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SUMMARY

Natural Killer (NK) cells are key components of the innate immune system which function in
identifying and destroying aberrant or infected cells. They also play active roles in human
reproduction. These functions are largely controlled by the killer immunoglobulin-like
receptor (KIR):Human Leukocyte antigen (HLA) receptor:ligand system. KIR inhibit and
activate NK cells by interacting with their ligands, HLA epitopes expressed on target cells.
KIR and HLA are characterized by high diversity at genetic, phenotypic and functional levels.
Many KIR are highly polymorphic with different alleles encoding receptors with contrasting
phenotypes, specificity for ligand and function. In addition to the inherent influence of genetic
variation on KIR, the presence of HLA class I ligands can also influence expression of these
receptors. The importance of NK cells and the KIR:HLA receptor ligand system in immunity
to infection and in reproduction makes them strong candidates for genes undergoing natural
selection in the human genome. In this study, KIR and HLA diversity in humans was
investigated. It was hypothesized that these systems are undergoing natural selection and
perhaps co-evolving. Two homogeneous Irish cohorts from Belfast and Dublin were typed at
high resolution for the presence/absence of KIR genes, KIR polymorphism and HLA class I
ligands. The potential for natural selection occurring at the level of gene, polymorphism and
haplotype structure was investigated. KIR expression on NK cells was also investigated by

flow cytometry and examined with respect to polymorphism and HLA class I ligand status.

Functional classification and spatial analysis of KIR and HLA class I in the Irish populations
and comparison with data obtained from a large panel of European populations shows the
presence of several distinct gradients which largely distinguish northern and southern
Europeans (see Chapter 3). Northern Europe is characterized by high frequencies of weak
inhibitory receptor:ligand systems but low frequency of potent inhibitory and activatory
systems. In contrast, potent inhibitory and activatory systems dominate in the south. These
findings demonstrate ‘functional stratification’ of the KIR:HLA receptor system in Europe, the
presence of which encodes distinct immunological characteristics in northern and southern
Europeans. This data indicates that processes of co-evolution between this receptor:ligand
system have occurred in directions which promote balanced control over inhibitory and

activatory NK cell functions in both regions. It is likely that activatory KIR undergo positive
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Summary

selection in regions rich in systems which confer potent inhibition of NK cells (southern
Europe). In contrast, activatory KIR may be selected against in regions of weak inhibition
(northern Europe). The contrasting disease histories of northern and southern Europe may
have exerted selective pressures over KIR:HLA systems which influence survival. Overall,
this study shows that genetic stratification in Europe has functional consequences. KIR:HLA
receptor:ligand systems which are associated with increased pre-disposition to autoimmune
diseases are elevated in regions where these diseases are common (i.e. northern Europe).
Protective genotypes are increased in areas where autoimmunity is lower. Functional
stratification of KIR and HLA in Europe is therefore of considerable importance both with
respect to understanding the evolution of the immune system and the distribution of human

disease in Europe.

KIR:HLA diversity was investigated further at high resolution in the Irish population (see
Chapter 4). KIR diversity and functional polymorphism is observed to be particularly high.
Many functionally distinct haplotypes have been characterized. Some encode receptors which
confer moderate inhibition and strong activation to NK cells; others confer highly inhibitory
functions, but lack activatory characteristics. This thesis shows that natural selection has acted
on KIR to elevate frequencies of several functional polymorphisms and haplotypes in the
population. HLA class I ligands are shown to be key players in this process. Moreover,
KIR:HLA co-evolution in several cases is observed to be gender specific, occurring only in
females. In functional terms, selection is acting to increase frequencies of systems which
provide balanced activatory and inhibitory receptor signalling to NK cells, while acting
against systems which confer an imbalance over high inhibition and activatory signalling. This
contrasts with findings in the Japanese population. A revised model of KIR:HLA co-evolution
1s presented here and proposes that different KIR A-haplotype co-evolve in different directions
with HLA. Furthermore, evolutionary ‘shifts’ in directions of selection occur depending on the
HLA and KIR B-haplotype repertoires within a population. Also presented in this study is
evidence that polymorphism and the presence of cognate HLA class I impact upon KIR
expression (see Chapter 5). Findings here support previous studies showing that acquisition of
KIR phenotypes is somewhat dependent on inheritance of HLA class I but argues against other

models which propose that KIR expression is independent on HLA class I status.
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Chapter 1: Introduction

1.1 NK cells and immunity

Natural killer (NK) cells are large granular lymphocytes which comprise 10-15% of human
peripheral blood lymphocytes. They were initially defined by their ability to lyse target cells
without prior sensitization or restriction by major histocompatability (MHC) antigens in the
1970s, when lymphocytes derived from non-immunised hosts were observed to lyse allogenic
tumour cell lines (Herberman et al., 1975a, Herberman et al., 1975b, Rosenberg et al., 1972).
They were subsequently described as ‘natural effector cells’ and ‘N-cells’, prior to being
labelled ‘null cells’ by those who established them to be devoid of T-cell and B-cell
characteristics (Herberman and Ortaldo, 1981, Ozer et al., 1979). Later studies established that
NK cells could be identified by the expression of CD56 and CD16 but not CD3 antigen on
their surface (Robertson and Ritz, 1990). More recently NKp46 has been identified as a
marker of NK cells (Sivori et al., 1999, Walzer et al., 2007). NK cells are now regarded as a
key component of the innate immune system, a testament to their involvement in defending
against tumour cells and infection by viral and bacterial agents. They also play major

regulatory roles as producers of immunoregulatory cytokines and chemokines.

1.1.1 NK Cell Subsets

NK cells can be classified further by the degree of expression of characteristic surface antigens
(Figure 1.1). Two main subsets of NK cells exist in peripheral blood. The majority (~90%) of
peripheral blood NK cells are characterised by low-level expression of CD56 and high
expression of Feyreceptorlll (FCyRIII, CD16) and are typically referred to as CD56"™ NK
cells. A reverse in these characteristics are observed for the second subset which is
characterised as expressing high levels of CD56 and low or zero expression of CD16 (Cooper
et al., 2001). Hence, they are referred to as CD56™#" NK cells. The CD56%™ subset have a
more cytotoxic potential than their CD56™¢" counterparts, whilst CD56™"¢™ NK cells are more
potent producers of cytokines and are therefore believed to possess greater regulatory potential
than the CD56“™ subset (Cooper et al., 2001, Lanier et al., 1986). Given their high expression
of CD16 (a low affinity FcyRIIl), CD56"™ NK cells can direct Ab-dependent cellular
cytotoxicity (ADCC) against opsonised Ab-coated target cells (Leibson, 1997).
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Figure 1.1 Natural Killer Cell Subsets

(A) Receptor expression and distribution, cytokine production and effector functions of
CD56""€" (1) and CD56“™ (ii) NK cell subsets (adapted from Cooper et al., 2001).

