Genes and Immunity (2010) 11, 67-78
© 2010 Macmillan Publishers Limited Al rights reserved 1466-4879/10 $32.00

e

www.nature.com/gene

ORIGINAL ARTICLE
Receptor systems controlling natural killer cell function
are genetically stratified in Europe

KJ Guinan’, RT Cunningham?, A Meenagh®, MM Dring', D Middleton* and CM Gardiner’
School of Biochemistry and Immunology, Trinity College, Dublin, Ireland; Institute of Agri-Food & Land Use, School of
Biological Sciences, Queen’s University, Belfast, Northern Ireland, UK; *Northern Ireland Histocompatibility & Immunogenetics
Laboratory, Blood Transfusion Building, City Hospital, Belfast, Northern Ireland, UK and *Royal Liverpool University Hospital
and Division of Immunology, School of Infection and Host Defence, Liverpool, UK

Natural killer (NK) cells are components of the innate immune system that function in identifying and destroying aberrant or
pathogen-infected cells. These functions are largely controlled by killer cell immunoglobulin-like receptors (KIRs). KIRs inhibit
and activate NK cell functions through interactions with their ligands, epitopes encoded by human leukocyte antigen (HLA)
class | genes (HLA-C1, C2 and Bw4). Genes that encode KIR and their HLA ligands vary in frequency across human
populations. Here, we characterize two Irish populations for KIR and HLA and determine the spatial distribution of functionally
important KIR:HLA systems in Europe, a region known for its considerable underlying genetic stratification. We find that
Southern Europe is a region characterized by higher frequencies of activatory KIR and strong inhibitory HLA ligand systems
(2DL1:HLA-C2 and 3DL1:Bw4). A lower frequency of activatory KIR and the predominance of a comparatively weaker
inhibitory ligand system (2DL3:HLA-C1) are observed northwards. Despite contrasting KIR:HLA systems in Northern and
Southern Europe, there is a clear balance between inhibitory and activatory repertoires, and their ligands in both regions.
These findings show ‘functional stratification’ of the epistatic KIR:HLA receptor system in Europe, the presence of which will

likely affect NK cell-mediated immunity across different populations.
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Introduction

Natural killer (NK) cells are key components of the
innate immune system that function in identifying and
destroying aberrant or pathogen-infected cells.’ These
cells possess extensive diversity both in terms of cell
surface receptor expression and function. A major
component of this diversity stems from the expression
of killer cell immunoglobulin-like receptors (KIRs), 16 of
which are encoded on human chromosome 19.#* Under
normal conditions, inhibitory KIR (2DL, 3DL) engage
human leukocyte antigen (HLA) class I on the target cell
surface and a signal is transduced to the NK cell that
inhibits its cytotoxic activity. In the absence of HLA class
I, for example, because of downregulation during viral
infection, inhibitory KIR signals are not transduced to the
NK cell and NK cells are more sensitive to activating
signals derived from other cell surface receptors, for
example, ‘activatory” KIR (2DS, 3DS), which leads to NK
cell activation and cytotoxicity against target cells. The
balance in signaling derived from the functionally

Correspondence: Dr CM Gardiner, School of Biochemistry
and Immunology, Trinity College, Dublin 2, Ireland.

E-mail: clair.gardiner@tcd.ie

Received 27 February 2009; revised 16 June 2009; accepted 9 July
2009; published online 20 August 2009

distinct activatory and inhibitory KIR is regarded as
one of the key factors controlling NK cell cytotoxicity.®
Human leukocyte antigen class I molecules provides
ligands for the KIR receptors. The HLA class I genes
(HLA-A, HLA-B and HLA-C) are highly polymorphic. A
dimorphism within the HLA-C locus in humans gives
rise to two distinct classes of ligands, HLA-C1 and HLA-
C2, each with contrasting specificities for a number of
KIR receptors on NK cells.® The HLA-C1 allotype,
characterized by having asparagine at position 80, binds
KIR 2DL2/3/2DS2.7# The HLA-C2 allotype, character-
ized by lysine at position 80, is a ligand for 2DL1/51.7#
Polymorphism within the HLA-B gene produces either
Bw4 or Bwé6 allotypes, the former of which are ligands
for 3DL1 and possibly 3DS1.° Given the inherent
complexity of both KIR and their HLA class I ligands
and the fact that they segregate independently on
different chromosomes, these cell surface molecules need
to be considered together for functional interactions
to be appreciated. Indeed, functional studies have shown
that NK cell responsiveness to infection varies greatly
and that it depends on the compound KIR/HLA
genotype of individuals.'' 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.'*'*>'* 3DL1-mediated NK
cell inhibition through Bw4 is considered a strong
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inhibitory interaction.”* A number of activatory KIR
(2DS1, 2DS2) also bind to HLA class I, albeit with weaker
affinity and variation in the presence or absence of each
can influence NK cell function.'>

