
Complexity and evolution of KIR genes  
in rhesus macaques





Complexity and evolution of KIR genes  
in rhesus macaques

Complexiteit en evolutie van KIR genen  
in rhesus makaken

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op

gezag van de rector magnificus, prof. dr. G.J. van der Zwaan, 

ingevolge het besluit van het college voor promoties 

in het openbaar te verdedigen op

woensdag 22 juni 2011 des middags te 12.45 uur

door

Jeroen Harry Blokhuis

geboren op 3 oktober 1979 te ’s Gravenhage



Promotor: Prof. dr. R.E. Bontrop
Co-promotor: Dr. G.G.M. Doxiadis

Dit proefschrift werd (mede) mogelijk gemaakt met financiële steun van het B.P.R.C.



 Voor mijn ouders, Lisette en Julian 

Love to doubt as well as know



Beoordelingscommissie:

Prof. dr. R.J. de Boer
Prof. dr. L. Meyaard
Prof. dr. P. Parham
Prof. dr. L. Walter

The research described in this thesis was performed at the Department of  
Comparative Genetics and Refinement of the Biomedical Primate Research Centre, 
Rijswijk, The Netherlands.

Illustrations:   Henk van Westbroek and Jeroen Blokhuis
Cover design and lay out : Lisette Swart and Jeroen Blokhuis
Printed by:   Ponsen & Looijen BV, Wageningen
ISBN:    978-90-393-5584-8



Table of contents

Chapter 1 Introduction       

Chapter 2 Evidence for balancing selection acting on KIR2DL4 
  genotypes in rhesus macaques of Indian origin
  Immunogenetics 61(7) (2009), 503-512

Chapter 3 A splice site mutation converts an inhibitory killer  
  cell Ig-like receptor into an activating one
  Molecular Immunology 46 (2009), 640-648

Chapter 4 The mosaic of  KIR haplotypes in rhesus macaques 
  Immunogenetics 62(5) (2010), 295-306

  
Chapter 5 The extreme plasticity of killer cell Ig-like receptor (KIR)   
  haplotypes differentiates rhesus macaques from humans
  European Journal of Immunology (2011), in press

Chapter 6 General Discussion     

  Abbreviations       
 
  Summary       
 
  Samenvatting       

  Dankwoord
       
  List of publications      

  Curriculum Vitae      

9

43

63

83

103

131

143

147

149

153

157

159





Chapter 1

Introduction



CHAPTER 110

GENERAL INTRODUCTION
Killer cell immunoglobulin-like receptors (KIR) are members of the immunoglobulin 
superfamily, and are expressed on natural killer (NK) cells and particular subsets of 
T cells. NK cells in particular play a pivotal role in determining immune responses, 
in maintaining immune homeostasis, and in remodelling blood vessels during preg-
nancy. In this manner, they have an impact on the outcome of infectious diseases, 
on the erradication of malignancies, on autoimmune disorders, and on reproductive 
success. From a functional point of view, KIR molecules play a key role in determining 
the activation state of these cells. Because of their broad medical relevance, KIR genes 
are of interest in many biomedical fields.

In order to transduce a signal into the cell, it is necessary for a KIR molecule to 
interact with its corresponding ligand. Ligands for KIR include major histocompat-
ibility complex (MHC) class I molecules. In humans, the classical MHC class I loci are 
designated as human leukocyte antigens (HLA)-A, -B and -C, and are considered to be 
the most polymorphic genes known to date. The primary function of the MHC class 
I is to present intracellular peptides to effector T cells, and as such they constantly 
report the health status of a cell to the host’s immune system. During a complex pro-
cess, referred to as thymic education, T cells and their receptors are selected for their 
abilities to discern MHC molecules loaded with self-peptide from those with non-self 
peptides, respectively. Non-self peptides may originate from pathogens, and certain 
populations of T cells monitor the presence of MHC molecules loaded with foreign 
peptides and, if these molecules are present they react by eliminating such infected 
cells. As can be expected, certain pathogens try to evade and escape the immune 
response; for instance, by down modulating MHC class I cell surface expression. As 
a response, NK cells scan continuously for the presence and absence of MHC class I 
molecules by means of their KIR molecules. In humans the KIR genes are character-
ised by copy number variation and a high degree of polymorphism. Within any given 
human population, copious numbers of KIR genotypes are observed, which implies 
that the epistatic interactions of KIR and MHC, respectively, can vary significantly 
between individuals.

The individuals that are the main subject of this thesis belong to the species rhe-
sus macaque (Macaca mulatta). In biomedical science, this species is widely used as 
an important animal model to study the fundamental biology of immunology. It is 
also employed to test new vaccines and drugs as well as treatments for human and 
animal disorders. Comparative genetic studies are extremely helpful in shedding 
light on the evolutionary history of a particular gene system, but they may also aid in 
studying and understanding its functions in depth. The rhesus macaque MHC class I 
system has been thoroughly investigated over a considerable period of time. Howev-
er, still little is known about the KIR gene system. Because of its biomedical relevance, 
its close relationship with the MHC system, and the lack of knowledge involving this 
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species, the KIR gene system was investigated in rhesus macaques.

PRIMATE TAXONOMY AND EVOLUTIONARY RELATIONSHIPS
Like humans, the species of rhesus macaques (Macaca mulatta) belongs to the order 
of primates or Primata. Rhesus macaques belong to the suborder of Haplorrhini or 
‘dry-nosed’ primates. They further belong to the parvorder of simians, Catarrhini, 
which also includes the different ape species (Fig. 1).

Figure 1 Evolutionary relationships and taxonomy of rhesus macaques and other monkeys and apes. 
Fossil records have yielded estimations when common ancestors have had to be present (1). Genetic 
distances have been determined by a variety of techniques, for instance, DNA crosshybridization (2), 
sequencing of mitochondrial (3) or nuclear DNA (4, 5), and whole genome analysis (6, 7). An approxima-
tion of the time frame when a common ancestor of Human (Homo sapiens) was shared with Common 
Marmoset (Callithrix jacchus), Rhesus macaque (Macaca mulatta), Gibbon (northern white cheeked; 
Nomascus leucogenys), Bornean Orangutan (Pongo pygmaeus), Western Gorilla (Gorilla gorilla), and 
Common Chimpanzee (Pan troglodytes) and Bonobo (Pan paniscus). Mouse (Mus musculus) has been 
added to illustrate the timepoint (~80-100 MYA) when primates have diverged from other mammals.
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More precisely, they are part of the family of Cercopithecidae or Old World monkeys, 
and cluster into the genus Macaca. An Old World monkey species such as the rhesus 
macaque shares a common ancestor with the Great ape/human lineage approximate-
ly 25-33 million years ago (Fig. 1). The genetic separation of the different macaque 
species is of a more recent origin and is estimated to have happened approximately 
1 million years ago (8). Most rhesus macaques used for biomedical research are usu-
ally obtained from populations that originate from either India or China (9). Genetic 
analysis has revealed that the separation of these two populations has occured ap-
proximately 160,000 years ago (10).

HISTORICAL INTRODUCTION OF THE NK CELL
The discovery of natural killer cells occurred, more or less simultaneously, in the 
fields of tumour immunology, transplantation and virology. Initially, however, diver-
gent phenomena were observed that were not immediately understood correctly, nor 
were they  thereupon attributed to this specialised set of lymphocytes. For instance, 
in 1964, a phenomenon called hybrid resistance was described in mice (11). A bone 
marrow transplant of homozygous donors was tested for take and growth in irradi-
ated recipient animals, which were either heterozygous F1 or F1 hybrids from con-
genic parents, thus differing only for selected alleles of the histocompatibility loci. 
All heterozygous animals rejected transplantation of parental marrow cells, whereas 
only individuals homozygous for particular H-2 (12)1 loci were non-resistant, despite 
the heterozygosity for one or several other histocompatibility loci. At that time, it 
was thought that the H-2 complex functioned as a recessive factor in the graft, which 
might be responsible for the recognition of donor cells by recipient effector cells. 
Subsequent work to define the nature of the effector cells revealed that they were of 
hematopoietic origin, but their development was independent of the thymus (13).

Another line of evidence, observed in the field of tumour immunology, and hint-
ing at this natural reactivity, revealed that cells from non-immunised mice as well as 
normal human donors exhibited reactivity levels comparable with those observed 
in immunised animals and cancer patients (14, 15). Subsequent investigations em-
ploying target cells infected with different viruses also suggested the presence of pre-
existing cytotoxic lymphocytes in the absence of immunisation (16).

In those days, spontaneous cytotoxicity existing prior to immunisation was con-
sidered to contradict contemporary knowledge concerning T- and B-cell-mediated 
immunology. Not only bone marrow-derived cells showed these effects; lymphocytes 
with this specific ability could also be isolated from mouse spleen and, based on mor-
phological features, they were distinctive from T cells. Due to their cytotoxic capabili-
ty, without prior priming, they were termed ‘natural killer’ cells (17, 18). The existence 
of NK cells was considered controversial for a long period, as they were neither B nor 
T cells, and specific receptors that would dissect them, had not yet been described. 

1This is the murine equivalent of the MHC. 
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As such, they would sometimes be referred to as ‘null’ cells. However, more evidence 
that these NK cells possessed unique functional characteristics was accumulating 
(19). Morphologically, they were described as large granular lymphocytes (20), and 
with the help of antibodies against CD16, CD56, and CD57 their unique immuno-
phenotypical characteristics could be distinguished (21). NK cells are now regarded 
as a distinct lineage of lymphocytes, although the mechanisms of their activation re-
mained a mystery for some time.

MECHANISM OF ACTIVATION: THE MISSING-SELF HYPOTHESIS
Hybrid resistance experiments (22) elucidated an important role for MHC class I in 
the selective rejection of grafts. Re-evaluation of this data, and the observation that 
certain tumour cell lines had lost or downregulated their MHC class I, allowed Kärre 
to propose the following mechanism: NK cells are effector cells of the immune de-
fence, and their biological function is to detect the reduced expression or absence of 
self-MHC class I antigens (23). An elaborated version of this explanation was subse-
quently termed the ‘missing-self hypothesis’ (24), and was based on the premise that 
NK cells are capable of recognising and killing cells that lack MHC-class I (Fig. 2).
 

Figure 2 Schematic representation of NK cell activation. In the panel on the left, tolerance is maintained 
by the target cell that expresses inhibitory and activating ligands for NK cell receptors. In the middle 
panel the target cell has lost (missing-self) or altered its inhibitory ligands so that it no longer can be 
recognized and the NK cell is activated. On the panel on the right the NK cell is activated because the 
balance is shifted by an overstimulation of activating receptors.
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A next level of sophistication was implemented by the notion that NK cells are being 
inhibited actively by interaction with self-MHC class I molecules. This receptor-inhi-
bition model could be experimentally mimicked by transfecting target cells with MHC 
class I genes (25). Specific epitopes and residues of MHC class I molecules that were 
controlling these protective effects, were subsequently identified (26, 27). In vivo, this 
role of MHC class I was recorded in mice (28). More precisely, the murine Ly49 family 
of NK cell receptors appeared to be responsible for signalling through interactions 
with MHC class I (29). The ‘missing-self hypothesis’ also predicted the existence of 
inhibitory MHC class I-specific receptors in humans, which were later identified and 
mapped to the KIR family. Adoptive transfer studies on double transgenic mice that 
possess both a human KIR haplotype as well as the HLA-C locus (30) illustrated the, in 
vivo, importance of KIR molecules in detecting the missing MHC class I.
 
EDUCATION AND MEMORY
In line with the missing-self hypothesis, two additional criteria needed explanation. 
First, NK cells need to express at least one inhibitory receptor (at-least-one hypoth-
esis) to prevent them from becoming reactive in an uncontrolled state (31). Second, 
target cells that lack all ligands for inhibitory receptors are expected to be killed. This 
latter hypothesis could be tested in mice that lack MHC class I expression. These ani-
mals were viable (under SPF2 conditions) but showed no signs of auto-reactive NK 
cells (32, 33). On the contrary, their NK cells showed a reduced functional activity 
against target cells (34). A similar phenotype was observed in NK cells from human 
patients with a TAP-deficiency disorder, who have lost their MHC class I peptide-
loading capacity (35). These observations illustrated that the environment of MHC 
class I expression, in which the NK cell develops, influences its capacity to be acti-
vated. This confirms an observation - made in 1987 - that NK cell activity against the 
known target cell line K562 was determined to be influenced by whether donors were 
homozygous or heterozygous for their HLA (36).

To explain the aforementioned phenomena, a model of ‘NK cell licensing’ was 
proposed. By engaging a self-MHC ligand with its cognate receptor a NK cell would 
be rendered functionally competent (37). 

The at-least-one hypothesis could also be tested because, in healthy mice, sub-
sets of NK cells were detected that lacked their inhibitory receptors for MHC class I. 
These cells were not overly auto-reactive but instead displayed a hyporesponsive phe-
notype (38). A similar phenotype was observed in human NK cells lacking all known 
inhibitory receptors (39). In line with this, human NK cells expressing only a specific 
activating receptor for self-MHC would in theory be auto-reactive; however, a mecha-
nism was shown to exist that ‘down-tunes’ this unwanted reactivity (40). A rheostat 
model of functional maturation proposes that each NK cell is educated based on the 
type of receptors it expresses and on the ligands it encounters (41). In this manner, 

2Specific pathogen free. 
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the collective of NK cells can detect very subtle differences in receptor-ligand interac-
tions. The flexibility of this education system was highlighted by the adoptive transfer 
of NK cells to a new MHC setting, where after time they would become re-accustomed 
(42). Moreover, functional gain-of-function is observed for MHC class I-deficient NK 
cells that have been adoptively transfered to wild-type recipients. This suggests that 
neither exposure to MHC class I ligands during development in the bone marrow nor 
endogenous MHC class I expression is absolutely required for licensing (43). The flu-
idity of this system opens up new prospects for therapeutic approaches, and indeed 
some lines of evidence suggest that the education of NK cells can be influenced using 
antibodies directed against inhibitory receptors (44). The fact that similar observa-
tions on the functional maturation of both murine and human NK cells have been 
done suggests that education is an important control mechanism in their functional 
maturation.

Recently, it was recorded that NK cells possess some of the features that are nor-
mally associated with cells that belong to the adaptive compartment of the immune 
system (45). For instance, antigen recognition, subsequent expansion, contraction, 
and faster reactivation after re-challenge of NK cells in a receptor-specific manner 
has been reported. This adaptive character was shown by hapten-induced immune 
activation (46), but can also be provoked using viral pathogens (47). Recently, the lon-
gevity of these natural killer cells with a ‘memory-like’ phenotype upon viral infection 
was recorded as well (48).

BIOLOGICAL FUNCTION OF NK CELLS
NK cells protect the host from infection, and control the unwanted growth of ma-
lignant cells. Indeed, humans who lack natural killer cells suffer from severe infec-
tions (49, 50). Accordingly, in NK cell-deficient mice an increased susceptibility to 
viral infection along with greater tumour incidence and severity is also documented 
(51). The mechanism by which NK cells bestow their function is driven either by the 
direct killing of infected and transformed cells or by the secreting of chemokines/cy-
tokines that influence the immune response. The mechanism of target-cell killing is 
mediated by death receptor interactions (FAS-FASL, TRAIL) or by the release of gran-
zyme and perforin (52). The cytokine most associated with NK cell performance is 
interferon-γ and its production shapes: for instance, the ‘cell-mediated’ response by 
priming CD4+ T-helper type 1 cells (Th1). Interferon-γ also activates antigen present-
ing cells (APCs) to upregulate their MHC class I expression and produce cytokines, 
activates macrophages to kill intracellular pathogens, and has an anti-proliferative 
effect on virally and malignantly transformed cells (53). Moreover, NK cell responses 
in turn can be enhanced by particular cytokines (IL-12, IL-15, IL-18, and type I inter-
ferons) produced by APCs (54).

As well as these important functions, NK cells can regulate or exacerbate in-
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flammatory responses (55). Immature dendritic cells (DC) are susceptible to NK cell-
mediated autologous cytolysis, whereas mature DCs are protected (56). NK cells can 
positively - by promoting CD8+ T cell and humoral responses (57, 58) - or negatively 
(59, 60) influence T and B cell immunity. Furthermore, a possible subset known as 
NK-22 cells - found in mucosa associated lymphoid tissues - is specifically triggered 
by IL-23 to produce IL-22 (61). This niche of cells may play an important role in anti-
bacterial responses and in the protection of epithelial barriers.

Finally, a very special role for NK cells is observed during pregnancy. A particular 
subset, referred to as decidual uterine NK cells (62), is the dominant lymphocyte pop-
ulation present in the maternal endometrial tissue (63). Implantation might predom-
inantly involve an allogeneic recognition system based on NK cells (64). These cells 
secrete proangiogenic factors, such as vascular endothelial growth factor (VEGF), 
placental growth factor (PLGF), and NKG5. These factors propagate the remodelling 
of the feeding spiral arteries that support maternal endometrial tissues at sites of im-
plantation and during subsequent placental development (63). In this way, NK cells 
promote reproductive success.

NK CELL RECEPTORS
Natural killer cells express different types of immunoreceptors (Table 1). 
These receptors usually come in two functionally distinctive forms: namely, activat-
ing and inhibitory. The signal transduction of each receptor is largely determined by 
its transmembrane and cytoplasmic domains. Generally, inhibitory receptors pos-
sess one or more immunoreceptor tyrosine-based inhibitory motifs (ITIM) in their 
cytoplasmic tail (65). Activating receptors lack ITIM but possess particular positively 
charged amino acid residues in their transmembrane region, which can interact with 
negatively charged residues on adaptor molecules. These adaptor molecules, includ-
ing DAP10, DAP12, and FcεRIγ, contain immunoreceptor tyrosine-based activation 
motifs (ITAM), required to transduce an activating signal into the cell (66).

At least three protein families have a prominent impact on the activation state 
of the NK cell. These are the immunoglobulin-like receptors, C-type lectin-like, and 
natural cytotoxicity (NCR) receptors (Table 1). The immunoglobulin-like receptors 
comprise members of the CD2-like, LILR, LAIR, and KIR proteins, which share typi-
cal beta sheets stabilised by disulfide bonds formed between conserved cysteine 
residues. The C-type lectin-like receptors comprise members of the NKG2 and CD94 
(KLRD1) family of receptors. Finally, the NCR comprise proteins that are designated 
as ‘NKp’ followed by the particular molecular weight of that molecule: for instance, 
NKp46 (Table 1).

KIR STRUCTURE AND NOMENCLATURE
During their discovery, the various KIR receptors were given many different names 
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by various research teams (Table 2), but a standard nomenclature was introduced as 
soon it was recognised that the research community was dealing with a multigene 
family controlling multiple related genes. Initially, all these NK cell receptors were 
termed killer inhibitory receptor (KIR) (67), but it became clear that KIR genes also 
encompass activating receptors. Therefore the acronym KIR was changed into killer 
cell immunoglobulin-like receptor (68, 69). 

Depending on their size, human KIR proteins consist of up to three extracellu-
lar Ig-like domains, followed by a common organisation of stem, transmembrane, 
and cytoplasmic domain. A differential system to classify KIR genes based on their 
extracellular Ig-like domains, the D0-D1-D2 system, was introduced (70). Based on 
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the number of Ig-like domains that is present, the first part of the name is either des-
ignated 1D, 2D or 3D, and if the cytoplasmic domain is present (long) or truncated 
(short), the gene is called, for instance, KIR3DL or KIR3DS, respectively (Fig. 3).

Figure 3 Schematic overview of KIR structure and nomenclature. A KIR molecule consists of extracel-
lular immunoglobulin-like and stem domains, a transmembrane domain that may contain a positive 
charged amino acid, which can interact with different adaptor molecules that contain activating signal 
transducing ITAMs, and cytoplasmic domains that may contain inhibitory signal transducing ITIMs.

KIR DISCOVERY IN HUMAN
One of the mechanisms of recognition by human NK cells is associated with MHC 
class I. This was demonstrated by the transfection of HLA genes in target cells, which 
may inhibit killing depending on the combination of NK cell receptor and its MHC 
class I ligand (25, 71). In the first instance, the structures on NK cells responsible for 
this interaction were not known. NK cell clones that target cells with known HLA al-
lotypes (72) or K562 cell lines transfected with particular HLA class I genes (73) were 
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discovered. Among the specificities identified were NK cell clones reacting against 
HLA-A (73), -B (74, 75) and -C (76-80). Fine mapping revealed that reactivity is as-
sociated with the presence of specific amino acid residues of the HLA molecules (81) 
(Table 2). 

Remarkably, these epitopes correlated with the serological definitions (A3, A11, Bw4, 
Bw6, Cw3, Cw4) that had been defined long ago by allo-antisera (82).

Immunisation of mice with human NK cell clones yielded antibodies that could 
disrupt the interaction between NK and target cell, or could trigger the NK cell to be-
come activated (83, 84). With these antibodies specific receptors on NK cells could be 
targeted and analysed biochemically. By means of immunoprecipitation assays the 
molecular weight could be determined at 50, 58, 70 kD, respectively (p50, p58, p70). 
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Some of these antibodies could either inhibit or trigger a NK cell clone, suggesting 
that multiple receptors with differential signalling profiles do exist (85).
To gain further insight into the genetics of all these different receptors, cDNA was 
isolated either from NK cell clones or T cell subsets. By screening cDNA libraries, the 
transcripts and corresponding genes that encode particular NK cell receptors were 
identified, and in this manner the genetic make-up of these molecules was elucidat-
ed (86-88, 96). All these NK cell receptors are members of the superfamily of immu-
noglobulin receptors, and were later designated as KIR. Moreover, cDNA sequencing 
resulted in the discovery of a fourth KIR family member with two Ig-like domains, of 
which the first D0-domain has high homology with the p70 (KIR3DL) genes, while 
the second D2-domain has homology with both p58 (KIR2DL) and p70 genes (89). 
The transmembrane and cytoplasmic domains of this KIR2DL4 differ from other 
known KIR (Fig. 3). Using primers that were derived from chimpanzee KIR genes, an 
additional human KIR was discovered, and designated KIR2DL5. Although this gene 
shares the D0-D2 structure of KIR2DL4, it differs and is situated on a separate locus 
(92).

With cloned receptors available, the specificity of individual receptors could now 
be defined (Table 1). For instance, the receptor interaction of KIR3DL2 with specific 
HLA-A allotypes was further revealed (100). Clones that contained this particular re-
ceptor, for instance, did not lyse target cells with the HLA-A3 or -A11 allotype, but 
effectively lysed target cells with the -A1, -A2, -A24 allotypes (101).

 Similarly, the specific amino acid residues of the Bw4 motif that could inhibit 
particular subsets of NK cells expressing KIR3DL1 were discovered (102). Alternative-
ly, amino acid residues 44, 45, and 70 determined the specificity of receptor KIR2DL1 
for HLA-C group 2 antigens and of receptors KIR2DL2 and -3 for HLA-C group 1 (103). 

KIR AND ITS RELATION TO REPRODUCTIVE BIOLOGY AND DISEASE
Given the important role of NK cells in both innate and adaptive immunity as well 
as in pregnancy, it can be extrapolated that KIR-ligand interactions are influential in 
these settings. Both MHC class I and KIR genes are highly polymorphic within a pop-
ulation. It is hypothesised that epistatic interaction between different combinations 
of alleles can influence the outcome of disease and immune disorders in their own 
manner. However, the chance that two unrelated individuals share a KIR genotype is 
very small. Because of this diversity of interactions and the incomplete understand-
ing of the ligands for KIR, the interpretation of genetic studies is difficult. Hence, in 
order to draw meaningful conclusions, the manner in which KIR-HLA disease associ-
ation studies are interpreted is at best a simplification of the complexity of KIR-MHC 
class I interactions (104). Despite this, however, expansive genetic studies with well-
controlled populations have provided the first insight into the role of KIR in disease 
(Table 3) (105-107).
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In HIV-1 infection, the presence of KIR3DS1 and its HLA-B ligand is associated with 
a delayed progression to AIDS (108). Alternatively, in the absence of its ligand, the 
presence of KIR3DS1 is associated with a more rapid progression. Moreover, KIR3DL1 
alleles and various HLA-B alleles with a Bw4 motif influence the plasma HIV RNA 
levels and progression to AIDS. The pleiotrophic effects of KIR/HLA interaction have 
also been associated with a reduction in opportunistic infections  in  seropositive 
individuals (109). For hepatitis C virus infection it has been shown that the presence 
of the inhibitory KIR2DL3 and its HLA-C group 1 ligand directly influences resolution 
of the infection (110).  