(B) Flow cytometry analysis revealing the presence of three distinct NK cell subsets in
peripheral blood (pNK) and uterine tissue (ANK) (adapted from Koopman et al. 2003).
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Many distinctions made between NK cell subsets are based on variations in phenotype, for
which there are often functional consequences. For instance, many Killer Immunoglobulin-
Like Receptors (KIR) are not expressed on CD56™€" NK cells, but are expressed on the
CD56"™ NK cells. Striking differences are observed between these subsets when expression
patterns of cytokine, chemokine receptors and adhesion molecules are considered, e.g.
CD56™" cells constitutively express interleukin-2 receptor (IL-2Rafy) rendering this subset
highly proliferative in response to IL-2 (Caligiuri et al., 1990, Nagler et al., 1990).
Furthermore, IL-2 mediated proliferation is enhanced via ligand binding to the c-Kit receptor
tyrosine kinase (C-Kit RTK) on this subset (Matos et al., 1993). In contrast CD56“™ NK cells
are not as responsive to IL-2 as they express a lower affinity, IL-2RBy receptor, nor do they
possess the c-Kit RTK (Baume et al., 1992, Caligiuri et al., 1990). A summary of the

differences between the subsets is shown in the cartoon, Figure 1.1.

Overall, differences between the two NK cell subsets at the level of cytokine receptor
expression and responsiveness correlate and often contribute to the functional differences
between them (Figure 1.1). While the CD56™®" subset is considered an immunoregulatory
cell type, CD56“™ NK cells are very different given their potential to mediate cytotoxicity
against target cells, a process which is tightly controlled by variation in natural killer cell
receptor (NKR) expression and the inhibitory/activatory signals produce in response to their
environment. The factors which control CD56%™ NK cell mediated cytotoxic activity are
complex and must be viewed in the context of the expression and actions of various NKRs and
the presentation of their specific ligands. The spectra of NKRs expressed on CD56%™ NK cells
are discussed in the next section. Unless otherwise stated, CD56%™ NK cells shall be referred

to in more generalised terms, as ‘NK cells’, from here on in.

Recently a unique NK cell subset existing exclusively in human uterine tissue during the
menstrual cycle and pregnancy has been characterised. While possessing many unique and
exclusive characteristics, this ‘uterine’ NK (utNK) cell subset also shares characteristics of
both peripheral blood subsets. Comparison of gene expression profiles between the three NK
cells subsets reveals that both CD56"™ and CD56™" subsets in peripheral blood are more
similar to each other than either is to utNK cells (Koopman et al., 2003). Uterine NK cells

possess many key features which have previously been used in distinguishing peripheral blood
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subsets from each other. A defining feature of utNK cells is their high expression of CD56
together with a null CD16 phenotype. This feature also phenotypically defines the
CD56™€"/CD16- NK cell subset in peripheral blood (Figure 1.1B). Based on this shared
feature, it had been suggested that uterine NK cells are derived from this peripheral blood
CD56™"/CD16- cell subset following differentiation of this subset within the uterine
environment (Moffett-King, 2002). Several other lines of evidence supported this theory,
including their inability to lyse K562 target cell lines. In contrast CD56“™/CD16+ peripheral
blood NK cells express CD56 at lower levels and possess clear cytotoxic capability and lyse
K562 cell lines (King et al., 1996). However, utNK cells also resemble CD56%™ NK cells as
they express KIR. Furthermore, both uterine and CD56“™/CD16+ peripheral blood NK cells
are granulated (Hiby et al., 1997, Verma et al., 1997). However, there are features unique to
uterine NK cells, specifically the absence of L-selectin and expression of the marker of

activation, CD69 (Nishikawa et al., 1991, Slukvin et al., 1994).

1.2 NK Cell Receptors

NK cell effector function is controlled largely by the expression of receptors at the cell surface
(Gardiner, 2008). Many of these receptors are unique to the NK cell lineage and can produce
either inhibitory or activatory signals to prevent or sway NK cells toward cytotoxicity. It is the
fine balance between these signals which determine whether or not NK cells become
activated. As a consequence of receiving sufficient activatory signals, NK cells may deviate
from their quiescent mode, and become cytotoxic with the potential to mediate the destruction
of aberrant cells. There are four main types of receptors known to control NK cells behaviour,
namely, killer immunoglobulin-like receptors (KIR), lectin-like receptors, natural cytotoxicity

receptors and their co-receptors (reviewed by O’Connor et al., 2006).

1.2.1 MHC class I Specific Receptors

MHC class I genes encode proteins which play important roles in immunity. Expressed on the
surface of cells, they present both self and non-self antigens (i.e. pathogen) to T cells, an

important requirement of T cell mediated immune responses to pathogen. Many pathogens
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have developed mechanisms to disrupt MHC class | expression and antigen presentation to T-
cells as a means to escape recognition and subsequent destruction by T-cells (Hansen and
Bouvier, 2009). NK cells mediate an additional level of security by identifying disrupted
MHC class | expression as a major sign of infection (Figure 1.2). This is known as the
Missing Self hypothesis. NK cells preferentially lyse cells which fail to express MHC class |
molecules upon their surface and are thus fully functional in the absence of these proteins.
However, they may be inhibited from lysing cells upon recognition of MHC class I. NK cells
detect a reduced expression of MHC class | glycoproteins using specialized receptors, namely

KIR and LILR and C-type lectin receptors, (reviewed by O’Connor et al., 2006).

1.2.1.1 C-Type Lectin receptors

Encoded at the centromeric end of human chromosome 12, are the CD94 and NKG2 genes,
members of the C-type lectin family (Chang et al., 1995, Plougastel et al., 1996, Plougastel
and Trowsdale, 1998). When expressed, they form a number of heterodimers with contrasting
properties. CD94 represents the invariant common subunit which pairs with NKG2 gene
products to form either inhibitory or activatory heterodimers (Lazetic et al., 1996). CD94
dimerisation with ITIM possessing NKG2A forms an inhibitory receptor. In contrast,
association of CD94 with NKG2C (which associates with DAP12) yields an activatory
receptor. The ligands for these heterodimers is HLA-E, a non-classical MHC molecule (Braud

et al., 1998, Lee et al., 1998, Vance et al., 1998).