Several studies indicate that KIRs have evolved in
humans to fulfill diverse functions as a consequence of a
wide range of evolutionary pressures. The opposing
functions of activatory and inhibitory KIR is believed to
reflect underlying processes of balancing and positive
selection in response to pressures imposed by pathogens
and coevolution with their rapidly evolving HLA class I
ligands.*?72° Evidence also suggests the emergence of
KIR to fulfill important roles during pregnancy*-* in
which it has been shown that they influence the role of
uterine NK cell in vascular remodeling during fetal
trophoblast cell invasion of the deciduas.>* As a likely
consequence of these selective pressures, KIR diversity at
the genetic, phenotypic and functional levels is immense.
For instance, polygenicity gives rise to a vast array of
different KIR haplotypes in human populations. These
haplotypes vary in terms of gene content and gene
number and are categorized into two functionally
distinct classes: ‘A’ haplotypes have a restricted gene
content and many lack any functional activatory KIR
(contain genes 2DL1, 2DL3,3DL1,3DL2, 2DL4 and 2D54),
and ‘B’ haplotypes have more variable and increased
gene content that includes activatory KIR.>*?¢ In addi-
tion, several KIR genes are highly polymorphic.'#2"2
This diversity results in variegated KIR expression in
individuals, which influences the innate immune re-
sponses of NK cells.*!+272°

Significant progress has been made over the last 15
years in defining the nature and extent of KIR gene
diversity across human populations. It is now well
established that KIR genes vary in frequency between
different population groups.** The most extreme exam-
ple of variation observed to date is the strikingly low
frequency of activatory KIR genes in southeast Asian
populations compared with the Australian Aborigi-
nals.®?? Such differences are likely to be a consequence
of a multitude of factors (founder effects, population
bottlenecks, population admixture, contrasting demo-
graphic histories and natural selection), which have
occurred since modern humans evolved. More recent
studies have shown that certain neighboring populations
of the same ethnic group exhibit dramatically different
KIR gene frequencies.?***3* Europe is a relatively small
region geographically, but it is characterized by the
presence of considerable underlying genetic stratifica-
tion. The presence of multiple genetic gradients from
genes and single nucleotide polymorphisms have been
established in recent times, which broadly distinguish
northern from southern Europeans.®*=” In this study, KIR
gene and ligand frequencies were determined in two
Irish populations and are compared with data reported
for other European and Middle Eastern populations.
Characterization of KIR and HLA diversity in the Irish
population is of particular importance to this type of
analysis, as genetic gradients increasing or decreasing
into northwestern Europe often peak on this island. In
addition, as an island on the western edge of Europe,
Ireland has avoided many of the major historical
population movements, which have shaped the extant
European gene pool, and therefore represents a relatively
homogeneous European population. As NK cell respon-
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siveness in individuals depends largely on both their KIR
and HLA ligand genetic backgrounds, we investigated
the spatial distribution of KIR receptors and their HLA
ligands together in Europe. Given the extent of genetic
structure in Europeans, we hypothesized that KIR genes
and their ligands are likely to be stratified in Europe and
this would reflect epistatic KIR and HLA functional
units.

Results

KIR frequencies and genotypes are similar in two Irish
populations

The potential for regional variations in KIR and HLA
class I frequencies in Ireland was investigated by
establishing and comparing the frequencies of KIR and
their HLA class I ligands in two Irish populations, one
from the Northern Ireland (Belfast, n=183) and the
second from the Republic of Ireland (Dublin, n=136).
KIR gene frequencies were similar between the groups.
KIR genotypes were also similar between the groups and
the most common genotypes are represented to a similar
degree in both groups (see Table 1). However, the most
common AA genotype is more frequent in the northern
cohort but this does not reach statistical significance
(37.2 vs 31.6%, P>0.05). Both the Northern Ireland and
Republic of Ireland samples display similar frequencies
of HLA class I ligands (HLA-C1, HLA-C2, HLA-Bw4,
see Supplementary Table S2).

Variation of KIR in worldwide populations reflects contrasting
A/B haplotype backgrounds

In order to assess KIR gene variability and to place the
Irish populations that lie in a global context, principal
component (PC) analysis was used to reduce total KIR
variation in populations to just two dimensions. Fre-
quencies of 10 commonly genotyped KIR (2DL1, 2DL2,
2DL3, 3DL1, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5 and 3DS1)
from 36 different populations were obtained from the
literature and an online allele frequency database (see
Materials and methods) and are combined with the Irish
population data. Six population clusters are observed
separately along two dimensions: South-East Asians,
Southern Asians, Europeans/Middle Eastern, Africans,
Native Americans and Australian Aborigines as a
distinct divergent population (see Figure 1a). The first
component (PC1) accounts for most of the variability
observed between populations (91.0%), with the second
accounting for only 4.7% of the total variation. As
expected, the Irish populations are observed to cluster
closely together within the European/Middle Eastern
group.

