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Introduction

Summary

The functions of human natural killer (NK) cells are controlled by diverse
families of antigen receptors. Prominent among these are the killer cell
immunoglobulin-like receptors (KIR), a family of genes clustered in one of
the most variable regions of the human genome. Within this review we dis-
cuss the vast polymorphism of the KIR gene complex which rivals that of
the human leucocyte antigen (HLA) complex. There are several aspects to
this polymorphism. Initially there is presence/absence of individual KIR
genes, with four of these genes, termed framework genes, being present in
all individuals tested to date, except on those very occasional instances when
the gene has been deleted. Within each gene, alleles are present at different
frequencies. We provide details of a new website that enables convenient
searching for data on KIR gene, allele and genotype frequencies in different
populations and show how these frequencies vary in different worldwide
populations and the high probability of individuals differing in their KIR
repertoire when both gene and allele polymorphism is considered. The KIR
genes present in an individual may be classified into A and/or B haplotypes,
which respectively have a more inhibitory role or a more activating role on
the function of the NK cell. Family studies have been used to ascertain the
make-up of these haplotypes, inclusion of allele typing enabling determina-
tion of whether one or two copies of a particular gene is present. In addition
to genetic diversification the KIR gene complex shows differences at the
functional level with different alleles having different protein expression
levels and different avidity with their HLA ligand.

Keywords: genotypes; haplotypes; HLA ligands; killer cell immunoglobulin-
like receptors; natural killer cells; transplantation; website

which formulated that NK cells recognize and, thereafter,
eliminate cells that fail to express self-MHC molecules.

Human natural killer (NK) cells are bone marrow-derived
lymphocytes that share a common progenitor with
T cells, do not express antigen-specific cell surface recep-
tors and comprise 10-15% of all circulating lymphocytes.
Owing to their early production of cytokines and chemo-
kines and their ability to lyse target cells without prior
sensitization (hence the term ‘natural killer’ cells), NK
cells are crucial components of the innate immune sys-
tem, providing a first line of defence against infectious
agents." The NK cells were discovered as a result of their
ability to kill certain tumour cell lines that expressed little
or no major histocompatibility complex (MHC) class 1
molecules.”> This led to the ‘missing-self hypothesis,

The cytolytic activity of human NK cells is modulated
by the interaction of inhibitory and activatory membrane
receptors, expressed on their surface, with MHC class I
antigens expressed by host cells. The receptors belong to
two distinct families, the C-type lectins-like group (CD94:
NKG2) mapping to chromosome 12ql.3-13.4 and the
immunoglobulin-like super family consisting of the killer
cell immunoglobulin-like receptors (KIR), leucocyte
immunoglobulin-like receptors and the leucocyte-associ-
ated immunoglobulin-like receptors mapping to chromo-
some 19q13.4.°° Whereas the other gene families are
believed to have limited polymorphism, KIRs show exten-
sive polymorphism. The genes encoding the KIR receptors

© 2009 Blackwell Publishing Ltd, Immunology, 129, 8-19



are clustered in one of the most variable regions of the
human genome in terms of both gene content and
sequence polymorphism. This extensive variability gener-
ates a repertoire of NK cells in which KIR are expressed
at the cell surface in a combinatorial fashion. Interactions
between KIR and their appropriate ligands on target cells
result in the production of positive or negative signals,
which regulate NK cell function.®” Interestingly, the
human leucocyte antigen (HLA) ligands for KIR genes are
highly polymorphic whereas those for CD94-NKG2 are
not. Variation in KIR is the result of gene and allele con-
tent, giving rise to haplotype diversity and leading to a
staggering number of different genotypes. Genotype is
defined as the repertoire of KIR genes present in an indi-
vidual. This diversity is compounded by functional diver-
sity (variegated expression, ligand-binding specificity and
inhibitory strength). A few years ago a clearer picture
emerged of the genomic organization of the KIR®® and
the extent of KIR diversity within the human popula-
tion,'®'" leading to a search for potential consequences
for human disease, infection and outcomes in stem cell
transplantation.'*™*