1.2.1.2  Leukocyte immunoglobulin-like receptors (LILR)

LILR are a family of receptors encoded on human chromosome 19 within the leukocyte
receptor complex (LRC) (Samaridis and Colonna, 1997, Wagtmann et al., 1997). Expressed
by immune cells of myeloid and lymphocyte lineage, LILR can be either activatory or
inhibitory. A number LILR recognize MHC class | molecules, the best characterized to date
being LILRB receptors which provide inhibitory signals to NK cells on recognition of HLA-
A, B, C, E, F, G and human cytomegalovirus protein UL18 (Colonna et al., 1997, Brown et
al., 2004, Navarro et al., 1999, Vitale et al., 1999).



Chapter 1: Introduction

Activation receptor

cx—{ o
.Y
BOEEE / MHC class |
Inhibitory receptor

Activation receptor
ligand

(b) NK ~
ney .'."
- ?(3 ’?%} LYSIS

00 o
O O w0

see Granule release (Cytotoxicity)

Sy,

Figure 1.2 NK cell responses to target cell using MHC class I recognition systems

Receptors which recognise MHC class I molecules influence NK cell function. Where MHC is
expressed on the surface of target cells (a), NK cell recognise this as using specific inhibitory
receptors. Inhibitory receptor bind MHC class I molecules and transduce inhibitory signals to
the NK cell. This prevents target cell lysis by counteracting activatory signals emerging from
other activatory receptors. When expression of MHC class I is reduced, for example, during
viral infection, inhibitory signals are reduced and may be absent (b). In this scenario, NK cell
are more easily swayed towards inducing cytotoxicity against target cells, as activatory signals
which are received may not be counteracted sufficiently by inhibitory control. While
simplified here, these processes are complex and may involve an array of receptor:ligand
systems and it is the overall balance in activation and inhibition which dictates NK cell
responses to target cells (Adapted from French and Yokoyama, 2004).
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1.2.1.3 Killer Immunoglobulin-like Receptors (KIR)

KIR are a group of a regulatory molecules expressed on NK cells and a subset of CD8+ T cells
(Mingari et al., 1997). Encoded within the LRC on chromosome 19, KIR may be either
inhibitory or activatory in terms of their signalling properties. These signals are transduced to
NK cells on binding of KIR to their ligands, proteins encoded by HLA class I gene family
(HLA-A, HLA-B, HLA-C). Polymorphism within the HLA class I genes is very high and
produces a range of distinct allotypes which act a ligands for KIR. A dimorphism within the
HLA-C locus in humans gives rise to two distinct classes of ligands, HLA-C1 and HLA-C2.
The HLA-C1 allotype is characterized by having asparagine at position 80 and binds KIR
2DL3 and 2DS2 (Colonna et al., 1993, Wagtmann et al., 1995). The HLA-C2 allotype, is
characterized by lysine at position 80 and is a ligand for 2DL1 and 2DS1 (Colonna et al.,
1993, Wagtmann et al., 1995). HLA-B and a subset of HLA-A polymorphisms produce either
Bw4 or Bw6 allotypes, the former of which are ligands for 3DL1 (Gumperz et al., 1995). KIR
3DL2 recognizes proteins encoded by HLA-A3 and All polymorphisms in a peptide
restricted manner (Hansasuta et al., 2004). KIR 2DL4 binds to HLA-G (Rajagopalan and
Long, 1999). KIR 2DS4 has been shown to bind to the ligand encoded by a single HLA-C
allele, namely Cw4 (Katz et al., 2001). Of the other eleven KIR, ligand specificity has not yet
been established. As discussed in the next section, binding of KIR to their HLA class I ligands

or lack thereof, can lead to either inhibition of activation of NK cytotoxicity.

1.2.2 NCRs and NCR co-receptors

In the relatively short time frame since their discovery, the roles of natural cytotoxicity
receptors (NKp30, NKp44 and NKp46) on NK cells have become well characterised (Pende et
al., 1999, Pessino et al., 1998, Vitale et al., 1998). NKp30 and NKp44 have both been mapped
to chromosome 6 in human while NKp46 is located on chromosome 19. Limited to NK cells,
NCRs represent amongst the most accurate surface markers for human NK cells identification.
NCRs play a major key role in NK cells cytotoxicity against tumour cells with their cell
surface density correlating with the magnitude of cytotoxic action (Reviewed by O’Connor et

al., 2006). While their endogenous ligands have not been defined they have been shown to
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recognise pathogen specific moieties, e.g. NKp44 and NKp46 recognise viral specific
haemaglutinins to promote NK cells lysis of virally infected cells. The role of NKp30 is not
entirely clear, though it has been shown to recognise the pp65 protein of human
cytomegalovirus and inhibit NK cells cytotoxicity (Moretta and Moretta, 2004, O'Connor et
al., 2006). Various receptors have been found to engage with NCRs in a functional manner
and are termed co-receptors. NTB-A and 2B4 for example serve dual and opposing functions
on NK cells. In the absence of SAP, they transducer inhibitory signals. DNAM-I, a
transmembrane protein involved in lymphocyte adhesion and signalling has also been
classified as an NCR co-receptor. DNAM-1 transduces activatory signals as a result of Ab

mediated cross-linking (reviewed by Moretta and Moretta, 2004).

1.2.3 Toll-like Receptors (TLRs)

TLRs recognise pathogen associated molecular patterns (PAMPs). Ten TLRs have been
identified to date and have been established as playing a key component of the innate immune
response to infection. While most TLRs are expressed on NK cells, they are not all inherently
functional. Activation of NK cells by TLRs is partly indirect, occurring by the activation of
TLR on accessory cells, leading to production of cytokines which activate NK cells (reviewed

by O’Connor et al., 2006).

1.3 Killer Immunoglobulin-Like Receptors (KIR)

1.3.1 KIR Gene Nomenclature

Within the KIR gene complex, 16 genes have been identified. Two nomenclature systems
have been developed to name them. The most widely used KIR nomenclature system (Human
Genome Organization (HUGO)) reflects the structure of the encoded molecules on the bases
of two features: features of the cytoplasmic domain and the number of Ig domains (2D or 3D,
(Marsh et al., 2003). A second system established on the basis of the CD nomenclature
systems is used, though somewhat limited as it does not account for structure, function,

expression of location of the KIR. This is compounded by the confusion that may arise when
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using monoclonal antibodies CD158a and CD158b which recognize more than one KIR
molecule. According to the HUGO nomenclature system, KIR with long cytoplasmic tails are
designated ‘L’. KIR with short cytoplasmic tails are designated ‘S’ (Figure 1.3). In their
cytoplasmic domains, long tailed KIR possess immunoreceptor tyrosine-based inhibition
motifs (ITIMs), and are therefore capable of transmitting inhibitory signals. Short tailed KIR
on the other hand are activatory by virtue of being capable of interacting with the adaptor
molecule DAP-12 containing immunoreceptor tyrosine-based activation motifs. Pseudogenes
are designated ‘P’, two have which have been identified. In naming alleles of each KIR, the
locus name is followed by an asterix (*) and an integer identifier (for example: KIR

3DL1*00101; reviewed by Carrington, 2003).

