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Abstract

HLA class | molecules and Killer cell immunoglobulin-like receptors (KIR) form a diverse system
of ligands and receptors that individualize human immune systems in ways that improve the
survival of individuals and populations. Human settlement of Oceania by island-hopping East and
Southeast Asian migrants started ~3,500 years ago. Subsequently, New Zealand was reached ~750
years ago by ancestral Maori. To examine how this history impacted KIR and HLA diversity, and
their functional interaction, we defined at high resolution the allelic and haplotype diversity of the
13 expressed KIR genes in 49 Maori and 34 Polynesians. Eighty KIR variants, including four
‘new’” alleles, were defined; as were 35 centromeric and 22 telomeric KIR region haplotypes,
which combine to give >50 full-length KIR haplotypes. Two new and divergent variant KIR form
part of a telomeric KIR haplotype, which appears derived from Papua New Guinea and was
probably obtained by the Asian migrants en route to Polynesia. Maori and Polynesian KIR are
very similar, but differ significantly from African, European, Japanese and Amerindian KIR.
Maori and Polynesians have high KIR haplotype diversity with corresponding allotype diversity
being maintained throughout the KIR locus. Within the population each individual has a unique
combination of HLA class | and KIR. Characterizing Maori and Polynesians is a paucity of HLA-
B allotypes recognized by KIR. Compensating for this deficiency are high frequencies (>50%) of
HLA-A allotypes recognized by KIR. These HLA-A allotypes are ones that modern humans likely
acquired from archaic humans at a much earlier time.
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Introduction

Natural killer (NK) cells are essential components of the human immune system that provide
defense against infection and cancer (Cooper et al. 2009; Lanier 2005). They also contribute
to placentation and the success of reproduction (Parham and Moffett 2013). Education of
NK cells and activation of their effector functions are controlled by the integration of signals
generated through a variety of cell-surface receptors (Long et al. 2013; Narni-Mancinelli et
al. 2013). Several of these NK cell receptors are specific for HLA class I ligands (Moretta et
al. 2014). Of particular interest here is the diverse family of killer-cell immunoglobulin-like
receptors (KIR) that recognize four mutually exclusive epitopes of the highly polymorphic
HLA-A, -B and -C molecules. These epitopes comprise the A3/11 epitope carried by HLA-
A*03 and HLA-A*11 allotypes, the Bw4 epitope carried by around one third of HLA-A and
-B allotypes, the C2 epitope carried by the subset of HLA-C allotypes having lysine at
position 80, and the C1 epitope carried by the complementary subset of HLA-C allotypes
that have asparagine at position 80 (Dohring et al. 1996; Gumperz et al. 1995; Winter and
Long 1997). In addition, the unusual and geographically restricted HLA-B*46 and -B*73
allotypes also carry the C1 epitope (Moesta et al. 2008).

The KIR are encoded by a close-packed gene family that is part of the leukocyte receptor
complex (LRC) on chromosome 19 (Wilson et al. 2000). There are two distinctive
components to the genetic diversity of the KIR locus. One is variability in KIR gene content,
the other is allelic polymorphism of the KIR genes. These two dimensions of variability
synergize to diversify KIR haplotypes (Shilling et al. 2002), which although numerous
divide into two broad and functionally distinctive groups called KIR A and B (Uhrberg et al.
1997). More than 200 studies of KIR gene content in various human populations and clinical
cohorts (Bashirova et al. 2006; Hollenbach et al. 2012; Norman et al. 2001) have associated
combinatorial diversity of KIR and HLA with a range of diseases, including infections,
autoimmune disorders, and pregnancy syndromes, as well as the outcome of transplantation
(Hiby et al. 2004; Khakoo and Carrington 2006; Leung et al. 2004; Martin and Carrington
2013; Venstrom et al. 2012; Zambello et al. 2014).

Whereas many studies describe KIR gene content diversity in anthropologically well-defined
human populations (Hollenbach et al. 2012; Norman et al. 2001; Parham 2005), relatively
few reports describe their allelic diversity. These studies examined Japanese (Yawata et al.
2006), Yucpa South Amerindians (Gendzekhadze et al. 2009), Ga-Adangbe West Africans
(Norman et al. 2013) and Europeans (Middleton et al. 2007; Vierra-Green et al. 2012).
Nonetheless, these studies demonstrate that the allelic and haplotypic diversity of the KIR
genes varies significantly between human populations. Importantly, they are complemented
by functional studies showing how allotypic KIR variation can modulate the interaction of
KIR with HLA class | and thereby influence NK cell function (Ahlenstiel et al. 2008; Bari et
al. 2009; Frazier et al. 2013; Hilton et al. 2012; O’Connor et al. 2014; Thananchai et al.
2007). To extend high-resolution analysis of the combinatorial diversity of KIR and HLA
alleles to the distinctive populations of the Remote Oceanic region of the South Pacific, we
report here on Maori from New Zealand and Polynesians from Samoa, Tokelau and the
Cook Islands.
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Colonized approximately 750 years ago by Maori ancestors, New Zealand (Aotearoa) was
one of the last places on earth to be populated by humans (Wilmshurst et al. 2011). Remote
Oceania was settled quickly (Friedlaender et al. 2008), through successive migration and
expansion to colonize each newly discovered island (Bellwood et al. 2011). Along the
migration route from Northwest to South and East Oceania is a gradient of genetic diversity
with Maori having the lowest diversity (Chambers 2013; Kayser et al. 2006; Whyte et al.
2005). The migrants from Eastern Asia to the South Pacific experience some limited genetic
exchange with people of Near Oceania (e.g. Papua New Guinea), which had then been
populated for ~40,000 years (Chambers 2013; Friedlaender et al. 2008). In the ancestry of
Remote Oceanians there was also sex-biased gene flow, involving females that originated in
Taiwan or Near Oceania and males from Island Southeast Asia (Duggan et al. 2014; Kayser
et al. 2006; Soares et al. 2011; Wollstein et al. 2010). During the 3,500 years since the
settlement of Remote Oceania began (Burley et al. 2012; Hurles et al. 2003) gene flow
between Remote Oceanic population groups preserved their close relationships relative to
other population groups (Edinur et al. 2013; Friedlaender et al. 2008; Wollstein et al. 2010).
But adding further complexity, were genetic influences from Western Europeans that began
in the nineteenth century (Underhill et al. 2001).