Nomenclature

To date, 15 distinct KIR gene loci (including two pseudog-
enes KIR2DP1 and KIR3DP1) have been identified, which
vary with respect to their presence or absence on different
KIR haplotypes, creating considerable diversity in the num-
ber of KIR genotypes observed in the population. Some
confusion arises with the number of KIR genes that are
mentioned in publications. The distinction between what
are individual genes and what are alleles of the same gene
has not always been clear. This is compounded by the fact
that genes with separate names, KIR3DLI and KIR3DSI are
now taken as allelic. Similarly 2DL2 and 2DL3 are also alle-
lic and so some publications may refer to 17 KIR genes.
This has been noted by the nomenclature committee who
although they still name alleles as either KIR3DLI or
KIR3DSI, use a non-coinciding numbering system for
these alleles.'”” However, this does not happen for
KIR2DL2/2DL3. In the present review we refer to these
genes as 2DL2/3 and 3DLI1/S1. Each KIR gene encodes
either an inhibitory or an activating KIR, except KIR3DL1/
S1, which encodes one or the other depending on which
allele is present, and KIR2DL4, which shares structural fea-
tures with both inhibitory and activating KIR.'®

The names given to the KIR genes by a subcommittee
of the World Health Organization Nomenclature Com-
mittee for Factors of the HLA System, are based on the
structures of the molecules they encode (Fig. 1)."” The
KIR genes have either two or three extracellular immuno-
globulin domains, called 2D or 3D and either a long (L)
or a short (S) intracellular domain. The first digit follow-
ing the KIR acronym corresponds to the number of
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Figure 1. Nomenclature of killer cell immunoglobulin-like receptors
(KIR) genes and alleles.

immunoglobulin-like domains in the molecule and the
‘D’ denotes ‘domain’. The D is followed by either an ‘L’,
indicating a ‘Long’ cytoplasmic tail, (these proteins have
inhibitory function), or ‘S’ indicating a ‘Short’ cytoplas-
mic tail, (these proteins have activating function), or a ‘P’
for ‘pseudogene’. The final digit indicates the number of
the gene encoding a protein with this structure. Where
two or more genes have very similar structures and have
very similar sequences, they may be given the same num-
ber but distinguished by a final letter, for example, the
KIR2DL5A and KIR2DL5B genes.'” KIR alleles are named
in a similar fashion to alleles of the HLA system (Fig. 1).
Hence, the first three digits distinguish alleles differing in
exon sequences that lead to non-synonymous changes.
(The HLA nomenclature is on the point of being changed
to allow for the expansion in the number of alleles). The
next two digits indicate alleles that differ in exon
sequences leading to synonymous changes and the last
two digits are used for those alleles that only differ in an
intron, promoter or other non-coding region.

Ligands

The HLA class I molecules act as ligands for some of the
KIR genes. The alleles of the HLA-C locus can be distin-
guished into two groups of ligands (Cl and C2) by the
amino acid present at position 80 of the molecule with
approximately 50% of alleles being in each group. HLA-C
group 1 with asparagine at position 80 provides the ligand
for KIR2DL2 and KIR2DL3, whereas HLA-C group 2 with
lysine at position 80 provides the ligand for KIR2DLI.
Recently it has been shown that whereas KIR2DLI has
only interaction with HLA-C2 group, KIR2DL2, and to a
weaker extent KIR2DL3, also bind to HLA-C2 group.'®
KIR3DLI has specificity for the HLA-Bw4 epitope at
residues 77-83, present on some HLA-A molecules in
addition to many of the HLA-B alleles as each HLA-B
allele has a Bw4 or Bwo6 epitope. KIR3DL2 has as its ligand
HLA-A3 and HLA-All allele families but only when
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certain virally derived peptides are loaded and HLA-G is
the ligand for KIR2DL4. As all individuals will carry an
HLA-C allele, HLA-C may be more important in the
regulation of NK cells.

Methods to detect KIR genes

As many of the laboratories interested in typing for pres-
ence/absence of KIR genes were histocompatibility labora-
tories the tendency was to use methods familiar to the
laboratory, i.e. sequence-specific primers (SSP)'*™* and
sequence-specific oligonucleotide probes (SSOP).> How-
ever, these methods are not able to determine the number
of gene copies present. Allele typing is limited and has
been performed in only a few laboratories. Continuous
discovery of new alleles and the difficulties inherent
because of similarity in sequences, even between alleles of
different genes, requires constant revision of the SSP and
SSOP typing systems. As a result, some laboratories have
resorted to sequencing for allele determination whereas
others have used mass spectrometry or real-time reverse
transcription—polymerase chain reaction, which not only
could prove useful for allele determination but also for
determining copy number of either gene or allele.**>°
Recently, we reported a KIR allele discrimination method
using a high-resolution melting technique, which
bypassed the primer design restrictions imposed in SSP
systems and allowed identification of alleles that had
previously given ambiguous typing results by SSOP.*

Website and KIR genotypes

A website initially set up to contain data on frequencies
of HLA alleles in global populations has been extended to

include KIR frequency data. The website http://www.
allelefrequencies.net is freely available and contains at
present KIR data from 172 populations (19 640 individu-
als).?® Most of the data are taken from publications and
reference to the publication and demographic details of
the populations are given on the website. The data are
available in two formats; KIR gene or allele frequencies
(Fig. 2) and KIR genotypes (i.e. presence or absence of
KIR genes) (Fig. 3). Phenotypic frequencies (number of
individuals in a population having that gene or allele) are
given as percentages and allele frequencies are given in
three decimal format. Also available on the website are
KIR typing results, including allele typing, of 84 Interna-
tional Histocompatibility Workshop (IHW) cell lines and
12 Centre d’Etude du Polymorphisme Humain (CEPH)
families from the 13th THW.