1.3.2 Gene Structure

Intron-exon structure of KIR genes follows a relatively consistent arrangement (see Figure
1.4): exons | and 2 encode the signal sequence, each Ig domain starting from the n-terminus
(DO, D1 and D2) corresponds to exons 3-5 respectively, transmembrane and linker regions are
encoded by exons 6 and 7 respectively, and the cytoplasmic domain is encoded by the last two
exons (Trowsdale et al., 2001, Wilson et al., 2000, Wilson et al., 1997). KIR with two
extracellular domains (2D) possess identical genomic organization with those encoding three
Ig domains, although exon 3 is a pseudoexon (designated Type 1 2D KIR; Viches and Parham,
2002). Exceptions to this are KIR 2DL4 and KIR 2DL5 genes which are additionaily
characterized by their lack of exon four but transcribe two other Ig domains (designated Type

11 2D KIR; (Selvakumar et al., 1997); reviewed by Carrington, 2003; Figure 1.4).

1.3.3 Gene Order and Haplotype Structure

KIR genes are organised on chromosome 19 in a head to tail fashion, each ranging from 10-16
kb in length and separated by approximately 2 kb (with the exception of the 14 kb region
upstream of KIR2DL4). KIR inheritance patterns are quite complex. Variability is subject to

both extensive allelic variability at many KIR loci and the variability in KIR gene number and
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KIR express transmembrane receptors of either 2-3 extracellular domains. The cytoplasmic
domains of inhibitory KIR have immunoreceptor tyrosine-based inhibitory (ITIM) regions as
shown in red. Activatory KIR have immunoreceptor tyrosine-based activation (ITAM) adaptor
molecules as shown in green. Notably, KIR2DL4 contains both ITIMs and a transmembrane
arginine residue making it both inhibitory and activatory in function. (adapted from the IPD
database, www.ebi.ac.uk/ipd/kir/ (Akiko Kikuchi-Maki et al., 2005, Robinson and Marsh,

2007).
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Figure 1.4 The organisation of KIR genes

The exons encoding KIR genes are shown in this figure. Coding regions of KIR are
represented as blue boxes. Pseudoexons are shown as pink boxes. The domains and regions
coding by each exon as shown in brackets. Length (as measured in base pairs) is indicated
above each box (sourced from the IPD database, www.ebi.ac.uk/ipd/kir/ (Robinson and
Marsh, 2007).
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type on a given haplotype (Shilling et al., 2002a, Uhrberg et al., 1997). The organisation,
number and type of KIR inherited by individuals follow a particular framework, established by
LD and segregation analysis. All KIR haplotypes possess each of the framework genes,
namely 2DL4, 3DP1, 3DL2 and 3DL3 (Wilson et al., 2000). Haplotypes can be viewed as
possessing two separate ‘centromeric’ and ‘telomeric’ halves (Figure 1.5, Hsu et al., 2002).
The centromeric end of KIR haplotypes is flanked at the upstream end by 3DL3 and anchored
by KIR2DL4 upstream, with a combination of 2D KIR genes in between. Either 2DL2 or
2DL3 are present but never both. Occasionally neither are present. When 2DL2 is present, it is
always preceded by 2DS2, which in turn pairs with the flanking 3DL3 gene. KIR 2DL3
always pairs with 2DP1, 2DL1 and 3DP1 in that order, but these haplotypes lack 2DS2.
While, 2DL2 can also be found with 2DP1, 2DL1 and 3DP1, a partial haplotype can also form
which lacks 2DP1 and 2DL1 but possesses a pseudo gene variant of 3DP1 containing exon 2.
KIR 2DL5B, the unexpressed variant of 2DL5, is observed within the centromeric portion of
KIR haplotypes, pairing with both 2DL2 and 2DS3 but rarely with 2DS5 (Hsu et al., 2002,
Vilches et al., 2000).

The telomeric half of KIR haplotypes is flanked by framework genes KIR 2DL4 (downstream
of 3DP1) and 3DL2. Either 3DLI1 or it activatory variant, 3DS1, pair with 2DL4 on the
majority of haplotypes. In rare cases neither 3DL1 and 3DSI1 are found on a haplotype, and
unusual haplotypes containing both 3DL1 and 3DS1 have been reported to occur, albeit at low
frequency (Middleton et al., 2007b, Norman et al., 2009, Williams et al., 2003). The presence
of either gene defines whether a ‘long” or ‘short’ telomeric segment will follow. KIR 3DL1
occurs in ‘short’ telomeric segments, consisting of an additional activatory 2DS1 or 2DS4
gene flanked by 3DL2. In contrast, the presence of 3DS1 specifies a ‘long’ telomeric segment,
where 2DL5B is paired with either 2DS3 or 2DSS5, or rarely both 2DS3 and 2DSS5. The next
locus is followed by 2DS1 or 2DS4 paring with 3DL2 to complete the segment (Figure 1.5;
Hsu et al., 2002).

A KIR haplotype model has been established to account for the number and type of KIR
present on different haplotypes. Haplotypes can be classified as either A or B types (Figure
1.54; Uhrberg et al., 1997). Haplotype A has nine loci, namely 2DL1, 2DL3, 2DS4, 2DP1
3DLI1 and the four framework genes 3DL2, 2DL4, 3DL3 and 3DP1. Haplotype B can be

13
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1.5 Classification of KIR Haplotypes

Gene order of two sequenced KIR haplotypes and their classification. Genes
represented by boxes are shown from left to right to reflect their chromosomal order,
from centromere to telomere. ‘A’ haplotypes have restricted gene context which is
dominated by inhibitory KIR and possessing just one activatory gene (2DS4). ‘B’
haplotypes posses both inhibitory and activatory KIR and tend to vary more in gene
content and number. (Sourced from Carrington et al., 2003).