It is clear from PC analysis that the Australian
Aboriginals are an extremely divergent population in
this analysis. This is consistent with our knowledge of
KIR genotype and haplotype diversity in human
populations. It was well established before this study
that Australian Aboriginals have one of the highest
incidences of B haplotype-associated activatory KIR and
the lowest A haplotype frequency in the world.®!
Japanese on the other hand, have low B haplotype
frequencies and the highest incidence of A haplotype
KIR in the world.?* As these two populations flank the
extreme ends of the first component (PC1), this
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Table 1 KIR Gene and genotype frequencies in Northern and Southern Irish cohorts
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1 AA 37.16 (68) | 31.62(43)
2 |AB 14.21 (26) | 16.91(23)
3 |AB 12.02 (22) | 13.24(18)
4 |AB 7.65 (14) 5.88(8)
5 |AB 5.46 (10) 4.41(6)
6 |AB 3.83 (7) 4.41(6)
7 |AB 3.28 (6) 2.21(3)
8 |BB 2.73 (5) 3.68 (5)
9 |BB 2.73 (5) 0.74 (1)
10 | BB 1.64 (3) 2.21(3)
11 |BB 1.64 (3) 0.74 (1)
12 |AB 1.09 (2) 0.74 (1)
13 |AB 1.09 (2) 0.74 (1)
14 |BB 0.55 (1) 2.21(3)
15 |BB 0.55 (1) 1.47 (2)
16 |AB 0.55 (1) 0.74 (1)
17 |BB 0.55 (1) 0.74 (1)
18 |BB 0.55 (1) 0.74 (1)
19 |AA 0.0 (0) 1.47 (2)
20 |AB 0.0 (0) 0.74 (1)
21 |AB 0.0 (0) 0.74 (1)
22 |AB 0.0 (0) 0.74 (1)
23 |BB 0.0 (0) 0.74 (1)
24 |BB 0.0 (0) 0.74 (1)
25 |BB 0.0 (0) 0.74 (1)
26 |BB 0.55 (1) 0.0 (0)
27 |BB 0.55 (1) 0.0 (0)
28 |BB 0.55(1) 0.0 (0)
29 |BB 0.55 (1) 0.0 (0)
30 |BB 0.55 (1) 0.0 (0)
31 |AB 0.0 (0) 0.74 (1)
100 | 44.26 | 90.71 [44.2697.27|97.27 | 100 | 100 [95.06 | 41.53 [49.18 | 22.40 | 37.16 [40.44 | 95.08 [ 100
(183) (81) | (166) | (81) | (178) | (178) [ (183) | (183) | (175) | (76) | (90) | (41) | (68) | (74) | (175) | (183) North
100 | 46.32 | 86.76 | 44.8594.12| 94.12 | 97.06 | 100 | 97.06 | 39.71 | 50.00 | 22.06 | 35.29 | 39.71 | 97.06 | 100
(136) (63) | (118) | (61) | (128) | (128) [ (136) | (136) | (132) | (54) | (68) | (30) | (48) | (54) | (132) | (136) South

The presence or absence of KIR genes was determined from two Irish cohorts, Northern Ireland (North, 7 =186) and Republic of Ireland
(South, 7 =136). The presence or absence of a KIR gene is indicated by grey and white boxes, respectively. The percentage of individuals in
each cohort possessing KIR genes and genotypes was determined, as described in Materials and methods and displayed on the bottom rows
and right-hand columns. respectively. The number of individuals possessing a particular KIR gene or genotype is indicated in brackets beside
the percentage (). The classification of genotypes into AA, AB or BB is also indicated (see Materials and methods for more details on

classification).

suggested that variation between populations along this
dimension may reflect an underlying gradient in the
frequency of KIR genes associated with A and B
haplotypes. To investigate further, A and B genotype
frequencies of the total populations were obtained from
the literature and from the online database www.allele-
frequencies.net, by analysis of KIR gene content (see
Materials and methods). Regression analysis of PC1
values and A genotype frequencies shows a strong
positive linear relationship (+*=0.859, P-value <0.0001,
see Figure 1b). Conversely, a negative relationship is
observed for B haplotypes (r>=0.390, P-value <0.0005,
see Figure 1b). This confirms that a large proportion of
the variation between populations along the first
component reflects variations in the frequency distribu-
tion of A and B haplotypes. Analysis of the second
component reveals no relationship with B haplotype
frequencies (r*=0.03, P-value=0.39, data not shown).
Likewise, no relationship is observed with A haplotypes

