaques
feature highly variable gene content. Moreover, KIR homozygosity was hardly encountered in this panel of macaques. This
study exhibits highly diverse haplotype architectures in humans and macaques, which nevertheless might have an equivalent
effect on the modulation of NK cell activity.
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Introduction

The killer cell immunoglobulin-like receptor (KIR) family
comprises inhibitory and activating members that modulate
the education and activity of NK cells through interactions
with their ligands, mainly MHC class I allotypes (Parham
et al. 2012; Ljunggren and Kérre 1990; Lanier 2005). The
human KIR and MHC gene clusters are encoded on chromo-
somes 19 and 6, respectively, and are considered to represent
the most complex regions in the primate genome. Differ-
ent molecular mechanisms, including point mutations and
chromosomal recombination events, propel a rapid evolution
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process that diversifies the KIR gene region at a species,
population, and individual level (Bruijnesteijn et al. 2020b).
This diversity involves allelic polymorphism recorded for
the different KIR genes as well as gene content variation
defined on the KIR haplotypes. Moreover, novel fusion KIR
entities that might possess distinct functional characteris-
tics are generated by intragenic recombination events, which
extend the total set of genes (Shilling et al. 1998; Martin
et al. 2003). Unequal crossing-over processes seem to impact
the continuous expansion and contraction events observed
for this component of the immune system and thus may alter
the genetic architecture (Shilling et al. 1998; Wilson et al.
2000). A variegated expression pattern of these diverse KIR
genes generates a NK cell repertoire that is highly unique
to individuals. Different alternative splicing patterns extend
the KIR receptor diversity even more (Bruijnesteijn et al.
2018a).

Although human KIR haplotypes vary in their gene
content, a relatively simple classification distinguishes
two groups that comprise A and B haplotypes (Uhrberg
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et al. 1997). The basis of these haplotypes consists of four
framework genes that mark a centromeric (KIR3DL3 to
KIR3DPI) and a telomeric (KIR2DL4 to KIR3DL?2) region.
The group A haplotypes contain a fixed set of seven KIR
genes, of which a single gene encodes an activating recep-
tor, KIR2DS4. In contrast, the group B haplotypes are more
diverse in the number of genes they contain and may encode
one or more activating members. These diverse group B hap-
lotypes, however, display some consistency that is reflected
by the strong linkage disequilibria involving several KIR
genes, such as KIR2DL5-KIR2DS3/S5 (Vierra-Green et al.
2012; Gourraud et al. 2010). Both haplotype groups are
distributed among all human populations, but the relative
frequency of KIR genes and haplotypes displays variation
among different ethnical and geographical populations (John
et al. 2012; Gonzalez-Galarza et al. 2020). This suggests a
balancing selection that results from a functional relevance
of the different inhibitory (group A) and activating (group
B) haplotype profiles.

In other primate species, such as chimpanzees, orangu-
tans, and macaques, a selection for distinct groups of KIR
haplotypes is not yet documented or evident. The most com-
mon KIR haplotypes in chimpanzees and orangutans largely
resemble the organization of a supposed ancestral haplotype,
including three framework genes and one to five KIR2D genes
(Guethlein et al. 2017; Abi-Rached et al. 2010). This indicates
that human KIR haplotypes culminated in the formation of
functionally different haplotype groups after speciation and
were shaped by differential selective factors. In macaques, a
species commonly used as a model in preclinical studies to
develop vaccines and medicines, the KIR haplotypes display
extensive levels of expansion and contraction (Bruijnesteijn
et al. 2018b; Blokhuis et al. 2010). Abundant chromosomal
recombination events rapidly rearrange the haplotype archi-
tecture and expand the macaque KIR repertoire by generating
novel fusion genes. The plasticity of the contemporary KIR
gene cluster in macaques exceeds that observed in humans
(Bruijnesteijn et al. 2018b). This difference in diversity is,
for instance, demonstrated by the high frequency of the non-
variable group A haplotypes in human populations, and the
relatively large KIR gene repertoire encountered in rhesus
macaques. The reason for a differential expansion of the KIR
gene cluster in primate species and its subsequent selection
forces is elusive. It might involve a balanced co-evolution
with MHC class I ligands and thereby indirectly with the
continuous arms race with pathogens, but distinct pathways
to educate NK cells might also skew the expansion of KIR
(Bruijnesteijn et al. 2020b). The diversification of the primate
KIR system seems to be an ongoing process and may achieve
an equilibrium at a given moment in evolution that serves dif-
ferent functions; this might involve not only antiviral defense
but also successful reproductive biology. This equilibrium
might have become more balanced in humans — evidenced
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by a relatively fixed set of KIR genes and two sets of catego-
rized haplotype groups — than in rhesus macaques, which
display extensive diversification in their KIR cluster.

The differential expansion and contraction of KIR hap-
lotypes in primate species is in contrast to the similarities
in the characteristics of the encoded receptors, such as their
structure (KIR2D and KIR3D), variegated expression pat-
terns, and MHC class I ligand specificity. A better under-
standing of the rearranging KIR repertoires and haplotype
configurations might help in the elucidation and understand-
ing of the different selective forces that drove rapid KIR
gene evolution. However, the limited number of character-
ized KIR haplotypes in outbred non-human primate popula-
tions might hamper a comparative analysis. For instance,
defining different haplotype groups, like groups A and B in
humans, or identifying co-occurring KIR genes, such as the
human KIR2DL5-KIR2DS3/S5 tandem, is unreliable in small
cohorts. In this communication, we report the KIR region
configurations of 298 rhesus macaques, which roughly quad-
rupled the total number of studied individuals. This robust
dataset allowed us to comprehensively analyze the KIR rep-
ertoires and region configurations in rhesus macaques and to
compare these data to the human KIR haplotype architecture.