KIR Haplotypes as defined by family studies and sequencing. Haplotype vary in terms
of gene content. Framework genes are shown as grey boxes. Allelic variants of 3DL1
(3DS1) and 2DS4 (A deleted, non-expressed form) are shown where necessary.
(sourced from Hsu et al., 2002).
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distinguished from A on a number of levels. Firstly, haplotype A possess only one gene
encoding an activatory molecule (2DS4), while haplotype B can contain a combination of any
of 2DS1, 2DS2, 2DS3, 2DS4, 2DSS5, 3DS1 and 2DS4. Analysis of linkage disequilibrium
(LD) between KIR loci reveals a fixed structure for KIR A-haplotypes, where haplotypes do
not differ in gene content (Shilling et al., 2002a). On the other hand, LD patterns between
pairs of genes in KIR B-haplotypes are notably stronger and coupled to segregation analysis,
several assumptions have been made (Figure 1.5B). For example, different alleles of 2DL5
represent two different loci, 2DL5SA and 2DL5B, both of which can be present on a single KIR
B-haplotype. They are not tandemly located, suggestive of an origin stemming from

mechanisms of nonreciprocal crossing over (reviewed by Carrington et al., 2003).

1.4 KIR Expression and Function

KIR are expressed on NK cells and subpopulations of T-cells (Mingari et al., 1997). Cell
surface expression phenotypes vary considerably from person to person (Figure 1.6). Within
an individual, KIR expression can vary considerably between different cells. All KIR inherited
by an individual are expressed at the RNA level with the exception of pseudogenes (2DP1 and
3DP1) and potentially 3DL3 (Reviewed by Carrington et al., 2003). Cell surface expression on
the other hand is highly variable (Gardiner, 2008, Gardiner et al., 2001). KIR expression
appears to be stochastic and generates populations of NK cells with different expression
patterns and properties (Husain et al., 2002, Uhrberg et al., 2001, Valiante et al., 1997). Many
factors appear to impact upon KIR expression, particularly polymorphism and
presence/absence of HLA class I ligand (Gardiner, 2008, Gardiner et al., 2001, Shilling et al.,
2002a, Yawata et al., 2006), and some studies suggest possible roles for hormones, cytokines
and age (Lutz et al., 2005, Mingari et al., 2000, Ponte et al., 1999). Several studies have
highlighted the important role of genetic and epigenetic factors in the control of KIR
expression (Santourlidis et al., 2002, Chan et al., 2005, Gomez-Lozano et al., 2007,
Santourlidis et al., 2008, Li et al., 2008). For instance, DNA methylation of CpG island at
KIR promoters can have an impact on KIR expression, such that the degree of methylation of
a given KIR promotor correlates with its expression phenotype (Chan et al., 2003, Santourlidis
et al., 2002). For example, methylation of transcriptional start sites gives rise to a non-

expressed phenotype, while the absence of methylation allows for KIR expression.

15



Chapter 1: Introduction

43%,739

Cell Number

~r s e
1 10 10 10" w0

DX9 Fluorescence

Figure 1.6 Variability in KIR expression phenotypes.

Each panel shows a histogram plot of 3DL1 expression on NK cells as measured using DX9
antibody. The percentage of each population of NK cells expressing 3DL1 is shown in each
case along mean fluorescent measure (MFI) of cell surface density of expression. Each plot
represents data for four different blood donors (sourced from Gardiner et al. 2001).
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Recent studies have demonstrated the importance of transcriptional control by promoters
(reviewed by Gardiner., 2008). Promotor sequence variation can alter which transcription
factors can be recruited and in the case of 2DL5 this has been shown to impact whether or not
the gene is expressed (Gomez-Lozano et al., 2007). Two promoters have been described, one
which is bi-directional and serves as a “probabilistic switch”, accounting for the apparent
stochastic nature of KIR expression on subsets of NK cells (Stulberg et al., 2007).
Competition between the forward and reverse activity within of this switch are important in
determining how the gene is expressed, e.g. increased forward activity promotes expression,
while increased reverse activity reduces the probability of expression on an NK cell (reviewed
by Gardiner, 2008). Sequence variations in this promotor region likely accounts for the

variegated expression for KIR such as the highly polymorphic 3DL1 gene (Li et al., 2008).

The acquisition of KIR expression on NK cells is believed to be important to the functional
development of NK cells and appears to be influenced by the presence of HLA class I ligands
(Yawata et al., 2006). This receptor:ligand system appears to be particularly important in
ensuring NK cell tolerance to self. Early studies suggested that at least one inhibitory receptor
for self MHC class I must be expressed by an NK cell, such that in the absence of KIR:MHC
class I ligand interaction and subsequent inhibitory signalling, the presence of additional
interactions would compensate (Gumperz et al., 1996, Raulet et al., 2001, Shilling et al.,
2002b, Valiante et al., 1997). Diversity in inheritance and expression of KIR usually gives rise
to at least one population of NK cells capable of responding to down-regulation of MHC class
I subtypes (Vilches and Parham, 2002). However, recent studies however have identified a
subpopulation of NK cells which lacked any receptors for self HLA class I (Anfossi et al.,
2006, Cooley et al., 2007, Kim et al., 2005). While this disproves the “at least one” model of
maintaining self tolerance, such cells are observed to be developmentally immature and
exhibit a hyporesponsive phenotype illustrating the importance of KIR and HLA in the
acquisition of NK cell functional competence. The observation that HLA modulates KIR
expression is likely a result of processes of selection acting on the KIR repertoire (Yawata et
al., 2006), through calibration of NK cell effector potency, licensing and recognition of
missing self (Anfossi et al., 2006, Kim et al., 2008). However, the true extent of such an
influence is not yet known and debatable, with new evidence suggesting no such effect of