The HLA allele frequencies of Maori and Polynesian populations reflect this ancestry, with
common alleles and haplotypes being also common in the populations of Taiwan, Island
Southeast Asia or Near Oceania (Gonzalez-Galarza et al. 2011; Kostyu et al. 1984; Tracey
and Carter 2006). Rare alleles and haplotypes tend to stem from modern or historical
admixture, such as those shared by Europeans and New Zealand Maori or by Amerindians
and Easter Islanders (Edinur et al. 2012; Roberts et al. 2013; Thorshy 2012). A previous
study (Velickovic et al. 2006) analyzed the gene content of the KIR locus in four Polynesian
populations: Cook Islands, Samoa, Tokelau and Tonga. These populations exhibited similar
KIR-gene frequencies and extent of gene-content variation. Individual populations had 19—
29 different KIR genotypes, with a total of 46 KIR genotypes being observed. The goal of
our study was to determine KIR and HLA class | allele variation in Maori and Polynesian
populations, how it compares to that in African, European, Asian and Amerindian
populations, and its potential for diversifying the functional interactions of KIR with HLA
class I.

Materials and Methods

Study populations

We studied the KIR of 49 Maori (from New Zealand) and 34 Polynesians (from either Cook
Islands, Samoa or Tokelau), cohorts that were previously analyzed for HLA class I (Edinur
et al. 2012). All these individuals were unrelated. They self-identified as having four Maori
or four Polynesian grandparents and had no known admixture with any other ethnic group in
their family history. These indicators are likely to accurately reflect their ancestry, because
these people have a strong respect for genealogical heritage (known as whakapapa by the
Maori). The individuals studied were all volunteer blood donors at the Wellington Blood
Transfusion Service and were resident in Wellington at the time of blood donation. Genomic
DNA samples made from peripheral blood cells were drawn from the Victoria University of
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Wellington DNA Bank. Ethical approval for this study was obtained from the New Zealand
Central Region Ethics Committee, the Victoria University of Wellington Human Ethics
Committee, and the Stanford University Administrative Panels on Laboratory Care and
Human Subjects in Medical Research.

PCR amplifications

Individual exons of the KIR genes were amplified by PCR and subject to Sanger sequencing,
followed by cloning and/or pyrosequencing. The KIR genes were analyzed in nine groups;
KIR3DL3, 2DL23/S2, 2DL5, 2DS3/5, 2DL1/S1, 2DL4, 3DL1/S1, 2DS4 and 3DL2, as
described previously (Norman et al. 2013). Each of 39 reactions was performed separately in
a 12ul mixture containing PCR buffer (Invitrogen, Carlshad, CA), 2.5mM MgCl, 0.2mM
mix of dNTPs (Sigma-Aldrich, St. Louis, MO), 1uM of each respective oligonucleotide
primer (as described in (Norman et al. 2013)), 1U of recombinant Tag DNA polymerase
(Invitrogen Carlsbad CA) and 50-200ng of DNA template. Amplification was performed
using a Veriti 96 well thermocycler (Applied Biosystems, Foster City, CA) set to 9600
emulation mode, with a 3 minute initial heat activation step at 94°C, 10 cycles consisting of
denaturing at 94°C for 10 seconds, annealing at 65°C for 60 seconds, and another 20 cycles
consisting of a denaturing step of 94°C for 10 seconds, annealing at 61°C for 50 seconds and
elongation at 72°C for 30 seconds. The PCR products obtained from this step were used as a
template for a nested PCR. The reaction mixture consisted of PCR Buffer containing 15mM
MgCl, (Qiagen, Valencia, CA), 0.2mM dNTPs (Sigma-Aldrich, St. Louis, MO), 1uM of
each oligonucleotide primers as described (Norman et al. 2013)), 1U of HotStarTaq Plus
DNA Polymerase (Qiagen, Valencia, CA). Amplification was performed using the same
conditions as the first round of PCR, but with 30 cycles in the final step (45 total). The PCR
products from this step were then genotyped by pyrosequencing.

Sample preparation for pyrosequencing

A 5yl aliquot of biotinylated PCR product was incubated with 4pl Sepharose beads
(Amersham Biosciences, Piscataway, NJ) in a 100ul final volume at room temperature with
agitation at 1100rpm for 15 minutes. To remove unattached PCR products, the beads were
washed with 70% ethanol, DNA denatured with 0.2M NaOH, then washed again with
10mM Tris-Acetate (pH 7.6) and suspended in 12pl of annealing buffer (20mM Tris-Acetate
(pH 7.6), 2mM Mg-Acetate) containing 30uM sequencing primers. To anneal the primer and
template, the mixture was incubated at 75°C for 2 minutes followed by slow (10-15
minutes) cooling to room temperature. Pyrosequencing was then performed using PSQ 96
Gold reagents, and a PSQ HS 96A instrument (Qiagen, Valencia, CA).

Sanger sequencing

Standard DNA sequencing reactions were performed in forward and reverse directions using
BigDye Terminator v3.1 and analyzed using an ABI-3730 sequencer (ABI, Foster City CA).
When required, PCR products were cloned using Topo-pcr2.1 vector (Invitrogen, Carlsbad,
CA) and sequenced using M13 and internal primers. Four newly-discovered KIR alleles
were validated as recommended by the curators of the Immuno Polymorphism Database
(IPD) (Robinson et al. 2013). For each individual in which a ‘new allele’ was detected, five
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or more clones for the allele were sequenced. The allele sequences were submitted to the
IPD database (http://www.ebi.ac.uk/ipd/kir/). Their names and accession numbers (in
parentheses) are KIR3DL1*080 (KF941346), 3DL1*086 (KM026529), 2DL4*028
(KF941350), and 2DL3*00110 (KJ013515).

KIR and HLA class | genotyping

Confirmation of KIR gene presence/absence was performed using polymerase chain
reaction-sequence specific oligonucleotides (PCR-SSO) and Luminex technology
(LABType SSO KIR, One Lambda, Canoga Park, CA). The HLA class | genotypes were as
described previously for all the Maori and 26 of the Polynesians (Edinur et al. 2013). The
other eight of the 34 Polynesians, were genotyped for HLA class | using the LABType SSO
method.