With regard to autoimmunity, certain KIR haplotypes have also been found to be 
associated with susceptibility or protection (113-116). In cancer research, therapeuti-
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cal approaches involving KIR are being investigated. One approach to influence NK 
cells in vivo is to block inhibitory KIR receptors with antibodies to lower the thresh-
old for NK cell activation (124). In the context of therapeutic hemopoietic stem cell 
transplant against myeloid leukemia, there is strong evidence that particular combi-
nations of the donor’s KIR genotype and the recipient’s HLA type can influence ben-
eficially the graft-versus-leukemia effects (117, 118). 

In pregnancy, the immune system may act as a double-edged sword: and as early 
as in 1953, Medawar had proposed that pregnancy poses an immunological paradox 
(125). Although a full-blown immune response against the foetus has to be avoided, 
evidence has shown that particular alloreactivity of maternal uterine NK cells may 
be beneficial (64). Indeed, specific combinations of maternal KIR and foetal HLA are 
associated with reproductive success. The underlying manner of alloreactivity by ma-
ternal KIR and foetal HLA influences the risk of pre-eclampsia (121), recurrent mis-
carriage (122) and reproductive failure (123).

IMMUNOGENETICS OF THE KIR GENE CLUSTER
In humans, the KIR genes are located on the long arm of chromosome 19, and map to 
a 100-200 kilobase region of the leukocyte receptor complex (LRC) defined as 19q13.4 
(126) (Fig. 4). 

Figure 4 Genomic context of the KIR gene cluster located within the LRC on chromosome 19.

The LRC constitutes a large cluster with a high gene-density of immune-related 
genes. In addition to , this region consists of the leukocyte immunoglobulin-like re-
ceptors (LILR), the leukocyte-associated immunoglobulin-like receptors (LAIR), sial-
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ic acid-binding immunoglobulin-like lectins (SIGLEC), the Fc-γ receptor transporter 
(FCgRT), the Fc-α receptor (FCAR), and the natural cytotoxicity triggering receptor 
1 (NCR1 also called Nkp46), as well as genes encoding for the DNAX activating pro-
teins of 10kDa and 12kDa (DAP10 and DAP12). The LAIR and LILR gene families are 
separated by one gene that resembles the structure of KIR and is phylogenetically 
most closely related to KIR. Therefore, this gene is designated as  (127). The KIR gene 
complex is flanked centrometically by the  gene and telomerically by  (128) (Fig. 4). 
Within this region, KIR genes are arranged tandemly and display a high degree of se-
quence similarity, which predisposes the genes to evolve by non-allelic homologous 
recombination (129). This gives rise to a plastic system that shows expansion and 
contraction (99). In human populations many different KIR haplotypes have been 
observed, and generally a division can be made between group A (130) and group B 
haplotypes (131) (Fig. 5).

Figure 5 Gene content of human group A and B haplotypes. The group A haplotype contains the de-
picted genes or fewer, and group B is any haplotype which is not group A.

The group A haplotypes are characterised by the absence of the following genes: 
KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5, and KIR3DS1, while the group B 
haplotypes are defined by the presence of one or more of these genes. Moreover, all 
haplotypes comprise the framework genes, KIR3DL3, KIR2DL4, and KIR3DL2 and the 
pseudogene KIR3DP1 (99).

Although recombination between different haplotypes can give rise to an enor-
mous diversity, much of the observed haplotype diversity can be explained by di-
viding these haplotype groups into centromeric and telomeric parts, whereby new 
haplotypes may be formed by equal and unequal crossover events between these 
regions (132, 133). Within many populations, this diversity gives rise to a myriad of 
haplotypes and genotypes (134-136). 

THE EVOLUTION OF THE KIR LIGANDS (MHC CLASS I) IN PRIMATES
The MHC class I molecules are divided into two subclasses designated Ia (classicals) 
and Ib (nonclassicals), respectively. In humans, there are three classicals - HLA-A, -B, 
and -C - whereas the -E, -F, and -G loci are considered to represent the nonclassicals. 
By definition, the classical proteins are expressed on all nucleated cells and display 
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abundant levels of polymorphism. The nonclassicals often exhibit differential tissue 
distribution and are characterised by the absence or low levels of polymorphism. The 
classical transplantation antigens are involved in the presentation of processed pep-
tide fragments to cytotoxic T cells (CTL) (137), while the nonclassical MHC class I 
molecules display a complex variety of functions (138). Because KIR and its MHC 
ligands are functionally so closely connected, it is highly likely that co-evolution has 
occurred between these two gene systems. To facilitate an educated hypothesis on 
the organisation of the rhesus macaque KIR gene system, it is necessary to under-
stand the extent of the species-specific evolution of both complexes. Indeed, the 
MHC class I genes of different primates have been studied extensively and have been 
assigned designations based on their Latin species name (e.g. Macaca mulatta MHC-
A is named Mamu-A) (Fig. 6).

Figure 6 Overview of MHC organisation in primates.

In chimpanzees, the evolutionary closest living relatives of humans, orthologues of 
the HLA genes are present and appear to be polymorphic as well (139, 140). Humans 
and chimpanzees share lineages but the sharing of alleles appears to be a rare event 
(141). Chimpanzees also possess a unique locus designated as Patr-AL that shows 
differential haplotype distribution and displays low levels of polymorphism, and of 
which the gene product has an HLA-A2-like peptide binding motif (142). The classical 
MHC class I molecules of the chimpanzee possess the signature of a repertoire reduc-
tion. This selective sweep may have been caused by SIV or a closely related retrovirus 
(143). Comparative analysis of the chimpanzee MHC orthologues has illustrated that 
structural motifs that may be recognised by KIR have been retained. As early as in 
1981, it was shown that chimpanzee B cell lines are resistant to lysis by human NK 
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cells, which suggests that conserved inhibitory signals are present (144). 
The MHC of gorillas seems to resemble the system observed in humans and 

chimpanzees. Class I loci are shared, and, moreover, humans and gorillas share the 
A2 lineage, whereas the corresponding lineage is absent in chimpanzees (145). In 
orangutans, there is evidence for the presence of the Popy-A and -B genes, but they 
may not be directly orthologous to HLA-A and HLA-B (146, 147). On certain haplo-
types the Popy-B gene may have been duplicated (148), while Popy-C is only present 
on 50% of the haplotypes, and thus a significant minority (25%) of individuals lack 
an HLA-C-like locus (146). In gibbons, the equivalents of HLA-A and -B have been 
detected (148), while those of HLA-C and -G loci are most likely absent (149). 

The A and B loci of rhesus macaques have been subjected to several rounds of 
expansion (150). Moreover, the C locus is absent in this species (151). The orthologues 
of  HLA-E (152) and –F (153) are highly conserved. The equivalent of HLA-G has been 
inactivated but its function has been taken over by Mamu-AG (154). In other ma-
caque and Old World monkey species, a similar situation seems to exist.

 
COMPARATIVE GENETICS OF KIR IN PRIMATES
In recent years, comparative genetic studies have substantially increased the knowl-
edge on the evolution of the KIR gene system. Complete KIR haplotypes of human, 
chimpanzee, orangutan, gibbon, and rhesus macaque have been sequenced (133, 
149, 155, 156). In this manner, the evolutionary history of these regions could be de-
duced by analysing intergenic, intron and exon sequences. Moreover, comparison of 
ancient retroviral elements and repeat sequences within the introns yielded an in-
sight into the time period when these had to be present in the genome (157). From 
this it could be deduced that an ancestral KIR gene had to be present approximately 
60 to 100 million years ago, whereas duplication events range from around 30 to 45 
million years ago (155).

The genetic relationships between different genes can be depicted by phyloge-
netic trees that portrait evolutionary distance between for instance KIR introns (Fig. 
7). This led to the important discovery that four lineages of KIR are represented by 
gene members of the different primate species of which these sequences were avail-
able at the time. This subdivision has likely occured before speciation, and is therefore 
in accordance with the proposed duplication events. After speciation, genes of a cer-
tain lineage may have still undergone considerable divergence, which is, for instance, 
illustrated by the rhesus macaque KIR genes in lineage II. These genes cluster sepa-
rately and, therefore, are sometimes assigned to the sub-lineage IV (Fig. 7). All human 
KIR genes can be assigned to particular lineages. The KIR2DL4, KIR2DL5A and -B 
genes belong to lineage I. Lineage II comprises KIR3DL1, KIR3DL2, and KIR3DS1. By 
far the most genes cluster in lineage III: KIR2DL1-3, KIR2DS1-5, as well as the pseudo-
genes KIR2DP1, and KIR3DP1. Finally, Lineage V comprises the framework KIR3DL3 
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gene. By comparing the coding regions of genes of specific lineages between species, 
it is possible to detect patterns of species specific evolution. Moreover, it is possible 
to discover which genes have remained orthologous to human KIR.

Figure 7 Phylogenetic tree depicting the 
four KIR lineages based on intron 3 se-
quences obtained from human    (AY; 
AY320039, AC; AC006293), chimpanzee 
(Pan troglodytes; Patr, BX842589), orang-
utan (Pongo pygmaeus; Popy, EF014479), 
and rhesus macaque (Macaca mulatta; 
Mamu, BX842591). A neighbor-joining ap-
proach was used to construct the tree (mid-
point rooted) with Tamura-Nei method 
and 1000 replicates. Bootstrap values that 
indicate confidence levels above 50 percent 
are shown.

The presence of KIR genes in the chimpanzee was first demonstrated by screening 
genomic DNA on southern blots with a probe directed against a conserved KIR 
structure (158). The first chimpanzee KIR cDNAs were obtained by using degener-
ate primers for amplification (159), and additional KIR genes were later identified 
in two more animals (155). Sequence analysis of these genes revealed that members 
of all KIR lineages are also present in chimpanzee. Lineage I and V comprise genes 
that are closely related to the human ones and therefore orthologous. Contrary, chim-
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panzee lineage II genes have diverged considerably from human and are no longer 
considered to be orthologues. In humans, lineage III is represented by KIR with a 
D1-D2 conformation, while the chimpanzee is represented by orhologous genes that 
encode either two or three Ig-like domains. Although the human and chimpanzee 
species have diverged from a common ancestor relatively recently (Fig. 1), the KIR 
system shows considerable differences between species, which suggests that rapid 
evolution has occurred.

 This rapid evolution was further confirmed by comparative genetics of KIR 
in the bonobo, a species which is closely related to the common chimpanzee (Fig. 
1). Although genotyping showed that bonobo KIR resembles that of the chimpan-
zee, considerable differences were manifested (160). Bonobo KIR clusters within the 
four defined lineages, and orthologues of the human framework genes KIR3DL3, 
KIR2DL4, and KIR3DL2 were detected. However, no lineage III genes were observed, 
while lineage II genes contain novel combinations of elements that are observed in-
dependently in humans and in chimpanzees. Since haplotypes in this studied cohort 
were characterised by a low gene content, it was proposed that these would embrace 
the minimal essential functions of KIR.

In the gorilla, all four lineages are present as well (161). However, the orthologue 
of KIR2DL4 (lineage I) lacks ITIMs, and members of lineage II display a chimeric 
structure and seem to have been formed by domain shuffling. Although lineage III 
genes are present, these are neither orthologous to chimpanzee nor to human KIR, 
again reflecting rapid evolution. This study confirmed the observations that new KIR 
genes may be formed by recombinations leading to exon shuffling.

These closely related hominids have more or less retained a similar MHC archi-
tecture, therefore, orangutans are informative to study the co-evolution of KIR with 
their MHC ligands (162), since there has been such a drastic divergence in MHC evo-
lution as compared to humans and other great ape species. While all KIR lineages are 
represented in the orangutan, one common feature of all reported genes is that they 
exhibit a patchwork pattern of substitution reflecting their species-specific evolution 
by means of recombination. Since in orangutans only a C1 group MHC-C allotype 
may be present, it was observed that indeed lineage III genes displayed the character-
istics of C1 specificity and not C2 specificity. This not only indicated that the lineage 
III KIR in hominids has co-evolved with the emergence of MHC-C,  but also that spe-
cies-specific co-evolution has occured with particular MHC-C allotypes (156, 163).

With regard to the gibbon MHC, differences from that of humans are even more 
drastic (Fig. 6). Therefore, it is hypothesised that the effect of co-evolution on the 
KIR system will be a significant divergence from other hominoids. KIR haplotypes of 
two species of gibbon have been described (149). One observation was that the hap-
lotypes are smaller in comparison to other hominoids. Both species appear to have 
lost either their lineage I homologue of KIR2DL4 or its inhibitory function. Lineage 
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II KIR genes are observed, although they have diverged considerably. Notably, lin-
eage III genes are still present but they cluster separately, suggesting species-specific 
evolution. Furthermore, a novel activating KIR is detected, which was formed by re-
combination of a lineage I with a lineage III gene, highlighting the plasticity of this 
system. Finally, the lineage V homologue of KIR3DL3 is the only gene present on all 
haplotypes, although it appears to be polymorphic and has preserved both ITIMs. 

KIR IN THE RHESUS MACAQUE
The comparative genetic analyses of the KIR system in different primates highlighted 
certain evolutionary characteristics. The longer the time since an ancestor was shared 
with humans, the more differential evolution may have occurred. Moreover, because 
this evolution is possible at a rapid pace, large differences between KIR systems may 
occur. Co-evolution with changes in MHC compositions may also have had dramatic 
effects, leading in some cases to the loss of a KIR lineage. Because the evolutionary 
distance between humans and rhesus macaque is great, and significant changes in 
MHC composition have occurred (Fig. 6), this will likely have had an effect on the KIR 
architecture in this Old World monkey species. The extent of this species-specific evo-
lution is for the most part unknown, since only few studies have investigated rhesus 
macaque KIR.

In 2005, the one rhesus macaque KIR haplotype was completely sequenced 
(155). This haplotype was constructed from two BAC clones that cover the KIR gene 
cluster, and, as in humans, it is flanked by LILR and FCAR genes, respectively. Within 
this cluster, five genes and one pseudogene, DP, were identified (Fig. 8). 

Figure 8 The architecture of the one rhesus macaque KIR haplotype (BX842591).

Notably, no genes that could encode activating KIR were detected on this haplotype. 
Subsequent analysis of the genomic sequences revealed that the genes are tightly 
clustered in a similar orientation with relatively short intergenic sequences, which 
is in line with the human situation. Some preliminary conclusions could be drawn; 
orthologues of lineage I and V genes exist in the rhesus macaque. Lineage II genes ap-
peared to have diverged considerably and were assigned to a sub-lineage IV. Whereas, 
the only remnant of lineage III may be a gene, Mamu-KIR1D, that encodes a product 
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with one Ig-like domain and is possibly expressed in soluble form.
With regard to cDNA, the first rhesus macaque KIR sequences were obtained 

from five unrelated monkeys (164). Simultaneously, sequences involving one animal 
were reported from a decidual NK cell cDNA library (165), and subsequently also 
from two unrelated animals (166). In these eight animals, different activating and in-
hibitory genes were observed, which suggests that these genes are polymorphic and 
display copy number variation. However, the extent of this KIR diversity in a large 
population is still unknown, nor is anything known on variations in KIR repertoire 
between rhesus macaques from different geographic origins. Moreover, from these 
unrelated animals no haplotype information could be gathered.

THESIS AIM AND OVERVIEW
The aim of this thesis is to provide more insight into the KIR gene system of the rhe-
sus macaque. By characterising and understanding the complexity of this system, 
the different types of selection that have acted on it may be deduced. Subsequent-
ly, hypotheses can be postulated as to which evolutionary forces are driving these 
types of selection. We wished to determine whether the species-specific expansion of 
MHC class I genes is reflected through co-evolution in their KIR genes. Furthermore, 
through increased knowledge of the differences and similarities of this system with 
that of humans, it may be possible to refine the selection of rhesus macaques for bio-
medical studies based on genetic factors.

In humans, KIR2LD4 is considered to be a framework gene, and one of the most 
conserved KIR genes in primates. Although it displays limited allelelic variation, two 
forms exist, resulting in a long and a truncated gene product. Moreover, these forms 
appear to be equally distributed within a population. In the rhesus macaque, little 
was known about allelic variation of 2DL4. Therefore, extensive sequence analyses 
of Mamu-KIR2DL04 were performed to determine the degree of its polymorphism 
in a large population of Indian-origin animals. Furthermore, a comparison of syn-
onymous versus non-synonymous polymorphisms in human and rhesus macaque 
KIR2DL4 revealed different modes of selection acting upon it (Chapter 2).

 In rhesus macaques, it appeared that the activating genes were under represent-
ed in the reported KIR genes. Additionally, no activating gene had been reported on 
the published haplotype. Therefore, manners to detect activating KIR on a genomic 
and on a transcriptional level were investigated. In a panel of pedigreed animals, the 
allelic variation of activating KIR, as well as their haplotype composition, was investi-
gated. Moreover, intron-exon boundaries were analysed to gain insights into the evo-
lution of activating KIR (Chapter 3).

In human populations an enormous amount of genotypic and haplotypic KIR 
diversity can be observed. Because KIR neither in related animals nor in a large colo-
ny had ever been analysed, practically nothing was known of this diversity in rhesus 
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macaques. Therefore, KIR transcripts from four families were sequenced, and geno-
types and haplotypes determined. For the first time it could be investigated whether 
the KIR system in rhesus macaque mirrors the type of haplotypic organisation and 
complexity observed in humans (Chapter 4).

Based on the data obtained and in a collaborative effort, an official rhesus ma-
caque KIR nomenclature system has been devised. In humans the current standard 
for determining KIR genotypes is a sequence specific primer PCR assay. To further 
facilitate the analysis of KIR in rhesus macaques a typing system was developed and 
a large pedigreed cohort of animals from different geographical origins was screened. 
In this manner, genotypes and haplotypes could be defined, and for the first time an 
overview of the diversity that is present in a larger population could be obtained, and 
compared with that in the human population (Chapter 5).

In conclusion, the current KIR knowledge involving the rhesus macaque is sum-
marized, differences and similarities between KIR in humans and in macaques are 
discussed and avenues for further research will be pointed out  (Chapter 6).
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ABSTRACT
The interaction of killer-cell immunoglobulin-like receptors (KIR) and their respec-
tive major histocompatibility complex (MHC) ligands can alter the activation state of 
the natural killer (NK) cell. In both humans and rhesus macaques, particular types 
of non-classical MHC class I molecules are predominantly expressed on the tropho-
blast. In humans, human leukocyte antigen G has been demonstrated to act as a li-
gand for KIR2DL4, present on all NK cells, whereas Mamu-AG may execute a similar 
function in rhesus macaques. During primate evolution, orthologues of KIR2DL4 ap-
pear to have been highly conserved, suggesting strong purifying selection. A cohort 
of 112 related and unrelated rhesus macaques of mostly Indian origin were selected 
to study their KIR2DL4 genes for the occurrence of polymorphism. Comparison of 
the proximal region provided evidence for strong conservative selection acting on the 
exons encoding the Ig domains. As is found in humans, in the Indian rhesus macaque 
population, two different KIR2DL4 entities are encountered, which differ for their in-
tra-cellular signalling motifs. One genotype contains a complex mutation in the distal 
region of exon 9, which negates a serine/threonine kinase site. Furthermore, both 
allelic entities are present in a distribution, which suggests that balancing selection is 
operating on these two distinct forms of KIR2DL4.

INTRODUCTION
Natural killer (NK) cells are important components in the first line of defence against 
pathogens and cancer. Moreover, they are thought to play a major regulatory role 
during pregnancy by maintaining a state of immunological tolerance. The interaction 
between major histocompatibility complex (MHC) class I molecules and their killer-
cell immunoglobulin-like receptor (KIR) ligands may affect the balance between the 
inhibition or activation state of the NK cell. As such, these gene families must have 
had considerable impact on each other during their evolution (1). Moreover, these 
multigene families possess members that display varying levels of polymorphism (2, 
3).

The KIR2DL4 gene is reported to be highly conserved in humans. It is considered 
a framework gene, as it is present on most haplotypes, and only a few exceptions have 
been recorded (4). The promotor region is highly characteristic (5), and the protein 
itself is constitutively expressed on NK cells. KIR2DL4 comprises multiple exons: ex-
ons 1 and 2 encode the signal peptide, exons 3 and 5 the immunoglobulin domains, 
exon 6 the stem, exon 7 the transmembrane section, and exons 8 and 9 the cyto-
plasmic domains, respectively. Most other KIR that comprise two Ig domains have a 
D1-D2 organisation encoded by exons 4 and 5 and contain a non-transcribed exon 3. 
KIR2DL4 is different in that it has a D0-D2 organisation that lacks exon 4 and where 
exon 3 is not a pseudoexon (6).

From a functional point of view, KIR2DL4 has been attributed with both an 
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activating and an inhibitory role. Its transmembrane domain comprises a charged 
arginine residue, which can associate with an adapter molecule. This FcαRI-α chain 
contains immunoreceptor tyrosine- based activation motifs by which the NK cell can 
be activated (7). The cytoplasmic domain of KIR2DL4 contains an immunoreceptor 
tyrosine-based inhibition motif (ITIM) that can associate with Src homology 2-con-
taining phosphatases 1 and 2 (8).

In humans, the natural ligand for KIR2DL4 is human leukocyte antigen G (HLA-
G), a non-classical MHC class I molecule, which is selectively expressed on tropho-
blast cells (9). Through this interaction, NK cells are involved in maintaining a state 
of tolerance between mother and foetus. However, as has been observed for other 
complex systems, there are some levels of redundancy, since healthy individuals who 
lack either HLA-G or KIR2DL4 have been observed. Different human populations 
have been studied to under- stand the extent of polymorphism in KIR2DL4. The Ig 
domains in particular display polymorphism, and a number of alleles have been re-
ported (10-12). In fact, there are two major forms of KIR2DL4, as exon 7 contains a 
polymorphism that may lead to the truncation of its cytoplasmic tail (13). Both forms 
seem to experience balancing selection, as they are found in approximately equal 
distribution among different human populations (14).

Rhesus macaques (Macaca mulatta) are used as animal models: for instance, to 
study infectious diseases, autoim- munity, and the induction of tolerance in the case 
of transplantation medicine. Different populations of Indian and Chinese rhesus ma-
caques have been well characterised for their Mhc class I genes to facilitate biomedi-
cal research (15-18). It is equally important to have detailed knowledge of their natu-
ral ligands, such as the genes of the KIR cluster. On average, KIR genes seem to evolve 
rapidly, and a complex array of duplication and recombination (exon shuffling) pro-
cesses seems to have generated most of the known diversity in primate species (19). 
Mamu-KIR2DL4, however, appears to have been subject to conservative evolution, 
although various subtle differences are documented. The detailed genomic organisa-
tion of the Mamu-KIR2DL4 gene in rhesus macaques is known (20). The cytoplasmic 
region comprises two ITIMs, suggesting a more inhibitory role for this molecule. The 
Mamu-KIR2DL4 gene seems to be present in all animals studied thus far (21, 22). Her-
shberger and colleagues observed two different forms of Mamu-KIR2DL4 (4.1, 4.2), 
although no full-length cDNA sequences of KIR2DL4.2 were reported. The ancestral 
KIR2DL4 gene must have played an essential role in the generation of an array of acti-
vating KIRs in rhesus macaques, which were formed by recombination, subsequently 
followed by a splice site mutation (23). Such data underline the fact that KIR2DL4 is 
an old entity, and that activating KIRs and KIR2DL4 in rhesus macaques potentially 
interact with the same adapter molecule. Recently, a cohort of Mauritian cynomol-
gous macaques (Macaca fascicularis) was analysed, and haplotypes that appear to 
lack the Mafa-KIR2DL4 gene were documented (24). The KIR2DL4 genes in both Old 
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World monkey species are, however, highly similar.
At this stage, it is not known whether Mamu-KIR2DL4 displays any significant 

levels of polymorphism. To evaluate whether allelic variations do indeed exist, a large, 
outbred population of Indian rhesus macaques was examined.

MATERIALS AND METHODS
Animals and cells
In this study, 112 mostly Indian rhesus macaques belonging to the BPRC self-sustain-
ing colony were analysed. Unrelated animals were selected to calculate gene frequen-
cy, and pedigreed animals were analysed to verify sequences and to monitor segrega-
tion. Whole blood was obtained during regular health checks, and peripheral blood 
mononuclear cells (PBMCs) were isolated as described previously (25). All animals 
were typed by different methods for their Mamu-A, -B, and -DR allelic repertoire (26-
28). MtDNA analysis was performed to define or confirm the origin of the macaque 
population that was studied (29, 30).