Materials and methods
Animals and cells

A total of 298 rhesus macaques from a self-sustaining colony
housed at the Biomedical Primate Research Centre (BPRC,
Rijswijk, the Netherlands), comprising 77 families of at least
three members, were selected based on their MHC-A, -B,
and -DRB content. The selected animals possessed 113 dif-
ferent MHC haplotypes, ensuring an outbred study cohort.
PBMCs were isolated from heparin whole blood samples,
which were obtained during regular annual health checks.

KIR transcriptomes

The rhesus macaque KIR transcriptome samples were pre-
pared as previously described (Bruijnesteijn et al. 2018b). In
short, total RNA was extracted from PBMCs, and cDNA was
synthesized with the RevertAid First Strand cDNA Synthe-
sis Kit (Invitrogen, Carlsbad, CA) using oligo(dT)18 prim-
ers. Two sets of barcoded primers amplified all full-length
KIR3D transcripts, and an additional set was specific for
KIR2DL04. The amplicons generated by the different primer
sets from at least 40 animals were purified and subsequently
pooled. After an additional clean-up step, the pools were
used to prepare SMRTbell libraries. Sequencing primer V4
was used in combination with binding kit 2.1 and sequencing
kit 2.0. Prior to library loading on the Pacific Biosciences
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Sequel II system, unbound polymerase enzyme was removed
by AMPure PB beads. Sequence data collection was per-
formed with a 20-24-h movie time to obtain sufficient yields
of high-quality circular consensus reads. Raw sequencing
data was base called to optimize read accuracy using a CCS
algorithm (version 6.0.0) in SMRT Link software (version
10). Fastq files were generated using the following setting:
minimum number of 3 passes, average QV of 36. Data was
demultiplexed based on barcodes using demultiplex software
(version 1.0.0). In total, seven runs were performed on the
Sequel II system to obtain the KIR transcriptomes of all 298
animals.

The primer sets were validated to amplify all lineage I, II,
and V KIR genes by comparing the transcriptome of three
unrelated individuals to their genomic KIR haplotypes that
were previously characterized by Oxford Nanopore sequencing
(Bruijnesteijn et al. 2021). This comparison of transcriptome
and genome confirmed the expression of all KIR genes present
on a haplotype in peripheral blood samples and illustrated that
all genes were detected by the used primer sets, except for
pseudogene KIR2DP. Nevertheless, as this validation is con-
strained to only three cases, we cannot exclude the possibility
that in some cases transcripts are missed by this study set-up.

KIR allele calling and phasing of region
configurations

Demultiplexed fastq files were analyzed using Geneious
Prime software (version 2021.2). First, reads were mapped
to a database that contained all published rhesus macaque
KIR sequences from the IPD-NHKIR database (release
1.3.0.0) to identify 100% matched transcripts (0% mis-
match, minimum mapping quality =30, minimum overlap
identity = 80%, minimum overlap =400, maximum ambi-
guity = 1). Unused reads were de novo assembled using
Geneious-integrated assemble software (minimum over-
lap =400, minimum overlap identity = 100%, maximum
ambiguity = 1), and consensus sequences of the generated
contigs were used in phylogenetic analysis together with a
macaque KIR reference database to define novel KIR alleles.
Sequences that branched independently from all known
macaque KIR genes were reviewed and received official
gene designations according to the primate K/R nomencla-
ture guidelines (Bruijnesteijn et al. 2020c). Pivot tables were
generated, which included all KIR genes/alleles that were
identified per individual and the number of reads that were
called for a specific allele. The family-based study design
allowed segregation analysis of the defined KIR alleles from
one generation to the next, thereby phasing KIR region con-
figurations at the transcription level. All obtained consensus
sequences were aligned with published sequences from the
NHKIR-IPD database, and phylogenetic trees were gener-
ated. Novel KIR genes, alleles, and region configurations

were confirmed in at least two individuals or by two inde-
pendent PCR amplifications. Three of the Mamu-KIRID
sequences were recently renamed by the IPD-NHKIR
Database, namely KIRID*003:04 to KIRID*003:02,
KIRID*003:02 to KIRID*010, and KIRID*003:03 to
KIRID*011.

KIR gene linkage analysis: co-occurrence
and co-exclusion associations

The frequency of the different rhesus macaque KIR genes
was determined based on all previously published and novel
KIR region configurations by defining the presence of at
least one gene copy or its absence. For each possible pair of
KIR genes, the expected co-occurrence was determined by
multiplying the individual gene frequencies. The observed
co-occurrence was corrected for the expected frequencies,
which provides a pairwise matrix, in which positive val-
ues indicate co-occurrence and negative values indicate
co-exclusion. A statistical significance of the deviations
between the observed and the expected co-occurrence or
co-exclusion was determined by a two-tailed Fisher’s exact
test with a significance level of 0.05.

Results
Extensive KIR polymorphism in rhesus macaques

The complete KIR transcriptome of 298 Indian rhesus
macaques was characterized using single-molecule real-
time (SMRT) sequencing on a Pacific Biosciences (PacBio)
Sequell II platform. To confirm the presence of novel KIR
alleles and to deduce haplotypes by segregation analysis,
the study was designed in a family set-up, with at least one
relative for each individual included. The rhesus macaque
cohort represents an outbred population that originates from
114 founder animals, which display largely unique MHC
repertoires (MHC-A, -B, and -DRB).