Population genetics

Allele frequencies were determined by direct counting. Their fit to Hardy-Weinberg
equilibrium proportions was examined, and established, using an exact test. Expected
heterozygosity was calculated from the sum of the square of the frequencies (He = 1- SSF).
Differences in the allele-frequency distributions between populations were compared using
2 x n contingency tables and a chi-square test, with only common alleles (>5%) being
examined in order to eliminate any bias due to rare alleles. Centromeric and telomeric allele-
level KIR haplotypes were determined for each individual based on patterns of commonly-
segregating alleles at adjacent KIR genes. Full-length allelic level KIR haplotype frequencies
were estimated using the Expectation-Maximization algorithm of Haplo Stats implemented
in the R programming language (R Development Core Team 2008). Gene-content
haplotypes were compiled from these allele-level haplotypes. Individuals having duplicated
KIR genes were identified from pyrosequencing of component alleles and their gene copy
number confirmed using real-time PCR (Jiang et al. 2012). In such cases the additional copy
of the duplicated gene was not included in the allele frequency calculations. Individuals
appearing homozygous for combinations of KIR2DL4 and 3DL1/S1 alleles were also tested
for gene copy number using real-time PCR to determine if they carried a deletion KIR
haplotype that lacks the KIR2DL4 and KIR3DL1/S1 genes. Comparisons were made
between Maori, Polynesians and the other populations for which KIR alleles and haplotypes
have been determined at high-resolution: Yucpa Amerindians from Venezuela:
(Gendzekhadze et al. 2009), Ga-Adangbe sub-Saharan Africans from Ghana: (Norman et al.
2013), Europeans from Northern Ireland (Middleton et al. 2007) and the USA (Vierra-Green
et al. 2012), and Japanese (Yawata et al. 2006). European HLA frequencies are from the
“USA (Eur)” population (N=564) of (Meyer et al. 2007).

Pairwise mismatch analysis

For separate centromeric or telomeric KIR haplotypes, the sequences of the composite
alleles were concatenated and mismatch distributions were calculated with p-dist, using
Mega 6 (Tamura et al. 2011) set to pairwise deletion. The haplotypes having two copies of
KIR2DL4 and KIR3DL1, observed in one Maori and one Polynesian, were not included in
the analysis.
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High-resolution allele-level HLA-A, -B and -C typing of cohorts of unrelated New Zealand
Maori and Polynesian individuals shows that all three loci exhibit substantial polymorphism
and that the spectrum of alleles in the two populations is similar ((Edinur et al. 2013) and
Fig. 1a). Of the 50 HLA-A, B, C alleles detected, 30 are held in common and none of the
alleles present in only one of the populations has a frequency greater than 5%
(Supplementary Fig. 1). In contrast, shared, high-frequency alleles in the Maori are A*02:06
(29%), A*11:01 (17%), A*24:02 (37%), B*55:02 (36%) and C*01:02 (45%), and these are
also common alleles in the Polynesians. HLA class | allotypes bearing the four, mutually
exclusive, epitopes recognised by KIR are present in both populations. Whereas all HLA-C
allotypes carry either the C1 or the C2 epitope, and 54% of the HLA-A allotypes carry either
the Bw4 or the A3/11 epitope, only 2-3% of the HLA-B allotypes carry an epitope
recognized by KIR (Fig. 1b). In effect, HLA-B in the Maori and Polynesian populations is
rarely functioning as a ligand for KIR and thus appears dedicated to presenting peptide
antigens to the T-cell receptors of CD8 T cells. With this knowledge of HLA class I in hand,
we determined the coding region sequences for the alleles for all 13 functional KIR genes in
the Maori and Polynesian cohorts.

Maori and Polynesians have eighty familiar KIR alleles and four ‘new’ KIR alleles

A total of 84 KIR alleles encoding 66 allotypes were defined in the Maori and Polynesian
populations (Supplementary Fig. 2). Of these, 71 alleles encoding 49 allotypes were present
in both populations. Among the 84 Maori and Polynesian KIR alleles, four alleles
(KIR2DL3*00110, 2DL4*028, 3DL1*080 and 3DL1*086) were previously unknown and
appear to be specific to these Remote Oceanic populations. Two of the new alleles,
KIR2DL3*00110 and KIRDL1*080, differ from other Maori and Polynesian alleles by single
nucleotide substitutions, whereas KIR3DL1*086 and KIRDL4*028 differ by multiple
dispersed substitutions. KIR2DL3*00110 differs from KIR2DL3*00101 by a synonymous
substitution and is present in Maori and Polynesians. KIR3DL1*080 is unique to the Maori
and differs from 3DL1*015 by a non-synonymous substitution that replaces alanine at
position 16 in the DO domain with proline (Fig. 2a). This substitution has potential to affect
functional recognition of the Bw4 epitope.

New alleles KIR3DL1*086 and KIR2DL4*028 are present both in Maori and Polynesians,
where they are present in the same subsets of individuals. This distribution suggests
KIR3DL1*086 and KIR2DL4*028 segregate on the same KIR haplotypes. KIR3DL1*086
differs from other KIR3DL1 alleles by four nucleotide substitutions. One substitution, in
exon 9, is synonymous, where the other three substitutions are non-synonymous and change
the residues at positions 20 and 88 in the DO domain and position 166 in the D1 domain
(Fig. 2a). Of the three amino-acid substitutions, alanine 88 and phenylalanine 166 are
present in none of the 81 KIR3DL1/S1 allotypes previously defined, and glutamine 20 is
present only in KIR3DL1*027, which was detected in just one African individual from
Zimbabwe (Norman et al. 2007). Residues 20 and 166 of KIR3DL1/S1 have been subject to
positive diversifying selection in the hominid lineage (Norman et al. 2007). Residue 166 is
part of the F loop of the D1 domain that contacts Bw4-bearing HLA molecules and is the
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only residue to contact the bound peptide directly and affect the ligand-receptor interaction
(Vivian et al. 2011). The replacement of leucine by phenylalanine in KIR3DL1*086 could
have the effect of making this allotype recognize Bw4-bearing HLA molecules that carry a
different set of bound peptides.

KIR2DL4*028 differs from other Maori and Polynesian KIR2DL4 by four nucleotide
changes. These comprise coding changes at positions 109 and 112 in the D1 domain and a
2bp deletion in exon 9 (Fig. 2b). None of these changes has been identified in the 27
KIR2DL4 allotypes described to date (Goodridge et al. 2007; Hou et al. 2011; Robinson et
al. 2013). The glutamine residue at position 109 introduces a third alternative amino acid at
a known polymorphic site (Fig. 2b), whereas the 2bp deletion causes a frame-shift starting at
codon 287, causing premature termination at residue 312 and producing a polypeptide with a
truncated cytoplasmic domain (Fig. 2c¢). Although the single immunoreceptor tyrosine-based
inhibitory motif (ITIM) of 2DL4 is retained by 2DL4*028, it is unknown if the protein
remains functional as a membrane-bound receptor. The loss of 65 amino acids from the
cytoplasmic tail could give 2DL4*028 a similar phenotype to the previously defined
‘2DL4-9a’ alleles (Goodridge et al. 2007). These alleles, for example KIR2DL4*008, have a
single base-pair deletion in exon 7 that changes the reading frame, causes premature
termination at codon 251 in the transmembrane region (Fig. 2¢) and produces a soluble
protein that is not expressed at the cell surface (Goodridge et al. 2007; Kikuchi-Maki et al.
2003).