RNA extraction, cDNA synthesis, and amplification
Total RNA was isolated from 5 × 
106 PBMCs with Trizol reagent 
(Invitrogen, Paisley, Scotland), 
according to the manufactur-
er’s instructions. First-strand 
cDNA synthesis was performed 
with an oligo(dT)

18
 primer and 

RevertAid H Minus M-MuLV 
Reverse Transcriptase (Fer-
mentas, St. Leon-Rot, Germa-
ny). PCR was performed with 
the primers prom2dl4fw and 
2dl43utrrv (Table 1) synthe-
sised by Invitrogen, using Phu-
sion Hot Start High-Fidelity 
DNA Polymerase (Finnzymes, 
Espoo, Finland), according to 
the manufacturer’s conditions. 

The amplification parameters were a 2-min initial denaturation step at 98°C, fol-
lowed by 20 cycles of a 20-s 98°C denaturation step, a 45-s 65°C annealing step, and 
a 2-min 72°C extension step, then 20 cycles of a 29-s 98°C denaturation step, a 30-s 
60°C annealing step, and a 2-min 72°C extension step. A final extension step was per-
formed at 72°C for 10 min.
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DNA extraction and amplification
Genomic DNA was extracted from heparinised blood samples or immortalised rhe-
sus macaque B cell-lines according to standardised protocols (31). 

PCR of Mamu-KIR2DL4 of introns 3 and 7 was conducted based on newly de-
signed primers (Table 1), using recombinant Taq Polymerase (Invitrogen), according 
to the manufacturer’s instructions. Cycling parameters were a 1-min initial denatur-
ation step, followed by 30 cycles of a 15-s 94°C denaturation step, a 30-s 63°C anneal-
ing step, and a 1-min 72°C extenstion step. A final extension step was performed at 
72°C for 7 min. An annealing temperature of 60°C was used to amplify intron 7 with 
primers 2dl4_intr7fw and 2dl4intr7rv2.

Cloning and sequencing
PCR products were subjected to gel electrophoresis, and bands of appropriate size 
were purified with a QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA). Prod-
ucts were blunt-end ligated into the cloning site of the PJET1.2/blunt vector (Fermen-
tas) and were used to transform XL1Blue Escherichia coli cells with the TransformAid 
Bacterial Transformation Kit (Fermentas). A minimum of 16 clones were examined 
per PCR reaction. Plasmid was isolated and products were sequenced with pJET1.2 
forward and reverse primers (Fermentas), as well as internal primers (Table 1), on 
a 3130XL ABI automatic sequencer (Applied Biosystems, Foster City, USA). Only se-
quences that were confirmed in multiple PCR products or animals are reported.

Mamu-KIR2DL4 transfectants and fluorescent microscopy
Full-length cDNA of two Mamu-KIR2DL4 alleles (*001, *01501) from animal R05061 
was cloned separately into mammalian expression vector pcDNA6.2/yellow fluo-
rescent protein (YFP)-GW/TOPO (Invitrogen). TOP10 E. coli cells were transformed 
with these constructs and their insert sequenced to ensure correct orientation. En-
dotox free midiprep was performed (Qiagen) to obtain high-quality plasmid. HEK293 
(ATCC, CRL-1573) cells were transfected with the plasmid using PolyFect transfection 
reagent (Qiagen). Cells were then cultured in complete Dulbecco’s modified Eagle 
medium (Lonza, Basel, Switzerland), and transfectants were selected by adding a fi-
nal concentration of 10 μg/ml blasticidin (Invivogen, San Diego, CA, USA). Micros-
copy was performed with a microphot FXA fluorescent microscope (Nikon, Tokyo, 
Japan) under fluorescein isothiocyanate filter settings.

Sequence alignments, in silico analysis, and nomenclature
The Seqman programme (Dnastar, Madison, WI, USA) was used to align the se-
quences and the Macvector programme, version 10.5 (MacVector, Cambridge, UK), 
was used to analyse and compare both nucleotide and protein sequences. This pro-
gramme was also used to calculate pairwise distances using the Kimura-2
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parameters, and the neighbour-joining method was used to create a phylogram. 
Bootstrap values were calculated based on 1,000 interactions. These analyses were 
applied to compare sequences and to facilitate nomenclature. To calculate dN and 
dS values, the programme SNAP (http://www.hiv.lanl.gov/content/sequence/SNAP/
SNAP.html) was used (32). Input sequences were all of the human KIR2DL4 alleles 
listed by the Immunogenetics Polymorphism Database IPD-KIR (www.ebi.ac.uk/ipd/
kir), release 2.1.0, and macaque Mamu-KIR2DL4 alleles reported in this manuscript. 
Relevant GenBank accession numbers for the sequences described in this study have 
been summarised (Fig. 1). In collaboration with the IPD, an offical nomenclature 
designation was given to Mamu-KIR2DL4 alleles according to the standardised rules 
described for KIR genes (33).

RESULTS AND DISCUSSION
Mamu-KIR2DL4 displays complex polymorphism profiles
Full-length cDNA screening of a population of mostly Indian rhesus macaques re-
vealed the existence of 22  alleles (Fig. 1). This study significantly extends the reper-
toire of documented  alleles. In rhesus macaques, an alternative form of the regular  
gene has been observed, which was named . That report, however, was based on the 
description of partial sequences (22). In our panel, both genotypes (KIR2DL4.1 and 
KIR2DL4.2) are present and the full-length structures are provided (Fig. 1).

Both forms are distinguishable by mutations in exon 8 at positions 1052, 1106, 
and 1107. The nucleotides at these positions have been deleted in KIR2DL4.2. The 
first deletion introduces a stretch of sixteen different codons before returning back 
in frame due to the subsequent deletion of two further nucleotides. Additionally, one 
Mamu-KIR2DL4 allele (*003) is identical to a partial cDNA sequence reported previ-
ously (AY505486), hereby confirming this sequence and extending it to full length. 
Finally, a polymorphism was observed in different alleles (*009, *010, *011, *020), re-
sulting in a configuration that is similar to KIR2DL4.2 but lacks the upstream deletion 
of two nucleotides. This configuration was reported previously (AY728182), and its 
translation results in an extended cytoplasmatic domain. However, these alleles are 
rare and observed in less than 5% of the analysed population. Further mitochondrial 
analysis revealed that these alleles were observed in animals that had been misrep-
resented as pure Indian macaques, and were in fact of either Burmese origin or were 
the offspring of Indian females with Burmese or Chinese males. All other alleles were 
observed in animals with confirmed Indian origin.

Many mutations observed among Mamu-KIR2DL4 alleles represent synonymous 
mutations; nevertheless, these single nucleotide polymorphisms (SNP) might turn 
out to be useful for genomic typing. Conserved framework genes such as KIR2DL5 
and 2DL4 display abundant allelic variation that can be applied for haplotyping KIR 
region configurations (34), with an emphasis on activating family members. It is en-
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visaged that, in the near future, much more information on different rhesus macaque 
KIR haplotypes will become available. The KIR2DL4 alleles described in this paper 
could be used to serve a similar purpose.

Apart from allelic variability, different splice variants were observed, which are, 
however, present at much lower frequencies than the primary transcripts. Alternative 
splicing of 2DL4 resulting in different isoforms has also been reported in humans 
(12). One of the isoforms observed in rhesus macaques lacks exon 8, which may result 
in a truncated Mamu-KIR2DL4 protein highly similar to the family of KIR2DL4 alleles 
(*007, *008, *009, and *011) observed in humans (10). It is yet unknown whether these 
splice variants have any functional relevance; if so, this may add another level of com-
plexity to the KIR system.

Differential selection acting on Mamu-KIR2DL4 gene segments
Comparison of the different alleles highlights a marked difference in the levels of 
polymorphism observed between the proximal exons 1–6, encoding the extracellular 
Ig-domains (D0 and D2), and the distal exons 7–9 that encode the transmembrane 
and intra-cellular section of the molecule. For instance, in exons 1 to 6, only a few 
nonsynonymous and synonymous mutations are observed among 700 nucleotide 
positions, while accumulation of nonsynomous mutations in the exons coding for the 
signal transduction domain is more abundant (Fig. 1). These data suggest that strong 
purifying selection is operative on the extracellular domains of Mamu-KIR2DL4.

A dN/dS comparison of different alleles in both rhesus macaque and humans 
(Fig. 2) revealed that the ligand-binding domains in rhesus macaques are highly con-
served and are in contrast to the somewhat more polymorphic Ig domains of KIR2DL4

Figure 2 Analysis of dN (nonsynonymous mutations per synonymous site) and dS (synonymous muta-
tions per nonsynonymous site) for human and rhesus macaque alleles of KIR2DL4. The y axis shows a 
cumulative value of either dN (nonsyn) and dS (syn) as calculated by the SNAP programme. The x axis 
shows the codon position of aligned human and macaque sequences. A schematic representation of the 
KIR2DL4 protein is shown, depicting the different domains: leader (L), immunoglobulin (D0–D2), stem 
(S), transmembrane (TM) and cytoplasmatic (CYT).
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observed in humans. dN/dS analyses are most useful when analysing intra-species 
selection; however, one needs to be aware when performing inter-species compari-
sons that mutation rates may differ between species in a given gene system. Even 
though human KIR2DL4 is considered to be conserved, the proximal region of the 
rhesus macaque orthologue displays lower levels of polymorphism.

This suggests that, in rhesus macaques, an even stronger intensity of purifying 
selection may be operating on this region. In contrast, the distal section of Mamu-
KIR2DL4 is more polymorphic (Fig. 2), which suggests that either selection on the in-
tra-cellular domain is less stringent, allowing it to evolve in a more neutral fashion, or 
selection on this region favoured the manifesting of more gradual differences in sig-
nal transduction. To investigate which evolutionary processes may be involved, the 
introns of various Mamu-KIR2DL4 alleles were sequenced. Subsequent comparison 
shows that there are more SNP positions in the introns than in the adjacent exons. 
For example, intron 3 has an average of three SNP per 100 bp, whereas the adjacent 
proximal exons display only one SNP per 100 bp (Table 2).

 In contrast, intron 7 has >16 SNP per 100 bp, while the distal exons have accumulated 
slightly less than five polymorphic sites per 100 bp. These SNP differences between 
introns 3 and 7 suggest that different rates of mutation may exist within one gene. 
This raises the question of whether all these introns evolve under neutral conditions. 
Differences may be due to the presence of regulatory sequences or they may be due 
to sequences that act as hot spots for the generation of mutations. Although polymor-
phism in the distal exons is more abundant, the ratio between SNP in the intron and 
exon is stable. These observations, together with the dN/dS analyses, suggest that 
strong purifying selection is operating on the proximal exons, and the distal exons of 
the gene seem to have been subject to divergence.

The ligand of KIR2DL4 in humans is the non-classical HLA-G gene product, 
which, although found in different isoforms, shows only limited levels of polymor-
phism (35). The high level of KIR2DL4 conservation in humans is thought to reflect 
its specialised function (9). The extracellular domains of the various Mamu-KIR2DL4 
allotypes also show high levels of conservation. This is in contrast to the high levels of 
polymorphism observed for those domains in other Mamu-KIR genes (22, 23). This 
may be due to the fact that the inhibitory KIR gene products have the classical class I 
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MHC proteins as their ligand, and in rhesus macaques, the corresponding genes have 
undergone massive rounds of expansion (16, 36-39). This certainly must have had an 
impact on the KIR ligands, which co-evolved during these duplication processes. The 
expansion and contraction of the MHC region may result not only in the birth but 
also in the death of genes. Indeed, the rhesus macaque orthologue of HLA-G appears 
to be inactivated and is considered to be a pseudogene (40). Its specialised function, 
however, appears to have been taken over by Mamu-AG. Since no population-wide 
analysis of the allelic polymorphism of Mamu-AG has yet been performed, it is hy-
pothesised that Mamu-AG has limited polymorphism in comparison with that of ob-
served classical Mamu-A and -B molecules taking into account similar sample size. If 
Mamu-KIR2DL4 is indeed the ligand for Mamu-AG, then the limited polymorphism 
in the ligand-binding domain can be explained by the mutual restriction placed upon 
receptor and ligand during evolution. The different amounts of polymorphism may 
make sense, as they could reflect the time span during which KIR2DL4 and its ligand 
HLA-G, as compared to Mamu-KIR2DL4 and Mamu-AG, had time to accumulate mu-
tations. Indeed, there is evidence that the HLA-G gene is very old, as it is also present 
in New World monkeys (41, 42), whereas the Mamu-AG gene is considered to have a 
much more recent origin.

Inter-species KIR2DL4 comparisons
To determine similarities and dissimilarities, the deducted protein sequences ob-
tained from humans, chimpanzees, and rhesus macaques were aligned (Fig. 3a). 
The alignment shows that the KIR2DL4 protein is indeed highly conserved between 
species. Moreover, the positions of the residues interacting with HLA-G were visual-
ised by applying different colours. Since no crystal structure has been described of 
a DO–D2 configuration, a 2D-model was constructed based on the crystal structure 
of human KIR2DL2 (43) to visualise which regions of KIR2DL4 would interact with 
its ligand (Fig. 3b). Since, functionally, D0 of KIR2DL4 may have less of an enhancer 
function and be more directly involved with ligand binding, it is hypothesised that 
the Ig-like characteristics of KIR2DL4 D0 shared with those of KIR2DL2 D1 are similar 
enough to use the model and do comparative analysis.

If one compares the intra-species allelic variation, the polymorphic residues in 
humans do not correspond with those found in rhesus macaque and vice versa. Some 
of the amino acid sites that differ in rhesus macaques in comparison to humans and 
chimpanzees are located on residues most likely binding the ligand of 2DL4 (Fig. 3b).
The D0 domain contains three loops, two of which have a polymorphic residue: for 
instance, a proline on position 89 in humans vs an alanine in macaques. Unchanged 
residues are located in the purple region that is considered to face the MHC molecule 
but does not have a direct interaction, and the red hinch-loop (LYE) that separates 
the D0 and D2 domains. The D2 domain contains three loops, all of which show intra-
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Figure 3 Inter-species comparison 
of KIR2DL4 proteins. A Amino acid 
comparison between human, chim-
panzee and rhesus macaque KIR2DL4 
proteins. Reference sequences of hu-
man KIR2DL4*0010101 (X99480), 
chimpanzee KIR2DL4 (X99480) and 
rhesus macaque Mamu-KIR2DL4.1 
(*001) and Mamu-KIR2DL4.2 (*01501) 
have been aligned. Conserved cys-
teine residues in the Ig domains are 
shown in bold. Positions in the cyto-
plasmatic domains where ITIMs are 
present are underlined, as are serines 
and threonine residues in the C termi-
nal cytoplasmic domain. Highlighted 
amino acids depict domains that may 
interact with the ligand. Polymorphic 
amino acid residues described in hu-
man 2DL4 are 53, 87, 95, 101, 132, 
138, 169, 184, 209, 271, 296 and 371, 
whereas, for rhesus macaques, the 
polymorphic sites are 36, 47, 52, 238, 
239, 243, 262, 268, 290, 301, 315, 340, 
353, 357, 359 and 375. B 2D-Model of 
KIR2DL4 D0 and D2 domains based 
on the crystal structure of KIR2DL2. 
The hinch loop between the D0 and 
D2 domains has been depicted in red. 
The domains most likely to interact 
with a MHC class I ligand have been 
high lighted in green, blue and yellow, 
respectively. A loop that extends but 
might not interact with the MHC in-
terface is shown in purple. Each circle 
represents an amino acid, and dotted 
circles represent amino acids present 
in KIR2DL2 but absent in KIR2DL4. 
Characteristic cysteines are repre-
sented.

-species differences, the most striking of which are the FHG residues starting at posi-
tion 198 in humans, which are exchanged to the very different LRD residues in rhesus 
macaque. These differences appear to be a result of receptor-ligand co-evolution in 
macaques and humans.

It has been hypothesised that an ancient KIR2DL4 was initially formed by a dele-
tion of part of intron 3, exon 4, and intron 4 from an ancestral KIR3DL structure (2). 
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The genetic footprint of this event is still visible in the presence of a break point at the 
place where intron 3 recombined to intron 4. This break point is present not only in 
humans and chimpanzees but is also observed in rhesus macaques (Fig. 4).

Figure 4 Schematic representation depicting the recombination event resulting in the birth of the 2DL4 
gene. Intron 3 and 4 sequences of human KIR3DL3*0010101 have been chosen because they best illus-
trate the ancestral sequences that have recombined. Intron 3 sequences of human (KIR2DL4*0010101), 
chimpanzee (BX842589) and macaque (Mamu-KIR2DL4*001) KIR2DL4 have been aligned, illustrating 
that this break point is shared by these three species, and as such, the recombination itself took place 
in a common ancestor.

 
This provides evidence that KIR2DL4, PtKIR2DL4, and Mamu-KIR2DL4 are ortho-
logues of each other, and that the genesis of the ancestral gene predates the specia-
tion of humans, great apes, and Old World monkeys, which took place approximately 
28 million years ago.

A comparison of the cytoplasmic tail section illustrates that humans and chim-
panzees both have one ITIM (S/VxYxxL), which, however, maps to a different location 
(Fig. 3a). In rhesus macaques, both these ITIMs are present. The loss of one of these 
ITIMs in the human and chimpanzee lineages probably represents independent 
events, illustrating that selective forces continuously modify the activating/inhibi-
tory capacity of KIR gene family members.

In rhesus macaques, two forms of Mamu-KIR2DL4 have been reported. Since 
the KIR2DL4.1 most resembles the human and chimpanzee form, it is likely that 
KIR2DL4.2 was formed independently in the macaque lineage. In this constitution, 
many original serine and threonine residues were lost, including a serine/threonine 
kinase site defined by SxR, which is thought to influence the intra-cellular signalling 
capacity or localisation of the protein. To determine whether there is a difference in 
the cellular localisation of both genotypes, HEK293 cells were transfected with con-
structs expressing recombinant Mamu-KIR2DL4 with a YFP attached to its C termi-
nus. Both forms show similar expression and cellular distribution (Supplementary 
Fig. 1), although it is not yet clear whether they localise to endosomal compartments, 
as is observed in humans (44).
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Population analyses of the Mamu-KIR2DL4 forms
In human populations, alternative forms of KIR2DL4 have been described, which are 
differentiated by a truncated cytoplasmic tail resulting in a gene product that is not 
present on the cell surface. Thus, these forms may differ in their capacity to deliver 
intra-cellular signals. In rhesus macaques, two alternative forms of KIR2DL4 are also 
observed, which may differ in their strength to deliver signals. The genetic events 
modifying the signalling capacity of KIR2DL4 genes in humans and rhesus macaques 
probably happened independent of each other. Indeed, long and truncated alleles of 
2DL4 are reported in chimpanzees, pygmy chimpanzees, and orangutans (19, 45, 46), 
whereas in gorillas, it was not observed (47), suggesting that this form was present in 
a common ancestor of humans and great apes.

These distinct types of genetic modification might have more or less the same 
effect and, as such, may point in the direction of convergent evolution. In the rhesus 
macaque, however, this effect would be much more subtle, since in humans, an entire 
cytoplasmic domain has been truncated, while in macaques, it has been altered.

The question is whether one of these alternative forms in rhesus macaques is 
present in more abundance than the other. To shed light on this issue, a large outbred 
population of Indian animals was examined. As can be seen, the population distri-
bution of heterozygous or homozygous animals for a particular genotype has been 
determined (Fig. 5).

Figure 5 Frequency of Mamu-KIR2DL4.1 and -KIR2DL4.2 
genotypes in the population of Indian rhesus macaques. 
The diagram shows the percentage of animals in which only 
the 2DL4.1 or 2DL4.2 form was detected or which have a 
heterozygous genotype.

Both alleles are not present in Hardy–Weinberg equilibrium, and the balance is shift-
ed towards the Mamu-KIR2DL4.2 form. This imbalance might be due to a linkage 
disequilibrium of this form with a neighbouring KIR gene or might have a technical 
nature, since one cannot rule out preferential amplification of certain forms, or it 
might be caused by a founder effect. However, both forms are still present in abun-
dance, which suggests that the Mamu-KIR2DL4 forms experience balancing selection 
and that the Indian rhesus macaques benefit from the existence of both genotypes. 
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A preliminary scan at the genomic level revealed that both forms are also present in 
animals of Burmese and Chinese origin, suggesting that the forms were present in 
an ancestral population. At this stage, we do not have enough independent material 
from outbred animals at hand to determine the gene frequencies in these popula-
tions. In conclusion, our data suggest that, due to convergent evolution, different pri-
mate species deployed distinct KIR2DL4 forms, which have differential capacities to 
deliver intra-cellular inhibitory signals and, as such, alter the activation state of the 
NK cell.
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SUPPLEMENTARY INFORMATION

Supplementary Figure 1 Microscopy of HEK293 cells two days after transfection (magnification x400). 
From left to right: bright-field picture, DAPI stained fluorescent nucleus, YFP-fusion protein, merge 
of previous pictures. Cells were transfected with pcDNA6.2/C-YFP-GW/TOPO containing as an insert 
A Mamu-KIR2DL4*001 (2DL4.1) B Mamu-KIR2DL4*01501 (2DL4.2) C control chloramphenicol acetyl 
transferase (CAT). Since transfection efficiencies differ, some cells do not show YFP fluoresence because 
they were not transfected.
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ABSTRACT
The killer cell Ig-like receptor (KIR) 3DH protein in rhesus macaques (Macaca mu-
latta) is thought to be an activating one because it contains a charged arginine in its 
transmembrane domain and has a truncated cytoplasmic domain. MmKIR3DH has 
thus far been characterized by an analysis of cDNA. Its presence and polymorphism 
has been further investigated by examining mRNA transcripts and genomic sequenc-
es in families. Multiple copies of MmKIR3DH are present per animal, suggesting that 
the gene has been duplicated on some haplotypes. All transcripts are truncated and 
lack exon 8. Investigation of the gene itself shows that exon 8 is present, intact, and 
homologous to MmKIR2DL4. However, there is a mutation in the donor splice site of 
intron 8, which is absent in MmKIR2DL4 genomic sequences. This mutation intro-
duces a frameshift, subsequently resulting in a premature stopcodon. To further ver-
ify this mutation, a cohort of unrelated animals from different geographical locations 
was examined, and both exon 8 and the splice site mutation were seen to be present 
in their MmKIR3DH genes. The data suggest that the splice site mutation causes the 
truncation of the MmKIR3DH transcript and the subsequent loss of its inhibitory mo-
tifs further downstream. Loss of inhibitory potential through different mutations is 
observed in other primate species as well, suggesting convergent evolution; however, 
this is the first report to document that a mutation in an intron produces a similar 
effect.

INTRODUCTION
Killer cell Ig-like receptor (KIR) represent a family of proteins that interact with major 
histocompatibility complex (MHC) class I gene products as its ligand (1-3). In hu-
mans, KIR are expressed on natural killer (NK) cells and certain subpopulations of T 
cells (4, 5). KIR are type I transmembrane glycoproteins that consist of two or three Ig-
like domains, a stem region, a transmembrane domain, and a cytoplasmic tail (6). KIR 
nomenclature is based on the number of Ig domains (2-3D) and on the presence of a 
long (L) or short (S) cytoplasmic tail (7). KIR can transduce an inhibitory signal into 
the cell through immunoreceptor tyrosine-based inhibitory motifs (ITIMs) located 
on their cytoplasmic tail (8). If the protein has a polar membrane-embedded interac-
tion site, it can activate the cell through an association with an adaptor molecule that 
has immunoreceptor tyrosine-based activating motifs (ITAMs) (9, 10). Inhibitory KIR 
control immunological tolerance by scanning for the presence of self-MHC class I 
molecules (2). Activating KIR play an important role in lysing transformed or infected 
cells or in producing pro-inflammatory cytokines. The balance in these signals deter-
mines the activation state of the NK cell.

Human KIR genes are situated in the leukocyte receptor cluster (LRC), which 
is located on chromosome 19q13.4 (11). The complex is highly plastic and harbors 
genes in different region configurations, and its gene content has been reshuffled by 
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recombination events and unequal crossovers (12, 13). In humans, a wide range of 
haplotypes has been described, and based on the number of activating genes a divi-
sion has been made into A and B haplotypes (14). At the population level, some KIR 
genes display abundant levels of polymorphism (15, 16).

Allelic variation is governed by different genetic mechanisms like point muta-
tions, domain exchange by recombination, and insertions or deletions, and more re-
cently, a deletion and substitution event has been documented (17, 18). Amino acid 
polymorphisms may have an effect on ligand binding or prevent the protein from 
reaching the cell surface (19-21), and some KIR are being expressed as splice variants 
(22, 23), resulting in either membrane bound or secreted receptors. Specific KIR have 
been reported to have an association with the outcome of infectious diseases (24, 
25), autoimmunity (26), and pre-eclampsia (27). In transplantation, certain MHC-
KIR combinations are beneficial, while others give rise to less relapse and more graft 
versus host disease (28-30).