(data not shown). This shows that variation between
populations along the second component is independent
of KIR A/B haplotype status. In summary, a major
genetic gradient is observed at a global level, which
reflects variations in A/B haplotype frequencies between
populations. Examination of global PC data in Figure 1a
suggested that within the European cluster, there is
evidence of genetic stratification along a north to south
gradient and that both PC1 and PC2 contribute to this.
This gradient was confirmed by constructing synthetic
contour maps of Europe using ArcView software.
Analysis of PC1, which accounts for the vast majority
of variation in KIR genes, shows a clear north—south
gradient of PC1 values increasing into northern Europe
and with values decreasing southwards (see Figure 1c).
The Irish population exhibits high PC1 values, similar to
other northern Europeans. Spatial autocorrelation was
performed to confirm the significance of the gradient and
its directionality. A genetic gradient is characterized by
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Figure 1 Principal component (PC) analysis of killer cell immunoglobulin-like receptor (KIR) gene frequencies in global and European
populations. (a) Forty populations were compared in terms of KIR gene frequencies by PC analysis. Africa (Afr); Afro-Caribean (Afr(Car));
Australian Aborigines (Aus(ab)); Belgium (Bel); Bulgaria (Bul); China Han (Chi; H, Han); Comoros (Com); England (Eng; SE, South-East; W,
West Midlands); Finland (Fin); France (Fr; W, West; SE, South-East); Germany (Ger); Greece (Gre); Holland (Hol); Ireland (Ire); Italy (Ity);
India (Ind; Hin, Hindus); Japan (Jap); Jordanian Palestinians (Jor/Pal); South Korea (Kor(S)), Latvia (Lat); Lebanon (Leb); Macedonia (Mac);
Mexico (Mex; Hui, Huicholes; Pur, Purepecha; Tar, Tarahumara); Norway (Nor); Pakistan (Pak; Kar, Karachi); Poland (Pol); Senegal (Sen);
Spain (Sp; Bsq, Basque; SE, South-East); Turkey (Tur); Venzeula (Ven; Bar, Bari, War, Warao; Yuc, Yucpa). Circles indicate different ethnic
groups or clusters: Europeans/Middle Eastern, African, SE Asian, Native Americans, Southern Asians, Australian Aboriginals. (b) A and B
haplotype frequencies correlate with KIR PC1 values. PC1 values for each population are plotted against their A and B haplotype frequencies.
Results of linear regression analyses are indicated on each plot. (¢) PC1 values of the populations are plotted on a synthetic map of Europe.
Geographical coordinates of populations (11 =23) are represented by points. One-dimensional (1D) spatial autocorrelogram displays Moran’s I
measure of spatial autocorrelation against distance in kilometers (km). The Windrose two-dimensional (2D) correlogram of PC1 values shows
the geographical direction of genetic change. Values of Moran’s I is indicated in each segment. Full segments indicate that spatial
autocorrelation (P<0.05) is statistically significant, whereas half segments are not significant (P>0.05). Dark shading indicates varying
degrees of positive spatial autocorrelation, whereas light shading indicates varying degrees of negative spatial autocorrelation. Overall, the
1D and 2D correlograms are statistically significant.

positive spatial autocorrelation (similarity) between
populations within close geographical proximity, and
negative spatial autocorrelation (genetic dissimilarity)
between populations at far distances apart. One-dimen-
sional (1D) spatial autocorrelation analysis of PC1 values
for the KIR genes shows that genetic similarity (Moran'’s
I >0) is high between populations within close geogra-
phical proximity and that genetic similarity decreases
with increasing distance (P<0.05, Figure 1c). Two-
dimensional (2D) spatial autocorrelation analysis takes
compass bearings into account when calculating Moran’s I,
to determine the directionality of the genetic gradient.

Genes and Immunity

The Windrose correlogram for PC1 values shows high
levels of spatial autocorrelation of KIR genes in a general
east to west direction with a decrease observed in a
north-south direction over increasing distances
(Figure 1c). This shows that populations are similar in
an east to west direction and they differ in a north to
south direction. This confirms the north—south direction-
ality of the KIR gene gradient in Europe. Although PC2
accounts for <5% of the variation among KIR genes, it
supported the trend found with evidence of a general
south-east to north-west gradient of decreasing PC2
values in Europe (data not shown).



High frequency of activatory, B haplotype KIR genes

in Southern Europe

As A and B KIR genotype frequencies correlate with PC1
values, this analysis suggests that the B haplotype is
more common in the south of Europe, whereas the A
haplotype is more common in Northern Europe. We
therefore examined whether or not individual KIR genes
associated with A or B haplotypes showed evidence
of stratification in Europe. Two B haplotype defining
KIR genes, 2DS2 and 2DL2, exhibit clear north-south
gradients in Europe, with a twofold higher gene
frequency observed in the south compared with the
north of Europe (see Figures 2a and b). These KIRs are
inherited in strong linkage disequilibrium with each
other. Analysis of another B haplotype KIR, 2DS3,
showed a clearly defined south-east to north-west
gradient of decreasing gene frequency (Figure 2c) with
a twofold difference in frequency observed. The Irish
populations exhibits relatively low 2DS2, 2DS3 and 2DL2
frequencies, similar to other northern Europeans. Ana-
lysis of 1D spatial autocorrelation confirms that stratifi-
cation of the 2DS2 in Europe is statistically significant
and the gradients and their directions for 2DS2, 2DL2
and 2DS3 are statistically significant by 2D spatial
autocorrelation analysis (P <0.05). Together these data
are consistent with evidence from PC analysis that B
haplotypes are more frequent in Southern Europe and
less frequent in the north.