From previous transcriptome studies, 604 rhesus macaque
KIR alleles were documented, which could be designated to
55 distinct KIR genes (IPD-NHKIR, release 1.3.0.0). We
discovered another 101 novel KIR alleles, six of which rep-
resented novel gene entities (Table 1 and Suppl. Table I). In
addition, 27 alleles were extended to full-length transcripts
(Suppl. Table II). Most novel KIR alleles were documented
for KIR3DLO07, which is a highly frequent KIR gene, whereas
a relatively large number of novel alleles clustered to
KIR3DL20, KIR3DLO1, KIR3DLOS, and KIR3DLOS. Abun-
dant alternatively spliced transcripts were also recorded,
which largely followed the previously reported splicing pat-
terns (Bruijnesteijn et al. 2018a), but were not included for
further analysis in this communication. The high number
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Table 1. Novel rhesus macaque # of # of # of # of
féfﬂﬁiiﬂféﬁ?f ?1;): Inhibitory novel total Activating novel | total
glrfif;:é’gg“;jg jgr;;}:stf);‘e‘i}ylérs KIR genes | jjeles | alleles | KIR 8€Mes | ,jicles | alleles
with the total number of alleles 3DL20 7 60 11
that have been documented
in the IPD-NHKIR database 1D 2 10 33
(e 1300) 5 seres 2| a0 ¢
entities that were not previously 10 64 12
docume.nted in the database 3 22 9
(underlined gene names) - o4 1
- 4 6
9 36 11
8 11
22 69 1
9 29 1
3 13 1
2 19 1
- 2 4
- 3 1
- 3 2
- 2 2
- 1 1
1 4 13
- 2 1
- 1 2
1 9 -
- 1 -
1 3
2 2 604
- 1
- 1
- 1
- 1
- 3
- 1
2 7
- 1
1 -
1 -
1 -
1 -
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of novel alleles in the present cohort reflects the extensive
polymorphism of the KIR gene system in rhesus macaques.

A diverse set of KIR region configurations
in an outbred rhesus macaque cohort

Rhesus macaque KIR haplotypes were phased by segrega-
tion analysis and could be defined at the allele level reso-
lution (Suppl. Fig. 1) and as region configurations (Suppl.
Table III). In this study, we define a KIR region configura-
tion as a differential set of genes that segregate together,
thereby disregarding its allelic polymorphism. Only when
multiple copies of a specific gene were found to segregate
on a single haplotype, allele level information was used to
define the gene copy number for the region configurations.
The studied cohort comprised 112 unique KIR region config-
urations, of which the majority — namely, 73 configurations
— had not previously been documented (Suppl. Table III).
Thirteen novel KIR configurations could not be confirmed
in at least two individuals and were excluded from further
analysis. Eight KIR region configurations displayed differ-
ent combinations of alleles, and these are defined as distinct
KIR haplotypes (Fig. S1, indicated with additional letters as
suffix), whereas all other region configurations represent a
specific combination of KIR alleles.

On the basis of data from the current communication and
from previously published transcriptome and segregation
reports, a total of 118 unique KIR region configurations are
at present defined in rhesus macaques (Suppl. Table III) that
originate from Indian (n =88), Burmese (n=9), and Chinese
(n=21) populations. This set of KIR region configurations
is used for further in-depth analysis and for comparison to
its human equivalent. No further distinction is made for the
different geographical populations, as the Burmese and Chi-
nese cohorts represent a relatively low number of studied
individuals.

Homozygosity of KIR haplotypes is virtually
absent in the rhesus macaque cohort

In humans, most KIR region configurations are structured
around several common centromeric and telomeric segments
that display a specific gene content (e.g., cAOL, tAO1, cBO1)
(Pyo et al. 2010). Different combinations of these segments
result in diverse sets of KIR region configurations (e.g.,
cAO01-tAO01, cA01-tBO1) (Pyo et al. 2010, 2013). In addi-
tion, contraction and expansion of centromeric and telomeric
segments may generate diversity by deleting or introducing
genes, but the frequency of these deviating KIR configura-
tions is generally relatively low, with some exceptions where
haplotypes seem to have been enriched due to selection in
particular populations (Norman et al. 2009; Misra et al.
2018; Cisneros et al. 2020). This is in contrast to the high

frequency of the more standard KIR configurations, with the
group A configuration (cAO1-tA01) reaching a frequency
of 50% or higher in most populations (Solloch et al. 2020;
Hollenbach et al. 2012). As a result, the fraction of human
individuals that are homozygous for their KIR gene content
is significant and reaches over 30% for the KIR AA geno-
types, which indicates a relatively moderate level of diver-
sity concerning gene content per individual.

In contrast, such largely fixed KIR haplotype segments
as documented in humans are mostly absent in rhesus
macaques. Only the centromeric region displays two fixed
configurations: namely, KIR3DL20 with or without the pres-
ence of KIRID. These two centromeric segments are more
or less balanced, with KIR1D present on approximately 40%
of all KIR haplotype configurations. As such, the diverse
array of unique KIR configurations in rhesus macaques is
mostly generated by extensive contraction and expansion
of the telomeric segment, which can contain 2 to 15 dif-
ferent KIR genes from a total repertoire of 61 known gene
entities (IPD-NHKIR, release 1.3.0.0 and this study). The
frequency of the different rhesus macaque KIR configura-
tions ranges from 0.13 to 6.05% (Suppl. Table III). Only
three region configurations displayed a frequency of 5% or
above, whereas 45 different configurations were unique to
one or two individuals (frequency <0.25%). All configura-
tions that were identified in a single individual were reported
in previous studies that involved Burmese and Chinese rhe-
sus macaque populations (Bruijnesteijn et al. 2020a). The
relatively low configuration frequencies are also reflected in
the minimal number of rhesus macaques that are homozy-
gous for their KIR gene cluster; only six individuals from
the current cohort (2.0%) display the same KIR gene content
on both haplotypes. However, none of these homozygous
haplotype configurations are identical at the allele level
(Fig. S1). This extensive heterozygosity of the KIR haplo-
type configurations in rhesus macaques suggests a selective
pressure to maintain a diverse array of K/R gene content in
the population.