Rhesus macaques are used in preclinical models to study human infectious dis-
eases, autoimmune disorders, and transplantation biology (31, 32), and a detailed de-
scription of the immune system is necessary to be able to interpret the research data.

Comparative genomic studies on different primate species illustrate that KIR are 
rapidly evolving receptors (33-41), presumably co-evolving differently in separate 
species alongside their respective ligands (42). In contrast, KIR2DL4 gene structure is 
highly conserved, most likely because it binds to the oligomorphic nonclassical HLA-
G structure. Human KIR2DL4 can activate the NK cell (43) but it also has inhibitory 
potential (44). In rhesus macaques, the gene for 2DL4 encodes two ITIMs, possibly 
tipping the balance towards inhibition.

An ancestral KIR gene has recently been described that is located more centro-
meric in the LRC (45), and presumably a duplication event followed by rapid evolu-
tion has given rise to different KIR lineages for different species. In the orangutan, 
one KIR lineage has been suggested to have co-evolved along with Popy-C, the evo-
lutionary equivalent of HLA-C (46). Since macaques have an extensive number of 
Mamu-A and -B genes displaying differential transcription levels (47), it is conceiv-
able that MmKIR genes have evolved to cope with this diversity. KIR transcripts from 
macaques have been described for both inhibitory and activating genes, all of which 
showed some levels of polymorphism. One haplotype has been described at the ge-
nomic level, which lacks activating MmKIR genes (48).

MmKIR3DH appears to be a hybrid gene, probably created by a recombination 
event between ancestral KIR3DL and KIR2DL4 structures (36). Its nucleotide se-
quence encodes a transmembrane domain that contains a charged arginine residue. 
However, due to the deletion of exon 8 and a subsequent frameshift mutation, the 
MmKIR3DH transcript does not encode ITIMs; it is thought that MmKIR3DH encodes 
for the only activating KIR. To gain more insight into its evolutionary history and 
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polymorphisms at the population level, this activating KIR gene was characterized at 
the transcription and genomic level.

MATERIALS AND METHODS
Animals and cells
In this study, 48 rhesus macaques belonging to the BPRC self- sustaining colony were 
analyzed, and animals were selected on the basis that they had different geograph-
ic origins. Whole blood was obtained during regular health checks, and peripheral 
blood mononuclear cells (PBMCs) were isolated as previously described (49). All ani-
mals were typed by different methods for their Mamu-A, -B, and -DR genes (50-53).

RNA extraction, cDNA synthesis, and amplification
Total RNA was isolated from 5 × 106 PBMC with Trizol reagent (Invitrogen, Paisley 
Scotland), according to the manufacturer’s instructions. First-strand cDNA synthe-
sis was performed with a oligo(dT)

18
 primer and RevertAid H Minus M-MuLV Re-

verse Transcriptase (Fermentas, St. Leon-Rot, Germany). PCR was performed with 
newly designed primers synthesized by Invitrogen (Paisley, Scotland). The primer 
pairs are as follows: for MmKIR2DL4: 5′-CCACATCCTCTGCACCGGTCAGTC-3′ and 
5′-GCAGGGGTCAAGTGAAGGGGAGAA-3′ ; for MmKIR3DH: 
5′-TCCAGAKGGCCTGTCCACACAC-3′ and 5′-CTGTCTGTGGTGCTCCTGGGCT-3′. 
PCR was performed in a 20 μl reaction volume containing 1× Phusion HF Buffer, 3% 
DMSO, 5 μl first-strand cDNA, 0.5 μM Primers, 200 μM dNTPs, and 0.4 units Phusion 
Hot Start High-Fidelity DNA Polymerase (Finnzymes, Espoo, Finland). The amplifica-
tion parameters for both PCRs were a 45 s initial denaturation step at 98°C, followed 
by 30 cycles of a 15 s 98°C denaturation step, a 30 s 66°C annealing step, and a 90 s 
72°C extenstion step. A final extension step was performed at 72°C for 7 min.

Genomic DNA extraction and amplification
Genomic DNA was extracted from heparinized blood samples or immortalized rhe-
sus macaque B cells according to standard protocols (54). PCR of MmKIR2DL4 and 
KIR3DH from exon 7 into the untranslated 3′-region was conducted with newly de-
signed primers: 5′-GTGATTAGGTACTCGGTGGCCACCAT-3′ and 5′-GCAGGGGT-
CAAGTGAAGGGGAGAA-3′. The reaction was performed in a 20 μl volume contain-
ing 1× Phusion HF Buffer, 3% DMSO, 100ng genomic DNA, 0.5 μM primers, 200 μM 
dNTPs, and 0.4 units Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, 
Espoo, Finland). The cycling parameters were a 45 s initial denaturation step, fol-
lowed by 30 cycles of a 15 s 98°C denaturation step, a 30 s 68°C annealing step, and a 
3 min 72°C extenstion step. A final extension step was performed at 72°C for 7 min.
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Accession numbers
The following sequences from the GenBank database were used for comparative analy-
ses: MmKIR3DHlike1-5 (AY505479-AY505483), MmKIR3DH1-5 (AF334648-AF334651, 
NM001105173), MmKIR3DL1-21 (AF334616-AF334626, AF408150 AF361086, 
NM001105174, AY728184, AY728188), MmKIR3DH11 (AY505484), MmKIR3DH17 
(AY505485), MmKIR3DM1 (AY505487), and MmKIR2DL4 (AY728182). GenBank ac-
cession numbers for the sequences described in this study are provided in Table 1.

Cloning and sequencing
PCR products were subjected to gel electrophoresis, and bands of appropriate size 
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were purified with a QIAquick PCR Purification Kit (Qiagen, Valencia, USA). Prod-
ucts were blunt-end ligated into the cloning site of the PJET1.2/blunt vector (Fer-
mentas, St. Leon-Rot, Germany) and were used to transform competent XL1Blue 
E. coli cells with the TransformAid Bacterial Transformation Kit (Fermentas, St. 
Leon-Rot, Germany). A minimum of 32 clones were examined per PCR reaction. 
Plasmid was isolated and products were sequenced with pJET1.2 forward and 
reverse primers (Fermentas, St. Leon-Rot, Germany) on a 3130XL ABI automatic 
sequencer (Applied Biosystems, Foster City, USA). Although many clones were se-
lected and analyzed, only sequences that were present in multiple PCR products 
or animals are reported.

Sequence alignments and phylogenetic analysis
The Seqman program (Dnastar, Inc., Madison, USA) was used to align the sequences; 
the Macvector version 8.1.1. program (MacVector, Inc., Cambridge, UK) was used to 
analyze and compare sequences. A phylogenetic analysis was performed with the 
program PAUP*4.0b10 (55) (http://paup.csit.fsu.edu). Pairwise distances were calcu-
lated using the Kimura-2 parameters, and the Neighbor-Joining method was used to 
create a phylogram. Bootstrap values were calculated based on 1000 iterations. The 
program Genesplicer (56) was used to compute the effect of mutations on splicing.

RESULTS
MmKIR3DH segregates in families and displays copy number variation
A family of Indian rhesus macaques that had been pedigreed based on the segrega-
tion of several MHC markers was chosen for analysis. Segregation profiles could be 
constructed based on the manner in which combinations of MmKIR3DH genes were 
passed on to the offspring (Fig. 1).

Figure 1 KIR genes segregate in a family of Indian rhesus macaques. In the top row are depicted the pa-
rental animals, the bottom row are offspring. Numbers correspond with the animal, and letters with the 
KIR haplotype. The “a” haplotype is passed on from 94056 to 03100. Haplotypes “c” and “f” are inherited 
by animals 05053 and 03080, haplotype “d” by 05105, and haplotype ‘h” by 05105. Haplotypes “b”, “e”, 
and “g” are not inherited in this panel.
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Multiple copies of MmKIR3DH genes were detected per individual and an overview 
of the haplotype content is provided (Table 2). There are haplotypes (b-d) that lack 
MmKIR3DH, in accordance with the genomic data on a published haplotype (48);

however, haplotypes with 1 (h) or 2 (a, d, f, g) loci of MmKIR3DH are also observed. 
Additionally, two haplotypes (a, f ) contain a KIR gene structure that is highly simi-
lar to a previously described sequence (accession number AY505487) (57), which has 
been designated MmKIR3DM (Medium) because of the intermediate length of its cy-
toplasmic domain encoding region compared to MmKIR3DH and MmKIR3DL.

MmKIR3DH displays extensive polymorphism
Together with the above family of eight individuals, cDNAs of five related (father 8909, 
mother 9133, and children 00007, 01087, 02039) and three unrelated animals (4065, 
KM, D55) were analyzed. In these animals, 14 unreported MmKIR3DH sequences 
were observed as well as 2 previously reported ones (MmKIR3DH11, MmKIR3DH17). 
The newly reported sequences were, provisionally, named MmKIR3DH6-21. All 
these MmKIR3DH transcripts share a 53bp deletion, indicating that exon 8 is lack-
ing. Some animals (01087, 4065, 9133) expressed more than two MmKIR3DH tran-
scripts, indicating that they too contain haplotypes with duplicated loci. The general 
protein structure encoded by MmKIR3DH transcripts was compared with those of 
MmKIR2DL4 and MmKIR3DM (Fig. 2).
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Figure 2 Schematic representation of KIR proteins that are encoded by observed cDNAs. Immunoglob-
ulin (Ig) domains are depicted along with stem (St), transmembrane (Tm), and cytoplasmic (Cyt) do-
mains. In all proteins a charged arginine (R) is located central in the transmembrane domain. Addition-
ally, MmKIR2DL4 contains 2 ITIMs in the C-terminal part of its cytoplasmic domain. Both MmKIR3DH 
and 3DM have a truncated tail thus lacking these ITIMs. “*” Shows a prediction of the protein tail of 
MmKIR3DH that is based on translation of its intact exon sequences.

MmKIR2DL4 protein has a characteristic D0-D2 configuration along with a long cy-
toplasmic tail that contains two ITIMs. All molecules are highly similar from stem 
to transmembrane domain, and contain a central arginine in the transmembrane 
domain. Both MmKIR3DH and MmKIR3DM have three Ig-domains which although 
similar are polymorphic, and they comprise a truncated cytoplasmic tail lacking IT-
IMs. When analysing the translated MmKIR3DH transcripts, it is observed that most 
amino acids are conserved between different alleles, and cysteine residues are lo-
cated on both ends of an Ig-like domain. 

An alignment of the polymorphic residues shows they are located in all three Ig-
like domains (Fig. 3).

Some genes differ by synonymous nucleotide mutations, explaining why they 
are depicted with a single amino acid sequence. Two genes, MmKIR3DH16 and 
MmKIR3DHlike-4, share characteristics of multiple clades, most likely due to recom-
bination events. When comparing the D1 and D2 domains with human KIR genes 
(58), similar positions involved with ligand binding seem to be polymorphic. Finally, 
transcripts of MmKIR3DM genes are different from KIR3DH because they contain 
exon 8, which has a single nucleotide deletion, resulting in a cytoplasmic tail of inter-
mediate length (Fig. 2). The cause of the truncation of MmKIR3DH protein was not 
observed in its exons, since they appear to encode an intact long cytoplasmic tail.
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Phylogenetic analysis of MmKIR3DH genes defines paralogous relationships
A phylogenetic analysis was performed on nucleotide sequences that encode the 
Ig, stem, and transmembrane domains of the MmKIR3DH and KIR3DM transcripts. 
MmKIR3DL sequences were added as outgroups (Fig. 4).

Figure 4 The MmKIR3DH gene family is polymorphic and comprises several lineages. A phylogram 
of MmKIR3DH, MmKIR3DM, and MmKIR3DHlike nucleotide sequences is depicted. MmKIR3DL 
sequences are shown as outgroup. The Neighbor-joining method was used for treebuilding and the 
Kimura-2 parameter to calculate distances. Bootstrap values were calculated based on 1000 iterations 
and values >75% are shown. Genes that are present on observed haplotypes are indicated with the cor-
responding haplotype in lowercase. Clades have been defined A to H.
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Multiple clades were defined, indicating that MmKIR3DH is polymorphic and com-
prises separate lineages. The different MmKIR3DH loci found on one haplotype are 
situated in different sections of the tree. If for instance the genes on haplotype “a” are 
examined, MmKIR3DH11 is located in clade B of the tree and KIR3DH18 in clade C, 
the KIR3DM2 gene clusters between these two clades. Haplotype “f” shows a similar 
pattern, as MmKIR3DH14 is located in clade B, while KIR3DH19 is located in clade C 
and KIR3DM1 is positioned between these two clades. Finally, haplotype “d” shows 
MmKIR3DH10 in clade B and MmKIR3DH21 in clade G. These paralogs demonstrate 
nucleotide variation, indicating there was sufficient time after their duplication to 
acquire polymorphism. Some MmKIR3DM alleles cluster together but apart from 
KIR3DH, possibly indicating an old entity. Others like MmKIR3DM3, -4, and -5 group 
between different KIR3DH clades, suggesting that a domain exchange has taken place 
here.

MmKIR3DH is present in all animals screened
A large panel of animals from different geographical regions such as India, Burma, 
and China were genomically typed for the presence of gene segments of MmKIR2DL4 
and KIR3DH regions encoding the transmembrane and cytoplasmic domain. Gel 
electrophoresis of this PCR product resulted in the detection of one single band of 
approximately 1250bp. Subsequent cloning and sequencing showed that multiple 
products were amplified. Comparison of the exons and untranslated region of these 
genomic sequences with MmKIR2DL4 and KIR3DH transcripts showed that both en-
tities were observed in all animals (Fig. 5). In some instances, a 3DM gene fragment 
was also detected, suggesting that this gene has a low gene frequency. In a compari-
son of exon 8 and intron 8 sequences, polymorphism was observed between animals 
from India, China, and Burma, but sequences were also shared between them.
  
A splice site mutation is discovered in intron 8 of MmKIR3DH
The MmKIR2DL4, KIR3DH, and KIR3DM genes share exon 8 sequences, which are 
highly similar. Two differences between these gene sections are that MmKIR3DH has 
a substitution positioned at the first nucleotide of intron 8, changing a guanine into 
an adenine residue (Fig. 5) and a deletion of the fifth nucleotide. When comparing 
the extended donor splice sites of these genes with the consensus GTRAGT sequence, 
it is observed that MmKIR2DL4 and KIR3DM (GTAGGT) share five out of six nucle-
otides, whereas in the case of MmKIR3DH (ATAGTC) this drops to three out of six. 
All gene fragments comprise an acceptor splice site that matches the consensus Y

7-

10
NAG, and a branch site resembling the YNYURAY consensus. Exon 8 contains an 

alternative branch site sequence, while some fragments have acquired an alternative 
acceptor splice site sequence. Subsequent analysis of this region with the program 
Genesplicer shows that the complex mutation in the donor site disrupts the splicing 
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of MmKIR3DH, in concordance with the truncated transcript observed.
 

Figure 5 A comparison of (pseudo)exon 8 and intron 8 sequences of MmKIR2DL4, KIR3DH, and 
KIR3DM shows the presence of a complex splice site mutation. MmKIR2DL4 (AY728182) is shown as 
reference sequence. The donor splice site is highlighted in gray and a consensus sequence AGGTRAGT 
is shown. The branch (YNYTRAY) as well as the donor acceptor site Y

7-10
NAG is shown boxed in intron 

8. An alternative branch site in exon 8 and alternative pyrimidine-rich domains and an acceptor site 
in intron 8 are underscored. “-” means a nucleotide similar to the reference sequence, “α” indicates a 
nucleotide deletion. Sequences of the haplotype “a” are presented along with gene fragments found 
in animals from different geographical regions. Fragments observed in Chinese, Indian and Burmese 
animals are indicated by “C”, “I”, and “B” respectively.

Alternatively, if this guanine to adenine substitution was replaced by the original gua-
nine, a long transcript is predicted. This predicted transcript encodes 2 ITIMs, as is 
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the case for MmKIR2DL4. The MmKIR3DM gene looks similar to MmKIR3DH, but it 
lacks the splice site mutation and has a single nucleotide deletion in exon 8, in accor-
dance with the cDNA data. Combining these data provides a model for the evolution 
of the MmKIR3DH gene family, which suggests a complex series of duplications and 
recombination (Fig. 6).

Figure 6 This model depicts the evolution and emergence of MmKIR3DH, followed by the introduction 
of duplications and polymorphism. An ancestral recombination event between 2DL4 and 3DL created 
an hybrid ancestral gene. This gene subsequently duplicated and gave rise to the KIR3DH and KIR3DM 
lineage. A splice site mutation was introduced in KIR3DH and this gene became fixed in the population 
before the separation of Chinese, Burmese, and Indian macaques. Further duplications of this gene and 
the subsequent acquisition of polymorphism gave rise to different loci and MmKIR3DH alleles.

DISCUSSION
The present report illustrates that a single nucleotide substitution in a splice site has a 
major effect on the resulting gene product, as it transforms an inhibitory KIR protein 
into an activating one. It seems that through acquisition of this splice site mutation 
and possibly because an alternative branch site and multiple polypyrimidine tracks 
are available, splicing of MmKIR3DH is disrupted. As a consequence, the MmKIR3DH 
gene contains a pseudoexon, making it impossible to distinguish the KIR2DL4 and 
KIR3DH genes based on the length of their cytoplasmatic domain-encoding regions. 
Attention should be drawn to the fact that on the basis of a genomic analysis of exon 
sequences, this gene would have been predicted to encode a product with a long cy-
toplasmic tail and two ITIMs. Only by an analysis of the corresponding transcripts 
was this truncation noticed. Based on the present results, by sequencing the exon-
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intron boundaries it has become possible to genotype individuals for the presence or 
absence of these KIR genes. It cannot be ruled out, however, that other KIR in human 
and nonhuman primates have subtle mutations in their intron sequences, which af-
fect splicing, skew alternative splicing, or influence transcription quantity. Due to the 
length of KIR genes, it is a challenge to correlate the genomic information of exons 1-5 
with that of exons 6-9. Due to the recent description of the cloning and sequencing 
of the entire human 2DL4 gene, and with an increased knowledge of specific alleles, 
bead-based separation of these products has become possible (59, 60). This approach 
would be favorable for further analyses of KIR genes, since exon and intron data can 
be obtained within the same experiment.

MmKIR3DH is a hybrid gene, most likely formed by recombination of an ancestral 
3DL and 2DL4 in the macaque lineage (36). The duplications observed in this com-
munication confirm that the KIR gene cluster is highly plastic and rapidly evolving, 
as has been documented for other nonhuman primate species (38). Comparison of 
alleles and/or paralogs shows not only polymorphism by point mutation but also the 
presence of recombination events between various domains, a situation observed in 
hominoid species as well (41). The presence of a MmKIR3DM gene and multiple cop-
ies of KIR3DH suggest the existence of an ancestral MmKIR3DH gene that must have 
been duplicated at least once, followed by the introduction of a splice site mutation 
that has subsequently undergone an additional duplication event (Fig. 6). Duplica-
tion of genes may result in the generation of sequence variation; with selective pres-
sure on one copy, its duplicate might have the freedom to accumulate mutations at a 
reduced cost. The differential clustering of the MmKIR3DM sequences suggests that 
further levels of heterogeneity must have been generated by recombination events.

All animals in our genomically screened panel possess MmKIR3DH sequences, 
with some macaques expressing as many as five activating KIR. Although single-
cell-level expression profiling was not performed, it might well be that expression is 
limited on individual cells, as it is in humans (61). Additionally, macaques in which 
these transcripts were not found have been reported (36). In some of the animals 
that genomically show the presence of MmKIR3DH, the gene may not be expressed. 
In the family study, animals were detected that lacked MmKIR3DH on one of their 
haplotypes, although no animals were observed that were homozygous for this hap-
lotype. This observation might indicate a selective advantage of having at least one 
gene without ITIMs present on the genotype. Loss of ITIMs combined with the pres-
ence of a charged amino acid in a transmembrane domain is thought to represent an 
activating function. However, a recent study indicated that there could be other mo-
tifs in the cytoplasmatic domain involved in intracellular signaling (62). With regard 
to the KIR gene cluster, it may be beneficial to have both long and short cytoplasmatic 
domains. In humans, there seems to be a balancing selection for A and B haplotypes 
(63). The presence of haplotypes lacking MmKIR3DH contrasted by haplotypes with 
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one or more copies of the KIR3DH gene indicates that this situation may also exist in 
rhesus macaques.

A search of the literature reveals that several genetic mechanisms are operative 
in humans and nonhuman primates, resulting in the generation of short KIR with-
out ITIM. In humans, such receptors arose for example either by the introduction 
of a stopcodon (3DS1*010) (64) or by an insertion (2DL4*007) disrupting the reading 
frame (65). In the case of chimpanzees (PtKIR3DS1) and orangutan (PopyKIR3DS), 
a substitution has been documented resulting in a stopcodon (35, 48). Additionally, 
a truncated KIR transcript has also been observed in the African sabaeus monkey 
(CsKIR3DH) and the gorilla (GgKIR2DSa) (37, 41). In Old World monkeys like rhesus 
macaques, similar events may have taken place through the generation of a stop-
codon in (MmKIR1D) (36). In this report, and for the first time, a recombination event 
followed by a splice site mutation is proposed to be responsible. As such, these data 
suggest that there is an evolutionary advantage to evolve KIR receptors with a trun-
cated tail. And since this type of evolution is caused by different genetic mechanisms, 
it strongly suggests convergent evolution.
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ABSTRACT
To further refine and improve biomedical research in rhesus macaques, it is necessary 
to increase our knowledge concerning both the degree of allelic variation (polymor-
phism) and diversity (gene copy number variation) in the killer cell immunoglobulin-
like receptor (KIR) gene cluster. Pedigreed animals in particular should be studied, 
as segregation data will provide clues to the linkage of particular KIR genes/alleles 
segregating on a haplotype and to its gene content as well. A dual strategy allowed 
us to screen the presence and absence of genes and the corresponding transcripts, 
as well as to track differences in transcription levels. On the basis of this approach, 
14 diverse KIR haplotypes have been described. These haplotypes consist of multiple 
inhibitory and activating Mamu-KIR genes, and any gene present on one haplotype 
may be absent on another. This suggests that the cost of accelerated evolution by re-
combination may be the loss of certain framework genes on a haplotype.

INTRODUCTION
Rhesus macaques (Macaca mulatta) are often used as animal models for human dis-
ease or biology: for instance, with regard to infectious diseases, autoimmunity and 
transplantation (1-3). Therefore, it is necessary to refine the existing knowledge with 
regard to the immunogenetic factors that can influence either disease or pathology. 
Natural killer (NK) cells are sentinels of the immune system, influencing both innate 
and adaptive immune responses, and thus may play a key role in the susceptibility 
to and outcome of disease (4). A group of leucocyte receptors that can determine the 
activation state of NK cells is the killer cell immunoglobulin-like receptors (KIR) (5). 
KIR are cell surface molecules of the immunoglobulin superfamily, and their protein 
name is based on the number of extracellular domains, which can vary between one 
and three (1D–3D), and the length of their intracellular tail, which can be either long 
(L) or short (S) (6, 7). Generally, the interaction between KIR and their respective li-
gands can have an activating or inhibitory influence on the cell, depending on the 
balance of these signals (8).

The ligands for KIR are the cell surface proteins encoded by the major histocom-
patibility complex (MHC) class I genes. Since these latter molecules are important for 
the presentation of degraded pathogen particles (intracellular peptides) to the im-
mune system, there is an ongoing struggle involving pathogens that are trying to es-
cape recognition by the MHC class I presentation pathway (9). This persistent selec-
tive pressure on the part of pathogens may be one of the reasons why the MHC gene 
family is highly polymorphic. Since MHC and KIR interactions are entwined, these 
two gene systems must have had a considerable impact upon each other during evo-
lution (10, 11). Similar levels of polymorphism for the KIR region mirror the degree of 
polymorphism observed at the human leucocyte antigen (HLA)-A, -B and -C genes. 
However, whereas extensive diversity (gene copy number variation) is a hallmark of 
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the KIR system in humans, the number of HLA class I genes is fixed in the population. 
In contrast, the classical MHC class I genes in rhesus macaques, Mamu-A and -B, 
have experienced extensive duplications (12-14). This aspect of gene copy number 
variation in concert with polymorphism gives rise to an unparalleled complexity of 
the MHC class I system in macaques. At present, it is not known whether this has 
any impact on the KIR gene complex in macaques. Moreover, some Mamu-A and -B 
genes are characterised by high (majors) or low (minors) expression levels, respec-
tively (15). The extent to which this quantitative feature will influence their capacity 
as immune response genes is not yet understood.

