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Summary
Natural killer (NK) cells are circulating lymphocytes that function in innate immunity and
placental reproduction. Regulating both development and function of NK cells is an array of
variable and conserved receptors that interact with major histocompatibility complex (MHC) class
I molecules. Families of lectin-like and immunoglobulin-like receptors are determined by genes in
the natural killer (NKC) and leukocyte receptor (LRC) complexes, respectively. As a consequence
of the strong, varying pressures on the immune and reproductive systems, NK cell receptors and
their MHC class I ligands evolve rapidly, are highly diverse, and exhibit dramatic species-specific
differences. The variable, polymorphic family of killer cell immunoglobulin-like receptors (KIR)
that regulate human NK cell development and function evolved recently, from a single-copy gene
during the evolution of simian primates. Our studies of KIR and MHC class I genes in
representative species show how these two unlinked but functionally intertwined genetic
complexes have co-evolved. In humans, combinations of KIR and HLA class I factors are
associated with infectious diseases, including HIV/AIDS, autoimmunity, reproductive success and
the outcome of therapeutic transplantation. The extraordinary, and unanticipated, divergence of
human NK cell receptors and MHC class I ligands from their mouse counterparts can in part
explain the difficulties experienced in finding informative mouse models for human diseases.
Non-human primate models have far greater potential, but to realize their promise will first require
more complete definition of the genetics and function of KIR and MHC variation in non-human
primate species, at a level comparable to that achieved for the human species.
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Natural killer (NK) cells comprise 5-25% of the lymphocytes circulating in human
peripheral blood [1,2]. NK cells are larger than circulating B and T lymphocytes, having a
well-developed cytoplasm that contains cytotoxic granules. NK cells were described by
morphologists as large granular lymphocytes long before their immunological properties
became a subject for study in the 1970s [3-6]. At that time numerous immunologists were
studying antigen specificity and major histocompatibility complex (MHC) restriction of the
cytotoxic T cells that arose from long-term stimulation with antigen and cytokines in
culture. The defining property that distinguished NK cells from killer T cells was their
propensity to kill certain tumor cell lines, such as the K562 erythroleukemia cell line,
without needing an extensive period of in vitro stimulation and proliferation. NK cells were
thus seen to have a natural or inherent ability to kill damaged or dangerous cells. They are
also potent secretors of cytokines, notably interferon-γ. The kinetics observed in culture
reflect those of the immune response to infection: NK cells are fast-acting lymphocytes that
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participate in the innate immune response to primary infection, whereas the slow-acting T
cells are central to the adaptive immune response.

NK cell receptors for MHC class I
In phenotype, function and development there are many parallels between NK cells and T
cells, particularly the CD8αβ T cells. A key similarity is the central role of receptors for
class I major histocompatibility complex (MHC) molecules in cellular development and
effector function. A key difference is that CD8αβ T cells use two somatically rearranging
genes (encoding the α and β chains) to produce a vast repertoire of variable MHC class I
receptors, whereas NK cells achieve a diverse but more modest repertoire through
differential expression of a range of cell-surface receptors, all of which are encoded by
conventional (non-rearranging) genes (Figure 1) [7]. Most of these receptors belong to one
of two structural groups: either receptors resembling C-type lectins and encoded by genes in
the natural killer complex (NKC) on human chromosome 12p13.1, or receptors made up of
immunoglobulin-like domains and encoded by genes in the leukocyte receptor complex
(LRC) on human chromosome 19q13.4 [8,9].

NK cells respond to cells with perturbed expression of MHC class I
Individual NK cells express diverse combinations of activating and inhibitory receptors that
recognize either MHC class I, or molecules related structurally to MHC class I. Interactions
between these ligands and receptors during NK cell development create a signaling balance
that prevents mature NK cells from attacking healthy cells of the body [10]. On the other
hand, when MHC class I expression becomes perturbed by infection, malignant
transformation or other forms of stress, the affected cells become susceptible to NK cell
attack. This general property will be illustrated with a simplified example involving two
NKC-encoded lectin-like receptors: NKG2D and CD94: NKG2A (Figure 2).

CD94:NKG2A is an inhibitory NK cell receptor that recognizes complexes of HLA-E, a
non-classical MHC class I molecule, and peptides derived from the leader peptides of HLA-
A, B and C [11]. NKG2D is an activating receptor that recognizes the class I-like molecule
MICA. Poorly expressed by healthy cells, MICA is up-regulated upon viral infection or
other forms of stress [12,13]. Figure 2A shows the interaction of an NK cell that expresses
CD94:NKG2A and NKG2D with a healthy cell of the body. Because the healthy cells
expresses a normal complement of HLA class I and lacks expression of MICA, HLA-E will
engage CD94:NKG2A and generate an inhibitory signal, whereas NKG2D will neither
detect a ligand nor signal. The net result being that the NK cell does not respond to the
healthy cell.

Figure 2B shows the interaction of the NK cell with an unhealthy cell. Common features of
viral infection and malignant transformation are increased expression of MICA at the cell
surface and decreased expression of HLA class I. As a consequence the supply of peptides
derived from HLA-A, B and C leader sequences decreases, causing reduction in the amount
of HLA-E reaching the cell surface. In this situation there is less engagement of
CD94:NKG2A, which reduces the generation of inhibitory signals in the NK cell.
Concomitantly, the NKG2D activating receptor binds to MICA and starts to produce
activating signals that tip the balance towards NK cell activation, cytokine secretion and
killing of the unhealthy cell. In this process of NK cell recognition of unhealthy cells, the
inhibitory receptors enable NK cells to detect losses in normal MHC class I expression. For
this reason, NK cells were described historically as recognizing ‘missing self’ [14].
Consistent with this mechanism, target cell lines like K562 that were instrumental to the
discovery of natural killing [3-6] were ones deficient in MHC class I expression.
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Conserved and variable NK cell receptors for MHC class I
Humans have six functional genes that are either highly polymorphic (HLA-A, B and C) or
highly conserved (HLA-E, F and G) (Figure 3). With the exception of HLA-F, for which a
function has yet to be discovered [15,16], all these HLA class I genes encode ligands for NK
cell receptors. Like HLA class I, some of the receptors are variable and others are
conserved. The receptor-ligand interaction between CD94:NKG2A and HLA-E is highly
conserved. There is almost no structural variation in the CD94, NKG2A and HLA-E
polypeptides [17] and the functional effects of this interaction are remarkably similar in
different individuals. In primate phylogeny these receptors are relatively conserved and
functional equivalents are present in mice [18].