The reader is referred to this website, which is regularly
updated and contains different methods of sorting data.
This review contains a brief summary of the data therein;
355 different genotypes have been reported in 10 040
individuals from 95 populations. Figure 3 shows the most
common genotypes. The genotypes have been labelled as
AA or Bx where x can be either an A or B haplotype.
This is because of the difficulty, without family studies, of
distinguishing in the presence of a B haplotype whether
the other haplotype is A or B. Table 1 shows distribution
of genotypes by geographic region. Only two genotypes
occurred in all 10 geographic regions and only one
genotype occurred in all populations. Ten genotypes are
common, being reported in more than 50 of the 95 pop-
ulations and representing 7341 (73-1%) of the total of
individuals tested, whereas 178 genotypes only occurred
in one population, 166 of these in only one individual
(Table 2).

Locus: [3DL1 =] Starting Allele: |3D|-1 "l Ending AIIeIe:|3DL1*044 "I

Select specific alleles

3

Populations:|AII populations

EI Country: |AII countries

=

Region: |All regions -i Ethnic origin;IAII ethnicities vl Sample Year: IAIIyears "I Sort by: |Allele Frequency -I Searchl

Displaying 1 to 100 (from 1337) records Pages: 123456789100f 14 b i X
Line  Allele Population fr:(:‘jer‘:ctﬁ‘j/o) fre'ztﬂﬁcy sample IR Distribution
1 3DL1*01502 [l Venezuela Bari KIR 0-550 NN 80 See 1
2 3DL1*01502 (@, South Korea KIR 0-507 NN 154 See ot
3 3DL1*01502 e Thailand Bangkok KIR 0-480 NN 119 See 1
4 3DL1*01502 @ Japan KIR pop3 0457 HEEEE 132 See 1
5 3DL1*01502 E USA California Asian American pop 2 KIR 0-437 37 See o
6 3pL1*00101 BB USA Caucasian NMDP KIR 0-338 N 75 See i

Figure 2. Killer cell immunoglobulin-like receptors (KIR) allele frequency search.
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Haplotype Genotype
Group 1D
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Figure 3. Most common killer cell immunoglobulin-like receptors (KIR) genotypes reported in http://www.allelefrequencies.net.

Haplotypes

Genotypes can be resolved into two broad haplotypes
termed A and B based on KIR gene content and this
grouping is referred to in many analyses. A 24-kilobase
band is present in group B and absent in group A using
HindIII digestion and Southern blot analyses.'” The basis
of each A or B haplotype consists of four framework
genes, found, with very few exceptions, to be present in
all individual tested to date: KIR2DL4, KIR3DL2,
KIR3DL3 and KIR3DPI. Duplication and deletion of
genes have led to many different haplotypes, examples of
which are shown in Fig. 4. Full haplotype-length sequenc-
ing has been performed for KIR haplotypes, showing the
order of the genes on each haplotype to be KIR3DL3 at
the centromeric end, KIR3DL2 at the telomeric end and
KIR2DL4 in the middle.>>*” The A haplotype is generally
non-variable in its gene organization, using up to eight
genes: those of the framework and KIR2DLI, KIR2DL3,
KIR2DS4 and KIR3DLI. Indeed, one genotype consisting
of two identical A haplotypes with all eight genes, is pres-
ent in all 95 populations with available genotyping data,
a total of 3019 (30-1%) individuals (Fig. 5). Occasionally
AA genotypes have one of the genes normally present on
an A haplotype missing. The B haplotype is defined by
the presence of one or more of the genes encoding acti-
vating KIRs, KIR2DS1/2/3/5, KIR3DSI and the genes