Fusion KIR entities indicate abundant chromosomal
recombination events

Even though the most frequent human KIR haplotypes fol-
low relatively standard configurations, abundant deviations
are documented (Pyo et al. 2013; Vendelbosch et al. 2015).
These diverse configurations are generated by chromosomal
recombination events that shuffle complete centromeric and
telomeric segments (e.g., cA01-tBO1), but might also intro-
duce and delete one or more KIR genes. Hotspots for recom-
bination, such as transposable elements, that map within
introns may mediate the generation of fusion KIR genes,
which contain segments from two independent gene enti-
ties (Bruijnesteijn et al. 2020b). This molecular mechanism
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diversifies the genetic content of human KIR configura-
tions, although the frequency of non-standard configurations
seems to be limited in most populations that have been sub-
ject to analysis.

The reshuffling of centromeric and telomeric KIR region
segments in rhesus macaques is hard to define due to the
limited centromeric gene content. There are, however, KIR
haplotypes that display identical telomeric segments at the
allele level, combined with distinct centromeric regions.
Haplotypes H5-A and H5-B, for instance, share seven
alleles in their telomeric region but differ in their centro-
meric KIR allele content (Fig. S1), which hints at a chro-
mosomal recombination event that interchanged complete
centromeric and telomeric segments. A more prominent
indication of chromosomal recombination events in rhe-
sus macaques is provided by the relatively high number of
fusion KIR genes that have been identified (Bruijnesteijn
et al. 2020c). In total, 32 KIR gene entities are defined as
fusion genes, which are distributed over 54 region config-
urations that together display a frequency of 35% (Suppl.
Table III and Fig. S1). The only framework gene in rhesus
macaques, KIR3DL20, is often substrate for recombina-
tion, either with KIRID, which diminishes the extent of the
centromeric region even more, or with KIR2DL04, which
links the centromeric and telomeric region directly by the
generation of a fusion gene (Fig. 1). Other frequent fusion
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Fig.1 Generation of fusion genes by chromosomal recombination
events involving KIR3DL20. Chromosomal recombination events might
shuffle segments from different genes to generate a novel gene entity.
Two distinct events are recorded for the framework gene KIR3DL20.
One event involves the recombination with KIRID, thereby contracting
the centromeric haplotype region (blue lines and arrow), whereas the
other event involves segment reshuffling with KIR2DL04, and fuses the
centromeric and telomeric regions directly (red lines and arrow)
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KIR genes are KIR3DLW34 and KIR3DLW45, which con-
sist of segments from an unknown donor and KIR3DLWO03
and KIR3DLO0S5 and KIR3DLI0, respectively. The relatively
high frequency of fusion KIR genes indicates that selection
favors the maintenance of KIR gene cluster contraction and
expansion, ultimately resulting in substantial diversification
in rhesus macaques.

Rhesus macaque KIR region configurations might
divide into functional haplotype groups

The presence of group A and B KIR haplotypes in all human
populations and their differential frequencies suggests func-
tional implications that are maintained by a balancing selec-
tion (Parham 2005). The functional properties of the differ-
ent KIR haplotype groups might affect antiviral immunity
and successful pregnancy, but the precise correlations are
complex, and involve the presence of specific HLA epitopes
(C1 and C2) as well (Hiby et al. 2004; Khakoo et al. 2004).

The large set of KIR region configurations in rhesus
macaques could not be divided into distinct groups based
on specific gene content. Similar to group A and B KIR hap-
lotypes in humans, however, rhesus macaque KIR configura-
tions might be categorized into more inhibitory profiles or
profiles that display different levels of activating potential
(Fig. 2 and Suppl. Table III). Region configurations with
a more inhibitory profile are defined by the absence or the
presence of one KIR gene that encodes for an activating
receptor (hereinafter referred to, for sake of convenience,
as an activating/inhibitory gene), whereas a more activating
potential is distinguished by the presence of two or more
activating KIR entities. The average number of inhibitory
KIR genes present on a haplotype configuration varies for
the different functional profiles (Fig. 2). Region configura-
tions that lack an activating KIR gene display an average of
2.7 inhibitory KIR genes in their telomeric segment. In the
presence of a single activating KIR gene, region configu-
rations contain on average 3.4 inhibitory KIR genes. Most
inhibitory entities are documented for KIR configurations
with a more activating potential, with the presence of 4.6
inhibitory KIR genes on average.