Contrasting with CD94:NKG2A are the killer cell immunoglobulin-like receptors (KIR) that
recognize determinants of the highly polymorphic HLA-A, B, C molecules as well as HLA-
G [19]. KIR are encoded by a family of LRC genes for which there is haplotypic variability
in gene content as well as polymorphism of the component genes. Within the human
population, the number and nature of functional interactions between KIR and HLA class I
varies greatly. Even within families there is no guaranteed inheritance of both a ligand and
its cognate receptor, because the KIR and HLA genes segregate on different chromosomes
(Figure 1). Thus CD94:NKG2A and inhibitory KIR represent constant and variable versions
of the same basic function -- though mediated by structurally different receptors -- that play
complementary roles in NK cell development and function. Their distributions in phylogeny
show that CD94:NKG2 is the older function and KIR the more recently evolved.

CD94:NKG2A is a heterodimeric receptor in which the NKG2A polypeptide chain provides
the inhibitory signaling function. Another receptor, CD94:NKG2C has identical ligand
specificity for HLA-E but has activating function provided by NKG2C [20]. Although the
CD94:NKG2C does not appear to contribute to the development of missing-self recognition
by NK cells, the frequency of cells expressing the receptor increases with cytomegalovirus
infection [21]. This is evidence for the role that NK cells play in defense against virus
infection. The first such evidence was the case of a young immunodeficient patient lacking
NK cells, who suffered a succession of herpes virus infections, eventually leading to death
[22].

Human KIR distinguish five epitopes of HLA class I
KIR have two or three extracellular Ig-like domains and are named accordingly, KIR2D or
KIR3D (Figure 4). The Ig domains mutually interact to form the binding site for MHC class
I [23]. KIR can either be inhibitory receptors (KIR2DL or KIR3DL) with a long cytoplasmic
tail containing ITIM motifs, or activating receptors (KIR2DS or KIR3DS) with a short
cytoplasmic tail and a positively charged residue in the transmembrane domain that interacts
with the signaling adaptor DAP12. One exception to this rule is KIR2DL4 that has the
potential for both inhibitory and activating functions [24-26]. The alleles of each KIR gene
are numbered in series [27], using principles based upon those used for the HLA genes [28].

Inhibitory KIR recognize two HLA-C epitopes carried by non-overlapping subsets of HLA-
C allotypes [29]. The C2 epitope defined by lysine at position 80 is recognized by
KIR2DL1, whereas the C1 epitope defined by asparagine at position 80 is recognized by
KIR2DL2/3 [30]. Since all HLA-C allotypes have either lysine or asparagine at position 80,
they can all function as a KIR ligand. Individuals can be either C1 homozygous, C2
homozygous or C1/C2 heterozygous. This contrasts with HLA-A and B, for which only a
minority of allotypes are KIR ligands. Thus HLA-C is the dominant HLA class I locus that
provides KIR ligands. KIR2DS1 is an activating receptor that has similar Ig-like domains to
inhibitory KIR2DL1 and also binds the C2 epitope, although with lower avidity [31].
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KIR2DS2 is an activating receptor that has similar Ig-like domains to inhibitory KIR2DL2/3
but has no detectable avidity for C1 [32]. In comparison to the inhibitory KIR, the ligand
specificity and functions of the activating KIR remain poorly understood.

Although all HLA-B allotypes have asparagine 80 the vast majority lack the C1 epitope and
cannot interact with KIR2DL2/3. This is because they lack valine 76, a fixture of HLA-C
and essential for KIR interaction [33]. Two exceptional HLA-B allotypes are HLA-B46 and
HLA-B73 that both have valine 76 and are good ligands for KIR2DL2/3 [34]. HLA-B46 is
the product of a gene conversion between HLA-B and HLA-C that occurred relatively
recently in South-east Asia. Subsequently, HLA-B46 was driven to high frequency in South-
east Asian populations under natural selection [35]. HLA-B73, in contrast, appears to be the
last remnant in humans of an ancient lineage of MHC-B allotypes that remains well
represented in chimpanzees [36].

The Bw4 epitope, carried by minority subsets of HLA-A and B allotypes, is recognized by
the inhibitory receptor, KIR3DL1 [37,38]. Bw4 is defined by a sequence motif at residues
77-83, in which arginine 83 is the critical residue [39,40]. In all populations, approximately
~50% of MHC haplotypes encode a Bw4-bearing HLA-A and/or a HLA-B allotype. Thus
~75% of individuals have Bw4 and ~25% of individuals lack it. The inhibitory receptor
KIR3DL2 has a relatively narrow specificity for HLA-A3 and A11 that is also dependent
upon the bound peptide [41]. In most populations a minority of individuals carry this
epitope. As a consequence of these distributions a substantial number of individuals have C1
as their only KIR ligand. The absence of a ligand however, does not prevent expression of
the cognate KIR by NK cells [10].

KIR2DL4 recognizes HLA-G, an interaction implied to take place in endocytic vesicles
[26]. The expression of HLA-G is restricted to extravillous trophoblast, the fetal tissue that
interacts with maternal, uterine NK cells during placentation in reproduction [42].
Trophoblast also expresses HLA-C, but neither HLA-A nor HLA–B [43]. Interactions of
trophoblast HLA-C and HLA-G with their cognate KIR on uterine NK cells are believed to
control the conversion, by the trophoblast, of maternal spiral arteries into high conductance
channels that provide the placenta with blood and the growing fetus with gases and nutrients
[44]. Also contributing to the interactions between trophoblast and NK cells is the LILRB1
NK cell receptor, which has a broad specificity for HLA class I and particularly high avidity
for HLA-G [43,45]. This receptor is encoded in the leukocyte immunoglobulin-like receptor
(LILR) gene family, which is next to the KIR locus [46]. Thus NK cells, not only function
as an essential component of the immune system, they also play a crucial role in the
reproductive system.