Table 1. Distribution of killer cell immunoglobulin-like receptors
(KIR) genotypes by geographic region

encoding inhibitory KIRs, KIR2DL5A/B and KIR2DL2.
Hence, variability on the B haplotype is created mainly by
the presence or absence of the genes and, to a lesser
extent, by alleles whereas in the A haplotype it is very
exceptional to have variability in gene content but there
is much more allele variability. Corresponding to this is
the fact that it is the inhibitory genes that, in the main,
have more alleles than the activating genes. Of the 335
alleles reported to date, 243 are from the inhibitory genes,
whereas 79 are from the activating genes.'>*® The remain-
ing 13 alleles are contributed by the pseudogenes
KIR2DPI1 and KIR3DPI. It is not known if the B haplo-
type, with its many gene arrangements, does not require
allele polymorphism or if natural selection has acted
against variability at the allele level of these genes
because of possible autoimmune destruction. It has been
suggested that the activating KIR genes evolved from
inhibitory KIR genes and are short-lived in comparison
with the genes encoding the inhibitory KIR and so there
may not have been enough time for polymorphism to
develop.”’

KIR3DPI1 and KIR2DL4 divide the centromeric from
the telomeric parts of the haplotype. Within each of these
two regions there is extensive linkage disequilibrium (see
also section on KIR alleles). For example a recent report
has shown that in 27 global populations the average
linkage disequilibrium is nearly complete (Cramer’s V

Table 2. Distribution of killer cell immunoglobulin-like receptors

Region Populations  Genotypes  Individuals (KIR) genotypes by population

Asia 21 157 2076 Genotypes Populations Individuals
Australia 1 6 42

East Europe 6 134 1067 178 1 200
Middle East 8 105 1028 41 2 116
North Africa 1 22 67 33 3 154
North America 5 66 599 13 4 82
Pacific 8 86 387 5 5 34
South and Central America 21 136 2046 39 6-10 597
Sub-Saharan Africa 6 55 407 36 11-50 1516
Western Europe 18 136 2321 10 > 50 7341
Total 95 10 040 Total 355 10 040

© 2009 Blackwell Publishing Ltd, Immunology, 129, 8-19 1
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Figure 4. Two groups of killer cell immunoglobulin-like receptors (KIR) haplotypes (a and b).

statistic = 0-99) between centromeric B haplotype loci example Cramer’s V statistic = 0-1 for KIR2DL2 and
KIR2DL2 and KIR2DS2 and very strong (Cramer’s V sta- KIR3DSI (J. A. Hollenbach, A. Meenagh, C. Sleator et al.,
tistic = 0-92) between the telomeric genes KIR3DSI and submitted).

KIR2DSI1. However, much less linkage disequilibrium is In a previous report on 77 families in Northern Ireland
found between centromeric and telomeric parts; for (plus an additional 27 families added more recently) we

KIR database » Genotype reference

Specific populations:

Haplotype group: All = | Genotype ID: All =] Country: IAII EPops: |: 'I All_=| Order by: IGroup v!

Genotype: 3DL1 2DL1 2DL3 2DS4 2DL2 2DL5 3DS1 2DS1 2DS2 2DS3 2DS5 2DL4 3DL2 3DL3 2DP1 3DP1
I | O e O O e s e e s e | e -

[1 = Positve, 0 = Negative, n = not tested, leave blank for not known]

Haplotype group | Genotype ID | 3DL1 | 2DL1| 2DL3|2Ds4 | 2DL2| 2015 | 3Ds1 | 2Ds1| 2Ds2 | 2083|2085 | 2DL4] 3DL2 | 3DL3 | 2DP1| 3DP1 Populationsllndividuals]
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3 7
4 10
6 16
1 27
4 4
95 3019

- = . =
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Figure 5. Killer cell immunoglobulin-like receptors (KIR) genotype search.
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examined KIR genes and alleles, making it possible to
ascertain if an individual had one or two copies of the
gene, although it was necessary to make some assump-
tions.”> Gene content was first ascertained®® and those
genes present were allele typed.”>” Of the 418 haplotypes
of the parents of the 104 families (haplotype information
was derived from three parents in one family), there were
122 different haplotypes, taking into account both genes
and alleles. Of these, 48 were A and 74 were B. Sixty-six
haplotypes only occurred on one occasion. In total, 230
(55%) of haplotypes were A and 188 (45%) were B. The
percentage of individuals who were homozygous for the
A haplotype was 32:3%, the percentage homozygous for
the B haplotype was 12-:1% and 55-6% of individuals had
both A and B haplotypes. B haplotypes have previously
been shown to be more prevalent in non-Caucasian pop-
ulations such as Australia Aborigines and Asian Indi-
ans,**™** whereas in Caucasian populations approximately
55% of the population will have A haplotypes and 30%
have two A haplotypes.** It is believed that populations
with higher frequencies of B haplotypes will be those
under strong pressure from infectious diseases. The addi-
tion of 27 new families to the haplotype study resulted in
the definition of 19 new individual haplotypes, some of
which occurred more than once. This would indicate that
even in a small ethnically homogeneous population, the
number of families (77 in the original report) needs to
be greatly increased to cover all potential haplotype
variation.