Maori and Polynesians have similar KIR allele frequencies that differ from those of other

populations

Comparison of the Maori KIR genes shows the inhibitory KIR are more polymorphic than
the activating KIR (Fig. 3a). Inhibitory KIR have between 5 (KIR2DL1) and 21 (KIR3DL3)
allotypes, whereas the presence and absence of a functional gene is the principal source of
activating KIR variation. Exemplifying this distinction is the KIR3DL1/S1 gene, which
encodes both inhibitory (KIR3DL1) and activating (KIR3DSL1) receptors. Whereas,
KIR3DSL1 is represented by a single allotype, KIR3DL1 is highly polymorphic.
Distinguishing KIR2DLA is its specificity for HLA-G, a class | MHC molecule expressed
only by trophoblast cells, implicating KIR2DL4 in the reproductive function of NK cells
(Rajagopalan and Long 2012). KIR2DL4, which although retains inhibitory signalling
potential (Yusa et al. 2002), is the one activating receptor (Kikuchi-Maki et al. 2003) with
considerable polymorphism (Fig. 3a). In exhibiting these distinctive differences between
inhibitory and activating receptors, the Maori and Polynesians are similar to the other
populations for which KIR alleles and haplotypes have been described at high resolution
(Gendzekhadze et al. 2009; Norman et al. 2013; Vierra-Green et al. 2012; Yawata et al.
2006). The exception is KIR2DS5, which is polymorphic in sub-Saharan Africans (Hou et
al. 2009; Norman et al. 2013).

In comparing KIR alleles and their frequencies, the Polynesians are so similar to the Maori
that no statistically significant difference could be detected between the two groups for any
KIR (Fig. 3b). In contrast, when Maori or Polynesians were compared to European, West
African, and Amerindian populations, highly significant differences in allele frequencies
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were detected for a majority of the KIR genes, as was similarly observed for HLA-A, B and
C (Fig. 3b). In general, the differences are larger for genes encoding inhibitory KIR than
activating KIR. Thus, KIR3DL3 and 2DL2/3 display the highest differences and 2DS2,
2DL5B and 2DS3/5¢ display the least differences (Fig. 3b). The Japanese, who reside
geographically closer to Remote Oceania than the other populations, have KIR allele
frequencies that are more similar to those of Maori and Polynesians, with only three genes,
centromeric KIR2DL2/3 and KIR2DL1, and telomeric KIR2DS4, showing statistically
significant difference. A common feature of the telomeric KIR region of Maori, Polynesians
and Japanese is an unusually low frequency of KIR2DLA4 alleles encoding truncated
KIR2DL4 allotypes. Such alleles are at 20% frequency in Japanese (Yawata et al. 2006) and
~25% in Maori and Polynesians, including a contribution of 4% from the new
KIR2DL4*028 allotype (Supplementary Fig. 2). In contrast, the West-Africans and the
Amerindians have allele frequencies for truncated forms of KIR2DL4 that are 40% (Norman
et al. 2013) and 57% (Gendzekhadze et al. 2009), respectively. Although 2DL4*028 is not
present in the Japanese population studied, the overall similarity between Japanese, Maori
and Polynesians suggests a common ancestry of telomeric KIR segments.

KIR haplotype diversity in Maori and Polynesians—From the patterns of linkage
disequilibrium (LD) within the centromeric and telomeric regions of the KIR haplotype
(Middleton et al. 2007; Norman et al. 2013; Vierra-Green et al. 2012) we inferred the
centromeric and telomeric haplotypes for each Maori and Polynesian individual and the
haplotype frequencies for the two populations. We observed a total of 35 centromeric and 22
telomeric haplotypes, the common ones being present in both populations (76-91%
cumulative frequency; Fig. 4). The number of different centromeric and telomeric KIR
haplotypes did not change when non-expressed and synonymous KIR variants were
excluded from the analysis (Fig. 5a). Pairwise comparison of Maori and Polynesian
haplotype sequences gives a striking bimodal mismatch distribution for both the centromeric
and telomeric regions (Fig. 5b). Underlying the bimodal distribution is the sequence
divergence of the KIR A and B haplotypes and their presence at comparable frequencies. The
bimodal distribution is a strong indicator that haplotypic diversity is maintained by
balancing selection throughout the KIR locus in these populations. Comparable bimodal
distributions are seen for the European, West-African and Amerindian KIR haplotypes, with
the exception of the telomeric region of the West-African KIR locus which has a paucity of
telomeric B haplotype regions. This deficiency could have arisen from disease-specific
selection (Norman et al. 2007). Although having a striking bimodal distribution, the
Amerindian KIR haplotypes have considerably less sequence diversity than the other
populations, consistent with their overall low genetic diversity and the extended migration
that was required for modern humans to reach the Americas. In contrast the Maori and
Polynesians have comparable KIR diversity to the European population, indicating that their
more recent history of migration did not cause extensive loss of genetic diversity.

With a frequency of 20%, the haplotype encoding KIR3DL3*015, 2DL3*001 and
2DL1*003 is the most common centromeric KIR haplotype in Maori and Polynesians, but it
is rare in other populations or absent (Supplementary Fig. 3). The commonest telomeric
haplotype (which encodes KIR2DL4*001, 3DL1*015, 2DS4*001 and 3DL2*001), is also
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present at a frequency of ~20% (Supplementary Fig. 3). This haplotype is also common in
Amerindians and Japanese, but rare in West-African and European populations
(Supplementary Fig. 3). Telomeric KIR haplotypes with deleted or duplicated
2DL4-3DL1/S1 segments were also detected at low frequency (Fig. 4). These recombinant
haplotypes are known to be at low to intermediate frequency in Europeans, Asians and Sub-
Saharan Africans (Gomez-Lozano et al. 2005; Norman et al. 2013; Williams et al. 2003).