Since a KIR haplotype can contain multiple genes encoding for activating or 
inhibitory proteins and these can be gained or lost by recombination events, there 
seems to be an enormous amount of plasticity in the overall KIR repertoire. Despite 
this plasticity, some loci are present on most haplotypes and are considered to be 
framework genes. Many studies have reported on the haplotype composition of KIR 
genes encountered within different human populations (16). This has increased sub-
stantially the number of known region configurations but has also shown that haplo-
type repertoires may vary between populations (17, 18). Since particular alleles may 
be linked to specific haplotypes, which are undoubtedly subject to different modes of 
natural selection, these alleles may be enriched in a certain population yet be absent 
in another.

In non-human primates, KIR genes have been described for great apes, as well as 
for Old and New World monkeys (19-23). Comparative genetic analysis has revealed 
that the mechanisms responsible for expansion and contraction of the KIR region are 
most likely recombination events. These events can lead to the birth of new genes 
with a hybrid character or to the shuffling of particular exons. Further allelic variation 
can be added by occurrence of point mutations. Point mutations can lead to single 
amino acid changes or may have more drastic effects if the polymorphism maps to a 
splice site, which can result in a change in the overall domain composition of a pro-
tein (24). A recent example of co-evolution of MHC and KIR genes was documented 
for orangutans, and it was speculated that KIR with two extracellular domains evolved 
together with MHC-C orthologues (25).

Although certain individual Mamu-KIR sequences have been described, to date, 
information is limited with regard to alleles in the context of neighbouring ones. 
Studies on rhesus macaque KIR have resulted in the availability of some genotypes, 
but only one complete haplotype has been published (26). One reason for the lack of 
reports on haplotypes may be that it is necessary to have access to a pedigreed breed-
ing colony to perform segregation analyses. Moreover, the same tools that are applied 
for fast and accurate KIR genotyping in humans do not yet exist for use with rhesus 
macaques. Ideally, to refine the use of rhesus macaques in biomedical research, it is 
required to characterise breeding colonies and to track the segregation of KIR haplo-
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types with speedy methods. In this manner, it will be possible to begin exploring the 
controlled effect of different KIR and MHC interactions in the context of, for instance, 
infectious diseases (27). To start this process, multiple families from a breeding col-
ony of Indian rhesus macaques, which are genotyped for their MHC class I and II 
repertoire, were now analysed for KIR gene polymorphism and diversity.

MATERIALS AND METHODS
Animals and cells
For the purpose of this particular study, four families of pedigreed animals from the 
BPRC self-sustaining colony were analysed. Whole blood of 19 rhesus macaques 
was obtained during regular health checks, and peripheral blood mononuclear cells 
(PBMC) were isolated as described previously (28). All animals had been haplotyped 
by different methods for their Mamu-A, -B and -DR allelic repertoire (15, 29, 30).

DNA/RNA extraction, cDNA synthesis and amplification
Genomic DNA was extracted from heparinised blood samples or immortalised rhe-
sus macaque B cell lines according to standardised protocols (31). Total RNA was iso-
lated from 5 × 106 PBMC with Trizol reagent (Invitrogen, Paisley, Scotland), according 
to the manufacturer’s instructions. First-strand cDNA synthesis was conducted based 
on an oligo(dT)

18
 primer and RevertAid H Minus M-MulV Reverse Transcriptase (Fer-

mentas, St. Leon-Rot, Germany). Polymerase chain reaction (PCR) was performed 
with different primers specific for genomic KIR intron 4 and exon 5 and cDNA of 
Mamu-KIR2DL04, -KIR3DL and -KIR3DS (Table 1) synthesised by Invitrogen (Paisley, 
Scotland), using Phusion Hot Start High-Fidelity DNA Polymerase (Finnzymes, Es-
poo, Finland), according to the manufacturer’s instructions.

Cloning and sequencing
PCR products were subjected to gel electrophoresis, and bands of appropriate size 
were purified with a QIAquick PCR Purification Kit (Qiagen, Valencia, USA). Products 
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were ligated in the cloning site of the Pjet1.2/blunt vector (Fermentas, St. Leon-Rot, 
Germany) and were used to transform XL1Blue Escherichia coli cells. A minimum of 
48 clones were examined per PCR reaction. Plasmid was isolated and sequenced with 
forward and reverse primers supplied by the manufacturer, on a 3130XL ABI auto-
matic sequencer (Applied Biosystems, Foster City, USA). Because KIR paralogues may 
be highly similar, recombination can occur frequently, potentially resulting in the for-
mation of in vitro artefacts. Although a high-fidelity enzyme was used, polymerase-
induced errors, represented as single nucleotide polymorphisms, were indeed ob-
served. The reported sequences went through a stringent process of quality control; 
only sequences that were found to segregate or were obtained from more than two 
independent PCR reactions are reported, which might have resulted in an underesti-
mation of their actual number.

Sequence alignments, in silico analysis and nomenclature
Sequences were aligned with the Seqman program (Dnastar, Inc., Madison, USA). 
Phylogenetic trees were drawn using the MEGA4.0 program (32). The JTT algorithm 
(33) was used to construct a distance model for amino acid substitution. The neigh-
bour-joining method (34) was used to build a phylogenetic tree, and a bootstrap reli-
ability test was run with 1,000 iterations. Sequences were submitted to Genbank and 
given the unique accession numbers GU112255– GU12332 and GU134802. Formal 
names have been assigned, and annotated sequences will be available through the 
immunopolymorphism database (www.ebi.ac.uk/ipd) (35).

RESULTS AND DISCUSSION
Mamu-KIR genotypes: correlation between transcripts and genomic sequences
Based on the cloning and sequencing of full-length KIR transcripts, genotype profiles 
were constructed (Fig. 1). 

As can be seen, genotypes are characterised by different combinations of acti-
vating and inhibitory Mamu-KIR. Moreover, transcript information correlates with 
the presence of partial genomic sequences as revealed by scanning for the presence 
of exon 5. However, exceptions emerged. In animal 1UE, five additional segregating 
exon 5 sequences were only observed by genomic analysis. These sequences match 
with an inhibitory Mamu-KIR3DL20, -KIR3DL02 and -KIR3DL07 gene, respectively. 
In animal 98016, two genomic exon 5 segments were observed that are homologous 
to an inhibitory Mamu-KIR3DL07 and an activating -KIR3DSW09 gene, respectively 
(Fig. 1). Nevertheless, the corresponding transcripts were not detected. Since KIR 
genes in humans are known to display quantitative transcription level differences, 
it could be that some transcripts in rhesus monkeys are present at a low frequency 
as well and fall under the threshold of detection. Alternatively, these genes could be 
pseudogenes, or epigenetic factors may have silenced their transcription.
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KIR genotypes: presence and absence of genes
Within the present panel of 19 animals, covering four families, a total of 70 differ-
ent KIR sequences were observed, 49 of which have not been reported before in the 
scientific literature. The other 21 full-length KIR sequences have already been de-
scribed, and thus, they verify the existence of a particular allele, although the relevant 
sequence information is often extended (Supplementary Information Table 1).

The first KIR genotypes for rhesus macaques were deduced by a research team 
that studied five unrelated animals. In this case, the maximum number of KIR on one 
genotype was estimated to be five (20). Our genotyping data revealed that the num-
ber of KIR genes detected might vary substantially (Fig. 1). Overall, between 6 and 13 
transcribed KIR genes were observed in any one animal, suggesting the presence of 
copy number variation.

Phylogenetic analysis and allelic variation of KIR genes
Phylogenetic analysis of full-length sequences of both activating KIR3DS and inhibi-
tory 3DL alleles reveals extensive variation (Fig. 2).

Based on the depth of branches and bootstrap values, the phylogenetic trees al-
low the definition of lineages for the KIR3DL and 3DS genes, and these clusters have 
been indicated. It is realised that the robustness of such clustering will become more 
definitive when more alleles become available. At this stage, the distinction between 
a locus/lineage cannot be made, and it was decided to introduce a “W” designation 
to define its workshop status, a tradition that is also used in the HLA field (36). For in-
stance, the Mamu-KIR3DLW09 lineage, which comprises *003 and *004 (bold, Fig. 2), 
for which at this stage it is unclear whether these represent alleles of one locus or de-
fine separate loci. Alternatively, the lineage that comprises GU112327 and GU112317 
has been designated Mamu-KIR3DL20 because there is strong phylogenetic evidence 
and genomic data supporting the existence of a separate locus. Sequence analysis 
revealed that the sequence GU112302 (rec, Fig. 2a) is a recombinant between exons 
1–7 of Mamu-KIR3DS05 and exons 8–9 of Mamu-KIR2DL04. It is for this reason that 
this sequence stands out within the tree of inhibitory KIR. A combined phylogenetic 
tree of all the Ig-like domain sequences revealed no new lineages. However, it did 
show that activating and inhibitory lineages cluster together instead of separate, 
which suggests that some of these lineages are closely related, for instance, Mamu-
KIR3DLW03 and Mamu-KIR3DS05.

The number of transcribed KIR3DL and 3DS copies can vary substantially in one 
animal; however, some lineages appear to be more common. For instance, Mamu-
KIR3DL01 alleles were observed in 16 out of 19 animals, while members of the lin-
eages Mamu-KIR3DL08 and -3DS02 were reported in 10 and 11 animals, respectively. 
The current sample size might well be too small to give these numbers any signifi-
cance, but the observed trend may be a result of recent selective pressures, ensuring 
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Figure 2 Phylogenetic trees of KIR3DL (A) and -3DS (B) genes depicting evolutionary distances. The 
scale bar represents amino acid substitutions per site. The JTT matrix method was used to calculate 
evolutionary distances. The neighbour-joining method was used to construct the phylogenetic tree. 
Bootstraps were calculated with 1,000 iterations, and confidence values above 50% are depicted. Gen-
bank accession numbers are depicted of most reported macaque KIR sequences. The sequences in bold 
with an allele designation represent those observed in this study. Based on the clustering of sequences, 
KIR lineages have been indicated next to the alleles they comprise.
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the presence of these lineages in at least part of the population. In combination with 
allelic polymorphism, this will result in a degree of genotypic complexity that may 
rival the situation observed in humans (37).

In the four macaque families, 12 alleles were observed that cluster together with-
in the KIR3DL20 lineage (Fig. 2). On the one haplotype that has been published (26), 
this locus is positioned most centromeric. This locus appears to be an orthologue of 
human KIR3DL3, which is considered a framework gene of the KIR gene cluster (38). 
The gene transcript was observed in all animals except for 1UE, which would suggest 
that haplotypes exist where Mamu-KIR3DL20 is not expressed or that lack this locus. 
No genotypes were observed with more than two copies of this gene (Fig. 1), although 
copy number variations of the locus cannot be excluded. However, this locus displays 
allelic variation (Fig. 2). This report brings the total number of 3DL20 alleles to 15. 
This amount represents “the tip of the iceberg” as only a limited number of samples 
has been analysed.

A locus that was also observed on the genomic haplotype that has been se-
quenced (26) is that of Mamu-KIR1D. In ten genotypes, transcripts of this gene were 
observed, and a total of four alleles are reported, three of which are novel, thus dou-
bling the number of reported alleles (Fig. 1).

One KIR gene that is observed in many primates is named KIR2DL4 in humans, 
of which the orthologue in macaques has been named Mamu-KIR2DL04. A previous 
study reported extensive Mamu-KIR2DL04 polymorphism in a large cohort of Indian 
rhesus macaques (22), and in the present set of animals, no unreported 2DL04 alleles 
were detected. However, genotyping revealed two animals (1UE, R02091) that lack 
the KIR2DL04 gene, the absence of which was established by combined genomic and 
transcription analysis. Although KIR2DL04 was thought to be a framework gene in 
rhesus macaques, the recent analysis of a cohort of Mauritian cynomolgus macaques 
has also demonstrated the absence of the orthologue in animals of this species (39). 
Moreover, retrospective analysis demonstrated that 1UE has given successful birth to 
at least three offspring, suggesting that the presence of KIR2DL04 is not essential for 
a successful pregnancy. This is similar to humans, with respect to women who have 
been reported to lack a functional KIR2DL4 gene but have given birth successfully 
(40). One animal (95041) was found to possess three KIR2DL04 sequences, suggest-
ing that the locus has been duplicated on one haplotype. This is a novel observation 
in macaques but has been described for humans as well (41). It was also noted that 
identical 2DL04 alleles are shared by different genotypes, and as such, most likely are 
present on different haplotypes. This phenomenon was not observed, in the present 
panel, for any other gene besides KIR2DL04 and -1D.

Mamu-KIR genes are subject to considerable splicing
Complex splicing events were observed frequently for all KIR gene transcripts except 
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for Mamu-KIR2DL04, where frequency was much lower. Alternatively spliced tran-
scripts usually comprise a complete or partial deletion of one of exons 3, 4, 5, 6 and 
7. These splice variants were observed to segregate, for instance, if a parental animal 
had a deletion of exon 5 in one transcript; a similar transcript would also be observed 
in the offspring, if the gene were inherited. It is yet unclear what determines the in-
duction of splice variants. One possible explanation is the prevalence of GU-AG do-
nor–acceptor splice motifs: These are highly frequent in the exons of many KIR genes, 
which could lead to a general proneness to alternative splicing in KIR transcripts. Be-
cause these products are shorter than the corresponding full-length transcript, they 
can be amplified more efficiently, which may result in an increase in the frequency of 
observed splice products in final cloned products.

Members of the Mamu-KIR3DL20 gene produce splice variants in which exon 4 
is missing (20). The consequence is an expressed protein that would have the charac-
teristic D0-D2 domain structure reminiscent of human KIR2DL4 and -2DL5. Indeed, 
Mamu-KIR3DL20 genes contain an exon 3 that seems to be orthologous to KIR2DL5, 
so it is possible that by alternative splicing, a similar gene product is formed in ma-
caques. This would be an example of convergent evolution, as KIR2DL5-like struc-
tures are observed in different primate species (19). At this stage, no ligand or func-
tion is known; however, one might speculate from its conservation that the ligand, 
too, has maintained certain structural characteristics that would enable co-evolution.

The Mamu-KIR1D gene product is also generated by alternative splicing. On a 
genomic level, KIR1D has three exons that potentially can encode for Ig-like domains. 
However, much as in human KIR2DL1, 2 and 3, exon 3 is a pseudo exon, so the 1D 
transcript comprises exons 1–2 and 4–9. Since this gene contains a deletion in exon 
5, resulting in a premature stop codon, the corresponding gene product might be 
soluble. In human, a common allele of KIR2DS4, which has a 22-bp deletion in exon 
5, is thought to also encode a soluble product (42). In animals 95041 and 96077, only 
an alternatively spliced transcript of the KIR1D gene is observed, resulting in a 1DL 
conformation which has retained its intracellular tail. No function or ligand is known 
for these short KIR.

The mosaic of KIR haplotypes: extensive gene copy number variation in rhesus macaques
Genotyping in concert with segregation analyses revealed that different combina-
tions of KIR genes segregate in rhesus monkey families according to Mendelian rules 
(Fig. 3). This approach allowed the definition in detail of 14 of 18 haplotypes that are 
present in the parental animals. For four haplotypes, marked H-02, -07, -13 and -18, 
informative segregation profiles were absent (Fig. 3).

The minimal gene content could be deduced, since genes that are not present 
on the haplotype, for which segregation data is available, should be present on the 
opposite one. However, the gene content of the haplotype could represent an under



MOSAIC OF KIR HAPLOTYPES 93

 

Figure 3 Segregation of KIR haplotypes in a pedigree of four families of Indian rhesus macaques. De-
picted are the sires and dames with their offspring, and H-01 to H-18 represent haplotypes. Four haplo-
types, H-02, -07, -13 and -18, were not inherited by the offspring.

estimation because homozygosity issues are not resolved by segregation. One should 
also keep in mind that low-frequency transcripts observed in these animals, which 
could not be confirmed by segregation analysis, were not reported.

For the other haplotypes, the discrimination power is high, as segregation of 
genes that differ by single nucleotide polymorphisms could be observed. As such, 
highly detailed haplotypes could be defined in 14 cases (Fig. 4). On these given hap-
lotypes, the highest number of transcribed genes appears to be eight (H-17) while the 
average seems to be approximately six for most haplotypes (Fig. 4).

For instance, it was possible to distinguish highly similar Mamu-KIR2DL04 al-
leles. Nevertheless, interpretation of segregation profiles may be hampered if both 
parents share the same genes/alleles. For example, this was observed for 2DL04 in 
animal 95041; since both offspring inherited an identical allele from the father, it was 
impossible to determine which haplotype comprises that of the mother. 

To complicate matters further, all family members were genotyped positively 
for the same alleles of the lineages Mamu-KIR3DSW08 and -3DS05, which means 
that these genes are present on at least one haplotype in both father and mother. A 
similar situation occurred in the family of 96077 and 98024, where the same allele of 
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KIR3DS01 was observed in all animals. Finally, an allele of KIR3DS03 was observed 
in all members of the family with parents 1UE and 8719. Although it is a coincidence 
that these alleles are shared between parents, many alleles are not shared.

The earlier observation that KIR2DL04 may be absent on a genotype was con-
firmed at the haplotype level for animals 1UE and R02091. Segregation analyses con-
firmed that there are also parental animals that have KIR2DL04 present on only one 
of their haplotypes (96077, 98024, 98016, 94056).

The exact mechanisms are still unclear as to how the expansion and contraction 
of haplotypes is generated, but it is thought that meiotic recombination events are in-
volved (43). Unequal crossing-over in particular is a prominent mechanism that may 
influence gene copy number variation. This would account for the plasticity observed 
in the region, and as a consequence, it could very well be that activating and inhibi-
tory KIR loci may be located juxtaposed on a haplotype.

One should realise that the haplotypes described here reflect gene content and 
not the localisation on the chromosome. Therefore, the terms downstream and up-
stream are based on the manner in which genes have been represented on the re-
ported haplotypes. If, for instance, the region upstream of KIR2DL04 would recom-
bine with a similar more telomeric one, this could account for a haplotype without 
KIR2DL04, but with the genes telomeric of 2DL04, like haplotype H-16. As a conse-
quence, another recombinant haplotype would be formed that would contain a du-
plicated 2DL04 locus as one of haplotypes H-03 or H-04 might possibly posses. In a 
similar manner, if a recombination occurs upstream of 3DL20 with a region down-
stream of 2DL04, this would result in the formation of a haplotype that lacks its most 
telomeric genes: for instance, as observed in haplotypes H-09 and H-10. As can be 
seen (Fig. 4), some haplotypes share particular segments, for instance, in H-06, H-10, 
H-11 and H-16, the 3DL01 and 3DL08 genes segregate together. Likewise, 3DS02 and 
3DS06 are both present on haplotypes H-04, H-09 and H-17.

In conclusion, it seems likely that unequal crossing-over promotes the genera-
tion of mosaic haplotypes and rearrangement of gene content on a regular basis. The 
reported haplotypes display extensive gene copy number variation and gene poly-
morphism (Fig. 4). The present approach to obtain detailed alleles and discriminative 
haplotypes is highly accurate but also time consuming and could be complemented 
by an approach to track segregation of identified alleles. In the current issue of Im-
munogenetics, Kruse and co-workers report a rapid typing method to identify the 
presence or absence of KIR lineage specific markers (44). In this manner, informative 
genotypes and haplotypes could be detected. Based on expansion of detailed knowl-
edge of allelic variation, additional refinement can be added to sequence-specific 
typing to make distinctions between highly similar sequences, for instance, alleles 
*009 and *010 of Mamu-KIR3DS02.
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Activating and inhibitory haplotypes in rhesus macaques
In human, a distinction can be made between group A and B haplotypes, the former 
comprising on average six KIR genes and being more inhibitory than the latter (45). 
In human, nine common B haplotypes contain between seven and eleven KIR genes 
(46). In rhesus macaque, such clear distinction cannot be made. However, some hap-
lotypes seem to comprise at least one inhibitory KIR, except for haplotype H-04 but 
appears to lack activating KIR (e.g. see haplotypes H-11, H-12 and possibly H-06 (Fig. 
4)). In this panel, possibly only H-06 and one or two of H-10, -11 and -12 comprises 
solely inhibitory KIR genes. Overall, it appears that rhesus macaque haplotypes com-
prise a combination of activating and inhibitory KIR genes, and these can originate 
from several lineages. This mosaic pattern is also observed by another research group 
(44). Possibly because recombination events have taken place, there is no definite 
trend for a group A or B haplotype. Although it is true that haplotypes without activat-
ing KIR are reported, in humans the frequency of group A and B haplotypes is about 
50%. It would take a much larger population study to estimate the ratio of A- and B-
like haplotypes in rhesus macaques.

KIR3D expansion, restricted haplotype distribution and their impact on MHC repertoire
The present data suggest that the KIR3DS and 3DL families have experienced sev-
eral rounds of duplications (Fig. 2). Based on segregation studies, the gene content 
of some KIR haplotypes has been established. As can be seen, these haplotypes com-
prise different numbers of KIR3DL and 3DS genes, ranging in the order of 0–3 and 
0–4, respectively. The observed limit to the amount of genes on one haplotype impli-
cates that there is a restricted haplotype distribution of KIR3DS and 3DL genes with 
regard to copy number. How can one explain the expansion of KIR3D lineages and the 
observed mosaic of KIR haplotypes from an evolutionary perspective? At this stage, 
it is understood that products of the KIR locus may exert different types of functions. 
On one hand, KIR on NK cells scan changes in the MHC class I expression status of 
cells. On the other hand, it is thought that some KIR recognise epitopes of pathogens 
or set apart pathogen derived peptides in the context of MHC class I. Such a complex 
task is difficult to achieve with one gene. Moreover, copy number variation of KIR3D 
minimises the chance that particular pathogens may escape immune recognition. 
However, if all individuals in a population share the same KIR repertoire, they could 
again become vulnerable to the adaptation of pathogens. As such, haplotypes with 
differential gene content would provide a selective advantage. The next issue is how 
haplotypes with differential gene content are maintained in the population. Selec-
tion by pathogens may enrich or even deplete particular haplotypes, altering gene 
frequencies in a population. NK cells play also a pivotal role during reproductive biol-
ogy. Pregnancy can be regarded as a complex model for transplantation as the foetus 
consists from an immunological point of view 50% of nonself (paternal) material. NK 
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cell activation plays an important role in successful gestation (47). If this is true, then 
incompatibility between the KIR gene repertoire of the mother and inherited MHC 
repertoire of the father is favoured. As a consequence, an overrepresentation of MHC 
heterozygous individuals in the population can be expected. One can envision that 
this would in turn affect co-evolution of the KIR gene cluster.

In conclusion, to cope with a highly polymorphic gene system that is variable in 
both quality and quantity - such as the rhesus macaque MHC class I - a complex class 
of receptors is required that can detect such differences. This prerequisite is fulfilled 
by the highly plastic KIR gene system in rhesus macaques which displays copy num-
ber variation as well as extensive levels of polymorphism. 
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ABSTRACT
Natural killer (NK) cells are essential in shaping immune responses, and play an im-
portant role during pregnancy and in controlling infections. Killer cell immunoglob-
ulin-like receptors (KIR) educate the NK cell and determine its state of activation. 
Our goal was to determine how the KIR repertoire of the rhesus macaque (Macaca 
mulatta) has been shaped during evolution. The presence or absence of 22 KIR gene 
groups was determined in 378 animals. Some unexpected observations were made 
in an outbred colony comprising animals of different origins. For instance, the KIR 
region appears to be highly plastic, and an unprecedented number of genotypes and 
haplotypes was observed. In contrast to humans, there is no distinction between 
group A and B haplotypes, suggesting that different selective forces may be operative. 
Moreover, specific genes appear to be either present or absent in animals of different 
geographic origins. This extreme plasticity may have been propelled by co-evolution 
with the rhesus macaque MHC class I region, which shows signatures of expansion. 
The mosaic-like complexity of KIR genotypes as observed at the population level may 
represent an effective strategy for surviving epidemic infections.