It is important to note that genes normally associated
with the A haplotype can also be found on the B haplo-
type. These genes, KIR3DLI, KIR2DS4, KIR2DLI,
KIR2DL3, were present on 102, 99, 113 and 52 of the 188
B haplotypes, respectively. Ninety-six B haplotypes had
both KIR3DLI and KIR2DS4.

The only activating gene, bar KIR2DL4, on the A hap-
lotype is KIR2DS4. There are two versions of KIR2DS4,
one with the full sequence and one with a short deletion.
The deleted version has a 22-base-pair deletion in exon 5,
which causes a frame shift leading to a stop codon in
exon 7% and it is believed that this version is not
expressed at the cell surface. The deleted version
(KIR2DS4 alleles *003,004,006,007) is quite common, at
80% in the Northern Ireland population, nearly 60% of
the population having only the deleted KIR2DS4. How-
ever, there is a trend for decreased frequency of the
deleted version in those populations that are homozygous
for the A haplotypes.”® Interestingly we found that 30
(62-5%) of the different A haplotypes and 155 (67-4%) of
total A haplotypes contained both a deleted version of
KIR2DS4 and a deleted version of KIR2DL4, (2DL4-9A).
Consequently, in those individuals who have the genotype
AA, 43-1% did not have an activating KIR, leading to
13-:9% in the overall population not having an activating
receptor.

© 2009 Blackwell Publishing Ltd, Immunology, 129, 8-19
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The tightly clustered KIR genes possess a high level of
sequence homology, which would facilitate unequal cross-
ing over producing high levels of insertion, deletion and
recombination of KIR loci resulting in shorter or longer
haplotypes and facilitating rapid diversification of the KIR
gene complex.”” Two studies identified two copies of both
KIR2DL4 and KIR3DLI/SI on one haplotype.***’ Further
work on this topic showed that 4-5% of Caucasian indi-
viduals had a recombinant allele of the pseudogene
KIR3DPI that associated strongly with gene duplications
of KIR2DL4 and KIR3DL1/S1 and was possibly formed by
recombination of KIR3DPI and KIR2DL5A.*° The reci-
procal haplotype lacking the KIR3DLI/SI and KIR2DS4
was also found in an individual from Northern Ireland.
Again emphasizing possible unequal recombination, we
have reported a haplotype which has two alleles of
KIR2DL5A.*

The haplotype with the framework genes KIR2DL4 and
KIR3DL1/S1 deleted has been completely sequenced and
showed to be comprised of five genes, KIR3DL3,
KIR2DL3, KIR2DPI, a novel KIR2DL1/2DS1 gene and
KIR3DL2.' This novel gene is also reported in a
haplotype in a CEPH family from Utah, which has only
four complete KIR genes. In this haplotype it is present
with another novel gene, KIR2DL3/2DP1 situated between
the two framework genes KIR3DL3 and KIR3DL2.”'
Screening for the two hybrid genes in different ethnic
populations found the KIR2DLI/2DS1 hybrid gene in an
African American and a Canadian individual and similar,
though not identical, hybrid genes to the KIR2DL1/2DS]
and KIR2DL3/2DPI genes, in other populations.’’

Gene frequencies in different populations

Framework genes are present with very few exceptions in
all individuals; the only published exceptions being for
KIR2DL4: one CEPH family member,”> one from the
Bubi population on Bioko Island Equatorial Guinea®* and
two from South Asia.** However, in our study on families
we found two haplotypes, on different individuals, in
which KIR2DL4 was not present.”” In addition, individu-
als have been reported to the website as being negative
for KIR2DL4 (n=1), KIR3DL2 (n=13), KIR3DL3
(n=10) and KIR3DPI (n =15). Some of these reports
may be the result of inaccurate typing, which is also
possible for some of the genotypes that only occur in one
individual: we have taken all data published at face value
but are actively pursuing ways of analysing the data to
take accuracy into account. Other individuals negative for
these genes may be the result of gene deletions, as men-
tioned in the previous section.