KIR2DS4, a common and widespread activating receptor, has a unique ligand-specificity for
subsets of HLA-C allotypes carrying C1 and C2 epitopes and HLA-A11. The latter
reactivity is the consequence of a gene conversion which gave KIR2DS4 a sequence that
otherwise characterizes KIR3DL2 [47]. Ligand specificities for the activating receptors
KIR2DS3 and KIR2DS5 and the inhibitory receptor KIR2DL5 remain mysterious.

Developmental interactions between MHC class I and inhibitory receptors
educate NK cells to recognize missing self

For cytotoxic T cells it is well established that MHC class I molecules are essential for both
their development (positive and negative selection in the thymus) and their response to
infection: the recognition by αβ T cell receptors of pathogen-derived peptides that are
presented by MHC class I [48]. In analogous fashion, interactions between MHC class I and
cognate inhibitory NK cell receptors influence the development and effector function of NK
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cells. During NK cell development, the expression of CD94:NKG2A and KIR occurs at a
late stage, which is also the time when the cells become competent to respond to missing
self with cell killing and cytokine secretion [49]. In peripheral blood there is a subpopulation
of immature NK cells that express neither CD94:NKG2A nor KIR. Whereas NK cells
bearing CD94:NKG2A and/or inhibitory KIR strongly respond to MHC class I deficient
cells, the receptor-null cells are non-responsive. It thus appears that during development,
interactions between self MHC class I and cognate inhibitory receptors are responsible for
determining the capacity of the mature NK cell’s response to cells in which the expression
of self MHC class I is perturbed. This involvement of HLA class I in the development of
human NK cells is described as the ‘education’ of NK cells [50].

One way to test the degree of education in an NK cell population is to examine the response
to target cells lacking MHC class I, as shown in Figure 5. Comparison of NK cells from
different individuals, shows that cells expressing CD94:NKG2A have a similar response to
the 221 B cell line that lacks cell-surface expression of HLA class I. This uniformity is
consistent with the structural conservation of HLA-E and CD94:NKG2A [17] and the
capacity of leader peptides from a majority of HLA-A, B and C allotypes to bind HLA-E
and form functional ligands for CD94:NKG2A. Contrasting with this constant aspect of NK
cell education, is the responsiveness of NK cells expressing inhibitory KIR, as is
exemplified in Figure 5 using KIR3DL1 the receptor specific for the Bw4 epitope of HLA-A
and –B.

Most individuals have the KIR3DL1 gene, which is expressed by a subpopulation of their
NK cells. Such expression is not dependent upon the presence of a Bw4-bearing HLA-A or
HLA-B allotype that interacts with KIR3DL1 [51], as is also the case for other KIR [10].
Thus it is a common phenomenon for some NK cells to express receptors for which there is
no physiological ligand. Consequently, the response to class I deficient cells can be
compared for KIR3DL1-expressing NK cells that have developed in the presence and
absence of a particular HLA class I ligands. Although HLA-B51, -B44, -A24 and -B13 all
carry the Bw4 epitope as defined by amino-acid sequence and HLA serology, they differ in
their capacity to educate KIR3DL1-expressing NK cells (Figure 5) [52]. Whereas HLA-B51
and –B44 educate KIR3DL1-expressing NK cells to a higher level than achieved for
CD94:NKG2A-expressing NK cells, HLA-A24 is less effective and HLA-B13 ineffective.
This variability can be attributed to polymorphisms at sites away from the Bw4 sequence
motif and/or differences in bound peptide, which are demonstrated to influence the
interaction of KIR and HLA class I [41,53,54]. Similar educating effects to those shown in
Figure 5, are also observed with HLA-C and NK cells expressing the receptors for the C1
and C2 specific KIR [50,52]. These analyses show how the polymorphism of HLA-A, B and
C provides a variable education of KIR-expressing NK cells, contrasting with the constant
education by HLA-E of CD94:NKG2A-expressing NK cells.

KIR3DL1 is highly polymorphic [55] (Figure 4) in ways that effect the level of cell-surface
expression and the avidity of binding to Bw4 [56,57]. As shown in Figure 5, the amino-acid
substitutions that distinguish KIR3DL1 allotypes also affect the education of NK cells by
Bw4. Thus NK cells expressing the 015 or 005 allotypes of KIR3DL1 are better educated
than those expressing CD94:NKG2A, whereas cells expressing the 007 allotype cells are
educated to similar or slightly lower level. Having no effect is 3DS1 the activating
counterpart of KIR3DL1, which segregates as an allele of the same locus (KIR3DL1/S1), for
which the dominant form of 3DS1 (013) is the most prevalent allele worldwide [55].

Epidemiological studies of patients infected with human immunodeficiency virus (HIV)
have demonstrated how different combinations of KIR3DL1 and HLA-B alleles affect the
rate at which the HIV infection progresses to acquired immunodeficiency syndrome (AIDS).
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From initial analysis of HLA alone, the Bw4 epitope was shown to be associated with a
slower progression to AIDS than the alternative Bw6 epitope (which is not recognized by
any NK cell receptor) [58]. The magnitude of the effect, however, was increased when
combinations of HLA and KIR3DL1/S1 were considered [59,60]. The greatest protection
was offered by the combination of the Bw4-bearing HLA-B57 and KIR3DL1 allotypes such
as 015 that are expressed at relatively high abundance at the NK cell surface. The next most
protective effect was seen for the combination of the Bw4–bearing HLA-B27 and KIR3DL1
allotypes such as 005 that are expressed at relatively low abundance at the NK cell surface.
These data point to the functional co-evolution between particular KIR3DL1 and HLA-B
alleles.