INTRODUCTION
Natural killer (NK) cells are regarded as sentinels of the immune system. They bridge 
the gaps between innate and adaptive immunity (1). NK cells not only provide de-
fence against infection (2) and cancer (3) but they are also involved with the vascu-
larisation process during placentation, and thus contribute to reproductive success 
(4). The education and activation state of the NK cell is determined by the interac-
tions of its receptors with their cognate ligands (5). It is the shift in equilibrium of 
inhibitory and activating receptor signaling that ultimately leads to NK cell activation 
in the form of cytokine production, cytotoxicity, or priming of the adaptive immune 
system (6). 
Killer cell immunoglobulin-like receptors (KIR) may influence this balance through 
interactions with their ligands, the major histocompatibility complex (MHC) mol-
ecules, which are called human leukocyte antigens (HLA) in humans. Since both the 
HLA system and the KIR gene complex are characterized by variation in locus con-
tent, and segregate independent of each other, the potential array of interactions can 
vary considerably between individuals. Understanding the evolution and complexity 
of these receptor systems has broad medical relevance, since particular combinations 
of KIR and HLA alleles are associated with the outcome of viral infection, relapse of 
leukemia after transplantation, susceptibility to autoimmune disease, and successful 
pregnancy (7-10). Because of its close evolutionary relationship to humans, and evi-
denced by similar immunological responses, the rhesus macaque (Macaca mulatta) 
is an important animal model to study the onset, progression, and outcome of infec-
tious diseases, experimentally induced autoimmunity, and transplantation (11-13). 
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Moreover, certain human pathogens or their simian-trophic family members have 
adapted to primates as their natural host, and may show a host-specific pathology. 
Since in an experimental setting the onset of disease or the actual challenge with a 
pathogen can be controlled, it is possible to study the first line of defence of innate 
immune systems. To improve the predictive value of rhesus macaques as a model 
system to study human biology and disease, it is essential to determine the degree of 
similarity between human and macaque KIR receptor repertoire. 

The MHC class I genes of human and rhesus macaque have been investigated 
thoroughly by various methods. In humans, the classical HLA-A, -B and -C genes are 
restricted to a single locus, and are characterized by extensive polymorphism (14). 
In the rhesus macaque, the homologs of HLA-A and -B, designated Mamu-A and -B, 
respectively, are present, while the ortholog of HLA-C is absent (15). 

Contrary to HLA, the Mamu-A and -B genes show a lesser degree of polymor-
phism but are expanded in their copy number, leading to many haplotypes with vari-
able gene content, referred to as region configurations (16, 17). In both species, the 
MHC has evolved in its own manner; functionally, however, these molecules behave 
in the same way. For instance, one haplotype can comprise multiple Mamu-A and 
-B genes, which can be subdivided, however, into high-level (majors) and low-level 
(minors) transcribed genes (18). As a consequence, the end result may resemble the 
situation in humans. Apart from a shared ancestry, evidence for convergent evolu-
tion has been illustrated by the fact that unrelated alleles in both species may share 
highly similar peptide binding motifs; in essence, they may functionally behave the 
same (19). Whether the KIR gene system of both species may show similar conver-
gent evolutionary traits has not yet been reported. Humans and rhesus macaques 
also share the MHC class I-like E and F genes (20, 21). The ortholog of HLA-G has been 
inactivated, and its function has been taken over by Mamu-AG (22). Moreover, rhesus 
macaques possess at least one extra nonclassical gene, Mamu-I, which is absent in 
humans (23).

The KIR gene complex is characterized by allelic polymorphism as well as by 
variation in locus content (24). It appears to have evolved rapidly in a species-specific 
manner, most likely because of co-evolution with the MHC (25). In humans, this has 
resulted in different KIR molecules that can recognize specific motifs present on ei-
ther HLA-A, -B, and -C gene products (26, 27). The gene distributions of many geo-
graphically diverse human populations have been catalogued (28). Although three 
more or less conserved framework genes  – KIR2DL4, KIR3DL3, and KIR3DL2, respec-
tively – could be defined, the plasticity of the system is apparent. Not only can the 
gene content within haplotypes be expanded or contracted by recombination events 
but gene conversion, and the shuffling of functional domains may expand the rep-
ertoire even further (29). Nevertheless, two haplotype groups, A and B, can be dis-
tilled from this complexity (30, 31). Where the group B haplotypes are characterized 
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by the presence of one or more of the following genes – KIR2DL5, KIR2DS1, KIR2DS2, 
KIR2DS3, KIR2DS5, and KIR3DS1 – the group A haplotypes are defined by the absence 
of these genes. Moreover, much of the observed haplotype diversity can be explained 
by dividing these haplotype groups into centromeric and telomeric parts, whereby 
new haplotypes may be formed by equal and unequal crossover events between 
these regions (32).

With regard to the rhesus macaque, only a few individual animals have been an-
alyzed for their KIR content, since the full-length KIR transcripts of some unrelated 
animals have been sequenced (33, 34). The subsequent analyses showed that the KIR 
system in this macaque species is polygenic and polymorphic, and can encode inhib-
itory and activating molecules with three extracellular domains. A genomic analysis 
of two BAC clones covering one haplotype comprising five KIR genes revealed that 
members of KIR lineage I, II (sublineage IV), and V are present, which are homolo-
gous to human KIR2DL4, KIR3D, and KIR3DL3, respectively (35). On this haplotype, a 
truncated Mamu-KIR1D was discovered, which clusters in lineage III and most likely 
is a distant homolog of human KIR2D. More recently, we have analyzed many more 
transcripts in the context of four families of pedigreed animals, resulting in a phylo-
genetic classification of lineage II/IV gene groups (36). Genotypes can comprise three 
particular loci (Mamu-KIR3DL20, -KIR1D, and -KIR2DL04) with a centromeric loca-
tion, and ten inhibitory KIR3DL and nine activating KIR3DS genes that map to the 
telomeric region, respectively. Segregation analysis of these KIR genotypes revealed 
at least 18 unique haplotypes (36). The existing knowledge on haplotype data is based 
on a relatively small number of animals (n = 9 (36), n=11 (37)), which displays, how-
ever, a complexity similar to that found in humans. This begs the question as to how 
much of the KIR system variability is actually present in rhesus macaques. Further-
more, a trend is apparent that no similar distinction of group A and B haplotypes, 
as observed in humans, can be made (36, 37). Therefore, to further investigate these 
questions, an extensive KIR gene content analysis has been performed on an outbred 
colony of rhesus macaques. Additionally, samples of animals of different origins were 
included in this study, since it is known that MHC haplotype variation can be linked 
to geographical origin (15, 38). Whether this may also impact KIR gene content is not 
yet known.
  
MATERIALS AND METHODS
Animals and cells
The composition of a cohort of 378 rhesus macaques is depicted (Supplementary 
Fig. 1). The cohort contains animals that are of either Indian, Burmese, Chinese, 
or mixed origin, as well as their offspring. For the purpose of this particular study, 
whole blood was obtained during regular health checks. Peripheral blood mono-
nuclear cells (PBMC) were isolated from heparinized blood samples according to 
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standard protocol (36). Immortalized B cells were subsequently generated by cultur-
ing PBMCs after infection with herpes papiovirus, as previously described (21). 

Isolation of genomic DNA and cDNA
Genomic DNA was obtained from either EDTA whole blood or immortalized B cells 
using a standard salting-out procedure. RNA was isolated from PBMCs with Trizol re-
agent (Invitrogen, Paisley, Scotland), and first-strand cDNA synthesis was performed 
with a poly-(18)dT primer according to the standard protocol (Fermentas, St. Leon-
Rot, Germany).

KIR plasmid library preparation
PCR was performed on cDNA with KIR-specific primers, as was reported (36). Prod-
ucts were ligated in a Pjet1.2 vector (Fermentas) and transformation of XL1 Blue E. 
coli was performed. Single colonies were selected and grown, and mini-prep (al-
kaline lysis method) was performed. Subsequently, isolated vector was sequenced 
on an ABI 3130XL (Applied Biosystems, Foster City, CA, USA) with Pjet1.2 forward, 
Pjet1.2 reverse and one internal primer specific for Mamu-KIR: 5’-CGCAGGGACCTA-
CAGATGTCG-3’. Sequences were obtained that phylogenetically cluster in previously 
described gene groups (36), with the exception of Mamu-KIR3DLW03, for which no 
sequences were retrieved.
 
KIR nomenclature and Genbank accession numbers
Sequences were submitted to Genbank and for each particular allele corresponding 
accession numbers are provided (Supplementary Table 1). Genes that are designated 
with Mamu-KIR have been assigned official nomenclature in accordance with the 
Immuno-Polymorphism Database (www.ebi.ac.uk/ipd/kir/). Genes that are desig-
nated mmKIR have not been assigned official nomenclature yet.

In silico analysis and primer design
A nucleotide alignment was performed on all rhesus macaque KIR sequences avail-
able in GenBank. Based on phylogenetic analyses, and in accordance with official 
rhesus macaque KIR gene nomenclature, 22 different gene groups of alleles could 
be designated. Sequence-specific primer pairs have been constructed to cover ev-
ery one of these groups without ambiguity. Additionally, a group of previously de-
scribed primers (37) was evaluated on their application for quantitative PCR (qPCR), 
however, because many of these primers could amplify only specific alleles, only the 
primer pair specific for Mamu-KIR3DS03 was used. Although all currently described 
alleles of Mamu-KIR3DL02 are covered by a reported primer pair (37), some false 
positives were observed in our qPCR system. In this instance, a novel primer pair 
for -KIR3DL02 was designed, which however does not cover all alleles. For Mamu-
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3DL07 and -3DL08 several alleles could not be covered with one primer pair, whereas 
Mamu-KIR3DSW08 and -3DSW09 were each divided in two groups of alleles (1), and 
(2), respectively. This analysis yielded a total of 24 primer pairs (Supplementary Table 
2). 

Quantitative PCR and melt curve analysis
To perform quantitative PCR, a 20 μl reaction was prepared containing: 1x PCR buf-
fer, 1x EvaGreen dye (Biotium, Hayward, CA, USA), 0.5 unit platinum Taq DNA poly-
merase, 5 pmol forward and reverse primer, 1.5 mM MgCl

2
, 200 μM dNTPs and 25 

ng genomic DNA. PCR was performed on the CFX96 real-time PCR detection system 
(Bio-Rad, Hercules, CA, USA). Reaction conditions for each primer pair were identi-
cal: a 2 min hot-start at 94°C followed by 50 cycles of 15 s 94°C denaturing, 20 s 60°C 
annealing, and 20 s 72°C extension with measurement of the SYBR channel after each 
cycle. Melt curves were obtained by increasing the temperature from 75°C to 95°C in 
0.2°C intervals with measurement of fluorescence after each interval. Analyses were 
performed using the CFX96 manager software (Bio-Rad). In this manner, genomic 
DNA samples were screened once with each primer set. Although one cannot rule 
out false negatives, in the studied cohort the segregation of particular loci could be 
witnessed. False negatives may lead to a situation where both parental animals test 
negative for a certain locus, while any offspring may test positive. This situation was 
not observed in the present study.

Validation of primer set
To validate the specificity of each primer set, qPCR was performed on a dilution series 
of plasmid that contains the corresponding KIR. This yielded a specific melt curve 
for each amplicon. Additionally, qPCR was performed on a mix of all KIR containing 
plasmids that are expected to give a negative results. A selection of PCR reactions of 
DNA samples that tested positive for a specific primer set, was analyzed on a 1% aga-
rose gel, and the corresponding product was excised and directly sequenced. In this 
manner, the correct sequences could be correlated with the qPCR results and melt 
curve profiles.
  
Statistical analyses
To check for significance in differences between populations in number of loci, num-
ber of inhibitory and activating KIR, standard errors were calculated and a Welch 
t-test was performed. The p-values were calculated and any value under 0.05 was 
deemed significant. For calculating statistical significance between the frequencies 
of specific KIR in different populations, a Yates’ chi-square test with one degree of 
freedom was performed and p-values under 0.05 were deemed significant.
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RESULTS
A myriad of genotypes is present in rhesus macaques  
Genotypes have been determined by screening for the presence or absence of 22 
particular Mamu-KIR genes. For all respective animals, information on their KIR 
genotypes, their origin, and their parental animals has been provided (Supplemen-
tary Table 3). In the case of families, the segregation of KIR genes can be studied. In 
the cohort of 378 animals, a total of 272 different genotypes were observed. In total, 
60 genotypes were shared between animals, but out of these, only 7 genotypes were 
shared by siblings. This indicated that 218 out of 378 animals possess a unique KIR 
genotype, which was not observed twice in this cohort.

Figure 1 KIR genotypes in a panel of rhesus macaques. Depicted for each animal is its origin, the pres-
ence (filled) or absence (empty) of different Mamu-KIR loci, and the total number of loci present on its 
genotype. The panel is divided into three groups; at the top are the ten animals with the most number 
of loci per genotype, in the middle are ten animals ranging from 8 to 15, at the bottom are ten animals 
with the smallest number of loci per genotype.
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Individual genotypes differ dramatically in their gene content
Since 22 loci were screened, an individual could theoretically comprise between 0 
and 22 genes. As a reflection of the cohort, a selection of 30 animals and their gene 
content is highlighted (Fig. 1). This panel comprises 10 animals with the lowest num-
ber of genes, 10 animals with the highest number, and 10 subjects with intermediate 
numbers. This panel illustrates the variation in locus content that is present in the 
cohort. Genotypes are observed, for instance, comprising from 4 (animal 9248) up to 
18 (animal Ri100) genes. As an overview, for each genotype as defined by the number 
of KIR loci, the corresponding number of animals present in the cohort is represented 
(Table 1). The average number of loci per individual is about 11 or 12.

Activating and inhibitory genotypes are present in the cohort
For each genotype with a particular number of loci, the average I:A ratio between in-
hibitory and activating KIR genes can be calculated (Table 1). For most animals, this 
is in the order of 1.5, which implies that for every three inhibitory genes, two activat-
ing genes are present. However, this ratio increases dramatically for several animals 
that have genotypes with seven or fewer loci (Table 1). For instance, no activating KIR 
was detected in animal 9248 (Fig. 1), while animals 1XL, R00081, R06059, and R07099 
display an I:A ratio of 3, all comprising three inhibitory versus one activating gene. To 
illustrate that this phenomenon is also observed for animals with more numbers of 
loci, two groups of animals and their genotypes are depicted, in which both extremes 
of I:A ratio are present (Fig. 2). Here, for example, animal R05068 shows an I:A ratio of 
0.4, with three KIR3DL and seven KIR3DS present on its genotype. Similarly, animals 
C56 and R05083 possess two inhibitory and four activating genes. On the other end 
of the spectum, however, animal Ri134 displays eight inhibitory and one activating 
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gene on its genotype, and animal 1GX shows four inhibitory and one activating gene.

Figure 2 Extremes in inhibitory and activating genotypes. Depicted for each animal is its origin, the 
presence (filled) or absence (empty) of different Mamu-KIR loci, the total number of loci present on 
its genotype, and the ratio (I:A) between inhibitory and activating KIR. The panel is divided into two 
groups of animals with number of loci ranging from 8 tot 15; at the top are ten animals with the lowest 
I:A score (activating), at the bottom are ten animals with the highest I:A score (inhibitory).

Haplotypes display extreme plastic compositions
Based on segregation analysis, haplotypes can be deduced from some of the docu-
mented genotypes. A snapshot of 8 animals with different genotypes and 16 corre-
sponding haplotypes is depicted (Fig. 3). 

In a previous study, 18 haplotypes had been reported based on transcriptional 
analyses, and designated H-01 to H-18 (36). In line with this, these novel haplotypes
are designated H-19 to H-34. Although, in theory, unrelated individuals from the co-
hort may share haplotypes, this was not observed in this small subpanel of animals. 
Furthermore, chances to observe homozygous animals for a particular KIR haplotype 
in the cohort appear to be very slim, and to our knowledge have not been recorded.

In this panel, two haplotypes were detected for each animal, which are not shared 
with other panel members (Fig. 3). Moreover, haplotypes can vary dramatically, both 
in their content as well as the number of loci present. Notably, two copies of Mamu-
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Figure 3 Plasticity of haplotypes. Depicted for each animal is the KIR content of its genotype as well as 
haplotypes. The presence (dark-grey) or absence (empty) of different Mamu-KIR loci is shown. A cell is 
filled light-grey when segregation analysis was inconclusive for this particular locus, and depicted as a 
mesh when it is highly likely a particular locus is situated on both haplotypes. The Mamu-KIR3DSW08 
and -3DSW09 loci are each divided in (1) and (2) to indicate different allele groups of that particular 
locus that have been screened for. The final column depicts the number of loci that may be present on 
a genotype or on a haplotype.

KIR3DSW09 are reported on haplotype H-27, suggesting that other loci may also have 
been duplicated. This plasticity is further illustrated in the panel by the observation 
that every gene that may be present on one haplotype may be absent on another. 
The one exception may be recorded for Mamu-KIR3DL20, which is present on all 
analyzed genotypes, and therefore cannot be assigned to haplotypes by segregation 
analysis. In this panel, no KIR2DL04 has been detected on haplotype H-28, which is in 
accordance with observations that this loci may be absent on certain haplotypes (39).
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Animals of Indian, Chinese, and Burmese origin possess differential KIR gene contents
The gene content of animals from different populations was compared (Table 2), and 
significant differences became apparent, especially between Indian- and Chinese-
origin animals. 

Chinese animals, for instance, have on average one additional inhibitory KIR gene 
present at the genotype level. Moreover, the balance between inhibitory and activat-
ing KIR is shifted more towards inhibition in Chinese animals as compared to Bur-
mese and Indian animals. In this respect, the KIR gene profile of Burmese animals 
resembles the situation observed in Indian subjects.

To provide a more comprehensive overview of population differences, a com-
parison of the KIR gene frequencies is depicted (Fig. 4). As can be seen, the presence 
of particular genes can differ dramatically between animals originating from differ-
ent geographic areas.

For the centromeric genes KIR3DL20, -KIR1D, and -KIR2DL04, none of the ob-
served differences are significant, although there seems to exist a trend showing an 
increase in frequency of KIR1D from Chinese to Burmese and Indian animals, re-
spectively. For the inhibitory KIR genes, two differences in population distribution 
are highly significant. First, the KIR3DL04 gene is observed exclusively in Indian ani-
mals, albeit at very low frequency. Second, the KIR3DL06 gene appears to be absent 
in Indian animals. For this locus, the difference in frequency between Burmese (43%) 
and Chinese (94%) animals is also significant. For other inhibitory genes, differences 
between Chinese and Indian animals are significant for KIR3DL02 and KIR3DLW03, 
while Burmese and Chinese animals differ significantly for KIR3DL07 and KIR3DL10. 
Additionally, for KIR3DL11 there is a significant increase in frequency from Indian to 
Birmese and Chinese animals, and three activating KIR genes have highly significant 
population distributions. First, KIR3DS05 was not observed in Chinese animals. Sec-
ond, KIR3DSW07 is more frequent in Chinese and Burmese animals as compared to 
Indian animals. Finally, KIR3DS02 is present more than twice in Burmese and Indian 
animals as compared to Chinese animals. Although KIR3DS01 appears to be enriched 
in Indian animals, this is below the threshold value for significance. 



CHAPTER 5114

Figure 4 Frequencies of different Mamu-KIR genes observed in parental animals that originate in India, 
Burma, and China. On the x-axis, the three centromeric loci (Mamu-KIR3DL20, -1D, and -2DL04) are 
depicted, followed by ten inhibitory loci (Mamu-KIR3DL) and nine activating loci (Mamu-KIR3DS). The 
y-axis depicts the frequencies of these loci as observed in different populations. Statistical significant 
differences between populations have been shown.

DISCUSSION
In humans, much is known about the diversity of the KIR gene cluster (30). Moreover, 
due to the availability of KIR sequence-specific primer typing assays, many laborato-
ries have examined the gene content in different human ethnic populations (28, 40). 
Furthermore, large numbers of transplantation donors and recipients are currently 
routinely screened for their KIR genotype, as are cohorts of patients and control in-
dividuals in disease association studies. One could claim that – with regard to KIR 
genotype diversity – humans are the most well-defined species. Because of its broad 
medical relevance, we wished to compare KIR diversity in humans with that of an 
important animal model, such as the rhesus macaque. Contrary to rodent models, 
outbred non-human primate colonies show similar levels of natural diversity in many 
of their immune-related genes, as is encountered in the human population. There are 
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hints that this may also apply to the KIR gene system (33, 36). 
The present large-scale cohort study revealed an unprecedented diversity of 

KIR genotypes in rhesus macaques (Fig. 1). To put this into a proper context, one has 
to compare the numbers. To date, KIR population data have been reported for 108 
human populations, of which 12.741 individuals were genotyped (41). In this study 
378 rhesus macaques from three populations (India, Burma, China) have been geno-
typed. One should take into account that animals from Burma and China were un-
der represented in our cohort. In humans 396 different KIR genotypes are reported 
(41), whereas in the present relatively small cohort of rhesus macaques 272 genotypes 
were observed (Table 3).

 
It is likely that if more samples are analyzed, it will become evident that the rhesus 
macaque KIR genotypes display significantly more variation than humans. It is not 
only a question of numbers. Rhesus macaques are a successful species and they live 
in a large geographic area. Sampling animals from other areas will undoubtely reveal 
more KIR genotype variation. Indeed, this high number of genotypes may only repre-
sent the tip of the iceberg, since a comparison with 25 previously reported genotypes 
(37) showed only a very limited level of overlap. 

We have recorded a snapshot of haplotypes based on segregation analysis, and 
already 34 unique haplotypes have been identified. Moreover, sharing of haplotypes 
seems to be a rare event between unrelated animals (Fig. 3). Furthermore, of these 
272 genotypes, many lack the presence of specific loci. Therefore, the underlying hap-
lotype structure may be similarly complex, and we anticipate that many haplotypes 
will be described in the near future. In humans, haplotypes can more or less be di-
vided into inhibitory group A and activating group B haplotypes. This observation 
led to the hypothesis that this division originated due to different modes of selection 
(42). Whereas genes on the group A haplotype may have a protective effect against 
infectious diseases, genes on the group B haplotype may be more beneficial for re-
productive success (43). In the rhesus macaque, some extreme examples of genotype 
variation have become evident, which have their balance shifted in one or another 
direction (Fig. 2). However, based on our observations, no clearcut division between 
inhibitory or activating haplotypes, as observed in humans, exists in rhesus ma-
caques, which is a confirmation of previous findings (36, 37). Indeed, if placentation 
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is a strong selective force in humans (44), in rhesus macaques this influence may be 
less because the trophoblast-maternal interface is much smaller (45).

Recently, human KIR gene organization was compared with that of chimpanzee 
(46). Together with the present data, this sheds light on the evolution of KIR. Origi-
nally, a common simian ancestor comprised loci of four KIR lineages. In rhesus ma-
caques, after their divergence, lineage II genes expanded telomerically (35). In the 
common ancestor of humans and chimpanzees, certain lineage III genes expanded 
centromerically. After divergence of chimpanzees and humans, chimpanzee lineage 
III genes continued colonization of the centromeric region, while telomeric lineage II 
genes collapsed, leaving no room for telomeric variability (46). In humans allocation  
of lineage II and III continued both centromerically and telomerically, and atone mo-
ment the group B haplotype was formed by introduction of specific activating KIR. 
Further diversity in humans is generated by recombination events, and a model has 
been proposed whereby centromeric and telomeric blocks of A or B haplotypes can 
be recombined to explain the birth of new ones (32). Therefore, certain KIR combina-
tions are in strong linkage-disequilibrium on these haplotype blocks (47). This is in 
stark contrast to the present data on Mamu-KIR, which suggests an expansion only 
of the lineage II genes (35). Moreover, this expanded region appears to be even more 
plastic than that of humans, since haplotypes and genotypes are observed that can 
contain or lack any of the inhibitory or activating KIR genes, and many types of com-
binations are observed (Fig. 1 and 3).

For the first time, a comparative analysis was performed on KIR in different pop-
ulations of rhesus macaques. With regard to their KIR repertoire, some highly sig-
nificant differences were observed. Specifically, animals of Chinese origin seem to 
have on average one additional inhibitory KIR present on their genotype. In humans, 
the more inhibitory their genotype, the better an individual might be equipped to 
detect “missing-self”, and, by extension, one can hypothesize that the more their NK 
cells can potentially be activated. Although functional evidence is lacking, the same 
might hold true for rhesus macaques. Numerous studies have, for instance, shown 
that Chinese-origin animals are more resistant to infection with SIV than are Indian-
origin animals (48). Genetic differences are generally considered to account for these 
observations. 

With regard to gene frequencies, we observed specific differences. For instance, 
the absence of Mamu-KIR3DL06 and a very low presence of KIR3DSW07 in Indian 
animals as well as the absence of KIR3DS05 in Chinese animals (Fig. 4). Moreover, the 
KIR3DL04 gene was observed exclusively in a very small number of Indian animals. 
It is not possible to tell whether Indian animals have gained or Chinese and Burmese 
animals have lost this gene, and whether its presence at such a low frequency is bio-
logically significant. Phylogenetically, its D0 domain clusters with Mamu-KIR3DL01, 
whereas its D1 domain clusters separately and its D2 domain branches with Mamu-
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KIR3DS01. Although this gene therefore has a hybrid nature, it is not a recently du-
plicated gene (data not shown). Based on comparative studies of primate species, a 
rapid evolution of the KIR gene system was proposed (25). In the light of our intraspe-
cies data, this proposal can be expanded to extremely rapid evolution.