The genes encoding inhibitory KIR are nearly always
present in populations at frequencies greater than 90%.
The exceptions are those on the B haplotypes; KIR2DL2
and the KIR2DL5 genes, KIR2DL5A and KIR2DL5B. More

13
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detailed analysis can be performed on the website but in
general it can be seen that it is the indigenous popula-
tions, especially Aborigines and Amerindians, who have
outlying frequencies. For example, KIR2DL2, which is
generally present at 40-60%, is absent in the Taiwan Tar-
oko Atayal population, but present at 96% in the Papua
New Guinea Nasioi. KIR3DLI has generally very high fre-
quencies (> 90%) with 10 populations having a frequency
of 100%, but some populations have lower frequencies;
Australia Aborigines (55%), Papua New Guinea Nasioi
(59%), Brazil Amazon (65%).

Activating KIR show much greater variation in their
presence/absence in different populations. For example
KIR2DSI has four populations with greater than 80%
frequency (Australia Aborigines, Brazil Amazon, Brazil
Rodonia Province Karitiana and Papua New Guinea
Nasioi) but three African populations with < 10%; Central
Africa Republic Bagandu Biaka, Ghana and Nigeria Enugu
Ibo. Similarly, KIR2DS2 has high frequencies (> 70%) in
nine populations (e.g. Australia Aborigines, South Africa
San and Xhosa and populations from India) but very low
frequencies in Japan (8-5-16-0%), South Korea (16-9%)
and China (17-3%). In some of the South American
Amerindian populations KIR2DS3 is absent — Argentina
Salta Wichis, Mexico Tarahumaras, Venezuela Bari and
Venezuela Yucpa.”’>>* The frequency of this gene is also
low in Japan and China. The KIR2DS4 gene is present in
seven populations at 100% — either from Africa or African
Americans in USA. However, it has also low frequen-
cies — Costa Rica (31%), Australia Aborigines (52%),

Taiwan (59-4%). Selection against having KIR3DSI has
been reported in African populations® with KIR3DSI
present in San (2-2%), Xhosa (4-0%), Nigeria (3-4% and
6-3%), Senegal (4-0%), Kenya (0-7%), Ghana (4-9%),
Central Africa Republic Bagandu Biaka (2:9%). Global
phenotype frequencies of KIR3DSI are shown as an exam-
ple of how the data can be represented (Fig. 6). Obviously
there is a close inverted correspondence between the fre-
quencies of KIR3DLI and KIR3DSI in an individual popu-
lation. A very small percentage of individuals (0-34%) are
negative for both KIR3DLI and KIR3DSI.

Such extensive diversity between modern populations
may indicate that geographically distinct diseases have
exerted recent, or perhaps ongoing, selection on KIR reper-
toires. The differences in frequencies therefore make the
choice of controls for disease studies very important for all
populations. We linked the published data by analysing all
populations submitted to the website that had data for 13
KIR genes (excluding KIR2DPI and KIR3DPI).”> The 56
populations analysed, using neighbour-joining dendro-
grams and correspondence analysis, grouped with a few
exceptions according to a geographical gradient. Subse-
quently, we selected 38 of the 56 populations that we con-
sidered to be well defined in the anthropological sense. We
found that based on KIR haplotype B genes (i.e. genes
mainly encoding activating KIR) the populations were
related to geography like a good anthropological marker
such as HLA or Y chromosome. However, the results based
on the KIR haplotype A (i.e. genes mainly encoding inhibi-
tory KIR) did not show such a correlation.>

0-19% 20-59%

in
115 Pops

60—-89%
in
15 Pops

Map. phenotype frequency distribution for 3DS1.

Figure 6. Global phenotype frequencies of 3DS1I.
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KIR alleles

There has been an increase in the number of known
alleles from 87 in the first KIR nomenclature report in
2002 to 335 in the latest release on the IPD-KIR database,
where the sequence of all KIR alleles is kept.’® This is a
small increase compared with that in the HLA field but
although many laboratories now type for KIR genes,
notably for stem cell transplantation, very few laboratories
type for KIR alleles. It is early days in the study of KIR
alleles but one trusts that the finding of the new alleles
can be independently confirmed (sequencing of alleles of
the KIR genes is problematic because of similarities in the
sequences of alleles from different genes and the size of
the introns making it difficult to sequence from genomic
DNA) and their possible clinical significance can be
ascertained before we find ourselves in the same situation
as for HLA alleles. There, 40% of HLA alleles have never
been reported again after the report of their initial
sequence in one individual.”’