Laboratory mice do not use KIR as NK cell receptors for MHC class I
Historically, much twentieth century immunological research was performed on animal
species, such as horses and rabbit, from which substantial quantities of blood, antibodies and
serum could be obtained and studied. In this regard, the mouse was frugal, but its great
advantage was the ability to withstand total inbreeding by humans without losing the
capacity to reproduce. The MHC was initially discovered and subsequently defined using
inbred strains of mice, and later, with appreciation that T-cell responses were restricted by
MHC allotypes, the laboratory mouse ascended to become the dominant animal model for
immunological research. The analytical power of the mouse system has been so seductive
that it is not uncommon for mouse immunologists to refer to ‘the human model’ without any
trace of irony.

Emerging in the 1990s was the inconvenient truth that the inbred laboratory mouse (Mus
musculus domesticus) lacked an expanded family of KIR genes that function as NK cell
receptors for MHC class I. In the mouse LRC there are no KIR genes at all, but at some
point in history they were moved to the X chromosome where they now comprise a pair of
genes: Kirl1 and Kirl2 [61,62]. Kirl1 is not expressed, but Kirl2 is expressed “in subregions
of the mouse brain where synaptic plasticity and neurogenesis occur, including olfactory
bulbs, rostral migratory stream and dentate gyrus of hippocampus” [63]. Thus for laboratory
mice, the one functional KIR appears to be a component of the nervous system.

Instead of using LRC-encoded immunoglobulin-like receptors as variable NK cell receptors
for polymorphic MHC class I, mice use a family of NKC-encoded lectin-like receptors
called Ly49 [64]. Not only are the receptors of different structure but they bind to
completely different sites on the MHC class I molecule [23,65]. Whereas KIR interact with
the top-face of the peptide-binding site, in a manner with some similarities to the αβ T cell
receptor, Ly49 variants interact with sites underneath the peptide-binding site and involving
contacts with the two immunoglobulin-like domains of MHC class I: β2-microglobulin and
the α3-domain. Given the structural differences between KIR and Ly49, they clearly have
independent origins. Thus the functional congruence of KIR and Ly49 as NK cell receptors
for polymorphic MHC class I presents a text-book case of convergent evolution. As a result
of the similar forces of natural selection that have operated on human KIR and mouse Ly49,
the organization of the two gene families is remarkably similar (Figure 6) as is their
variegated mode of expression, whereby individual NK cells express different combinations
of either KIR or Ly49 in stable fashion [10,66,67], and the evolution of activating receptors
from inhibitory receptors [68].

Whereas the mouse NKC contains a family of functional Ly49 genes [69], the human NKC
contains a single non-functional Ly49 gene [9]. Conversely, the human LRC contains a
family of KIR genes, whereas the mouse LRC has none [61,62]. Thus the ascendancy of
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KIR in humans is associated with the loss of Ly49 function. Conversely the ascendancy of
Ly49 gene function in mice, is associated with loss of KIR function as NK cell receptors.

Species comparisons clearly demonstrate the evolutionary instability of variable NK cell
receptors for MHC class I [70,71]. The fundamental cause of this instability is almost
certainly to be the diverse and variable pressures imposed upon the immune response by
infectious agents. Such pressures could act directly on the NK cell response, or indirectly via
the T cell response with selection of novel MHC class I variants that have altered interaction
with NK cell receptors. That MHC class I genes are themselves unstable is also evident from
species comparisons [72]. Only closely-related species have orthologous MHC class I genes,
comparison of the human and mouse MHC having revealed little evidence for
correspondence between individual genes in the two species. The last debate on this issue is
the possible orthology of human HLA-E and mouse H2-Qa1, both of which bind peptides
derived from the leader sequences of other MHC class I molecules from their respective
species, forming ligands for CD94:NKG2 NK cell receptors [18,73]. Although the
functional similarities are striking, there is only weak phylogenetic evidence in their
sequences to support an orthologous relationship. One side of the debate is that species-
specific recombination between MHC class I genes (concerted evolution) has obscured the
common origin, the other is that similar but independent evolutionary pressures have
produced the same function in two different MHC class I genes.

Although the mouse model has been highly informative in identifying basic immune
mechanisms, it has been unimpressive in producing informative and translatable models of
human diseases [74]. Although the basic principal of NK cells having MHC class I receptors
is the same in humans and mice, there are dramatic and qualitative differences between the
human system of KIR interactions with HLA and the mouse system of Ly49 interactions
with H-2. The extent of these differences, and those being uncovered in many other families
of immune-system genes [74], including ligands for NKG2D [75] helps explain the inherent
limitations of mouse as a model for the human. In our own work the comparison of mouse
and human was instrumental in revealing the instability of NK cell receptor systems, but in
order to gain better perspective on human KIR it was necessary to study other species,
particularly non-human primates.

The modern family of human KIR3DL genes originated in the simian
primates

Comparison of species from several mammalian orders showed that cattle (Bos taurus)
constitutes the only non-primate species to have a diverse family of KIR genes.
Phylogenetic analysis of primate and cattle KIR sequences shows the first step in KIR
diversification was duplication of the ancestral KIR3D gene around 136 million years ago to
give daughter genes KIR3DL and KIR3DX [76] (Figure 7A). In primates the KIR3DL gene
subsequently expanded to become a diverse gene family, while the KIR3DX gene became
non functional, now being found in the human LRC at some distance from the functional
KIR locus, within the region occupied by the LILR genes (Figure 7B). Conversely, in cattle,
the KIR3DX gene expanded and diversified, while KIR3DL remained a single copy gene.
While cattle and primates have retained both KIR3DL and KIR3DX genes the pig (Sus
scrofa) is seen to have lost KIR3DX [77] and the dog (Canis familiaris) has lost both
KIR3DX and KIR3DL [78].