An unusual KIR haplotype shared by Maori, Polynesians and a Papua New Guinean

As predicted from the concordance of KIR2DL4*028 and 3DL1*086 in the Maori and
Polynesians, these two new alleles segregate together on a single telomeric KIR A haplotype
segment, which also contains KIR2DS4*001 and 3DL2*002 (haplotype 9 in Fig. 4b).
Because KIR2DL4*028 and 3DL1*086 differ from other Maori and Polynesian alleles by
several dispersed nucleotide substitutions we hypothesized that this haplotype was acquired
through admixture with another population group. Given the history of the Maori and
Polynesian populations, one candidate source for this unusual haplotype was Papua New
Guinea. To investigate this possibility we studied the telomeric KIR genes of an individual
from Papua New Guinea whose genome had been sequenced (Meyer et al. 2012). Using a
novel bioinformatics approach (Kidd et al. 2014), we extracted the sequence reads that are
specific to the telomeric KIR segment and mapped them to their corresponding genes. With
this analysis we identified both of the telomeric KIR haplotypes in the Papua New Guinean
individual. One haplotype was identical to 2DL4*028-3DL1*086 containing haplotype of
the Maori and Polynesians. This identity indicates that this unusual haplotype was acquired
from a Near Oceanic individual. That studying a single Papua New Guinean revealed this
haplotype suggests it has substantial frequency in the population of Papua New Guinea. The
second telomeric KIR haplotype in the genome of the Papua New Guinean contains the
2DL4*005, 3DS1*01301, 2DL5A*001, 2DS5*002, 2DS1*002 and 3DL2*007 alleles. This is
the most frequent B haplotype worldwide, being common to all populations outside of
Africa (Supplementary Fig. 3) and a good candidate for having been introduced into modern
humans by introgression from archaic humans (Abi-Rached et al. 2011).

Determination of complete Maori and Polynesian KIR haplotypes from centromeric and
telomeric haplotypes

The fact that meiotic recombination shuffles centromeric and telomeric segments to
diversify KIR haplotypes (Bashirova et al. 2006; Wilson et al. 2000), complicated the
determination of which combinations of centromeric and telomeric KIR make up the
complete haplotypes for each Maori and Polynesian individual. To address this question we
estimated population frequencies of full-length KIR haplotypes using the expectation-
maximization (EM) algorithm. This approach enabled us to define 80% of the Méaori and
Polynesian KIR haplotypes. Of these 49 haplotypes, 23 haplotypes are present in more than
one individual and 26 were observed only once (Fig. 6). On the basis of high-resolution KIR
genotyping we have demonstrated that the Maori have a minimum of 35 different KIR
haplotypes and for the Polynesians there are minimally 25 KIR haplotypes. Among these
haplotypes is allelic diversity of 31 KIR A haplotypes and 18 KIR B haplotypes (Fig. 6). In
terms of gene content, the canonical KIR A haplotype is the most common haplotype
(estimated frequency of 60% in Maori and 68% in Polynesian), as is true for nearly all
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populations examined to date (Hollenbach et al. 2013; Parham 2005). The second most
frequent gene-content haplotype observed in the Maori (10.2%) and Polynesians (13.3%) is
a B haplotype that possesses the centromeric A motif (Fig. 6). This KIR B haplotype, also the
most common B haplotype in other non-African populations (Hollenbach et al. 2012), has
only five variants distinguished by allele differences in Maori and Polynesians (Fig. 6). The
two divergent new KIR, 2DL4*028 and 3DL1*086, are carried on one A (haplotype 11 in
Fig. 6) and one B (haplotype 44 in Fig. 6) haplotype. Although there was no significant
difference between Maori and Polynesians in the frequency spectra of the KIR haplotypes
(possibly due to small sample sizes) only nine of the 49 full-length haplotypes are shared by
the two populations (~35% combined frequency: Fig. 6). This finding suggests the Maori
and Polynesians share many low-frequency haplotypes that have yet to be discovered.

HLA-A KIR ligands compensate for the paucity of HLA-B KIR ligands in the Maori

Consistent with results from genome-wide comparisons (Chambers 2013; Friedlaender et al.
2008), Maori and Polynesians have greater KIR diversity than Amerindians, but somewhat
less than sub-Saharan Africans and Europeans (Fig. 7a). Overall, however, the level of
immunogenetic diversity is such that each Maori and Polynesian individual studied has a
unique KIR/HLA class | compound genotype, implying a unique repertoire of NK-cell
interactions. We previously observed such individualization by KIR/HLA class | in the
highly heterozygous West African population (Norman et al. 2013). Comparison with the
other populations studied at high resolution shows that Europeans similarly achieve immune
individuality. Moreover, >90% of the Yucpa Amerindians have unique receptor/ligand
genotypes (H.=0.92: Fig. 7a) although they have relatively few HLA and KIR alleles and
haplotypes (Gendzekhadze et al. 2009). To examine how this genetic diversity could impact
NK cell function, we investigated pairwise diversity of HLA class I ligands and their
cognate KIR.

In Maori and Polynesians, there is a high frequency of HLA-A and a low frequency of HLA-
B molecules that are KIR ligands, features not seen in West-African, European and
Amerindian populations. Thus in Maori and Polynesians, ~54% of HLA-A carry either the
A3/11 or Bw4 epitope, whereas only 2-3% of HLA-B carry Bw4 (Fig. 1). The contribution
of HLA-A has the effect of increasing the mean number of KIR ligands per individual from
2.0 to 3.1, a value higher than for Amerindians but below the values for West-Africans and
Europeans (Fig. 7b). Based on the reported interactions of KIR with the C1, C2, Bw4 and
A3/11 epitopes of HLA class | (Graef et al. 2009; Hilton et al. 2012; Lanier 2005; Liu et al.
2014; Moesta et al. 2008; Moretta et al. 2014), for each Maori and Polynesian individual, we
determined the number of functional interactions between their HLA-A, -B and -C
molecules (Edinur et al. 2013) and their cell-surface expressed KIR (Supplementary Fig. 1).
The Maori and Polynesians have, respectively, a mean of 7.3 and 6.8 unique ligand-receptor
interactions per individual (Fig. 7b), values that are higher than the 6.5 mean in Europeans
but lower than the 7.6 mean of West Africans (Norman et al. 2013). The impact of HLA-A
on increasing the number of functional interactions is of statistical significance for the Maori
but not for the other populations (Fig. 7b). The lack of significance for the Polynesians could
be due to small sample size, which is not the case for the other populations. These results
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suggest that the paucity of KIR ligands contributed by Maori and Polynesian HLA-B is
compensated by the increased contribution of KIR ligands by HLA-A.

Discussion

The first analysis of KIR variation in the populations of Remote Oceania was performed at
the low resolution of KIR gene content and examined the Polynesians of the Cook Islands,
Samoa, Tokelau and Tonga (Velickovic et al. 2006). Considerable KIR gene content
diversity was observed, which was similar in the four populations. Here we focused on high-
resolution, allele-level KIR analysis of the New Zealand Maori, for which this is the first
study of KIR variation. We also performed high-resolution KIR analysis of a mixed
Polynesian cohort for comparison with the Maori. We show that the high level of KIR
diversity in Polynesians (Velickovic et al. 2006) is further enhanced by allelic variation
within the multiple gene content haplotypes. We show that the Maori have similar KIR
diversity to Polynesians both in quantity and quality.