A report of allele frequency data in a Japanese popula-
tion showed that for the KIR genes KIR2DLI, KIR2DL2/
2DL3, KIR2DL4, KIR3DL1/S1, KIR3DL2 and KIR2DS4,
one allele at each gene was at a very high-frequency (44—
89%) compared with the next frequent allele.’® This is
not the case in many other populations,” emphasizing
the conclusion reached by Parham and colleagues of the
skewed distribution of KIR variants in the Japanese popu-
lation, which reflected a distinct history of directional and
balancing selection.”®

Linkage disequilibrium has been reported between the
alleles in a study examining the alleles of KIR2DLI, -2DL3,
-3DLI and -3DL2 in 34 families.” Strong linkage disequi-
librium existed between KIR2DLI and -2DL3 alleles in the
centromeric half and between KIR3DLI and KIR3DL2
alleles in the telomeric half, but these two sets of pairs had
little linkage disequilibrium between them and appeared
to define the two halves of the KIR gene complex. This
study was the first to show that in addition to gene con-
tent, diversity of KIR was the result of allele polymor-
phism and the combination of gene content and allele
differences resulted in the vast majority of individuals hav-
ing different KIR genotypes. A further study on individu-
als from North India determining only the alleles of
KIR2DLI, -2DL3, -2DL5, -3DLI and -3DL2 showed that
all individuals had different KIR genotypes.*

In the Northern Ireland family study there were 188
(90%) different genotypes allowing for allele informa-
tion. It is worth emphasizing that the Northern Ireland
population is very homogeneous and drawn from a
Caucasian population of 1.5 million, with very little
immigration. Some alleles of the framework genes
occurred more frequently on B haplotypes than A haplo-
types Most notable of these was the occurrence of
KIR2DL4*00501 on 43-6% of B but absent from A and
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KIR3DL2*007 on 43-6% of B but only 1-3% of A. In
those genes that have been thought to be on A haplo-
types (KIR2DLI, -2DL3, -3DLI, -2DS4) but that we
found at a high occurrence on B haplotypes, there was
little difference in the frequency of specific alleles on an
A compared to a B haplotype, except the absence of
KIR2DL1*00401 on A haplotypes, this allele being the
most common allele of KIR2DLI on B haplotypes at
27-7%. We have recently revisited the data obtained
from the Northern Ireland family study and produced a
list of those alleles in linkage disequilibrium in the cen-
tromeric region or the telomeric region (P. A. Gourraud,
A. Meenagh, A. Cambon-Thomsen and D. Middleton,
submitted). As expected, strong linkage disequilibrium
between the KIR genes is driven by specific allelic associ-
ations in both regions. However, at the telomeric region
KIR2DL4, KIR3DL1/S1 and KIR3DL2 have a particularly
high number of alleles included in haplotypes in strong
linkage disequilibrium, extending across relatively low
linkage disequilibrium between pairwise loci. The data
suggested that balancing between inhibitory and activat-
ing genes involves specific allele associations.
Determination of alleles is also useful for positioning of
KIR genes on a haplotype. Recently KIR2DS3*00103 has
been shown to map to the centromeric side, and
KIR2DS3*002 and KIR2DS3*003N to the telomeric sides of
the haplotype.®® KIR2DS5*002 was also shown to map to
the same telomeric position as KIR2D3*002/003N, imply-
ing that these alleles belong to a single locus. We have
extrapolated this work to our family data by determining
the KIR2DS3 and KIR2DS5 alleles. KIR2DS3 was present
on 67 (16%) of the 418 haplotypes. None of the four
haplotypes positive for KIR2DS3*002 or KIR2DS3*003N
had KIR2DS5, whereas in 53 haplotypes positive for
KIR2DS3*00103, KIR2DS5*002 was present in 17,
KIR2DS5*002 being the only KIR2DS5 allele found in the
Northern Ireland population.’® Ten haplotypes that had
two copies of KIR2DS3 (*00103 and *002) were negative
for KIR2DS5, It would therefore appear that KIR2DS3
alleles *002 and *003N are allelic to KIR2DS5*002 and
KIR2DS3*00103 forms a separate gene, emphasizing that
we have still much to learn of the generic make-up of KIR.

Diversity in expression and interaction with HLA
ligand

A further level of diversity is provided by interaction of
KIR and its HLA ligands and variation in expression of
KIR genes on the NK cell. This topic and how NK cells
are licensed by interaction with their HLA ligand has
been covered in much greater depth in a recent
review,! but is worth mentioning briefly in the present
context.