In conclusion we see that the diversification of the KIR3DL gene to form a repertoire of NK
cell receptors is a specific product of primate evolution. We have therefore compared
representatives of the different groups of non-human primate species to determine when and
in what manner the expansion of the KIR3DL genes occurred. In a prosimian species, the
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mouse lemur (Microcebus murinus), the KIR3DL is represented by a single pseudogene, and
the single Ly49 gene is also a pseudogene. Instead of a diverse family of KIR or Ly49 genes
the mouse lemur has an expansion of CD94 and NKG2 genes [79] and a diverse family of
MHC class I genes [80]. Four MHC class I pseudogenes are present in the MHC on
chromosome 6, but the six functional class I genes and three additional pseudogenes are
present on chromosome 26. In neither location is there a gene corresponding to HLA-E.
Thus the potential MHC class I ligands for the diverse lemur CD94:NKG2 receptors likely
lie with products of the prosimian-specific MHC class I genes on chromosome 26 [79].

In contrast to prosimians, all but one species of New World monkey, Old World monkey
and ape studied have a rich diversity of KIR3DL. The overall picture is thus very clear, the
expanded family of KIR3DL now present in all human populations originated in the simian
primates and is ~40-58 million years old [81].

CD94:NKG2 and MHC-E are common to New World monkeys and humans
Among four New World monkeys studied the owl (Aotus nancymae), spider (Ateles
geoffroyi) and squirrel (Saimiri boliviensis) monkeys were seen to have a diversity of
KIR3DL genes, whereas the Titi monkey (Callicebus moloch) has just one gene.
Phylogenetic analysis shows that the New World monkey KIR are specific to these species
and bear no particular similarity with the four sublineages of KIR3DL that are common to
humans, apes and old world monkeys [82,83]. Reflecting this distinction is absence from
New World monkeys of any MHC class I loci corresponding to the HLA-A, B, and C genes
that encode ligands for human KIR. HLA-E is the only functional human MHC class I gene
that has a strict orthologue in New World monkeys [84], but in humans it is the source of
ligands for CD94:NKG2A, not KIR. In conclusion, New World monkeys are seen to have
MHC class I [72,85] and KIR [86] that are very different from those of Old World monkeys
and hominoids, and have clearly taken a distinctive evolutionary trajectory from them.

Co-evolution of MHC-A, –B and lineage II KIR in Old World monkeys
Old world monkeys such as macaques (Macaca mulatta and Macaca fasicularis) have an
expansion of MHC class I genes that correspond to the human HLA-A and HLA-B genes
[87,88] and exhibit high polymorphism [89-91]. In humans the two lineage II KIR genes
(KIR3DL1 and KIR3DL2) provide the HLA-A, B receptors (Figure 8). Consistent with their
expansion of MHC-A and -B, macaques have an expansion and diversity of lineage II KIR
genes [92-95], as also seems to be true for the West African sabaeus monkey (Chlorocebus
sabaeus) [96]. Sequence motifs that correspond to the Bw4 and Bw6 epitopes distinguished
by the human Bw4-specific KIR3DL1, are present in MHC-B sequences of Old World
monkeys. Thus there is the potential for Bw4-specific KIR in these species. In summary, the
first evidence for MHC-A and B and lineage II KIR is seen in Old World monkeys, where
their co-evolution led to a unique expansion of the genes encoding both the ligands and their
receptors.

Co-evolution of MHC-C and lineage III KIR in great apes
In Old World monkeys, the lineage III KIR is represented by a single gene [97]. This
situation changes with the orangutan, where the emergence of MHC-C is associated with the
expansion of lineage III KIR and their evolution as MHC-C receptors [82]. From
phylogenetic analysis and ancestral reconstruction it is likely that MHC-C evolved and
differentiated from one of the multiple MHC-B observed in Old World monkeys and which
carried the C1 epitope. In orangutans (Pongo pygmaeus and Pongo abelii) the MHC-C locus
is not fixed, as in humans, but present on ~50% of MHC haplotypes. Consequently, 75% of
orangutans have MHC-C and 25% do not. A further difference from the human situation is
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that all orangutan MHC-C allotypes have asparagine 80 and express the C1 epitope. Thus
the C2 epitope defined by lysine 80 is absent from orangutan. Consistent with this
distribution the orangutan has C1-specific KIR but no C2-specific KIR. Thus the orangutan
resembles an evolutionary intermediate in which C1 epitopes and C1-specific receptors are
in place, but the C2 epitope and C2-specific receptors have not yet evolved [98].

In chimpanzees (Pan trogolodytes and Pan paniscus) and gorilla (Gorilla gorilla) the MHC-
C locus has become fixed, and both the C2 epitope and cognate KIR have evolved. The
complexity and gene-content diversity that is apparent in the MHCs of Old World monkeys
has largely gone, to be replaced by the relatively simple system of six, fixed functional
MHC class I genes. Lineage III KIR is represented by nine genes in chimpanzee, none of
them being fixed in the genome and which are carried in diverse combinations by KIR
haplotypes. Eight of the lineage III KIR are high avidity MHC-C receptors and comprise
two inhibitory and one activating C1 receptors, plus four inhibitory and one activating C2
receptors [36]. In chimpanzee some 25% of MHC-B allotypes have the C1 epitope and are
functional ligands for the C1-specific KIR. The ninth lineage III KIR (activating KIR2DS4)
has undergone gene conversion with a KIR3DL2-like lineage II KIR and has a hybrid
specificity for HLA-A11 and some MHC-C [47]. That 8 of the 13 functional KIR genes are
specific for either C1 or C2 illustrates the dominance of this form of NK cell regulation in
the chimpanzee.

Erosion of the KIR locus in gibbons accompanies loss of MHC-G and lack
of MHC-C

Overall the comparison of non-human primate species leads to a picture in which changes in
the character of the KIR locus correlate with changes in the MHC class I genes. Furthermore
there is a progression to this evolution, in which the complexity of the KIR locus increases
as we have considered in order prosimians, monkeys, and great apes. Not fitting in with this
progression are the gibbons, species of smaller or lesser apes that are equally related to
humans and great apes [83].