Analysis of other A and B haplotype KIR show
some evidence of stratification. The frequency of 2DL3
(a common A haplotype KIR) in Europe is observed to
increase in a general south-east to north-west direction
(Supplementary Figure S1A). Analysis of the distribution
of the homozygous AA genotype indicates that it is
increased in Northern Europe (Supplementary Figure
S1B). In combination, the distribution of 2DL3 and the
AA genotype indicate that A haplotypes are more
prevalent in Northern Europe. This finding is consistent
with the observed decrease in B haplotypes and
associated KIR genes in Northern Europe. 2DS5 is the
only B haplotype-associated KIR that tends to increase
in frequency in Northern Europe (data not shown).
Analysis of 2DL1, 2DS1, 3DL1 and 3DS1 showed no
population structure (data not shown and Supplemen-
tary Figure S2A for 3DS1 data).

Higher frequency of potent inhibitory KIR ligands in Southern
Europe

Human leukocyte antigen-C1 and HLA-C2 are mutually
exclusive epitopes of the HLA-C protein that provide
distinct ligands for 2DL3 (including its common variant
2DL2) and 2DL1 inhibitory KIRs, respectively. The HLA-
C1/2DL3 pairing provides a relatively weak functional
inhibitory interaction in contrast to HLA-C2/2DL1 or
HLA-C1/2DL2, which are considered to provide rela-
tively strong inhibitory signals to the NK cell. HLA-C1
follows a clear increasing south-east to north-west
gradient distribution in Europe (ranges between 41.8
and 81.5% frequency between north-west and south-east,
see Figure 3a). Like other northwestern Europeans, the
Irish populations exhibits a high HLA-C1 frequency
compared with southeastern Europeans. Spatial auto-
correlation confirmed the presence and direction
(P<0.05) of a HLA-C1 gradient in Europe (Figure 3a).
As expected, HLA-C2 follows an increasing frequency
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gradient in the opposite direction as HLA-C1, with a
threefold frequency difference across Europe (range
15.4-57.3%, see Figure 3b). The Irish population, similar
to other northwestern Europeans, displays a relatively
low HLA-C2 frequency.

Human leukocyte antigen-Bw4 is an epitope, which
provides a ligand for the 3DL1 inhibitory receptor. It is
mutually exclusive with the Bw6 epitope, which does not
have any defined NK cell specificity. Although primarily
associated with HLA-B, a variant of the Bw4 epitope is
expressed by some HLA-A alleles (HLA-A-Bw4). Dis-
tribution of HLA-B-Bw#4 is quite similar to HLA-C2 as it
has a lower frequency in the north and northwest of
Europe and a tendency to a higher frequency in Southern
Europe (Figure 3c). Analysis of spatial autocorrelation
confirms the presence of significant structure of HLA-B-
Bw4 in Europe (P<0.05). Analysis of 2D spatial auto-
correlation confirms the presence of a broad north-south
gradient of HLA-B-Bw4 frequency in Europe (P <0.05),
consistent with the contour map (Figure 3c). HLA-Bw4 is
of particular interest as a subgroup of alleles, those with
isoleucine at position 80 (80I), have been implicated in
delayed progression in human immunodeficiency virus
in epidemiological studies when HLA-B-Bw4-80I is
inherited with KIR 3DS1.%* HLA-B-Bw4-801 shows strong
evidence of stratification in Europe. Frequencies are
higher in Southern Europe and decrease northwards
(Figure 3d). The Irish, like most northern Europeans,
display relatively low frequencies of Bw4-80I. Spatial
autocorrelation (1D) confirms the significance of the
gradient (see Figure 3d) and its direction (P<0.05). In
contrast, HLA-A Bw4-801 follows a general east-west
gradient, peaking in Eastern Europe (all HLA-A alleles
with the Bw4 epitope are 80I, see Supplementary
Figure S2B).

Discussion

In this study, we have shown considerable variation in
KIR gene and HLA class I ligand distribution in Europe.
Overall, south and southeastern Europe is a region
characterized by high frequencies of B haplotype KIR
and KIR ligands, HLA-C2 and Bw4, and a correspond-
ingly lower frequency of A haplotype KIR and HLA-C1.
Conversely, north and northwestern Europe is an area of
high A haplotype KIR and HLA-C1 frequency but a
lower frequency of B haplotype KIR, HLA-C2 and -Bw4.
Indeed, the two Irish populations that we typed for this
analysis fit the general gradients extremely well. Several
studies have shown that NK cell responsiveness is
determined by the type of KIR and HLA class I allele
combinations inherited by individuals, for example,
weaker inhibitory interactions between 2DL3 and
HLA-C1 account for the increased functional activities
of NK cells in response to viral infection when compared
with the stronger inhibitory interactions between 2DL1
and its ligand HLA-C2.*° Our data show that 2DL3 and
its ligand (HLA-C1) are more common in northwestern
Europe compared with the southeast. In contrast,
although 2DL1 is found at high frequency throughout
Europe, its ligand (HLA-C2) is more common in the
southeast than in the north. This shows that a stronger
KIR:HLA-C inhibitory system is more prevalent in the
southeast of Europe, whereas a less potent inhibitory
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Figure 2 Higher frequency of B haplotype killer cell immunoglobulin-like receptor (KIR) genes in Southern Europe. Synthetic maps of
Europe showing 2DS2, 2DL2 and 2DS3 carrier frequencies (%) are on the left-hand side in panels a, b and ¢, respectively. Geographical
coordinates of populations (n =23) are represented by points. The center figure of each panel shows the Moran’s I values for the respective
gene against distance in kilometers (km). Overall, the one-dimensional correlogram is statistically significant for 2DS2. The right-hand figures
show two-dimensional (2D) spatial autocorrelation values indicating the geographical direction of genetic change. The distance classes for
this analysis, from the center are 0-910, 910-2410 and 2410-4710 km for the three annuli, respectively. Moran’s I values are indicated in each
segment. Full segments indicate that spatial autocorrelation (P <0.05) is statistically significant, whereas half segments are not significant
(P>0.05). Dark shading indicates varying degrees of positive spatial autocorrelation, whereas light shading indicates varying degrees of
negative spatial autocorrelation. Overall, all 2D correlograms were statistically significant.