Since the repertoire is so diverse, it can be stated with confidence that in most 
biomedical studies the chance is very slim that rhesus macaques share a KIR geno-
type, in addition, this statement does not yet take into account the reported allelic 
variation (49). However, by knowing the repertoire, one may consider the effects of 
individual KIR genes, since animals can be selected for the presence or absence of 
particular KIR. The functional implications of candidate KIR genes can already be 
investigated. Recently, it was reported that Mamu-KIR3DLW03, KIR3DL05, and pos-
sibly KIR3DS05 gene products can interact with Mamu-A1*001:01 and -A3*13:11 mol-
ecules (50). Notably, these first two inhibitory genes are enriched in our animals of 
Chinese origin while the latter activating one is absent (Fig 4). Moreover, markers for 
Mamu-KIR3DL05 alleles were more prevalant in SIV-infected animals with high viral 
loads (51). Finally, Mamu-KIR3DL05 allotypes can differentially bind Mamu-A1*002 
tetramers, based on the type of SIV-peptide with which they were loaded (52).

Although it is clear that MHC class I genes are expanded in rhesus macaques, 
not all functional implications of this are yet understood. Because of the division in 
major and minor transcripts, the overall expression on peripheral blood lymphocytes 
in rhesus macaques appears to be quite similar to humans. Certainly, from a T-cell re-
ceptor point of view it appears that only the majors are restricting immune responses 
(53). Perhaps with this expansion a divison of labors has also occurred, while some 
loci, like Mamu-A1, (-A7), and certain Mamu-B, may encode molecules whose func-
tions have remained relatively conserved. Other duplicated loci, like Mamu-A2 to 
-A6, certain Mamu-B, and the newly generated Mamu-I, may encode products that 
have gained more specialized expression patterns and functions. We hypothesize that 
through co-evolution this division may be reflected in the KIR gene system. 

Whereas conserved loci like Mamu-KIR3DL20, and -2DL04 encode receptors 
that may perhaps target conserved ligands (like nonclassicals), the inhibitory and 
activating loci observed on many genotypes (like Mamu-KIR3DL01, 3DL05, 3DL07, 
3DSW08, 3DSW09) encode receptors that could perhaps target the abundantly ex-
pressed class I molecules. In this context, the less frequent loci (e.g. Mamu-KIR3DL02, 
3DL04, 3DS01, 3DS03, 3DS04, 3DSW07) may encode products that have a more spe-
cialized function, or may perhaps recognize the low expressed ‘minors’.    

Our results concerning KIR gene frequencies in different populations suggest 
that differential evolution has occurred. Notably, origin-specific allelic variation of 
MHC class I is also observed between these three populations (17, 18, 54, 55). There-
fore it may be relevant to functionally examine whether these origin-specific MHC 
and KIR alleles encode for receptor-ligand pairs.
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The extreme KIR diversity we have observed is applicable to both the humber as 
well as ratio of inhibitory and activating loci. This suggests that diversifying selection 
has acted on both types of loci. It could well be that KIR diversity is favorably selected 
for within an individual as well a within a population. For instance because the MHC 
class I expression is hampered under certain pathogenic or by particular pathogens, 
and it proves beneficial to recognize ‘missing-self’ by inhibitory receptors. Whereas 
evasion of this mechanism of recognition may then lead to alternative recognition 
by activating receptors in the context of ‘altered-self’ or ‘non-self’. Moreover, should 
a pathogen escape from the diverse KIR repertoire of one individual, it wil be con-
fronted by even more diversity in the population. In this case, this extreme KIR diver-
sity, as observed in rhesus macaques, may provide an effective strategy for surviving 
epidemic infections.  
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SUPPLEMENTARY INFORMATION

Suplementary Figure 1 The composition of a cohort of 378 rhesus macaques. The animals’ origin is 
either Indian, Burmese, Chinese, or a mix of these.
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CHAPTER 6

General Discussion
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THE IMPORTANCE AND EVOLUTION OF THE KIR GENE SYSTEM
Since the discovery of NK cells in 1975 (1), a great deal of information has been gath-
ered on their essential biological functions. These include the protection against 
pathogens, the eradication of malignancies, and the remodeling of spiral arteries 
during pregnancy (2-4). Moreover, NK cells are bridging gaps between the innate and 
adaptive immune system by positively or negatively modulating a scala of different 
functions controlled by various types of immunocompetent cells (5).

It was discovered that the expression of MHC class I molecules on target cells 
was more or less essential for determining the manner in which the NK cell could be 
activated. The ‘missing-self’ hypothesis, posed in 1990, is considered a breakthrough 
that led to re-evaluation of past experiments, and opened up different avenues of NK 
cell research (6). Subsequently, many receptors that are responsible for the inhibi-
tion and activation of NK cells were discovered, as well as their cognate MHC and 
non-MHC ligands. Among these the receptors that played a key role in MHC class 
I-mediated regulation, are grouped into the killer cell immunoglobulin-like recep-
tor (KIR) family. Molecular cloning revealed their characteristic immunoglobulin-like 
organisation, as well as motifs for an inhibitory and activating capacity (7-9). Over 
time, the ligand specificity of many of these receptors was determined, and could be 
linked to particular motifs on MHC class I molecules. Furthermore, cellular analyses 
revealed that KIR molecules and their interaction partners can not only determine 
the state of NK cell activation, they can also influence their education (10) – perhaps 
even influence the expansion of cells with a memory-like phenotype (11). Subse-
quent genetic analyses of these receptors, conducted on individuals from different 
human populations revealed that the genes are polymorphic in nature and that by 
means of copy number variation haplotypes can comprise different compositions of 
KIR genes (12, 13). As such, the KIR repertoire may differ greatly between individu-
als. This is highly relevant because specific epistatic interactions between HLA alleles 
and particular KIR genes are associated with susceptibility to or protection against 
diseases. (14). These associations include decreased susceptibility to viral infections, 
improved protection against certain types of cancer, susceptibility to autoimmunity, 
and reproductive success (15-18).

  The evolution of KIR genes has been studied in many different mammalian 
species, and in most of them their organisation does not resemble the polymorphic, 
polygenic KIR gene system present in humans. Although two KIR genes are present 
in mice, for instance, these have been translocated to a different chromosome as 
compared to humans, and appear to have functions that are unrelated to those of 
human KIR. Moreover, KIR genes of other mammals – for instance, in rats, pigs, cat-
tle, horses, and marine carnivores (19-24) – have remained relatively monomorphic, 
whereas structurally or functionally related gene families may have undergone sig-
nificant expansion or diversification during evolution. Even in evolutionarily distant 
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‘lower’ primates like lemurs, it is observed that the KIR system is not comparable to 
humans; by way of convergent evolution a different gene family of receptors appears 
to achieve the same function by combinatorial diversification, whereas the KIR reper-
toire is condensed as compared to that observed in humans (25). More closely related 
primate species, such as the chimpanzee, the bonobo, and the gorilla, which possess 
a similar MHC achitecture as humans, show a comparable KIR architecture. However, 
as a result of rapid evolution, all the KIR genes have diverged in a species-specific 
way (26-28). On the other hand, primate species that have a more divergent MHC 
architecture, like orangutan and gibbon, show a more divergent KIR gene structure. 
Because of rapid species-specific evolution of both these genes, and KIR co-evolution 
with the MHC, the changes in the KIR organisation of these primates have been even 
more prominent (29, 30).

  Rhesus macaques share a common ancestor with humans approximately 25 
million years ago, indicating an evolutionary distance of 50 million years. Since rhe-
sus macaques diverged from humans, their MHC architecture has expanded consid-
erably (31, 32). Therefore, one wonders how the KIR gene system has evolved in this 
species.

TOWARDS A STANDARDISED NOMENCLATURE: FROM CHAOS TO ORDER
The first articles that reported rhesus macaque KIR sequences often made use of a 
differential nomenclature system (33-36). To complicate matters even further, gene 
names have frequently been assigned based on the chronological order of discovery 
(e.g. mmKIR3DL1 was the first cloned sequence, whereas mmKIR3DL20 was the 20th 
clone). This confusion in nomenclature continued and in one recent report, new al-
lele names were assigned sequentially to each newly discovered KIR sequence (37).

  To apply a more rationale approach to classification, based on phylogenetic 
clustering of sequences a preliminary classification of activating KIR genes into eight 
clades was made (Chapter 3). In the mean time, more sequence data became avail-
able, which improved the power of the phylogenetic relationships. Therefore, at pres-
ent, distinct clades of closely related alleles can now be recognised. As well as the 
lineage I, III, and V genes that cluster separately, the expanded lineage II genes are 
now subdivided into 10 inhibitory and 9 activating groups (Chapter 4). As more high- 
resolution sequence data becomes available, new gene groups will most likely be dis-
covered, while groups that are currently ambiguous may be unequivocally assigned.

In a recent collaborative effort, an official rhesus macaque KIR gene nomencla-
ture has been proposed (manuscript in preparation). The available data are curated 
by a team of experts and will be made available through the Immuno Polymorphism 
Database (IPD;[38]). This effort has resulted in a classification of gene groups based 
on phylogenetic analysis, as well as in a standardised nomenclature for inhibitory KIR 
(Mamu-KIR3DL) and activating KIR (Mamu-KIR3DS) in which each of these names is 
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followed by two digits that identify and characterise the gene group. 

GENETIC ANALYSES ELUCIDATE THE (DIS)ORGANISATION OF KIR HAPLOTYPES
It could be deduced from a particular sequenced haplotype that the rhesus macaque 
KIR complex is located on chromosome 19 in the leukocyte receptor complex (LRC) 
region between the genes of the leukocyte Ig-like receptors (LILR) and of the receptor 
for IgA (FCAR) (35). The architecture from centromeric to telomeric is a head-to-tail 
orientation of Mamu-KIR3DL20, -1D, the pseudogene -DP, and -2DL04, followed by 
a combination of inhibitory -3DL and activating -3DS genes. Of these genes, Mamu-
KIR3DL20 appears to be present in all genotypes that have been reported (Chapter 
5). Although, its ligand binding domain is highly conserved, gene transcripts are not 
always observed by analysing peripheral blood mononuclear cells of individuals 
(Chapter 4). This may be because this gene product has an important function only 
under certain conditions. Phylogenetically this gene clusters in lineage V together 
with the enigmatic human KIR3DL3, which is also present on almost all recorded 
haplotypes and usually not transcribed. In both instances, the protein is thought to 
be important under particular developmental or pathogenic conditions, although no 
ligand has yet been defined (39).

  The Mamu-KIR1D gene is observed in approximately 50% of the genotypes 
within animals of Indian origin, and detected less often in animals of either Burmese 
or Chinese origin (Chapter 5). Therefore, it was documented that this gene is absent 
from a majority of haplotypes (Chapter 4 and 5). Its genotype frequency suggests that 
some form of balancing selection might be operating on this gene. Moreover, because 
this gene displays very limited polymorphism, purifying selection may be effective as 
well. Currently the function of its product is unknown. Notably, Mamu-KIR1D has no 
homologue in humans but particular alleles of the KIR2DS4 gene, which are present 
in 50% of the human individuals, may also encode for a truncated 1D molecule.

An extensive investigation of the conserved Mamu-KIR2DL04 was performed 
in a large group of animals, and transcripts of one or several alleles were observed 
in most of them (Chapter 2). This allelic diversity was unexpected since human 
KIR2DL4 was considered to be highly conserved. However, a more detailed analysis 
revealed that the ligand binding Ig-like domain is still highly conserved, even more so 
than in humans, while the signal-transducing domain is polymorphic. This suggests 
that strong purifying selection has acted on the Ig-like domains. Polymorphism in the 
intracellular region is reflected in the observation that Mamu-KIR2DL04 alleles can 
be divided into three forms. Two of these are present in high frequencies in the stud-
ied cohort, while the third is only observed in low numbers (Chapter 2). The fact that 
these forms have been maintained in the population points to balancing selection. 
Nevertheless, Mamu-KIR2DL04 is not essential for life or reproduction, since rhesus 
macaques exist that lack the gene on both their haplotypes, and have succesfully re-
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produced (Chapters 4 and 5).  This is probably due to redundancy.
Based on a phylogenetic analysis of the lineage II genes, it can be concluded that 

these have expanded and diversified in the rhesus macaque. By comparing the pub-
lished data,  the number of reported inhibitory KIR gene groups has been extended 
from  seven to ten, while the number of activating gene groups has been extended 
from four to nine, respectively. Moreover, many alleles have been documented within 
these gene groups (Chapters 3 and 4). A study of the gene content involving a large 
cohort of pedigreed animals has led to the conclusion that these genes may be pres-
ent or absent on a given haplotype, and that any combination may in theory be pos-
sible (Chapters 4 and 5). 

IS ALTERNATIVE SPLICING A MECHANISM TO DIVERSIFY RHESUS KIR GENES?
Many Mamu-KIR transcripts have been analysed, and one of the features that is 
noteworthy to discuss is that approximately 20% of the sequences represents some 
form of a splice variant. A more detailed analysis of intron and exon data showed that 
many cryptic alternative splice sites exist within the KIR genes, making them prone to 
this phenomenon of alternative splicing, which is not observed in, for instance, MHC 
class I transcripts.

In rhesus macaques, three drastic examples of splicing have been documented. 
First, a splice site mutation has been discovered that is responsible for truncating an 
activating Mamu-KIR and thereby removing the sequence that encodes for inhibi-
tory motifs (Chapter 3). Second, the alternative splicing of Mamu-KIR3DL20 results 
in a transcript that is highly homologous to the human lineage I KIR2DL5A and -B 
genes. This might be an elaborate form of convergent evolution by which a new gene 
product is generated. Finally, the alternative splicing of Mamu-KIR1D may result in a 
transcript that is no longer soluble but that comprises a stem and a transmembrane 
and cytoplasmic domain, including inhibitory motifs (Chapter 4). 

Alternative splicing could be a diversifying mechanism to introduce alternative 
gene products at a low level. If a certain variant is favourably selected for, mutations 
that influence splicing may gradually accumulate until such a variant becomes fixed. 
This may be what happened to human lineage III KIR genes, which all contain a pseu-
do-exon with no obvious splice site mutations. Taken together, splicing seems to add 
an extra layer of polymorphism to the KIR system and may also be involved in gener-
ating novel types of KIR genes.

TO WHAT EXTENT HAVE MAMU-KIR AND MHC CLASS I CO-EVOLVED? 
It is thought that primate KIR genes have co-evolved with the MHC class I genes (40). 
It may even be possible that the interaction with KIR molecules may have driven 
MHC-C evolution in hominids (41). In humans, KIR2DL4 is the ligand for HLA-G and 
therefore it is most likely that the rhesus KIR2DL04 may have co-evolved with Mamu-
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AG, which is the functional homologue of HLA-G, since the Mamu-G orthologue of 
HLA-G has become inactivated. The observation that the ligand binding domain of 
2DL04 is highly conserved suggests that it has co-evolved with an equally conserved 
interaction partner, such as this nonclassical MHC class I molecule (Chapter 2). 

In rhesus macaques the expansion of lineage II KIR genes is hypothesised to be 
propelled by the expansion of the MHC class I genes. Indeed, through a study of the 
gene content in a large cohort of rhesus macaque of different origins, it has become 
evident that in this system many different haplotype configurations are present in 
this system (Chapters 4 and 5). All these phenomena strongly suggest co-evolution 
with the polymorphic and polygenic class I gene family. However, only by formally 
determining that these proteins are indeed interaction partners can this hypothesis 
be strengthened further. This is exactly what has been reported recently for a select 
combination of rhesus macaque KIR and MHC class I proteins (42, 43).

A comparison of gene frequencies between rhesus macaques of different origins 
yielded specific patterns of KIR gene distribution. These could be a reflection of the 
co-evolution that has taken place within a relatively short time-frame. Therefore, it 
is hypothesised that the Mamu-KIR3DL04 gene that is observed primarily in Indian 
animals, and the Mamu-KIR3DL06 gene that is reported in Burmese and Chinese ani-
mals may have co-evolved with MHC class I ligands that are specific for these popula-
tions (Chapter 5).

RHESUS MACAQUE KIR COMPLEXITY MAY EXCEED THAT OF HUMANS 
Rhesus macaque haplotypes are characterised by a combination of gene content di-
versity and allelic variation; this combination is termed complexity. By analysing a 
number of KIR genotypes, it can be deduced that any lineage II gene can be either 
present or absent on a given haplotype. This suggests that haplotype compositions 
have been formed by recombination of the intergenic regions, hereby creating mo-
saic-like haplotype diversity (Chapters 4 and 5). Moreover, protein alignments of ac-
tivating genes revealed that different gene groups can share highly similar domains 
(Chapter 3). It can be concluded from this that intragenic recombination is also a 
mechanism that can lead to the birth of a new gene group, and this mechanism may 
contribute to the generation of further haplotype diversity. Another example of this 
birth of new genes is the manner in which the novel sub-lineage of activating KIR 
genes has been generated by intragenic recombination between an ancestral KIR3DL 
and KIR2DL4 (Chapter 3).

Similar diversity-generating mechanisms have had an influence on the human 
KIR gene system (44, 45). In humans, a model of centromeric and telomeric recombi-
nation can be used to explain most of the observed haplotype configurations. More-
over, in humans there is a clear distinction between two types of haplotypes, group 
A and B, which is not observed in rhesus macaques. The current hypothesis is that 
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group A haplotypes have been favorably selected for by selective pressures of patho-
gens, whereas group B haplotypes favour reproductive success (46). The absence of 
this clear distinction between haplotype groups in rhesus macaques suggests that in 
this case different selective forces may have been applicable.

FORCES OF SELECTION: PATHOGENS, CANCER, REPRODUCTION, AND THE MHC  
The rhesus macaque KIR gene system has been thoroughly characterised on many 
levels, and one of the main conclusions to be drawn is that different types of selec-
tion have led to extensive levels of complexity. The modes of selection that are opera-
tive on this system may be multifactorial. The highly conserved nature of the ligand 
binding domains of Mamu-KIR3DL20, -1D, and -2DL04 suggests that purifying selec-
tion has acted on them. Moreover, the different forms of 2DL04, and the frequency 
at which the 1D gene is present in a population suggests that balancing selection is 
applicable.

One can speculate as to which forces drive selection. If a receptor-ligand inter-
action has a selective advantage, and the ligand has remained conserved, purifying 
selection may then be acting on the receptor to ensure that it remains equally con-
served. For instance, certain pathogen-associated molecular patterns are highly con-
served, and possessing receptors that potentially can recognise these patterns would 
bestow a selective advantage on individuals. In a similar manner, receptor-ligand in-
teractions that yield a selective advantage during developmental and reproductive 
processes will most likely remain conserved in a population. In this respect, Mamu-
KIR2DL04 and its potential ligand Mamu-AG may be a similarly conserved receptor-
ligand pair. However, in humans, the tolerogenic ability of HLA-G, which may be the 
functional homologue of Mamu-AG, is often exploited by cancer cells that express it 
to evade immune recognition. It is possible that its expression is also influenced or 
exploited by viruses. Perhaps Mamu-AG is abused in a similar manner, and therefore 
the signaling domain of Mamu-KIR2DL04 has a pleiotrophic character, since balanc-
ing selection has acted on its different forms. It is tempting to speculate that in the 
context of pregnancy, this molecule can transduce a tolerogenic signal, whereas in 
the context of infection an activating signal is transduced.

The inhibitory Mamu-KIR genes of lineage II have undergone expansion and 
diversification. It is hypothesised that this phenomenon resulted from co-evolution 
with the expanded MHC class I gene family. Therefore, the diversifying selection im-
posed on inhibitory KIR may have been a result of MHC class I molecules that have 
structurally diversified and perhaps functionally. Pathogens are constantly trying to 
evade and escape the immune system, and with dire consequences for their host. As 
a result, they may in some cases impose strong selective forces. For instance, many 
virusses disrupt the presentation pathway of pathogen-derived peptides via MHC 
class I to the T cell, and as a consequence may also weaken interactions with inhibi-
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tory KIR. NK cells may subsequently kill the virus-infected cell. One strategy to rescue 
interactions with inhibitory KIR could be by expressing decoy MHC class I-like pro-
teins, much like UL18, which is expressed by human cytomegalovirus to bind inhibi-
tory LIR-1 on NK and T cells. Perhaps the occurrence of these types of viral molecules 
is what drove the generation of activating KIR through convergent evolution. In this 
respect, the diversified KIR repertoire of rhesus macaques may be the result of an 
arms race between the MHC, pathogens, and KIR. The observation that unique KIR 
genes are present in rhesus macaques of distinct origins, suggests that particular se-
lective forces may have been restricted to geographical locations. 

The discovered extreme diversity of KIR haplotypes seems to be counterintui-
tive, because in order to have functional interactions between KIR and MHC, both 
genes must be present in an individual. By putting against each other two complex 
gene systems that do not segregate together, the chances are lowered that suitable 
interaction partners will be present in the same individual. However, this paradox can 
be explained at the  population level. In this case, individuals will be present that, de-
pending on their MHC and KIR repertoires, may respond strongly against one patho-
gen, and weakly against another. Hence, a population is generated in such a way that 
its individuals all may react slightly differently to a similar pathogen. In a population 
this may be an effective strategy of hedging ones chances against dangerous patho-
gens that are able to escape from or evade the immune system of certain individu-
als. The plasticity of the KIR system would assure, for instance, that after a selective 
sweep by a pathogen, the diversity of the system may be rapidly restored by the birth 
of new genes by recombination.

   Currently, NK cells and their KIR receptors in humans are being investigated 
therapeutically in the context of their anti-cancer capacities. Additionally, in the re-
search fields of reproduction and vaccinology, a thorough understanding of KIR-li-
gand interactions may lead to novel therapies and vaccines. This is highly likely, given 
the discovery of NK cells with memory-like phenotypes, and the fact that more in-
sight has been gained into the role NK cells play in achieving tolerance and priming of 
the adaptive immune system. Certainly in vaccinology it may be interesting to inves-
tigate whether specific pathogen-derived peptides, via MHC-KIR interactions, can 
induce an immune response. Although the rhesus macaque MHC class I has evolved 
in a species-specific manner, functional orthologues exist that can present the same 
peptides as particular humans molecules. The same may hold true for the Mamu-KIR 
system, which can comprise functional orthologues of human KIR molecules. In this 
respect, the naturally occurring KIR in rhesus macaques may model the human situ-
ation, as a relatively small cohort of animals may comprise a KIR complexity equal to 
that observed in all human populations combined.
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AIDS  aquired immunodeficiency syndrome
APC  antigen-presenting cell
Asn  asparagine
BAC  bacterial artifical chromosome
BAT  HLA-B associated transcript
BPRC  Biomedical Primate Research Centre
CD  cluster of differentiation
cDNA  complementary deoxyribonucleic acid
CEACAM carcinoembryonic antigen-related cell adhesion molecule
CMV  cytomegalovirus
CRTAM  class I-restricted T-cell-associated molecule
Cs  Chlorocebus sabaeus
Ct  cycle threshold
CTL  cytotoxic T-lymphocyte
CYT  cytoplasmic
DAP  DNAX associated protein
DC  dendritic cell
DMSO  dimethylsulfoxide
dNTP  deoxyribonucleotide triphosphate
DNA  deoxyribonucleic acid
DNAM  DNAX accessory molecule 
FASL  Fas ligand
FCAR  Fc fragment of IgA receptor
FceR  Fc fragment of IgE receptor
Fcg  Fc fragment of IgG
gDNA  genomic deoxyribonucleic acid
Gogo, Gg Gorilla gorilla
GPVI  glycoprotein 6
HEK  human enbryonic kidney cell line
HIV  human immunodeficiency virus
HLA  human leukocyte antigen
Hs  Homo sapiens
Ig  immunoglobulin
IL  interleukin
ILT  immunoglobulin-like transcript
IPD  immuno polymorphism database
ITAM  immunoreceptor tyrosine-bases activation motif
ITIM  immunoreceptor tyrosine-based inhibition motif
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JTT  Jones Taylor Thornton
K562  human erythroleukemia cell line
kD  kiloDalton
KIR  killer cell immunoglobulin-like receptor
KLRG  killer cell lectin-like receptor G 
LAIR  leukocyte-associated immunoglobulin-like receptor
LIR, LILR leukocyte immunoglobulin-like receptor
LLT  lectin like transcript
LRC  leukocyte receptor complex
Lys  lysine
Mamu, Mm Macaca mulatta
MHC  major histocompatibility complex
M-MuLV moloney murine leukemia virus
mRNA  messenger ribonucleic acid
MtDNA  mitochondrial deoxyribonucleic acid
MYA  millions years ago
NCR  natural cytotoxicity receptor 
NECL  nectin-like protein
NK  natural killer
nkat  natural killer-associated transcript
NKG  natural killer group 
NKR-P  natural killer cell receptor protein
Nole  Nomascus leucogenys
NTB-A  NK-T-B-antigen
Patr, Pt  Pan troglodytes
PBMC  peripheral blood mononuclear cell
PCR  polymerase chainreaction
PLGF  placental growth factor
Popy  Pongo pygmaeus
PSGL  p-selectin glycoprotein ligand
RNA  ribonucleic acid
Ser  serine
SIGLEC  sialic acid binding Ig-like lectin
SIV  simian immunodeficiency virus
SLAM  signaling lymphocyte activation molecule
SNP  single nucleotide polymorphism
SPF  specific pathogen free
TRAIL  tumor necrosis factor-related apoptosis inducing ligand
TM  transmembrane
VEGF  vascular endothelial growth factor

YFP  yellow fluorescent protein
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SUMMARY

All nucleated cells in most vertebrate species investigated express Major Histocom-
patibility Complex (MHC) class I proteins. These proteins continuously present small 
peptides – derived from intracellularly degraded proteins – on the cell’s outer mem-
brane. Under particular conditions a cell may present an altered peptide repertoire; 
for instance, if it has been infected by a pathogen or has become malignant. Effector T-
cells are specifically educated to discern between the peptide repertoire presented in 
a normal or an abberant state. In this manner, malignant or infected cells are targeted 
by the immune system and are subsequently eradicated. If an infected or malignant 
cell can prevent T-cell recognition, it may escape killing, and, as such, this provides a 
selective advantage. Therefore, in many pathogens mechanisms have evolved which 
either interfere with the expression of MHC class I molecules or the peptide presenta-
tion pathway itself. To guard against this form of immune evasion, a specialised set 
of effector cells, referred to as natural killer (NK) cells, scan with their receptors for 
the presence or absence of MHC class I cell surface expression. The family of NK cell 
receptors that is particularly important for this type of recognition are the killer cell 
immunoglobulin-like receptors (KIR). In essence these receptors, which are encoded 
by KIR genes, can be divided into ones with activating or inhibitory functions. In hu-
mans, the KIR genes are characterised by their allelic variation (polymorphism) and 
diversity (copy number variation). Therefore, individuals will usually differ in their 
KIR repertoire, which is reflected as differences of NK cell function.