By analyzing the raw sequencing data from the shotgun sequencing project for the white-
cheeked gibbon (Nomascus leucogenys), we defined the family of MHC class I genes in one
gibbon individual (Figure 9). Most of these genes were like human MHC class I. Thus we
found two alleles for genes orthologous to genes HLA-A, E, and F and pseudogenes HLA-
W, J, L and X. Noticeably absent were counterparts to HLA-G and its flanking pseudogenes
HLA-H, K, P, T and V. Thus the segment containing these MHC class I genes has been lost
from the gibbon genome. Unlike Old World monkeys, where the inactivation of MHC-G is
accompanied by presence of an active MHC-AG, we obtained no evidence for a gibbon
equivalent of MHC-AG [99]. A further difference was found in the segment occupied by
HLA-B and C in the human MHC. Here there was no gene corresponding to HLA-C, but
five gibbon genes similar to HLA-B, a configuration similar to that seen in Old World
monkeys. This suggests that gibbons either separated from the common ancestor of great
apes and humans before the emergence of the MHC-C locus, or that MHC-C was lost by
deletion in a manner similar to MHC-G [83].

The KIR haplotypes of this same white-cheeked gibbon, as well as for a hoolock gibbon
(Hoolock hoolock), were found to be short and did not preserve the three framework genes
that characterize macaque, great ape and human KIR haplotypes (Figure 10). The absence of
MHC-G correlates with the deletion of KIR2DL4, its cognate receptor, from two of the KIR
haplotypes and the loss of inhibitory signaling motifs from the KIR2DL4 allotypes of the
other two haplotypes. Absence of MHC-C correlates with the absence of a lineage III KIR
from three of the four haplotypes, the only intact lineage III KIR being Nole-KIR2DL1. The
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small size and irregular organization of the KIR locus in gibbons is clearly due to the
selection of deletion variants, because the ancestral hominoid KIR is predicted to have a full
complement of framework genes as well as three additional genes. Thus during the
evolution of gibbons, natural selection drove the erosion of the KIR locus. That HLA-C and
HLA-G have the common property of being expressed by extravillous trophoblast and
interacting with the KIR of uterine NK cells [43], raises the possibility that this selection
came from pressure on the reproductive system rather than the immune system.

The only framework gene present on all four gibbon haplotypes is KIR3DL3, for which the
function remains unknown. In contrast to the degradation suffered by KIR2DL4, KIR3DL3
has the potential to be highly functional, all four variants having intact ITIMS in the
cytoplasmic tail [83]. This also contrasts to human KIR3DL3, which has only one ITIM.
Human KIR3DL3 is highly polymorphic and has an unusual promoter that selectively
expresses KIR3DL3 in the CD56 bright NK cells that are a minority population in peripheral
blood but are the majority of uterine NK cells [100,101]. This opens up the possibility that
KIR3DL3 has functions in reproduction that have been expanded and strengthened in
gibbons, while the contributions of other KIR have dwindled in the absence of MHC-G and
–C.

Human-specific evolution of HLA class I and KIR
Whereas chimpanzee (and orangutan) retain C1-bearing MHC-B allotypes at substantial
frequency, the trend in human evolution was to lose these allotypes, thus making the C1
receptors increasingly specific for HLA-C. In the modern human population, HLA-B73 is
the only remaining representative of a divergent lineage of C1-bearing HLA-B, and it is
rare. However such C1-bearing HLA-B allotypes can still prove beneficial, as evidenced by
HLA-B46, a product of recent recombination between HLA-B and HLA-C that has risen to
high frequencies in South East Asian populations [35].

Chimpanzee and human have a comparable number of KIR genes (14 and 15, respectively)
and a similar set of framework genes [97]. A major difference, however, is that all the
variable chimpanzee KIR genes are present in the centromeric region, whereas human KIRs
segregate between the centromeric and telomeric regions. Only three human and
chimpanzee KIR are true orthologs, but of these only KIR2DL4 is in the same place in
human and chimpanzee KIR haplotypes. While chimpanzee KIR2DL5 and KIR2DS4 are
always in the centromeric region, human KIR2DS4 is only found in the telomeric region and
human KIR2DL5 can be present in the centromeric region, the telomeric region or both.
Since the time of the common ancestor there has been species specific reorganization of the
KIR locus. A major effect of this reorganization is that in humans recombination at the
center of the locus, between KIR2DL4 and KIR2DP1, assorts centromeric and telomeric
motifs, to diversify KIR haplotypes. Similar recombination between chimpanzee KIR
haplotypes does not change gene content only the linkage disequilibrium between
centromeric gene-content motifs and alleles of KIR2DL4 and the telomeric framework gene,
KIR3DL1/2 [70].

A major species difference is in the activating KIR that are structurally similar to inhibitory
MHC-C specific KIR. Whereas chimpanzee activating and inhibitory KIR have similar
specificity and strong avidity for MHC-C (unpublished data), human KIR2DS1 has low
avidity for C2, and 2DS2, 2DS3 and 2DS5 have no detectable affinity for HLA class I [31].
Similarly, human KIR3DS1 that is structurally similar to KIR3DL1 does not bind with
detectable avidity to the Bw4 epitope. In each of these KIR the low avidity can be attributed
to one or a few amino-acid substitutions. Thus a strong trend in human evolution has been to
reduce the interaction of the activating KIR with HLA class I ligands.
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Associated with the reorganization of the human KIR locus and the attenuation of activating
KIR genes has been the evolution of functionally distinctive centromeric and telomeric
motifs that contain different genes and different alleles of shared genes. These motifs are the
basis for the division of human KIR haplotypes into two functional groups. A and B [102],
that are present in all human populations but with differing relative frequencies. Illustrating
the haplotype differences is the Yucpa, a small Venezuelan Amerindian population, who
have a long history of population bottleneck and selection by infectious disease [103]. Two
KIR gene-content haplotypes, at frequencies of 46% and 47%, dominate this population
(Figure 11). These two haplotypes share the framework genes, but differ in segregating 11
other KIR genes. The B haplotype is distinguished by having four of the five activating
receptors with poor avidity for HLA class I, as well as the KIR2DL5 inhibitory receptor of
unknown ligand-binding specificity. The B haplotype lacks genes for the inhibitory
receptors specific for C2 and Bw4, and has a variant form (KIR2DL2) of the inhibitory C1-
specific receptor. In contrast, while the A haplotype has genes for the inhibitory C1, C2 and
Bw4 receptors, KIR2DS4 that has measurable avidity for some HLA-C and HLA-A11 is the
only activating receptor gene. With these two highly divergent haplotypes the Yucpa have
maintained all but one of the common KIR genes (KIR2DS3) found in human populations
worldwide.