The Maori samples were carefully selected to represent their ancestry because even recent
admixture can perturb the allele frequency spectra that are characteristic of these small
populations (Edinur et al. 2013; Roberts et al. 2013). Analysis of the 13 expressed KIR
genes identified a total of 80 allelic variants in the Maori, of which 54 encode distinct
allotypes. Similar numbers -- 76 alleles encoding 51 allotypes -- were identified in
Polynesians. Although these numbers are half those present in West-Africans or Europeans
(Middleton et al. 2007; Norman et al. 2013; Vierra-Green et al. 2012), high diversity is
achieved in both Maori and Polynesians because of their relatively balanced allele
frequencies (Fig. 5). Despite repeated cycles of population contraction and expansion during
the rapid colonization of the South Pacific islands, the KIR locus of the survivors retained
very high diversity. The same phenomenon is seen in Yucpa South Amerindians, who
maximize KIR diversity with yet fewer haplotypes (Gendzekhadze et al. 2009). These
finding indicate the need for human populations to retain a critical level of NK cell receptor
variation. The human NK system has dual roles in immunity and reproduction that are
potentially competing. That the risk of pre-eclampsia is significantly elevated in Maori
women (Anderson et al. 2012), suggests an imbalance between the two roles persists in
these populations. This imbalance may be due to the relatively high frequencies of KIR A
haplotypes, which are associated with preeclampsia in homozygous women who carry a
foetus expressing a C2 motif (Hiby et al. 2004).

Ligands for KIR are four epitopes of the polymorphic HLA-A, -B and -C molecules. In the
Remote Oceanic populations we studied there is a paucity of HLA-B allotypes that express
KIR ligands; less than 3% of Maori and Polynesian HLA-B have the Bw4 epitope and none
have the C1 epitope (Fig. 7). In apparent compensation for this loss, the Remote Oceanic
populations have acquired high frequencies (>50%) of HLA-A allotypes having the A3/11
or Bw4 epitopes recognized by KIR (Fig. 7). The A3/11 epitope carried by HLA-A*11 is
recognized by KIR2DS2, 2DS4 and 3DL2 (Dohring et al. 1996; Graef et al. 2009; Liu et al.
2014) and the Bw4 epitope carried by HLA-A*24 is recognized by KIR3DL1 (Thananchai
et al. 2007). The HLA-A*11 and -A*24 alleles are common throughout Southeast Asia and
Oceania and there is evidence that they were introduced into the modern human population
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through admixture with archaic humans, such as Denisovans, and then rose to high
frequency through adaptive introgression (Abi-Rached et al. 2011). Thus, a strong candidate
for the mechanism that drove the adaptive introgression of HLA-A*11 and HLA-A*24 is
their capacity to provide the Bw4 and A3/11 epitopes that either restored or replaced KIR
ligands that had been lost by the small migrating populations of modern humans.

Estimates of remaining ancestry proportions place the genetic influence of Near Oceanians
on modern day Remote Oceanians at 15-30% (Kimura et al. 2008; Wollstein et al. 2010).
Analyzing the frequency spectra of HLA haplotypes, which characterize human populations
(Fernandez Vina et al. 2012), has also identified this genetic influence on Maori and
Polynesians (Edinur et al. 2013; Edinur et al. 2012). Because knowledge of KIR allele
diversity is restricted to very few populations, relative ancestry proportions cannot yet be
calculated from KIR data. Relating to this question, however, was our discovery of two
divergent KIR alleles (KIR2DL4*028 and KIR3DL1*086) that are in complete LD and
segregate in the Maori and Polynesian population on a single telomeric KIR haplotype that is
also shared with a Papua New Guinean individual. The likely source of this haplotype was
Near Oceania, because 3DL1*086 was not discovered in exploratory surveys for ‘new’
KIR3DL1 alleles that encompassed several East and Southeast Asian population groups
(Norman et al. 2007; Tao et al. 2014; Yawata et al. 2006). Furthermore, finding the
2DL4*028-3DL1*086 haplotype in the single Papua New Guinean individual we studied
suggests it is at high frequency in the Papua New Guinean population. In turn, Near
Oceanian populations have the highest proportion of archaic-human genetic ancestry of any
modern population group (Meyer et al. 2012). Thus, the divergent sequence and geographic
distribution of the 2DL4*028-3DL1*086 haplotype are consistent with it having been given
to modern humans outside of Africa by archaic humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Méaori and Polynesian KIR ligands are provided by HLA-A and HLA-C but not by

HLA-B

a. The allele-frequency spectra of HLA class I. Each segment of the pie corresponds to a
distinct allotype, which are matched in shade between the two populations: (yellow) —
allotype has A3/11 epitope, (green) — Bw4 epitope, (red) — C1 epitope, (blue) — C2 epitope,
(gray) indicates the allotype does not carry a KIR ligand. The allele names and frequencies

are given in Supplementary Figure 1 and (Edinur et al. 2013).

b. The number of HLA-A, -B or -C allotypes present within each category of KIR ligand,

and their frequencies in the Maori and Polynesian populations.
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Figure 2. Defining characteristics of the newly-discovered KIR3DL1 and KIR2DL4 allotypes
a. The amino acid differences that distinguish the KIR3DL1/S1 allotypes found in Maori

and Polynesians. 3DL1*015 is used as a reference and the two newly-discovered allotypes
(3DL1*080 and *086) are shown at the bottom with their unique substitutions in bold.
3DL1*086 also has a synonymous (g -> a) substitution at nucleotide 1288.

b. The amino acid differences that distinguish the KIR2DLA4 allotypes present in the Maori
and Polynesians. Only those residues that differ from the reference allotype (2DL4*001) are
shown. The newly-discovered substitutions are shown in bold. Red indicates the stop codons
introduced by preceding frame-shift mutations.

c. Shows the proteins that are predicted to be made from the 2DL4*028 allele compared to
2DL4*001 (full length) and 2DL4*008, of which the latter may form a truncated (upper) or
secreted protein (lower) (Goodridge et al. 2007). Red indicates the altered polypeptide
sequence due to the frame-shift. | - shows the position of the ITIM motif.
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Inhibitory KIR

2DL2/3

2DL5

3DL2

3DL1/S1

/3

»