The aim of this thesis is to characterise the complexity of the KIR gene system 
in rhesus macaques. Humans and rhesus macaques share a common ancestor that 
lived approximately 25 million years ago. Despite their evolutionary distance, how-
ever, many functional characteristics of important immune-related genes are shared 
by both species. 

This thesis starts with an analysis of the KIR2DL4 gene, which appears to be high-
ly conserved in primates. In rhesus macaques, evidence was found that two types 
of selection have acted on this gene. First, the ligand binding domain of KIR2DL4 
is highly conserved, suggesting purifying selection. Second, the signaling domains 
display polymorphism. Two forms are abundantly present in the cohort studied, sug-
gesting that, as in humans, balancing selection is acting on different allotypes (Chap-
ter 2). Subsequently, activating KIR genes were investigated. Abundant allelic varia-
tion was observed, and phylogenetic analysis made it possible to define gene groups. 
Moreover, activating KIR genes may be generated de novo by splice-site mutations, 
a mechanism that in the KIR system appears to be uniquely reserved for Old World 
monkeys. Additionally, one activating gene group is characterised by an exon dele-
tion that would yield a truncated gene product. At least two types of activating KIR 
genes have been generated independently of each other during rhesus macaque evo-
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lution. Therefore, the hypothesis is put forward that directional selection has acted 
on its formation. Comparative analyses of the ligand binding domains show that new 
genes have been formed by exon shuffling, which together with point mutations has 
led to a further diversification of activating KIR (Chapter 3).

To put the observed polymorphism into the context of haplotypic diversity, KIR 
transcripts were sequenced from a cohort of pedigreed animals. Based on their allelic 
variation, a robust distinction in gene groups was made, and the gene content of hap-
lotypes was determined by segregation analysis. Because a relatively small number 
of animals were studied, the observed mosaic-like haplotype patterns suggest that 
an enormous level of complexity exists within the total rhesus macaque population, 
which at the very least might rival the situation in humans (Chapter 4).

Subsequently, a large cohort of rhesus macaques originating from different geo-
graphical areas was examined. As expected a myriad of genotypes was observed, in 
which KIR genes may be absent or present. The exception to the rule may be Mamu-
KIR3DL20, which seems to be present on all haplotypes and behaves like a framework 
gene. The plasticity of KIR haplotypes is illustrated by the fact that haplotypes with or 
without members of a particular gene group exist. Such plasticity can be explained if 
recombination is possible between all loci, and if diversifying selection is acting on 
haplotype content, which is different from the human situation in which balancing 
selection seems to have acted on haplotype composition (Chapter 5).

The MHC class I gene repertoire has been expanded in Old World monkeys. 
There is evidence that this expansion also had a certain impact on the KIR gene rep-
ertoire and may have propelled the expansion of particular KIR gene groups (Chapter 
6). In conclusion, this thesis describes the evolution and complexity of the KIR gene 
system in rhesus macaques as compared to humans, and it presents evidence that 
this system has been subject to different types of selection, some of these are most 
likely due to co-evolution with an expanded MHC class I repertoire.
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In het meerendeel van de gewervelde dieren, waar tot op heden onderzoek naar is 
gedaan, brengen alle kernhoudende cellen klasse I eiwitten tot expressie die behoren 
tot het Major Histocompatibility Complex (MHC). Deze eiwitten bieden op de cel-
membraan voortdurend kleine peptiden aan, die zijn verkregen uit intracellulair 
afgebroken eiwitten. Onder bepaalde omstandigheden kan een cel een veranderd 
repertoire aan peptiden presenteren, bijvoorbeeld als deze is geïnfecteerd met een 
ziekteverwekker of kwaadaardig is geworden. Op basis van dit veranderde peptide-
repertoire kunnen effector T-cellen onderscheid maken tussen gezonde en niet-ge-
zonde cellen. Geïnfecteerde en kwaadaardige cellen worden op deze manier door het 
immuunsysteem herkend en vervolgens geëlimineerd. Wanneer een geïnfecteerde 
cel of een tumorcel herkenning door T-cellen weet te voorkomen, kan dit een selec-
tievoordeel opleveren. Veel ziekteverwekkende organismen hebben daarom metho- 
den ontwikkeld die de expressie van de MHC klasse I moleculen verstoren of de tot-
standkoming van de peptide-presentatie hinderen. De zogenoemde “natural killer” 
(NK) cellen waken ervoor dat door een dergelijk mechanisme ontsnapping aan het 
immuunsysteem kan plaatsvinden. Deze gespecialiseerde effector-cellen gebruiken 
specifieke receptoren om het celoppervlak te controleren op de aan- en afwezigheid 
van MHC klasse I eitwitten. De receptorfamilie van de “killer cell immunoglobulin-
like receptors” (KIR) is hierbij van essentieel belang. Deze receptoren, die door KIR 
genen worden gecodeerd, kunnen onderverdeeld worden in eiwitten met een acti-
verende of inhiberende functie. In de mens kenmerken KIR genen zich door hun al-
lelische variatie (polymorfisme) en diversiteit (variatie in aantal kopieën). Zodoende 
zullen individuen dikwijls een verschillend KIR repertoire hebben, wat zich uit als 
een verschil in NK cel-functie.

De doelstelling van dit proefschrift is om de complexiteit van het KIR systeem 
in rhesusmakaken in kaart te brengen. Mensen en rhesusapen delen een gemeen-
schappelijke voorouder die ongeveer 25 miljoen jaar geleden leefde. Ondanks deze 
evolutionaire afstand worden veel functionele eigenschappen van belangrijke im-
muungenen door beide soorten gedeeld.

Dit proefschrift begint met een analyse van het KIR2DL4 gen, dat zeer gecon-
serveerd lijkt te zijn in primaten. In de rhesusmakaak zijn aanwijzingen gevonden dat 
dit gen onderhevig is aan twee vormen van selectie. Allereerst is het deel van 2DL4 dat 
liganden bindt zeer geconserveerd gebleven gedurende de evolutie. Ten tweede is er 
polymorfisme aanwezig in het gedeelte dat signalen doorgeeft in de cel. Hiervan zijn 
in een onderzochte groep dieren twee verschillende vormen volop aanwezig. Dit lijkt 
erop te duiden dat in de rhesusaap, net zoals in de mens, selectie heeft plaatsgevon-
den om een evenwicht te behouden tussen deze verschillende allotypen (Hoofdstuk 
2).
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Vervolgens werden de activerende KIR genen onderzocht. Een aanzienlijke hoe- 
veelheid allelen werd gedetecteerd en met behulp van fylogenetische studies kon-
den gengroepen worden gedefinieerd. Bovendien bleek dat activerende KIR genen 
in rhesusapen de novo zijn gevormd door mutaties in zogenaamde “splice-sites”; een 
mechanisme dat uniek voorbehouden lijkt te zijn aan Oude Wereld apen. Daarnaast 
kenmerkt één groep van activerende genen zich door een mutatie in een exon waar-
door het genproduct wordt verkort. Tijdens de evolutie van de rhesusmakaak zijn ten 
minste twee soorten activerende KIR genen onafhankelijk van elkaar gevormd. Dit 
heeft geleid tot de hypothese dat directionele selectie op hun vorming van invloed is 
geweest. Vergelijkend onderzoek van de ligand-bindende domeinen toont dat door 
het uitwisselen van exonen nieuwe vormen van genen zijn gevormd. Samen met 
puntmutaties heeft dit geleid tot een verdere diversiteit aan activerende KIR (Hoofd-
stuk 3).

Om het waargenomen polymorfisme in de context van haplotype-diversiteit te 
plaatsen, werden KIR transcripten van een groep verwante dieren geanalyseerd. Op 
basis van allelische variatie kon een solide onderscheid in gengroepen worden ge-
maakt. Aan de hand van overervingspatronen in deze groepen werd vervolgens de 
samenstelling van verschillende haplotypen bepaald. Omdat dit onderzoek zich rich-
tte op een relatief kleine groep individuen, kan op basis van de gevonden mozaïek-
achtige haplotype-patronen de verwachting uitgesproken worden dat in de gehele 
rhesusaap populatie, net als in de mens, een hoog niveau van complexiteit aanwezig 
is (Hoofdstuk 4).

Hierop aansluitend is een uitgebreid cohort van rhesusmakaken onderzocht, af-
komstig uit verschillende geografische regio’s. Geheel in lijn der verwachting werd 
een groot aantal genotypen waargenomen met aan- en afwezigheid van verschillen-
de KIR genen. Een uitzondering hierop is waarschijnlijk het Mamu-KIR3DL20 gen, 
dat tot dusver aanwezig is in alle haplotypen, en zich gedraagt als een “raamwerk-
gen”. De plasticiteit (vormbaarheid) van het KIR gensysteem wordt verduidelijkt door 
het feit dat haplotypen inhoudelijk kunnen verschillen. Voor het meerendeel van KIR 
gengroepen geldt namelijk dat in een haplotype hun genen aan- of afwezig kunnen 
zijn. Dergelijke plasticiteit kan worden verklaard als tussen alle KIR genen recombi-
natie mogelijk is (Hoofdstuk 5).

Het MHC klasse I repertoire is in Oude Wereld apen aan expansie onderhevig 
gebleken. Er zijn aanwijzingen dat deze uitbreiding van invloed is geweest op het KIR 
repertoire en zelfs aan de basis heeft gelegen van de duplicatie van bepaalde KIR gen-
groepen (Hoofdstuk 6). Tot slot beschrijft dit proefschrift de evolutie en complexi- 
teit van het KIR gensysteem van rhesusmakaken in vergelijking met mensen. Tevens 
levert het aanwijzingen dat dit gensysteem onderhevig is geweest aan verschillende 
vormen van selectiedruk.   
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“Je mag wel een vreugdedansje doen, straks”, werd tijdens de afronding van dit proef-
schrift regelmatig gezegd. Aangezien de afgelopen periode als een stroomversnelling 
voelde, was daar geen moment voor, maar nu eindelijk wel!

Dit proefschrift zou er niet zijn geweest zonder de steun en hulp van veel mensen. 
Ik ben dan ook blij dat ik alle familie, vrienden en collega’s kan bedanken die mij bij 
de totstandkoming op welke manier dan ook geholpen hebben.

Allereerst wil ik jou bedanken, Ronald. Het is een understatement te zeggen dat 
jij veel voor mij betekent op wetenschappelijk en persoonlijk gebied. Als mentor heb 
je geduld en vertrouwen getoond, zelfs als dit rationeel niet altijd gerechtvaardigd 
was. Onze wetenschappelijke sparsessies leveren dikwijls een nieuwe invalshoek of 
aanknopingspunt op voor spannend onderzoek. Jouw openheid over en begeleiding 
in het strategische aspect van wetenschap, doet mij vermoeden dat je zeker niet zou 
misstaan als schaker. Ik ben er trots op nu bij een zeer integere school van de im-
munogenetica te horen. Tot slot, ben ik dankbaar dat ik als post-doc nog een periode 
onder jouw leiding onderzoek kan doen, daarbij wijze lessen over lezen en schrijven 
ten uitvoer kan brengen, voordat dit “nieuwe haantje” zijn vleugels zal uitslaan.

Gaby, vanaf het begin voelde ik mij thuis in de groep, mede dankzij jouw warmte 
en uitstraling. Dat onze afdeling zo’n goed en hecht team is, is hier een bewijs van. Je 
bent een fantastisch persoon en ik ben blij dat jij mijn copromotor bent.

Nel, bedankt dat je in het begin mij de fijne kneepjes van het vak hebt bijge-
bracht, jouw no-nonsense instelling geeft een zeer welkom contrast. De meiden van 
CG&R; Annemiek, Corrine, Marije en natuurlijk Nanine, zonder jullie steun (en over-
name van mijn labsloof-taken) was dit boekje er niet geweest. De gezelligheid die jul-
lie meebrengen naar het werk, daarbuiten en op congres geeft een meerwaarde aan 
de dagelijkse gang van zaken.  

Natasja, als kamergenoten hebben we van dichtbij elkaars ontwikkeling als 
wetenschapper mogen meemaken. Jij was altijd bereid te luisteren naar mijn ideeën, 
en stond klaar om advies te geven. Bovendien heb je deze kersverse vader regelmatig 
goede tips gegeven. Nu we beiden gepromoveerd zijn, verheug ik me op onze verdere 
samenwerking. 

Een speciaal plekje wil ik reserveren voor jou, Marit. Dankzij jouw hulp en 
handigheid hebben we samen al mooie publicaties geschreven en prijzen gewonnen, 
met als bekroning nu dit proefschrift. Niet zelden kwam ik bij je met een idee om uit 
te voeren, en had jij meteen een suggestie hoe we dat beter konden aanpakken. Door 
je efficiënte manier van werken, zette je me ook regelmatig voor het blok; werk waar-
van ik dacht dat het wel binnen twee maanden zou zijn afgerond, was meestal binnen 
een paar weken af, waarna jij mij er fijntjes op wees dat ik snel iets nieuws moest gaan 
verzinnen. Ik hoop dat we de positieve trend door blijven zetten en vind het een eer 
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dat jij als paranimf bij mijn promotie aanwezig bent.
Henk, bedankt dat je altijd bereid bent mijn figuren, presentaties en posters 

vorm te geven, jij hebt een belangrijke rol gespeeld bij de totstandkoming van dit 
boekje. Donna, you truly are an angel, thank you for your dedication, as always your 
corrections are a piece of humble-pie for me. Ivanela, thank you for all your kindness, 
I am certain that we shall start doing some great science together. Erica, thank you 
for your sharp mind, attentive listening and many, many pats on the back. Jeffrey, 
bedankt voor je advies, jouw mening waardeer ik ontzettend en is regelmatig een wel-
kom tegengeluid.  

Alle AIO’s en inmiddels post-docs met wie ik ervaringen mee kon delen, dank 
hiervoor; in bijzonder Ruth, Krista, Yolanda, Margo, Babs, Anwar, en ook de jongste 
telg, Saskia, wil ik hierbij niet vergeten. Voor jou, Céline, een paar woorden apart, 
aangezien jij de volgende in rij bent. Weinig mensen kunnen zich zo goed inleven in 
de ups en downs van mijn AIO-schap als jij. Ik ben blij dat we elkaar hierin kunnen 
bijstaan en hoop dat we dat ook in onze verdere wetenschappelijke carrière zullen 
doen, naast het royaal drinken van kir en adora-blokker.

Al mijn overige collega’s bij het B.P.R.C. die ik niet met naam noem wil ik bij deze 
bedanken voor hun harde werk, bijdrages, en steun.     

Daarnaast wil ik mijn dank uitspreken aan de leden van de beoordelingscom-
missie: Prof. dr. R.J. de Boer en Prof. dr. L. Meyaard, bedankt dat u bereid was mijn 
proefschrift te beoordelen. Prof. dr. L. Walter, herzlichen dank für Ihre beurteilung 
dieses manuskriptes. Prof. dr. P. Parham, many thanks for agreeing to be one of the 
members of the committee, it is an honour that you will be present the day of the 
defense.

Ook wil ik mijn vrienden en familie bedanken voor hun steun en betrokkenheid.  
Marcel, nadat wij samen biologie hebben gestudeerd, zijn we elk onze eigen weg 
gegaan, maar elkaar nooit uit het oog verloren. Ik hecht waarde aan onze vriend- 
schap, en waardeer jouw betrokkenheid en interesse enorm. Volkert en Cristina, Jan 
en Kyoko, we zien elkaar helaas te weinig, maar de momenten dat we bij elkaar zijn is 
het als vanouds. Nu we alledrie een gezin hebben, hoop ik dat dat een nieuwe factor 
is, die ons wat vaker bij elkaar brengt. Rachid, je staat voor mij klaar, ik ben blij dat wij 
al zoveel jaren vrienden zijn.

Marlies en Claire, de laatste periode konden wij op jullie rekenen, jullie zijn 
schatten. Hans en Josephine, jullie betrokkenheid en interesse in mijn promotie-
onderzoek heb ik enorm gewaardeerd, de uitstapjes naar Driebergen zijn altijd een 
heerlijke afleiding.

Huberte, ik ben opgegroeid met jouw humor en relativeringsvermogen, in peri-
odes dat ik het even niet zag zitten, kon ik hierop terugvallen. Sabine, lieve zus, op be-
langrijke momenten was jij er altijd voor mij, en ook nu als gezin hebben we veel aan 
de nuchtere adviezen die jij en Jaap ons geven. Edgar, als grote broer en voorbeeld 
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kon het bijna niet anders dan dat ik de wetenschap in zou gaan. Naast elo-rating, 
kunnen we dan nu ook onze citation-index gaan vergelijken. Je bent sinds jongs af 
aan als een rots voor mij geweest, en ik ben blij dat onze band zo hecht is. Het feit 
dat Anita speciaal met jou op vakantie gaat om mij een verhaal te horen vertellen be- 
wijst dat ook zij top is. Ik ben er trots op dat jij mij tijdens mijn promotie als paranimf 
bijstaat.

Peter, lieve vader, jij hebt mij mijn hele leven gesteund en mij gestimuleerd in 
mijn interesses, dit proefschrift komt daar uit voort. Ik weet zeker dat José trots op 
ons zou zijn geweest.  

Lieve Lisette, de afgelopen periode was zeker niet eenvoudig voor jou, maar ge-
lukkig laat jij je nooit uit het veld slaan. Wel was je net zo blij, zo niet blijer, dat het 
proefschrift nu geschreven is. Samen zijn we al meer dan een jaar geleden aan een 
nieuw avontuur begonnen. Jij en Julian zijn het licht in mijn leven en ik geniet van 
elke dag samen met jullie.
Ik hou van je.





LIST OF PUBLICATIONS 157

LIST OF PUBLICATIONS

1. J.H. Blokhuis, M.K. van der Wiel, G.G.M. Doxiadis, R.E. Bontrop.  
 The extreme plasticity of killer cell Ig-like receptor (KIR) haplotypes  
 differentiates rhesus macaques from humans. European Journal of  
 Immunology, in press, 2011. 

2. S. A. Jagessar, N. Heijmans, E.L.A. Blezer, J. Bauer, J.H. Blokhuis,
 J.A.M. Wubben, J.W. Drijfhout, P.J. van den Elsen, J.D. Laman, B. A. ’t Hart.
  Fine specificity and MHC restriction of CD4+CD8+CD56+ cytotoxic T cells 
 mediating white and grey matter demyelination in the marmoset EAE model.
 Submitted for publication, 2011.

3. G.G.M. Doxiadis, N. de Groot, N. Otting, J.H. Blokhuis, R.E. Bontrop. 
 Genomic plasticity of the MHC class I A region in rhesus macaques: extensive 
 haplotype diversity at the population level as revealed by microsatellites.
 Immunogenetics 63 (2), 73-83, 2011.

4. J.H.Blokhuis, M.K. van der Wiel, G.G.M. Doxiadis, R.E. Bontrop.
 The mosaic of KIR haplotypes in rhesus macaques. Immunogenetics 62 (5),
  295-306, 2010.

5. J.H. Blokhuis, M.K. van der Wiel, G.G.M. Doxiadis, R.E. Bontrop. 
 Evidence for balancing selection acting on KIR2DL4 genotypes in rhesus 
 macaques of Indian origin. Immunogenetics 61 (7), 503-512, 2009.

6. J.H. Blokhuis, G.G.M. Doxiadis, R.E. Bontrop. A splice site mutation 
 converts an inhibitory killer cell Ig-like receptor into an activating one. 
 Molecular Immunology 46, 640-648, 2009.

7. C.C. Posthuma, D.D. Nedialkova, J.C. Zevenhoven-Dobbe, J.H. Blokhuis,
 A.E. Gorbalenya, E.J. Snijder. Site-directed mutagenesis of the Nidovirus
 replicative endoribonuclease NendoU exerts pleiotrophic effects on the 
 arterivirus life cycle. Journal of Virology 80 (4), 1653-61, 2006.





CURRICULUM VITAE 159

CURRICULUM VITAE

Jeroen Harry Blokhuis werd geboren op 3 oktober 1979 te Den Haag. Vanaf 1991 volg- 
de hij middelbaar onderwijs aan het Christelijk Gymnasium Sorghvliet te Den Haag, 
waar hij op 10 juni 1997 zijn VWO-diploma behaalde. Aansluitend ging hij Biologie 
studeren aan de Universiteit Leiden. Het propaedeutisch examen werd op 28 augus-
tus 1998 behaald. In 1999 werd als eerste specialisatie moleculaire biologie gekozen, 
en in 2000 een tweede specialisatie in de medische biologie. Zijn hoofdtentamen en 
stage deed hij op het gebied van de moleculaire virologie van RNA virussen onder 
begeleiding van Dr. C. Posthuma en Dr. E. Snijder aan de vakgroep Medische Micro-
biologie van het Leiden Universitair Medisch Centrum. Op 12 december 2002 stu-
deerde hij af in de Biologie met als specialisatie Medische Biologie. Van 2003 tot 2005 
was hij als freelancer werkzaam bij het Nederlandsch Octrooibureau te Den Haag. Op 
1 mei 2005 startte hij zijn promotie onderzoek in de immunogenetica bij de afdeling 
Comparative Genetics and Refinement van het BPRC.

Jeroen Harry Blokhuis was born on October 3, 1979 in The Hague. He started his pre-
university education in 1991 at the Christelijk Gymnasium Sorghvliet in The Hague 
and graduated on June 10, 1997. He started his studies in Biology at Leiden University, 
and obtained his bachelors on August 28, 1998. As first specialisation he choose mo-
lecular biology in 1999, and medical biology in 2000. His masters thesis and practical 
training was performed on the subject of molecular virology of RNA viruses under 
supervision of Dr. C. Posthuma and Dr. E. Snijder in the department of Medical Mi-
crobiology in the Leiden University Medical Centre. With specialisation Medical Biol-
ogy the title M.Sc. in Biology was obtained on December 12, 2002. From 2003 to 2005 
he worked as a freelancer for a patent office (Nederlandsch Octrooibureau) in The 
Hague. On May 1, 2005 he started his PhD project on the topic of immunogenetics 
that was performed at the department of Comparative Genetics and Refinement of 
the BPRC.