Balancing selection is well established as a factor maintaining HLA class I polymorphism
[104] and it is also strongly implicated in maintaining both the haplotype and allele diversity
of the KIR system [55,103]. One cause of this balance could be the distinctive functions that
NK cells and the interactions of their KIR with HLA class I play in the immune and
reproductive systems. Supporting this hypothesis, epidemiological studies show that women
who are heterozygous or homozygous for B KIR haplotypes are less likely to experience
pregnancy syndromes of pre-eclampsia, and spontaneous abortion than women who are
homozygous for A KIR haplotypes [105-107]. Conversely, homozygosity for KIR2DL3, a
component of A KIR haplotypes correlates with resolution of acute infection with hepatitis
C virus [108].

The model that emerges from simple consideration of these data is that the B KIR haplotype
has been selected for its beneficial effect upon the function of NK cells in human
reproduction, whereas the A KIR haplotype has been selected for its beneficial effect upon
the function of human NK cells in innate immunity against viral infection. Both these
functions are needed if a human population is to survive [19,103].

Towards better non-human primate models of human disease
A high proportion of the diseases that affect modern human populations involve the immune
system, which is working for the rest of the body to prevent infection and cancer, or against
it as in the ever increasing chronic diseases of inflammation, allergy and autoimmunity. The
medical importance of variability in KIR, MHC class I, and their mutual interaction is seen
from the extent of the clinical correlations and the potential impact of such knowledge on
clinical practice. For example, therapeutic hematopoietic cell transplantation for acute
myelogenous leukemia (AML) could be significantly improved by favoring HLA-matched
donors who have one or two B KIR haplotypes over HLA-matched donors who are
homozygous for A KIR haplotypes [49].

The importance of HLA variation in clinical transplantation has been known for more than
50 years, during which time there has been continuous, international effort to describe and
define HLA polymorphism in the world’s human populations with increasing precision. As a
result of this effort the use and success of transplantation as routine therapy has also
continued to expand and improve. Technical developments emanating from the human
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genome project have had direct application to HLA analysis, with the results that nucleotide
sequencing is now a routine method for typing and population studies. Meanwhile genome
wide scans confirm and extend the dominance of HLA factors as markers of disease
susceptibility. The study of human KIR variation is only 15 years old, but it has benefited
from the HLA experience and the resources established by the HLA and transplantation
communities. All indicators point to KIR variation having an importance approaching that of
HLA if not on a par. Notably, the polymorphisms of KIR and HLA class I interact
functionally, co-evolving to serve the necessary functions of defense and reproduction.

As reviewed here, the co-evolution of KIR and MHC class I has been fast, furious and
specific to the simian primates. Even here we see that the New World monkeys took an
evolutionary path that was dissimilar from that taken by the common ancestor of Old World
monkeys, apes and humans. In similar fashion during ape evolution, the gibbons took a very
different pathway than the great apes, one involving the significant loss of KIR and MHC
class I components that humans have preserved. These immunological considerations point
to Old World monkeys as the species most likely to provide useful and informative models
of human disease. Considerations of practicality also point in the same direction.