P

-

2DS1 2DS2 2DS4 2DS3/5 3DL1/81
Activating KIR

b- Population
KIR Polynesian | European| West-African | Amerindian| Japanese
3DL3 n.s. <0.05 <0.001 <0.001 -
2DL2/3 n.s. <0.01 <0.01 <0.001 <0.001
2DS2 n.s. n.s. n.s. <0.05 -
2DL5B n.s. n.s. n.s. <0.05 -
2DS3/5c¢ n.s. n.s. n.s. <0.05 -
2DL1 n.s. <0.001 n.s. n.s. <0.001
2DL4 n.s. <0.001 <0.001 n.s. n.s.
3DL1/S1 n.s. <0.001 <0.001 n.s. n.s.
2DL5A n.s. n.s. <0.001 <0.001 n.s.
2DS3/5t n.s. n.s. <0.001 <0.001 -
2Ds1 n.s. n.s. <0.001 <0.001 -
2DS4 n.s. <0.001 n.s. <0.05 <0.05
3DL2 n.s. <0.001 <0.001 n.s. n.s.
HLA-A n.s. <0.001 <0.001 <0.001 <0.001
HLA-B <0.05 <0.001 <0.001 <0.001 <0.001
HLA-C n.s. <0.001 <0.001 <0.001 <0.001
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Figure 3. Comparison of Maori and Polynesian KIR allele frequencies with those of other
populations
a. The allele-frequency spectra for Maori KIR. Shades of (red) represent inhibitory KIR,

(green) - activating KIR, (purple) - truncated allotypes of KIR2DLA4. The allele names and
frequencies are given in Supplementary Figure 2.
b. Shown are the results of contingency table comparisons of allele-frequency spectra for
KIR (upper) and HLA class | (lower). The populations shown are compared with the Maori;
p values are the a level of significance following Bonferroni correction. (n.s.) — not
significant. (=) — no data available from population.
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Centromeric KIR region haplotypes Frequency
3DL3 2DS2 2DL2/3 | 2DL5B | 2DS3/5¢ | 2DL1 Maori | Polynesian

1| *01502 3*001 *00302 0.204 0.206
2 [ *00401 *001 2*003 0.092 0.015
3 | *00202 3*001 *00302 0.082 0.044
4 | *00301 *001 2*001 B*002 3*001 *00401 0.071 0.070
5| *01302 3*001 *00302 0.061 0.015
6 | *01001 3*00110 *00302 0.041 0.070
7 | *01001 3*001 *00302 0.041 0.044
8 | *00301 2*001 0.041

9 | *00101 3*002 *002 0.031 0.030
10| *00802 3*001 *00302 0.031 0.030
11| *01402 *001 2*003 0.031 0.015
12| *00101 3*001 *00302 0.031

13| *00902 3*001 *00302 0.020 0.147
14| *00901 3*001 *00302 0.020 0.120
15| *01002 3*001 *00302 0.020 0.015
16| *007 *001 2*001 B*002 3*001 *00401 0.020 0.015
17| *01402 *001 2*003 B*002 3*001 *010 0.020 0.015
18| *00301 *001 2*003 0.020 0.015
19| *00801 3*001 *00302 0.010 0.015
20( *017 3*002 *002 0.010 0.015
21| *023 3*001 *00302 0.010 0.015
22| *00102 3*002 *002 0.010

23| *00206 3*001 *00302 0.010

24| *01302 3*002 *002 0.010

25| *01306 3*001 *00302 0.010

26| *01501 3*001 *00302 0.010

27| *018 3*001 *00302 0.010

28| *01402 *001 2*001 B*002 3*001 *00401 0.010

29| *00401 *001 2*003 *010 0.010

30| *007 *001 2*003 0.010

31| *00301 *001 2*001 B*002 S3*002 0.030
32| *00101 3*00110 *00302 0.015
33| *00902 3*002 *001 0.015
34| *01306 3*001 *00302 0.015
35( *00202 3*001 B*002 S3*002 0.015

Fig. 4a
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Figure 4. Allelic Diversity of Maori and Polynesian KIR haplotypes
The centromeric (panel a) and telomeric (panel b) KIR haplotypes observed in the Maori and

Polynesians. (Red) indicates KIR A and (blue) KIR B motifs. Haplotype frequencies are
shown at the right. Individuals with duplicated segments (designated 2DL4b-3DL1/S1b)
were identified from pyrosequencing of component alleles and those with deleted
2DL4-3DL1/S1 segments using real-time PCR (Jiang et al. 2012).

Immunogenetics. Author manuscript; available in PMC 2015 November 01.

Telomeric KIR region haplotypes Frequency
2DL4 |3DL1/S1| 2DL4b |3DL1/S1b| 2DL5A |2DS3/5t] 2DS1 | 2DS4 | 3DL2 Maori Polynesian

1] *00102 | *01502 *00101 | *002 0.194 0.132
2| *00501 | S1*013 A*00101| 5*002 | *002 *007 0.163 0.118
3| *00102 | *029 *00101 | *002 0.133 0.103
4| *00102 | *020 *00101 | *009 0.092 0.059
5[ *011 *005 *010 *010 0.071 0.147
6| *00501 | S1*013 A*005 | 3*002 | *002 *007 0.071 0.029
7] *00102 | *080 *00101 | *002 0.071

8| *00801 | *001 *003 *001 0.041 0.059
9| *028 *086 *00101| *002 0.041 0.044
10{ *00802 | *00401 *006 *003 0.041

11| *00601 | *007 *004 *008 0.020 0.059
12| *00102 | *002 *00101 | *002 0.020

13[ *011 *005 *010 *001 0.020

14| *00802 | *00401 *006 *005 0.010 0.015
15| *00802 | *00401 *006 *011 0.010

16| *00601 | *007 *004 *036 0.103
17 *002 *007 0.059
18| *00102 | *008 *003 *009 0.015
19( *00102 | *01502 *00101| *001 0.015
20| *00601 | *007 *003 *002 0.015
21| *00501 | S1*013 A*005 | 3*002 | *002 *002 0.015
22| *00801 | *001 *005 | S1*013 | A*005 | 3*002 *003 *001 0.015

Fig. 4b
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Figure 5. Bimodal KIR diversity in centromeric and telomeric regions of Maori and Polynesian

KIR haplotypes

a. Cumulative frequency plots of KIR/KIR haplotype frequencies. (red) indicates allele-level
haplotypes (blue) represent allotype-level haplotypes (i.e. considering only substitutions that
alter the sequence or number of expressed KIR); the telomeric region the plots are identical.
b. Shows histograms of mismatch distributions of centromeric (left) and telomeric region

(right) haplotypes determined by percentage difference (p-distance).
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KIR gene Frequency
3DL3 |2DS2 | 2DL2/3 | 2DL5B | 2DS3/5¢ | 2DL1 2DL4 | 3DL1/S1 | 2DL4b |3DL1/S1b| 2DL5A [ 2DS3/5t [2DS1 [2DS4 |3DL2| Maori |Polynesian|