In total, 70 configurations display an inhibitory profile,
of which 20 lack an activating KIR gene (Fig. 3). The more
inhibitory group A KIR haplotypes in humans consistently
encode KIR2DS4. In contrast, the inhibitory profiles in
rhesus macaques display variability in their activating gene
repertoire, of which KIR3DS05 is most prominently found
(22%) (Fig. 4A). No specific KIR3DSO05 alleles were associ-
ated with inhibitory profiles. The overall frequency of inhibi-
tory profiles in the cohort studied was approximately 50%
(Fig. 3), which is comparable to the frequency of group A
KIR haplotypes in most human populations.
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Rhesus macaque

Human

Fig.2 Schematic overview of the KIR region architecture in rhesus
macaques and humans. The organization of the most common KIR
configurations in rhesus macaques and humans is schematically illus-
trated. Regions of diversity are in the branched lines. The centromeric
and telomeric regions are divided by the double-lined break. Inhibi-
tory and activating KIR genes are indicated by blue and red boxes,
respectively. Lineage V and I KIR genes are indicated by yellow and
green boxes, respectively, whereas grey boxes represent pseudogenes.
In rhesus macaques, KIR3DL20 represents the only framework gene,
whereas the presence of all other KIR genes is variable. The telomeric

region in rhesus macaque is expanded, and the average number of
inhibitory KIR genes is indicated in respect to the number of activat-
ing copies, representing the different functional haplotypes defined.
As their telomeric KIR gene content displays great diversity, specific
genes are not assigned to this region (empty blue and red boxes). The
human haplotypes display four framework genes and several regions
of diversity. The upper and lower content lines represent the more
activating group B and more inhibitory group A KIR haplotypes,
respectively. The human KIR haplotype representation is adapted
from Abi-Rached and colleagues (Abi-Rached et al. 2010)

Distribution of functional KIR region configuration profiles

80

70

60

Total number

80

70

60

D
=)
Frequency (%)

50

40

30 30
20 20
. Il .

. mll BB
Inhibitory  Activating No 1 2 3 4 5
profile profile activating  activating activating  activating activating  activating
gene gene genes genes genes genes

Inhibitory profiles

Fig.3 Distribution of the functional KIR region configuration pro-
files in rhesus macaques. The number of identified region configura-
tions with a more inhibitory and more activating profile is designated
by the blue bars, together with their subgroups that are distinguished
based on the number of activating genes present on a configuration
(none or 1 activating gene for inhibitory profiles and 2-5 activating

Activating profiles

genes for activating profiles). The relative frequencies of these region
configuration categories are shown as a percentage by the red bars
(right axis). More inhibitory than activating profiles are recorded, but
their frequency is nearly equal in the population studied. Most inhibi-
tory profiles contain a single activating entity, whereas the majority
of the activating profiles are defined by two activating genes
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Fig.4 Distribution of the different KIR genes on inhibitory and acti-
vating functional profiles. The frequency of KIR genes that could be
identified on both inhibitory (blue bars) and activating (red bars) con-

Activating profiles were evident for 48 KIR region con-
figurations (Fig. 3 and Suppl. Table III), which contained
two to five activating KIR genes. Half of these activating
configurations contained two activating KIR genes, whereas
three, four, and five activating copies were identified at 14,
4, and 6 region configurations, respectively (Fig. 3). The dis-
tribution of these different activating profiles in the present
cohort displayed differential frequencies, with profiles con-
taining two activating KIR genes being defined in 27% of the
individuals, whereas region configurations with three, four,
and five activating KIR genes were defined in 10.7%, 6.3%,
and 6.1% of the rhesus macaques, respectively. On the region
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figuration profiles (A, upper panel) or on only one of the functional
profiles (B, lower panel). The framework gene KIR3DL20 is always
present

configurations with an activating profile, the most prominent
activating gene is KIR3DS02, which is present with at least
one copy on 68.7% of the configurations (Fig. 4A). Other
activating genes that are frequently present on activating
region configurations are KIR3DS05, which is prevalent on
the inhibitory profiles as well, KIR3DS06, KIR3DS04, and
KIR3DSO01, with an occurrence of 37.5%, 25.0%, 18.8%, and
18.8%, respectively (Fig. 4). In total, 20 different activating
KIR genes could be defined on activating region configura-
tions, none of which displayed predominance for specific
alleles. Half of those KIR genes were exclusively present on
activating profiles and thereby absent from the inhibitory
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KIR region configurations, including one of the highly fre-
quent activating genes, KIR3DS04 (Fig. 4B).

Human group A and B KIR haplotypes could also be
distinguished by the presence of specific inhibitory genes,
like KIR2DLS on group B haplotypes. Similar distinctive
inhibitory markers are absent from inhibitory and acti-
vating profiles on rhesus macaque KIR region configu-
rations. Some inhibitory KIR genes are, however, more
frequently present on a specific functional profile. For
instance, the presence of KIR3DLO05 is documented for
58% of the activating profiles compared to 20% of the
inhibitory counterparts (Fig. 4A). KIR3DL07, KIR3DLI0,
and KIR3DLI1 are also more prominent on activating
profiles, whereas KIR3DLWO3 is slightly more dominant
on inhibitory region configurations. No specific alleles
of those unevenly distributed KIR genes were defined for
either activating or inhibitory profiles.

Whether the functional implications of inhibitory and
activating KIR profiles in rhesus macaques relate to selec-
tive pressure that maintain group A and B KIR haplotypes
in humans is unclear. There is no unambiguous catego-
rization of the different KIR region configurations as in
humans, but even the less stringent functional KIR gene
profiles in rhesus macaques might impact their health and
disease.

Sets of rhesus macaque KIR genes display
non-random relationships

A non-random association, or linkage disequilibrium, is
demonstrated for specific sets of KIR genes and alleles in
different human populations. For instance, KIR2DS3 is in
absolute linkage with KIR2DL)5 in Caucasian populations
(Pyo et al. 2013; Orddiiez et al. 2008). The presence of these
neighboring KIR genes in both centromeric and telomeric
haplotype segments indicates that they might duplicate as
a tandem. Linkage disequilibrium calculations require suf-
ficient data from different populations on specific gene loci,
which is limited for the transcriptome study in our rhesus
macaque cohort. Instead, we determined the co-occurrence
and co-exclusion of KIR genes, which displays the pair-
wise relationship of genes, independent of their loci and
population.