Limiting the potential of the Old World monkey models is insufficient knowledge of the
basic components of MHC and KIR variation, of the alleles, haplotypes, genotypes, and
frequencies in populations, and how they all fit together functionally. The very essence of a
biological ‘model’ is that it be studied to a depth in excess of that possible with the human
species. That has not happened for any non-human primate. Although there is considerable
information published on the MHC of Old World monkeys, the whole is not sufficiently
more than the sum of the parts and the genomic sequence analysis [87,109,110] has yet to
break open up the field, as it did for HLA. A major challenge is that Old World monkey
MHC haplotypes have variable MHC class I gene content, involving numerous genes,
whereas humans have fewer and fixed genes. However, this is no insurmountable problem,
as shown by the work in other gene families, including human KIR. The HLA experience
would also argue for international cooperation, regular workshops, an agreed nomenclature,
a curated database, and quality control as essential elements in the development of a robust
non-human primate model for biomedical research on human disease. Finally, it will
important to compare different Old World monkey species in order to identify and choose
for intensive study those that more closely reflect the human situation, and not ones like the
gibbon apes who have clearly gone their own way [83].
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Figure 1. The immunogenetics of killer lymphocytes
Compares and contrasts the MHC class I receptors of NK cells and CD8 αβT cells.
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Figure 2. Inhibitory MHC class I receptors enable NK cells to respond to ‘missing self’ MHC
class I
Mature NK cells express inhibitory receptors that interact with MHC class I expressed by
healthy cells (self MHC class I), generating signals that prevent the NK cells from
responding to self. This is illustrated in the left panel for a human NK cell that expresses the
inhibitory HLA-E specific receptor CD94:NKG2A and the activating receptor NKG2D,
specific for MICA. Encoded by an MHC gene, the latter is structurally similar to the heavy
chains of MHC class I (MIC is the acronym for MHC class I-like chain, and A refers to the
first of several MIC genes and pseudogenes) but unlike them does not associate with β2-
microglobulin (β2-m) [111]. The healthy cell expresses insufficient MICA to engage
NKG2D and generate an activating signal, while expressing a normal amount of HLA-E that
engages CD94:NKG2A and sustains NK cell inhibition. In this manner, inhibitory receptor
recognition of normal self HLA class I prevents NK cells from attacking healthy cells of the
body. Shown in the right panel is the situation for a cell that has become unhealthy through
infection with a virus or malignant transformation. Such situations of cellular stress, induce
increased cell-surface expression of MICA, while expression of HLA class I is often
reduced. The former leads to engagement of NKG2D and the generation of activating
signals, while the latter will reduce or eliminate engagement of CD94:NKG2A, thus
attenuating inhibitory signaling. These two effects co-operate to activate the NK cell, which
can then kill the unhealthy cells and secrete cytokines such as inteferon-γ that recruit and
activate other immune system cells.
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Figure 3. Polymorphism of human MHC class I
For each of the six functional HLA class I genes the number of protein variants detected
worldwide is listed. These data were obtained from the Immunogenetics HLA (IMGT/HLA)
database (www.ebi.ac.uk/imgt/hla/) as last updated on 17th November 2009.
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Figure 4. Function and polymorphism of human killer cell immunoglobulin-like receptors
The receptors are grouped according to their activating and inhibitory functions, in which
regard KIR2DL4 is unique having structural elements associated with both activation and
inhibition. Under allotypes is given the number of protein variants for each KIR as given in
the KIR database (www.ebi.ac.uk/ipd/kir/) of the Immuno Polymorphism Database (IPD), as
last updated on the 20th February 2009. Under MHC class I ligands is given the reactivity of
each KIR with HLA class I.
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Figure 5. Developmental interaction between MHC class I and cognate inhibitory receptors
‘educate’ NK cells to respond to missing self
Shown are the results of assays in which peripheral blood NK cells are cultured with target
cells of the class I deficient 221 B cell line. Using flow cytometry selected subsets (either
expressing CD94:NKG2A or KIR3DL1) of NK cells were analysed for presence of
intracellular interferon-γ. Blood donors were selected based upon their HLA class I and KIR
types. All donors carried the Bw4 epitope. For further details see Yawata et al [52].
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Figure 6. Comparison of the organization of the gene families encoding human KIR and mouse
Ly49 NK cell receptors
Human KIR and mouse Ly49 receptors serve similar functions as highly diverse NK cell
receptors for MHC class I. However these functions have evolved by convergent evolution,
because Ly49 are lectin-like receptors encoded in the natural killer cell complex (NKC) and
KIR are immunoglobulin-like receptors encoded in the leukocyte receptor complex (LRC).
Despite their independence the gene families encoding mouse Ly49 and human KIR have a
similar organization with a framework defining two regions of gene-content variability.
Shown in the figure are the most common gene-content motifs in the centromeric and
telomeric regions of human KIR haplotypes in Caucasian populations [112,19], and the
organization of the four mouse Ly49 haplotypes sequenced [69]. In the human genome the
Ly49 gene family is represented by one pseudogene [113,114]; in the mouse genome the
KIR family is represented by one pseudogene and one functional gene that is not expressed
by NK cells [63]. A variety of human haplotypes with different gene-content from those
shown in the figure have been described and are the results of gene duplication or deletion
arising from non-homologous recombination. Such haplotypes are either rarer than those
comprising the common gene-content motifs, and/or restricted to non-Caucasian populations
[115-120].
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Figure 7. Origin of KIR gene families in cattle and simian primates
Panel A: duplication of the ancestral KIR gene gave rise to founders of the KIR3DX and
KIR3DL lineages. In the evolution of cattle, KIR3DX expanded and diversified while
KIR3DL remained a single-copy gene. In the evolution of simian primates, KIR3DX
remained a single gene while KIR3DL became a diverse gene family [76]. In addition to
mice (Mus musculus domesticus), dog (Canis familiaris) and probably cat (Felis catus) have
no KIR genes in the LRC [78] and pig (Sus scrofa) [121], seals (Phoca vitulina) and sea
lions (Zalophus californianus) [78] have lost KIR3DX while retaining a single KIR3DL
gene. Panel B: the organization of genes in the human Leukocyte Receptor Complex (LRC).
Note that 3DX1 (originally called KIR3DL0 and a non-functional gene) [77]) is situated
between the two groups of leukocyte immunoglobulin-like receptors (LILR). The KIR gene
content corresponds to that of the A haplotype [46].
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Figure 8. Co-evolution between MHC class I genes and KIR in primates
Shows the distribution in non-human primates of genes orthologous to human HLA-A, B, C,
E, and G. The species distribution of the Bw/Bw6 epitopes and the C1/C2 epitopes
distinguished by KIR is also shown. Few gorilla MHC-C alleles have been defined and they
all have the C2 epitope. Thus C1 may have been lost from gorilla. Under ‘KIR’ are
described the changes in the KIR locus that accompany the changes in MHC class I. For
each species the time since the last common ancestor with humans is given.
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Figure 9. Gibbon MHC class I genes
Shows the set of MHC class I genes identified in the white-cheeked gibbon and their
correspondence to human HLA class I genes [83]. The number of alleles for each gibbon
gene is shown. The identification of five alleles for MHC-B and MHC-S is indicative of a
triplication of these two genes in the gibbon MHC.
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Figure 10. Short deleted KIR haplotypes in gibbons
Comparison of the gene organization of four gibbon KIR haplotypes with that of the
predicted ancestral haplotype for all hominoid species. The haplotypes are from two
divergent gibbon species: the white-cheeked gibbon (Nomascus leucogenys leucogenys:
Nole) and the eatern hoolock gibbon (Hoolock hoolock leuconedys: Hoho). Note the absence
of the KIR2DL4 framework gene in two haplotypes and of the KIR3DL framework gene in
one haplotypes. Gibbon evolution has been accompanied by the deletion of genes from the
KIR locus [83].
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Figure 11. Two diverse dominant haplotypes in the Yucpa Amerindian population
Shown is the gene content of the divergent Aand B haplotypes that are present at even
frequency in the Yucpa population and account for 93% of all haplotypes. Each gene
corresponds to a box. Framework genes are white, activating KIR genes are black, and the
inhibitory KIR genes and the 2DP1 pseudogene are shaded grey [103].
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