system is present in the northwest. Furthermore,
although the inhibitory KIR, 3DL1, shows little structure
in Europe (highly frequent throughout Europe), i

ligand (HLA-B-Bw4) is more common in Southern
Europe. Several studies have shown that HLA-Bw4 is a
strong inhibitory ligand for 3DL1 on NK cells.’**°
Overall, this indicates that NK cell-responsive pheno-
types in north-northwestern Europe are increased in
frequency as a consequence of the predominance of the
relatively weak 2DL3:HLA-C1 inhibitory system,
whereas this phenotype is lower in frequency in the
south of Europe because of the increase prevalence of the
more potent HLA-C2 and HLA-B-Bw4 inhibitory system.

Genes and Immunity

This finding is significant as it shows genetic stratifica-
tion of epistatic KIR:HLA receptor systems, which allow
‘functional gradients’ likely to affect human immunity, in
different European populations to be defined.

There are several lines of evidence in support of
processes of coevolution between KIR genes and their
HLA class I ligands.'*'72° A recent study of KIR diversity
showed a clear negative correlation between activatory
KIR (3DS1, 2DS1 and 2DS2) and their ligands (HLA-Bw4,
-C2 and -C1), and a level of positive correlation
between inhibitory KIR (3DL1 and 2DL3) and their
ligands (HLA-Bw4 and -C1) across global populations. In
support of the findings of Single et al.** we found
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Figure 3 Higher frequency of potent inhibitory killer cell immunoglobulin-like receptor (KIR) ligands in Southern Europe. Synthetic maps of
Europe showing human leukocyte antigen (HLA)-C1, HLA-C2, HLA-B-Bw4 and HLA-B-Bw4-80I gene frequencies (%) are on the left-hand
side in panels a, b, ¢ and d, respectively. Geographical coordinates of populations (1 =22 for HLA-C, n =30 for HLA-B) are represented by
points. The center figure of each panel shows the Moran’s I values for the respective gene against distance in kilometers (km). Overall, the
one-dimensional correlograms for HLA-B are statistically significant. The right-hand figure shows two-dimensional (2D) spatial
autocorrelation values indicating the geographical direction of genetic change. The distance classes for HLA-C are, from the center, 0-915,
915-2300 and 2300-4355 km. The distance classes for HLA-B are, from the center, 0-910, 910-2340 and 2340-4470 km. For the 2D correlograms,
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distinct genetic gradients with the inhibitory 2DL3 KIR
and its ligand HLA-C1 observed together at high
frequencies in northwestern Europe. In contrast, the
activatory 2DS2 receptor is present at lower frequencies
in regions where its ligand (HLA-C1) reaches high
frequency in Europe, and is higher in areas where its
ligand is reduced in frequency. However, we also found
exceptions to these general trends; no correlation
between the inhibitory receptor 3DL1 and its HLA-B-
Bw4 ligand is evident, and both HLA-C1 and 2DS2 are
found together at high frequency in the Basque popula-
tion of Northern Spain. Although the distribution of
3DS1 in Europe is not clearly defined, there is evidence
of a weak east to west gradient in Europe, where 3DS1 is
more prominent in Western Europe (Supplementary
Figure S2A). Previous analysis of 3DS1 and HLA-B-
Bw4 globally showed a negative correlation between the
two and this correlation was stronger when focusing on
HLA-B-Bw4-80I. In contrast, comparison of 3DS1 with
HLA-B-Bw4 or HLA-B-Bw4-80I in Europe shows very
little positive or negative correlation (Figures 2c and d
and Supplementary Figure S2A). However, HLA-Bw4-
80I encoded by polymorphisms at the HLA-A locus
follows an east-west gradient in Europe and is generally
higher in areas of low 3DS1 frequency (Supplementary
Figure S2B). This may suggest a possible negative
correlation between 3DS1 and Bw4-80I encoded by
HLA-A.