HLA class I ligands on KIR expression (Andersson et al., 2009).
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KIR function on NK cells is largely dependent on interactions with their HLA class I ligands
(Table 1.1). Different KIR bind to different HLA class I ligands with varying affinities, and
functional outcomes. For instance, a relative hierarchy of inhibitory responses to HLA-C has
been defined for KIR receptors with 2DL1, 2DL2 and 2DL3 providing progressively
decreasing levels of inhibition to NK cells in response to HLA-C ligation (Ahlenstiel et al.,
2008, Moesta et al., 2008, Winter et al., 1998). NK cell inhibition mediated by 3DL1:Bw4
interaction is considered a strong inhibitory interaction (Yawata et al., 2006). Because of the
inherent variability in inhibitory responses to HLA class I ligation, responsiveness of NK cells
to infection also varies greatly depends on the compound KIR/HLA genotype of individual
(Ahlenstiel et al., 2008, Alter et al., 2007). A number of activatory KIR (2DS1, 2DS2) also
bind to HLA class I, albeit with weaker affinity (Biassoni et al., 1997, Stewart et al., 2005) and
variation in the presence or absence of each is likely to influence NK cell function
considerably. While activatory KIR have similar specificities to their inhibitory counterparts,
their functional signalling properties are different as they promote NK cell activation (Alter et
al., 2007, Foley et al., 2008). When inhibitory signalling to NK cells is predominant over
activatory signalling, the cytotoxic behaviour of NK cells is inhibited. When activatory
signalling dominates over inhibitory signalling, the cytotoxic potential of NK cells against
target cells is increased. However, while the importance of the KIR:HLA system in
recognition of missing self and it’s control over NK cell function is considerable, other
receptor ligand systems are important (reviewed by O’Connor et al., 2006). For example, the
inhibitory NKG2/CD94 heterodimer forms an important inhibitory function on binding to
ligand HLA-E. Activatory signalling can arise from an array of other receptor systems such as
NCRs, NKG2D and NKG2C. The combined inhibitory and activatory functions of the wide
variety of receptor on NK cells ultimately sways the NK cell to target cells for lysis or not.
Thus, the influence of the KIR:HLA system over NK cell function must always be considered

with respect to the other systems involved (reviewed by O’Connor et al., 2006).
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2DL1 HLA-C2 Strong Less responsive

2DL2 (allele of 2DL3) | HLA-C1 Strong Intermediate responsiveness
2DL3 HLA-CI Weak Highly responsive

3DLI HLA-Bw4 | Strong Not established

Table 1.1 Summary of inhibitory KIR:HLA ligand specificities.

This table shows the specificities of inhibitory KIR for HLA class I ligands. The strength of
these receptor:ligand interactions are also shown. The functional outcome of strong and weak
KIR:HLA interactions has been established and compared for 2DL1 and 2DL3, but no direct
comparison has been made with 3DL1 due to the lack of functional comparison.
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1.5 NK cells, KIR and disease.

1.5.1 Viral infection

NK cells play key roles in resolution of viral infection which may depend on either direct or
indirect recognition of infection (reviewed by O’Connor et al., 2006). For instance, responses
of NK cells to infection can be partly accessory cell dependent. In contrast, direct recognition
of viral infection via HLA class I down-regulation on target cells as a T-cell evasion technique
has been well demonstrated and is now viewed as a major mechanism by which NK cells are

involved in viral clearance.

Both epidemiological and functional studies have demonstrated the importance of the
KIR:HLA receptor ligand system in controlling NK cell sensitivity and responsiveness to viral
infection. While some compound genotypes confer protection against infection, other
predispose. The 2DL3:HLA-C1 system is a compound genotype associated with Hepatitis C
(HCV) virus clearance, while 2DL1:HLA-C2 is associated with persistent infection (Khakoo
et al., 2004, Romero et al., 2008). It is likely that this reflects the functional difference
between the two systems, with 2DL1:HLA-C2 conferring stronger inhibitory responses than
2DL3:HLA-C1 (Ahlenstiel et al., 2008, Winter et al., 1998). In this situation, NK cells
depending on the 2DL3:HLA-C1 system are likely more responsive to alterations in HLA
class [ as a consequence of viral infection, or they are potentially more sensitive to activatory
stimuli arising from other receptor systems such as activatory KIR or NCRs. A recent in vitro
study of the impact of KIR:HLA compound genotype on clearance of Influenza A infection
has shown that the individuals with the 2DL3:HLA-C1 system secrete IFN-y at earlier time
points than those with the 2DL1:HLA-C2 system (Ahlenstiel et al., 2008). Together this data
demonstrates the functional significance of different KIR:HLA compound genotypes in viral
infection and indicates that genotypes which confer lower NK cell inhibitory threshold and
increased activatory potential are advantageous in terms of response to pathogen (reviewed by
Kulkarni et al., 2008). Indeed analysis of KIR and HLA receptor:ligand systems in other

infections such as human immunodeficiency virus (HIV) and cytomegalovirus (CMV) also
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points to the advantage of activatory over inhibition in response of NK cells to infection

(Cook et al., 2006, Kulkarni et al., 2008).

The immune response to HIV infection involves NK cells and the KIR and HLA system
(Kulkarni et al., 2008). In particular it has been observed that HIV+ individuals with slower
progression to acquired immunodeficiency syndrome (AIDS), tend to have 3DS1 (an allele of
3DL1) in association with HLA-B Bw4-80I. Furthermore, this was associated with lower
mean viral load in these patients and conferred protection against opportunistic infection
(Martin et al., 2002b, Qi et al., 2006). In functional terms, it has been shown that NK cells
expressing 3DS1 confer high inhibition against HIV replication in cells expressing Bw4-801
(Alter et al., 2007). This appears to be dependent on interaction between 3DS1 and HLA-
Bw4-80I but may also be indirect and involve HIV or stress peptide presentation. The
involvement of 3DS1 and Bw4 80I appears evident from several other disease association
studies (Boulet et al., 2008, Long et al., 2008, Ravet et al., 2007). Again this data points to the
advantage of activatory NK cell phenotypes in terms of dealing with viral infection. However,
analysis of 3DL1 high and low expressing alleles in a cohort of HIV infected patients shows
that those with high expressing alleles along with Bw4-80I ligand have lower mean viral loads
and slower progression to AIDS than others lacking this compound genotype (Martin et al.,
2007). In contrast to the findings for 3DS1, these finding indicate that NK cells expressing
highly inhibitory receptors confer greater protection to HIV infection. This would also appear
somewhat contradictory to what has been observed in the case of HCV infection, where lower
inhibitory and more activatory phenotypes were associated with stronger clearance of
infection (Khakoo et al., 2004). However, it has been shown that 3DL1 in the presence of
homozygosity for its ligand is associated with increased functional responses of NK cells than
those without (Kim et al., 2008). It is likely that increased ‘licensing’ of NK cells gives rise to
NK cells which respond more aggressively to HLA class I down-regulation (Kulkarni et al.,
2008). Together this data in consistent with a model for the role of NK cells in response to
viral infection whereby NK cells with more sensitive and indeed more activatory and less
inhibitory receptor:ligand systems deal with infection such as HIV, HCV and Influenza A

more effectively than NK cells in individuals lacking these important systems.
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1.5.2 Autoimmunity