Most rhesus macaque KIR genes display a random rela-
tionship, where the observed and expected co-occurrence
is similar (Fig. 5). Two sets of KIR genes display a statis-
tically significant strong association (p <0.05), where the
observed co-occurrence is higher than the expected tandem
frequency, which is the case for KIR3DLI10-KIR3DS05 and
KIR3DLWO3-KIR3DSW39. However, these KIR gene tan-
dems do not display an absolute co-occurrence, as 16% of the
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Fig.5 KIR gene co-occurrence and co-exclusion matrix. The matrix
displays the co-occurrence and co-exclusion for pairwise KIR genes.
The expected frequency is subtracted from the observed frequency for
all KIR gene tandems. White backgrounds indicate similar expected
and observed frequencies of pairwise KIR genes, indicating a random
association. Positive corrected frequencies demonstrate co-occurrence
(green background), whereas negative corrected frequencies indicate

co-exclusion (red background). KIR3DL20 is present on all haplo-
types as a framework gene and therefore will always display identical
observed and expected frequencies in relation to any other KIR gene.
Only KIR genes that were documented on at least two KIR haplotype
configurations were included in the matrix. Significant (p <0.05) asso-
ciations are in bold
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region configurations that contain KIR3DLI0 lack the pres-
ence of a KIR3DS05 gene, whereas 28% of the KIR3DS05-
positive configurations do not contain a KIR3DLI0 gene.
No specific KIR3DLIO0 or KIR3DSO05 alleles were involved
in this co-occurrence tandem. The mentioned other KIR
tandem displays similar levels of co-occurrence, with 53%
and 27% of the KIR3DLWO03- and KIR3DSW39-positive
haplotype configurations lacking its tandem partner, respec-
tively. All configurations that contain KIR3DSW39*001 lack
the presence of KIR3DLWO03, whereas no specific alleles
were defined for the KIR3DLWO03-KIR3DSW39 tandem or
KIR3DLWO03 alone. The co-occurrence of other KIR gene
tandems was not statistically significant, but trends for more
non-random KIR gene couples were noted and included: for
instance, KIR3DL05-KIR3DSO02, KIR3DL0O7-KIR3DS02,
KIR3DLO5-KIR3DLO7, and KIR3DLOI-KIR3DLOS. A triplet
of genes including KIR3DL05, KIR3DL07, and KIR3DS02
might be co-occurring based on these trends, but the
observed frequency of this triplet was only slightly above
expected (0.085 versus 0.069). In addition to co-occurrence,
sets of KIR genes display a non-random co-exclusion, in
which the observed frequency of a gene tandem was lower
than expected. Statically significant co-exclusions were
evidenced for KIR3DLO2-KIR3DLI10 and KIR3DLO02-
KIR3DS05, whereas trends for co-exclusion were indi-
cated for KIR3DLOI-KIR3DLO02, KIR3DLO1-KIR3DLI1,
and KIR3DLO2-KIR3DLWO3. The presence of KIR3DLO02
displays an absolute co-exclusion with KIR3DLI0 and
KIR3DSO05.

Additional associations might be confirmed by elucidat-
ing more KIR region configurations in rhesus macaques. The
relationships between genes might indicate selection for spe-
cific sets of KIR genes to balance synergistic or antagonistic
functions or indicate a haplotype architecture that is struc-
tured around physical constraints.

Discussion

Human and rhesus macaque KIR systems display consid-
erable similarities, especially in their receptor structures,
MHC class I ligand recognition, and variegated expression
patterns. As such, the functional role of KIR receptors in
NK cell biology seems to be conserved in both species.
However, since the separation from a common ancestor,
approximately 25-33 million years ago, the genetic make-
up of the region encoding the KIR receptors has deviated
considerably in humans and rhesus macaques. With the
emergence of MHC-C in an ancestor of humans and orangu-
tans, after the split from the macaque lineage, a differential
expansion of KIR genes occurred, with KIR2D (lineage III)
dominating the hominoid KIR repertoire, whereas KIR3D
(lineage II) features extensive expansion in macaques. In
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humans, this lineage III expansion affects both centromeric
and telomeric regions, whereas the KIR3D layout in rhesus
macaques is confined to the telomeric segment. Over dec-
ades, the organization of human KIR haplotypes has been
extensively studied in different populations and manifested
the existence of two groups, A and B, that are distinguished
based on their gene content. These haplotypes are arranged
around a standard framework structure complemented with
an assortment of genes, of which some display strong link-
age, such as KIR2DL5-KIR2DS3/S5. These characteristics of
functional haplotype groups and strongly linked genes could
only be defined in large datasets of outbred populations.
Such comprehensive datasets are lacking for non-human
primates, which limits the power to thoroughly compare the
KIR cluster evolution during primate speciation. During this
study, the number of rhesus macaques that are characterized
for their KIR transcriptome was roughly quadrupled, and
it now covers 118 thoroughly defined KIR region configu-
rations (Suppl. Fig. 1 and Suppl. Table III). Although the
number of studied human individuals from a wide range of
populations exceeds the current rhesus macaque study, this
large dataset allowed a comprehensive comparison of KIR
haplotype characteristics.