Stratification of KIR and HLA in Europe is consistent
with coevolution between these two sets of genes and
supports findings in the literature providing evidence for
natural selection as a major force in shaping KIR
diversity worldwide.'*'”'82° However, it is very difficult
in this type of analysis to distinguish between processes
of natural selection and demographic history. Many of
the gradients observed for KIR and HLA in this study are
similar to the distribution of Y chromosome and
mitochondrial DNA markers in Europe that have been
attributed to population movements and founder ef-
fects.**#2 Indeed, numerous studies have shown a close
relationship between the Irish, Basques and other
populations along the extreme northwestern edge of
Europe. However, there are striking differences between
the Irish and the Basques when looking at KIR genes that
are inconsistent with these previous genetic studies.***!
In the case of 2DS2, 2DL2 and HLA-Bw4 gene frequen-
cies, the Basque population falls into the southern
European group, a clear deviation from what is usually
observed in Europe. Demographics do not explain these
differences, and although local selective effects on A and
B haplotypes or their components in the Basque
population might explain these trends, the data may
reflect natural selection acting to increase B haplotype
KIR in Southern Europe and/or increase A haplotype
KIR in Northern Europe.

Before this study, the frequency of the human
immunodeficiency virus-resistance mutation, CCR5-
A32, represented one of the few clearly defined north-
south genetic gradients of an immune-related gene in
Europe. It has been argued extensively that the elevated
frequency of this allele in Northern Europe compared
with the south represents a signature of natural selection
acting on CCR5-A32, in response to either bubonic
plague during the 1300s AD,*® or as a more recent theory
proposes, in response to prolonged exposure to smallpox
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virus.** Notably, disease models suggest that certain
KIR/HLA combinations that favor NK cell activation
improve resistance/clearance of viral infections, for
example, 3DS1 and Bw4-80I are associated with delayed
progression of human immunodeficiency virus infection
in patients. In vitro, the 2DL3:HLA-C1 genotype is
associated with more potent activation of NK cells in
response to influenza A than is the 2DL1:HLA-C2
genotype.’ In this study, we have found high
2DL3:HLA-C1 in Northern Europe and high
2DL1:HLA-C2 in Southern Europe. The functional
significance of KIR and HLA variation, coupled to the
contrasting disease histories in Europe as a selective
pressure, for example, high incidence of intense small-
pox epidemics throughout Northern Europe, offers a
possible explanation for the observed north-south KIR
gradients (or possibly HLA-B-Bw4) in modern-day
Europeans. Thus, there may have been historical
selective pressures towards an increase in KIR:HLA
combinations that were more effective in controlling
infections and promoting survival in different regions of
Europe.

Although KIR/HLA coevolution and population
history is of considerable scientific interest, these
processes also significantly affect human health and
survival. It is currently believed that KIR/HLA class I
ligand combinations, which confer high inhibition to NK
cells, are protective in autoimmunity, whereas combina-
tions that confer less inhibition and more activation of
NK cells appear to contribute to development of certain
autoimmune conditions, for example, 2DS2 in the
presence of its ligand, HLA-C1, has been implicated in
an array of autoimmune diseases, including suscept-
ibility to type I diabetes, psoriatic arthritis and rheuma-
toid vaculitis.***° In terms of disease epidemiology, the
KIR and HLA class I gradients observed in Europe may
be of particular importance as several autoimmune
diseases such as type I diabetes and primary sclerosing
cholangitis are known to be elevated in frequency in
Northern compared with Southern Europe.”**' In both
cases, the presence of HLA-C1 (weak inhibitory 2DL2/3
ligand), which we found to be elevated in northwestern
Europe, has been reported to be associated with disease
susceptibility.*¢**#° On the other hand, HLA-C2 (strong
inhibitory ligand for 2DL1) is more frequent in Southern
Europe and is thought to confer protection against these
diseases. In the case of primary sclerosing cholangitis,
HLA-Bw4 (strong inhibitory 3DL1 ligand), which is more
common in Southern Europe, is also reported as a
protective phenotype, though lacking this KIR ligand (no
inhibition through 3DL1) predisposes to the disease.
Hence, the distribution of ligands for KIR in Europe
correlates strongly with the epidemiology of these
diseases. Susceptibility genotypes (Cl1+, Bw4—) are
increased in Northern Europe where these diseases are
common, and protective genotypes (C2/C2, Bw4 +) are
more common in Southern Europe where disease
incidence is lower. In Northern Europe, the weaker
inhibitory KIR:HLA background may allow a strong
effect of activatory KIR on NK cells, for example, 2DS2,
to be manifested in increased susceptibility to certain
autoimmune diseases. In conclusion, the presence of
genetic gradients and genetic substructure in Europeans
has undergone extensive investigation in recent years.
A major question to emerge from this was whether genetic



stratification gives rise to phenotypic or functional
differences between Europeans in different regions of
the continent. We have shown that within the immune
system, the epistatic KIR:HLA receptor system follows
clear ‘functional gradients” in Europe. These gradients
are likely to have emerged because of processes of both
natural selection and demographic history and have
culminated in distinct immunological characteristics in
northern and southern Europeans.