While activatory KIR:HLA systems promote protection in the face of viral infection, the
opposite appears true in the case of autoimmunity/inflammatory diseases. Epidemiological
data strongly suggests KIR/HLA class I ligand combinations which confer high inhibition to
NK cells are protective in autoimmunity, while combinations which confer less inhibition and
more activation of NK cells, appear to contribute to development of certain autoimmune
conditions. For instance, 2DS2 in the presence of its ligand, HLA-C1, has been implicated in
an array of autoimmune diseases including susceptibility to Type I diabetes, and psoriatic
arthritis (Nelson et al., 2004, van der Slik et al., 2003). In several other disease associations,
2DS2 has also shown strong association with susceptibility, e.g. rheumatoid vasculitis and
scleroderma (Momot et al., 2004, Yen et al., 2001). Other activatory KIR also show
associations with autoimmune conditions. 2DS1 has been found to be associated with psoriasis
and psoriatic arthritis (Luszczek et al., 2004, Martin et al., 2002c, Nelson et al., 2004). These
studies all point to the activatory KIR playing a destructive role in the context of
autoimmunity. On the other hand, so called “protective” genotypes have been found; i.e.
KIR:HLA associations which confer protection to autoimmunity. For instance both the
3DLI1:HLA-Bw4 and 2DLI1:HLA-C2 systems and their sub-variants are associated with
protection against primary sclerosing cholangitis and birdshot retinopathy (Karlsen et al.,
2007, Levinson et al., 2008) . In functional terms, both 2DL1:HLA-C2 and 3DL1:HLA-Bw4
are considered strong inhibitory systems (Aldrich et al., 2001, Kim et al., 2008, Winter et al.,
1998), characteristics which are likely beneficial in terms of protecting against autoimmune
conditions. Overall, a trend is emerging that while activatory KIR predispose to autoimmunity,
stronger inhibitory systems are more protective (Kulkarni et al., 2008). This contrasts directly

with the role of KIR in immune response to virus.

1.5.3 Cancer

An important role of NK cells is identification and clearance of transformed cells. Numerous
studies point to the importance of the KIR:HLA system in various forms of cancer. However,

the findings are not as clear-cut as those observed in viral infection and autoimmunity. For
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instance, while more inhibitory and weakly activatory KIR genotypes predispose to
melanoma, leukaemia and nasopharyngeal carcinoma (Naumova et al., 2007, Naumova et al.,
2005, Verheyden et al., 2004, Butsch Kovacic et al., 2005), they appear to be protective
against cervical neoplasia and Hodgkin’s lymphoma (Carrington et al., 2005, Besson et al.,
2007). It is likely that these seemingly contradictory findings reflect whether or not there is an
inflammatory component to specific diseases. It appears that more activatory and weakly
inhibitory KIR repertoires are likely to promote elimination of tumour cells which have lost
HLA class I expression in situations where there is not inflammatory component. However,
where inflammation contributes to predisposition to cancer, activatory KIR may represent a

clear disadvantage (reviewed by Kulkarni et al., 2008).

1.5.4 Pregnancy and associated syndromes

Uterine NK (utNK) cells represent the predominant leukocyte present in the maternal uterine
mucosa during pregnancy, constituting ~70% of resident lymphocytes (Koopman et al., 2003).
UtNK cells may play an important role in maintaining the mucosa and providing stability to
blood vessels within this region. Production of cytokines important in vascular stability and
angiogenesis by this subset lends support to a role in cyclical renewal of endometrium and
menstrual breakdown. They may be involved in modifying the spiral arteries in the decidua
during pregnancy. It is also believed that utNK cells may provide a mechanism whereby the
maternal immune system recognizes trophoblast cells and control their level of invasion

(Moftett-King, 2002 and references therein).

Similar to their peripheral blood counterparts, utNK cell function is controlled by a wide range
of cell surface receptors. UtNK cells express receptors for HLA class I molecules expressed
on exclusively extravillous trophoblast cells and not any other trophoblast cell type.
Specifically, NKG2A:CD94, KIR2DL4 and LILRB1 and KIR2D receptors expressed on utNK
cells respectively recognize HLA-E, HLA-G and HLA-C molecules expressed at the cell
surface of trophoblast cells. While the 2DL4:HLA-G receptor ligand system is not essential
for successful pregnancy outcome (Gomez-Lozano et al., 2003), it has been shown that

interaction of KIR2DL4 with HLA-G culminates in increased expression of pro-inflammatory
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and pro-angiogenic cytokines. This may represent a means by which placental blood supply
may be increased during pregnancy (Rajagopalan et al., 2006). Given that LILRBI is
expressed on both utNK and myelomonocytic cells present within the decidua, recognition of
trophoblast HLA-G by this receptor may facilitate another wave of signals to the maternal
immune system via two different cell types (Moffett and Loke, 2006). Likewise, the presence
of the CD94:NKG2A heterodimer may provide inhibitory signals to utNK cells on recognition
of trophoblast HLA-E, thereby preventing potential cytotoxic behaviour of utNK cells. HLA-
C represents the only polymorphic HLA class I receptor system expressed by trophoblast cells,
receptors of which are 2D KIR. Hence, depending on the haplotype makeup of maternal KIR
and paternal HLA-C genotype, the potential for variable interactions between trophoblast

ligand by KIR2D receptors of maternal utNK cells and subsequent function is immense.

Since the mid 1990’s, it was suggested that interactions between NKR and trophoblast HLA
class I could potentially explain many observations surrounding allorecognition during
pregnancy (King et al., 1997). Preliminary evidence suggested that NKR:HLA interactions
may be involved in protection of foetal trophoblast cells from NK cell mediated lysis during
normal pregnancy (Avril et al., 1999, Zdravkovic et al., 1999). Given its restricted placental
distribution and being a ligand for three inhibitory NKRs, HLA-G initially seemed an obvious
candidate and expression of this molecule protects cells from lysis by NK cell clones.
However, HLA-G is not considered to represent the main mode of protection against cell lysis
(Bainbridge et al., 2001). Interestingly, recent evidence point towards such an interaction as
promoting increased blood supply to the foetus (Rajagopalan et al., 2006). It has been
hypothesized that the degree of trophoblast cell invasion and the consequent level of increased
placental blood flow may depend on the type(s) of KIR:HLA interaction taking place
(Moffett-King, 2002). It has been shown that a combination of maternal AA KIR genotype
and HLA-C2 foetal genotype leads to an increased incidence of preeclampsia (Hiby et al.,
2004). Of interest if the fact that HLA-C2 binds stronger to its cognate ligand than —C1 and
the AA genotype is highly inhibitory. Emerging from this, is the hypothesis that high-
inhibition of NK cells causes trophoblasts to prematurely halt the remodelling of maternal
spiral arteries, thereby increasing the risk of preeclampsia (Figure 1.7). However, only a
minority of cases of preeclampsia are associated with KIR and HLA and given the complexity

of these systems, it is likely that a greater spectrum of predisposition due to interactions
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Figure 1.7 The role of KIR in pregnancy and associated syndromes.