Evidence of co-evolution is suggested by disease stud-
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ies and population genetics. An inverse correlation
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exists in populations between the frequencies of the KIR A
haplotype and the HLA-C2 group reducing the frequencies
of potential pre-eclampsia pregnancies in which an
increased prevalence of the AA genotype when the fetus
carried the HLA-C2 group has been reported.”> Global
studies on KIR3DLI/S1 diversity showed that positive
selection was focused to the residues that interact with
HLA and strong negative correlations between KIR3DSI
and its presumed HLA-Bw 4 ligand existed.”>** In the lat-
ter study, the tendency was for inhibitory KIR to have posi-
tive correlations and activating KIR to have negative
correlations, respectively, with their ligands. The one
exception was the negative correlation between KIR2DL2
and HLA-C1 group which has been confirmed in data from
27 global populations from six broad ethnic groups with a
corresponding positive correlation of KIR2DL3 with the
HLA-C1 group ligand.”* However this study could not
confirm the correlation between KIR3DLI/S1 and HLA-
Bw4. In a recent study examining the relationship between
KIRs and their HLA ligands in Europe, evidence in favour
of co-evolution was shown. In southern European popula-
tions higher frequencies of activating KIR and those ligands
associated with greater inhibition (HLA-C2 group and
HLA-Bw4) were found, whereas in north and north-west
Europe a lower frequency of activating receptors was
accompanied by ligands associated with less inhibition.*®
Consequently, a balance seems to have been struck to con-
trol high activation when needed and to allow more activa-
tion when the receptors are not as abundant.

Expression of KIR receptors is also influenced by the
presence of HLA ligand. Individuals with KIR2DLI or
KIR3DLI had greater numbers of NK cells expressing
these genes if the HLA-C2 group or HLA-Bw4 ligands
were, respectively, present in the individual.”® Further-
more, the effect of the ligand on its specific KIR dimin-
ished with the number of additional KIR that also had
their ligand present, suggesting co-operation between
receptor and ligand pairs.

The extensive sequence polymorphism of KIR genes
gives rise to peculiar expression features’’ and protein
variants with differential binding affinity for HLA
ligand.®® Promoter polymorphisms are obvious modifiers
of transcription, which in the case of KIR genes can
change methylation patterns.”” Whereas KIR2DL4 is
expressed on all NK cells, other KIRs are only expressed
on some NK cells because of patterns of KIR gene meth-
ylation.”®”" The KIR gene promoters are polymorphic
and display significant structural and functional differ-
ences.”> Polymorphisms within the coding regions can
also alter expression. For example, single-base polymor-
phisms in extracellular domains lead to intracellular
sequestration in some alleles of KIR3DLI,”> KIR2DL2"*
and KIR2DS3.”” We have previously mentioned frameshift
deletions that cause premature stop codons, giving rise to
truncated KIR proteins lacking transmembrane or cyto-
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plasmic domains and to generation of soluble rather than
membrane-anchored proteins.*®’® Interestingly some of
the KIR alleles with some of these patterns are not
uncommon: KIR2DS4*003 (46%), KIR3DLI*004 (35%).>
Indeed, KIR3DLI*004 has been shown to be the most
protective allele against disease progression in human
immunodeficiency virus (HIV) infection when present
with the HLA-Bw4 ligand.”” Variation in the number of
NK cells expressing a KIR3DLI allele has been shown to
correlate with binding of specific alleles to the KIR3DLI-
specific monoclonal antibody Dx9, leading to a definition
of high, low and no binders.”®”® These differences appear
to be important in human disease as KIR3DLI alleles with
high expression gave stronger protection than those with
low expression in HIV, except the previously mentioned
KIR3DL1*004.”

The presence of the HLA-Bw4 epitope on an HLA-B
allele delivers a stronger inhibitory signal resulting in better
protection against NK cell-mediated cytolysis than if pres-
ent on an HLA-A allele.”” However, this varies with the
allele”® and with which amino acid is present at position 80
of the HLA-Bw4 epitope®® and with the KIR3DLI allele.””

The expansive polymorphism of the KIR gene complex
has been described. Whether this allows individuals to
respond differently to specific viral infections remains to be
determined, but it is possible that the diversity is the result
of natural selection by pathogens. The different population
frequency distribution from these studies indicates that
KIR genes and alleles have been through rapid diversifica-
tion and may have been under selection because of func-
tional significance. Indeed, there is little conservation of
KIR genes between species and only three KIR genes
(KIR2DL4, KIR2DS4, KIR2DL5) have been preserved
through hominid evolution." The diversification is
thought to be more rapid for KIR genes than HLA, as HLA
genes in humans and chimpanzees are more similar in
sequence than their KIR counterparts.”** Even the CD94-
NKG2 receptors are much more similar in chimpanzees
and humans than KIR. Knowing the many associations of
the MHC class I molecules in disease, this diversity of KIR
has been sought in many diseases. However, it is imperative
that knowledge from functional studies be acquired to
ascertain the immunological relevance of the statistical
associations found between KIR and several diseases.
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