Materials and methods

KIR typing
Blood donors were recruited from the Blood Transfusion
Services of Belfast City Hospital, Belfast, Northern
Ireland (n=183), and St James’s Hospital, Dublin,
Republic of Ireland (1 =136). Mononuclear cells were
isolated from buffy coats using standard Ficoll gradient
centrifugation. Genomic DNA was extracted from cells
using the salting-out method.> PCR-SSOP was carried
out to confirm the presence or absence of KIR genes
in Northern and Republic of Ireland populations as
previously described. KIR gene and genotype frequen-
cies of an additional®® global population (4218 indivi-
duals from 38 different studies) were obtained from the
published literature (35 populations®!-33464849.53-71) and
from an online database www.allelefrequencies.net.”
Genotypes were classified as follows: the absence of
2DL2, 2DL5, 3DS1, 2DS1, 2DS2, 2DS3 or 2DS5 indicates
that an individual is homozygous for the A genotype
(that is, AA). If any of 2DL2, 2DL5, 3DS1, 2DS1, 2DS2,
2DS3 or 2DS5 are present and each of 3DL1, 2DL1, 2DL3
and 2DS4 are also present, then such individuals are
considered heterozygous for A and B (that is, AB). An
individual is considered homozygous for B if they lack
either of 3DL1, 2DL1, 2DL3 or 2D54.

HLA class I typing

The presence or absence of HLA class I ligands for KIR
was investigated in both Northern (n =97) and Republic
of Ireland (1 =135) cohorts using a previously described
SSOP method.®* The following ligands were distin-
guished: HLA-C1, -C2, HLA-B-Bw4 and HLA-B-Bw4-
80L. HLA class I allele frequencies in European popula-
tions were determined using HLA class I subtyping data
obtained from the literature (for HLA-C: see references,
from Bendukidze and Ivaskova™ to Ferrara et al.;* for
HLA-A and B: see references, from Comas ef al.”® to
Evseeva et al.”® Ferrara et al.** Meyer et al.** Saruhan-
Direskeneli and Ugar,®” Tonk et al.,*® and from references
Cecuk et al®* to Zahlavova'' and the online data-
bases www.allelefrequencies.net, and www.ncbi.nlm.nih.
gov/gv/mhc/ihwg.cgi?cmd = page&page = AnthroMain.
Using these data, KIR ligand frequencies were defined
using strict classification criteria as detailed in Supple-
mentary Table S1. In brief, the following ligands for KIR
were considered: HLA-C1, and -C2 (n =22, 3398 indivi-
duals); HLA-B-Bw4 and HLA-B-Bw4-80I (n =230, 25158
individuals); and HLA-A-Bw4 (=32, 26598 indivi-
duals). Carrier frequencies were converted to allele
frequencies using the Bernstein equation (F=1—(sqrt
(1-))) where necessary. Alleles that are rare and/or not
routinely typed for in Caucasians populations were
omitted from analysis as indicated.
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Statistical analysis

Principal component analysis using KIR gene frequency
data (2DL1, 2DL3, 2DL3, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5,
3DL1, 3DS1) from a total of 38 populations, including the
Irish data generated as part of this study, was carried out
using MINITAB software. Linear regression analysis of
PC values and KIR genotype frequencies was carried out
using GraphPad PRISM software. PC values were
viewed graphically using ARCVIEW (Version 3.2). Both
PC values and geographical coordinates of European
populations were imported into ARCVIEW and contour
maps were constructed using the spatial analyst exten-
sion of the program. Significance and directionality of
genetic gradients were assessed by spatial autocorrela-
tion using PASSAGE software (Rosenberg, MS, Version
1.1, Arizona State University Tempe, AZ, USA). PC
values and geographical coordinates of European popu-
lations were imported into PASSAGE and distance/
angles and distance classes were created. The presence of
geographical gradients was initially assessed statistically
by 1D spatial autocorrelation using Moran’s I statistic,
which measures genetic similarity of populations within
distinct distance classes (kilometers). Positive spatial
autocorrelation, that is, genetic similarity, is indicated by
Moran’s I values >0, and negative spatial autocorrela-
tion, that is, genetic dissimilarity, is indicated by Moran’s
I values <0. A genetic gradient is characterized by
statistically significant positive spatial autocorrelation
between populations within close geographical proxi-
mity, and statistically significant negative spatial auto-
correlation between populations at far distances apart.
The directionality of gradients was assessed statistically
by 2D spatial autocorrelation, which takes compass
bearings into consideration when measuring genetic
similarity within distance classes. The distance classes
represented by the first, second and third annuli of a
Windrose correlogram are defined in each legend. Values
of Moran’'s I are indicated in each segment. Full segments
indicate that spatial autocorrelation is statistically sig-
nificant (P<0.05), whereas half segments are not
significant (P>0.05). Dark shading indicates varying
degrees of positive spatial autocorrelation, whereas light
shading indicates varying degrees of negative spatial
autocorrelation. Similar analysis was carried out for KIR
and HLA genes.
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