(a) The human pregnant uterus (adapted from Moffett and Loke, 2006). (B) Remodelling of
spiral arteries during pregnancy. In normal pregnancy (right panel) , the spiral arteries of the
uterine tissue are remodelled due to interactions between NK cells and foetal trophoblast. This
is associated with invasion of foetal trophoblast cells into the deciduas and successful
pregnancy. In some cases, spiral remodelling is more restricted resulting in preeclampsia
(adapted from Parham, 2004). (c) Hypothetical interaction of extravillous trophoblast cells
(EVT) with uterine NK cells. Association of Preeclampsia with KIR AA genotype and the
presence of foetal HLA-C2 is shown. KIR 2DL1 expressed on utNK cells interacts with HLA-
C2 on EVT (extravillous trophoblast cell) leading to a strong inhibitory interaction which
favours preeclampsia in the absence of compensating activating KIR. A similar strong
inhibitory interaction is associated with recurrent miscarriage. The ‘A’ KIR haplotype,
characterised by a limited number of activatory KIR, is shown (adapted from Parham, 2004).
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between these molecules take place, but have yet to be detected (Hiby et al., 2004, Parham,
2004).

Interactions between polymorphic NKR and HLA molecules have been investigated in the
context of recurrent miscarriage (RM) in recent years. It has been proposed that in absence of
appropriate interactions between HLA ligands on extravillous trophoblast cells and receptor(s)
on utNK cells, anti-trophoblastic cytotoxicity may not preventable (Varla-Leftherioti, 2005).
While this is an attractive hypothesis, findings from studies into RM have been somewhat
inconsistent. For example, while some studies had shown an increase of certain HLA-G alleles
in RM patients, there is disagreement over which alleles are increased (Abbas et al., 2004,
Aldrich et al., 2001, Hviid et al., 2002, Pfeiffer et al., 2001). Other studies show no association
with either HLA-C or HLA-G (Christiansen et al., 1997, Kanai et al., 2001, Karhukorpi et al.,
1997, Steffensen et al., 1998, Yamashita et al., 1999). Novel approaches have involved the
analysis of both the NKR and HLA class I repertoire women and their partners. A higher
percentage of aborting women possessed a limited inhibitory KIR repertoire and/or lacked
their partner’s inhibitory KIR leading to the hypothesis that a limited inhibitory KIR repertoire
may increase the risk of RM (Varla-Leftherioti et al., 2003). Epitope matching between
maternal KIR and foetal HLA-C alleles was also found to be absent in many cases of RM
(Varla-Leftherioti et al., 2005). These studies support a disease model in which activatory
signals send to utNK cells are not balanced by additional inhibitory KIR signalling, a process
which could lead to increased cytotoxicity against foetal extravillous trophoblast (Varla-
Leftherioti, 2005). A number of recent studies support a process where increased activatory
and lower inhibitory KIR repertoires predispose to recurrent miscarriage (Faridi et al., 2009,
Vargas et al., 2009, Wang et al., 2007). However, these studies contrast somewhat with the
findings of Hiby et al.(Hiby et al., 2008), where activatory repertoires are associated with
successful pregnancies. A study into the role of the 2DL4:HLA-G receptor ligand system
shows reduced 2DL4 expression on utNK cells from recurrent miscarriage women, a feature
likely conferring reduced utNK cell cytotoxicity in these patients(Yan et al., 2007). Emerging
from these studies is the view that NK cell activation (but not over-activation) promotes
successful reproductive outcome by preventing both recurrent miscarriage and preeclampsia

(Kulkarni et al., 2008, Parham, 2008).
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Despite this compelling data, studies looking at KIR polymorphism of patients and controls
have not found an association with RM. Recently, it has been demonstrated that KIR2DL4 (a
receptor for HLA-G) is not essential for successful pregnancy outcome (Gomez-Lozano et al.,
2003) . However, additional evidence point towards HLA-C and KIR receptors playing a role
in RM. Looking at peripheral blood NK cells, a decreased frequency of 2DL1/2DS]
expression was found in women with RM compared to controls (Yamada et al., 2004), while
studies have revealed higher frequencies of utNK cells expressing HLA-C specific inhibitory
KIR 1is successful pregnancy compared with RM (Verma et al., 1997). However, caution is
urged when extrapolating results from non uterine NK cells subsets, given their contrasting
properties and functions (Moffett et al., 2004). In addition to KIR:HLA interactions, it is likely
other receptor types expressed on utNK cells may have important roles in pregnancy
success/failure. Expression of activatory receptors such as NCRs (NKp30, NKp44 and
NKp46) and NCR co-receptors (LFA-1, NKG2D, 2B4) on utNK cells has been confirmed
(Kopcow et al., 2005, Lewis et al., 2002). Overall it is likely that the ability of utNK cells to
recognize extravillous trophoblast may underlie and precede any communication and co-
operation between these two cell types. Variability within the KIR and HLA class I systems
may present situations where recognition and interactions may not be possible or result in
outcomes which are not conducive to normal pregnancy. Uterine NK cells are also equipped
with an array of other receptors, interactions with which may form an integral part of

pregnancy or variations on which may impinge on successful reproductive outcome.

1.6 Origins, Evolution and Diversity of the KIR Loci

For a species to avoid extinction, resistance to infection and successful reproduction are
essential. Reproduction became viviparous (i.e. giving birth to live young) in mammals
approximately 220 million years ago with placental reproduction beginning to evolve
approximately 100 million years ago (reviewed by Parham 2004). Both immune and
reproductive systems have evolved in this time resulting in mammalian species divergent in
both respects. In terms of their functions, both systems exhibit similarities in which both are

involved in destruction, disinfection and reconstruction of damaged tissues (Parham, 2004).
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NK cells, and specifically the KIR:HLA receptor:ligand system are believed to be key players
in both processes. The characteristics of this system have been investigated in recent years and
findings suggest a relatively recent evolutionary origin of the KIR gene family and a strikingly

rapid diversification in primates such as humans (Parham, 2008).

1.6.1 The Leukocyte receptor complex (LRC)

The KIR gene family lies within the leukocyte receptor complex (LRC; Figure 1.8). The
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