The most prominent difference in the KIR haplotype
organization is the relatively fixed organization that is
reflected by the non-variable gene content of the two haplo-
type groups in humans as compared to the highly diverse and
apparently less categorizable nature of the rhesus macaque
KIR region configurations (Suppl. Figs. 1 and 2). The func-
tional character of the different region configurations in
rhesus macaques, based on the number of inhibitory and
activating KIR genes, however, might be categorized in such
a manner that it resembles the more inhibitory group A and
the more activating group B KIR haplotype classification
in humans. These functional profiles are evenly distributed
in the rhesus macaque cohort studied, as is observed for
the A and B KIR haplotypes in most human populations.
Several common KIR2DS4 alleles on human group A
haplotypes have a mutation that prevents expression of a
functional receptor, which gives these haplotypes a solely
inhibitory potential (Graef et al. 2009). These haplotypes
are mirrored by at least 20 KIR region configurations in
rhesus macaques, which do not display any activating gene
entity. The conservation of these inhibitory profiles in two
different primate species indicates that an activating KIR
signaling potential is not essential for life. Nevertheless, the
balancing selection that maintains activating KI/R gene pro-
files across human and rhesus macaque populations suggests
particular functions that might be beneficial. The precise
biological consequences of having distinct functional KIR
profiles is unclear and is probably dependent on the presence
of relevant epitopes on MHC class I ligands. The KIR and
MHC systems are embedded on different chromosomes and
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segregate independently. The different combinations of KIR
and MHC, with specific tendencies towards activating or
inhibitory signaling, may associate with a wide spectrum of
biological or clinical scenarios, including successful preg-
nancy, cell and organ transplantation, viral infections, auto-
immunity, and different forms of malignancies (Alecsandru
et al. 2014; Johnsen et al. 2018; McQueen et al. 2007; Littera
et al. 2017; Lin et al. 2016; Hernandez et al. 2018; Kulkarni
et al. 2008; Aghaei et al. 2019; Matzaraki et al. 2017). There
is, however, a lack of consensus, as these association stud-
ies display controversies. There may be multiple reasons
for these contradicting association outcomes, including the
extensive variation in MHC and KIR alleles, the uneven
distribution of diversity across individuals and populations,
the variegated expression patterns, inaccurate typing meth-
odologies, and the limited sample sizes of some studies. In
addition, most association studies define simplified struc-
tural motifs, such as centromeric and telomeric segments
or gene presence/absence profiles, which underestimate the
complexity of the MHC and KIR interplay. The lack of con-
sensus in association studies limits our knowledge regarding
the selective pressure to balance activating and inhibitory
KIR haplotype profiles. The presence of a similar balance in
rhesus macaques, however, might indicate that the selection
to maintain distinct functional haplotype configurations is
conserved and might be important in NK cell biology.

The KIR cluster diversity is mainly generated by chro-
mosomal recombination events that reshuffle the KIR gene
content across haplotypes. In humans, a major hotspot for
recombination is located between the centromeric and telo-
meric haplotype segments. This transposon-rich stretch
facilitates similar recombination events in rhesus macaques,
as is identified in this study based on the allele content of
centromeric and telomeric regions (Fig. S1). Other recom-
bination hotspots are located within introns and generate
not only reshuffled KIR haplotypes but also novel fusion
genes. For example, one of the first extended human KI/R
haplotypes that was documented contains two copies of
KIR2DIA4 and KIR3DLI/S1 and a fusion gene that is com-
posed of KIR2DL5A and KIR3DPI (Martin et al. 2003). As
such, the presence of a fusion KIR gene is often a marker
for haplotype recombination events that map within introns.
The total number of fusion KIR genes and the frequency of
haplotypes that contain a fusion entity seem to be higher in
rhesus macaques than in humans. One may translate this into
the notion that the KIR system in rhesus macaques experi-
ences stronger diversifying selection than humans. This con-
clusion is, however, difficult to substantiate and deserves to
be handled with caution. In rhesus macaques, the novel KIR
entities received new gene designations (e.g., KIR3DLW31,
which represents a fusion of KIR3DL02 and KIR3DLO0I) and
are easily recognized as entities that might encode a receptor
with distinct characteristics, such as differential signaling

potential, cellular localization, and ligand binding specificity
(Bruijnesteijn et al. 2020c). In contrast, the human nomen-
clature guidelines simplify the recombination complexity,
as human fusion KIR genes are named as alleles of the gene
that was the donor of the largest fraction of the fusion entity
(Marsh et al. 2003). For instance, KIR2DS2*005 is a fusion
gene that was generated by a recombination event in intron
6 of KIR2DS2 and KIR2DS3 genes, thereby reshuffling the
binding and signaling domains (Ordéiiez et al. 2011). As
such, KIR2DS2*005 might harbor functional properties
that are different from other KIR2DS2 alleles. The current
nomenclature standards might blur the visibility of the total
number of fusion KIR genes in the human population as well
as their differential functional capacities. An adaption of the
nomenclature guidelines for fusion genes in humans, as is
also proposed by Cisneros and colleagues, might improve
the classification of KIR receptors (Cisneros et al. 2020).
Previous KIR recombination studies and a phylogenetic
analysis of all human KIR sequences present in the [PD-KIR
Database (release 2.10.0) would estimate at least 10 different
fusion KIR alleles (Pyo et al. 2013; Vendelbosch et al. 2015;
Ordoiez et al. 2008; Cisneros et al. 2020; Jiang et al. 2012;
Hou et al. 2012). These documented recombination events
involve different KIR genes as donor and acceptor entities,
including the pseudogenes KIR2DPI and KIR3DPI. Even
more, a recombination event that introduces a KIR2DLS5 pro-
moter in front of KIR3DPI is documented, which results
in transcription of this pseudogene (Gémez-Lozano et al.
2005). The event demonstrates that promoter regions might
also be reshuffled from one gene to the other, thereby affect-
ing the transcription status. Most frequent human KIR hap-
lotypes, however, lack fusion genes, which is in contrast to
some of the relatively high frequency of rhesus macaque
KIR haplotypes that do contain a fusion entity (Fig. S1, H4
and H80). This suggests that selection for novel fusion KIR
genes in rhesus macaques is probably an ongoing process,
resulting in a continuous diversification of their gene reper-
toire, whereas the main repertoire in humans remains largely
fixed in the standard set of 17 KIR genes. The predominance
of such a fixed set of KIR genes substantiates the largely
balanced equilibrium of common human KIR haplotypes,
which is in contrast to the more fluent rhesus macaque KIR
gene repertoire.

The KIR haplotype diversity in macaques is further illus-
trated by the few individuals that are homozygous for their
KIR region configuration in the cohort studied. Even more,
at the allele level, none of the individuals displayed a set of
identical KIR haplotypes. This is in contrast with the rela-
tively high frequency of humans that are homozygous for
group A KIR haplotypes, and in particular populations, a
selection for KIR homozygosity is even proposed (de Brito
Vargas et al. 2021). This selection might be driven by a
limited repertoire of MHC class I ligands, indicating that
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minimal KIR and MHC diversity is sufficient to maintain NK
cell education and modulation in a population. On the oppo-
site, differential selective pressure might shape the extensive
KIR haplotype diversity in macaques, reflected by the lack
of KIR homozygosity, to maintain a functional relationship
with their highly expanded MHC class I repertoire.

Human KIR haplotypes may contain sets of KIR genes
that display a strong linkage disequilibrium, of which some
are even in an absolute pairwise relationship. The relatively
large and outbred cohort presented in this study allowed for
the first time a similar definition of co-occurring and co-
excluding KIR genes in rhesus macaques. Although most
of these non-random pairwise relationships only displayed
trends for linkage, several gene combinations presented sta-
tistically significant associations, of which the pairwise link-
age of KIR3DLO02 with KIR3DLI10 and KIR3DSO05 involved
absolute co-exclusions (Fig. 5). So far, only a few rhesus
macaque KIR haplotypes are completely defined and anno-
tated at the genomic level. The wide diversity of their haplo-
type configurations suggests extensive variation in haplotype
architecture. Information on co-occurring and co-excluding
KIR genes might help to resolve more genomic haplotypes,
thereby elucidating the complex architecture. For example,
most strong human linkage disequilibria involve neighboring
KIR genes, such as KIR2DL5-KIR2DS3/5, which provide
insights into these haplotype structures. Similarly, three of
the eight completely defined rhesus macaque KIR haplotypes
contain both KIR3DLI0 and KIR3DS05, which are always
located adjacent to each other (Bruijnesteijn et al. 2021).
Larger cohorts might confirm more co-occurrence and co-
exclusion KIR gene combinations, which would help to
explain the complex rhesus macaque KIR cluster. However,
since the majority of KIR genes seem to display a random
pairwise relationship, a genomic characterization of haplo-
types will still be required.

The relatively abundant linkage combinations defined for
human KIR genes already constrain their potential haplotype
diversity. The variation is limited even further by the strong
associations of particular sets of alleles that are linked to hap-
lotype segments. For example, the centromeric segment of
the cBO1-tA01 haplotype mainly contains the KIR2DL5 *002-
KIR2DS3*001 tandem, with only rare deviations in allele
content (Solloch et al. 2020). In the rhesus macaque cohort
studied, similar co-occurrences were not determined at the
allele level. Only the co-exclusion of KIR3DSW39*001 with
KIR3DLWO3 displayed a tendency towards an allele-specific
association, but such trends have to be confirmed by increas-
ing the sample size. These linkage disequilibria put the exten-
sive polymorphism documented for both humans and rhesus
macaques into a different perspective. Whereas KIR alleles
in rhesus macaques seem to combine more or less randomly
on haplotypes, the linkage studies in humans might indicate
more confined groups of alleles that segregate together. Even
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though additional KIR characterization studies at the allele
level resolution might be required to confirm more combina-
tions of specific alleles, the current indication for KIR gene
and allele linkage further substantiates largely balanced KIR
haplotypes in humans compared to rhesus macaques.

During evolution, the diversity of the human KIR gene
cluster skewed towards a balanced equilibrium of inhibitory
and activating haplotype profiles, which are structured around
a more or less standard set of KIR genes. This balanced equi-
librium might be largely achieved by an interplay of differ-
ent selective factors, such as the emergence of HLA-C as a
specialized KIR ligand, different pathogenic encounters, and
increased demands for successful pregnancy (Parham and
Moffett 2013). In comparison, the KIR gene diversity in rhe-
sus macaques seems to display a less balanced equilibrium,
which indicates differential selective forces that continuously
shape their KIR gene repertoire and haplotypes. Several char-
acteristics of the KIR cluster complexity are, however, shared
in both species, such as distinct functional haplotype profiles
and the association of particular gene combinations, but dis-
play different levels of plasticity. As such, the human KIR hap-
lotypes are largely confined to common motifs with moderate
deviations, whereas more freedom for diversifying selection
seems to apply for the KIR cluster in rhesus macaques.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00251-022-01259-4.
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