1[*01502 3*001 *00302| *00102 |*029 *00101| *002 | 0.122 0.066
2|*00401| *001 | 2*003 *00102 [*01502 *00101| *002 | 0.092 0.000
3|*00301| *001 | 2*001 | B*002 | S3*001 |*00401| *00501 |3DS1*013 A*00101]| S5*002 | *002 *007 | 0.061 0.015
4[*00202] 3*001 *00302| *00501 |3DS1*013 A*005 | $3*002 | *002 *007 | 0.050 0.029
5/*00301 2+001 *00501 [3DS1*013| A*00101| $5*002 | *002 *007 | 0.041 0.000
6/*01302 3*001 *00302| *00102 |*080 *00101| *002 | 0.041 0.000
7|*01402| *001 | 2*003 *00501 [3DS1*013] A*00101| S5*002 | *002 *007 | 0.031 0.015
8/*01502 3*001 *00302| *00102 |*020 *00101| *009 | 0.031 0.015
9/*01001 3*001 *00302| *00102 |*01502 *00101| *002 | 0.031 0.000
10/*00802 3*001 *00302| *00102 |*020 *00101| *009 | 0.031 0.000
11]*00202 3001 *00302| *028 *086 *00101| *002 | 0.020 0.015
12|*01001 3*00110] *00302| *00802 |*00401 *006 | *003 0.020 0.000
13|*01502 3*001 *00302| *011 *005 *010 | *010 0.019 0.110
14|*01502 3*001 *00302| *00501 [3DS1*013| A*005 $3*002 | *002 *007 0.011 0.000
15/*00202 3*001 *00302| *011 *005 *010 | *010 0.011 0.000
16/*01001 3*00110] *00302| *00601 |*007 *004 | *036 0.010 0.074
17*00901 3*001 *00302| *011 *005 *010 | *010 0.010 0.037
18/*00301| *001 | 2*003 *00102 |*002 *00101| *002 0.010 0.000
19/*00301| *001 | 2*003 *00102 |*01502 *00101| *002 0.010 0.000
20/*01402| *001 | 2*003 | B*002 | S3*001 [*010 | *00501 |3DS1*013 A*00101| S5*002 | *002 *007 | 0.010 0.000
21*00902 3*001 *00302| *00501 |3DS1*013 A*005 $3*002 | *002 *007 0.010 0.000
22|*01302 3*002 *002 *00102 |*002 *00101| *002 0.010 0.000
23/*01501 3*001 *00302| *00802 |*00401 *006 | *003 | 0.010 0.000
24/*00102] 3*002 *002 | *011 *005 *010 | *010| o0.010 0.000
25/*00901 3*001 *00302| *011 *005 *010 | *001| 0.010 0.000
26(*00902 3*001 *00302| *011 *005 *010 | *001| 0.010 0.000
27/*01002] 3*001 *00302| *011 *005 *010 | *010| o0.010 0.000
28[*018 3*001 *00302| *011 *005 *010 | *010| o0.010 0.000
29/*01001 3*001 *00302| *00601 |*007 *004 | *008 | 0.010 0.000
30/*00101 3*002 *002 | *00102 |*01502 *00101| *002 | 0.010 0.000
31/*01302] 3*001 *00302| *00102 |*020 *00101| *009 | 0.010 0.000
32/*023 3*001 *00302| *00102 |*029 *00101| *002 | 0.010 0.000
33(*00101 3*001 *00302| *00102 |*080 *00101| *002 0.010 0.000
34/*00902] 3*001 *00302| *00102 |*01502 *00101| *002 | 0.000 0.074
35/*00902] 3*001 *00302| *00501 |3DS1*013 A*00101| $5*002 | *002 *007 | 0.000 0.059
36/*00301| *001 | 2*001 B*002 | S3*001 |*00401| *00801 |*001 *003 | *001 0.000 0.044
37/*00902] 3*001 *00302| *00501 [3DS1*013 A*005 $3*002 | *002 *002 0.000 0.029
38(*00301| *001 | 2*001 B*002 | S3*002 *002 *007 0.000 0.029
39]*00901 3*001 *00302| *00601 [*007 *004 | *008 0.000 0.029
40|*00802 3*001 *00302| *00102 [*01502 *00101| *002 0.000 0.029
41|*00901 3*001 *00302| *00102 |*029 *00101| *002 0.000 0.022
42[*01402| *001 | 2*003 | B*002 | S3*001 [*010 | *00601 |*007 *003 | *002 | 0.000 0.015
43[*00401| *001 | 2003 *00102 [*020 *00101| *009 | 0.000 0.015
44[*00301) *001 | 2*001 | B*002 | S3*001 |*00401| *028 *086 *00101| *002 | 0.000 0.015
45[*01306 3*002 *001 *00801 [*001 *005 [3DS1*013|A*005 | S3"002 *003 | *001 | 0.000 0.015
46[*00901 3*001 *00302| *00102 |*008 *003 | *009 | 0.000 0.015
47[*01302 3*001 *00302| *00102 |*01502 *00101| *002 | 0.000 0.015
48[*01001 3*001 *00302| *00102 |*01502 *00101| *001 | 0.000 0.015
49[*01001 3*001 *00302| *00102 |*029 *00101| *002 | 0.000 0.015
Z| 0.796 0.809

Figure 6. Complete Maori and Polynesians KIR haplotypes
Frequencies of full-length KIR haplotypes estimated using the EM algorithm. Only

haplotypes with an estimated frequency equal to, or above, a single observation are shown
(~20% of the haplotypes from each population are not accounted for). (Red) indicates KIR A
and (blue) KIR B haplotypes.
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a. heterozygosity (H.)
KIR HLA KIR + HLA class |

Population cen tel A B C
Maori 0.92 0.87 0.75 0.82 0.76 1.00
Polynesian 0.89 0.88 0.77 0.88 0.88 1.00
West-African 0.96 0.95 0.91 0.93 0.87 1.00
Amerindian 0.71 0.71 0.67 0.69 0.41 0.92
European 0.94 0.92 0.87 0.94 0.91 1.00

b. mean number of KIR ligands mean unique KIR/HLA interactions
Population without-HLA-A | with-HLA-A | without-HLA-A with-HLA-A p<
Maori 2.0 3.1 5.3 7.3 0.01
Polynesian 2.1 3.1 4.9 6.8 n.s.
West-African 3.0 3.5 6.8 7.6 n.s.
Amerindian 2.2 2.6 2.8 3.2 n.s.
European 2.8 3.4 5.6 6.5 n.s.

Figure 7. HLA-A has restored KIR/ligand heterozygosity in Maori and Polynesians
a. Shown in the two columns at the left are the heterozygosity values (H.) for the

centromeric (cen) and telomeric (tel) KIR allotypes in the Maori and Polynesians compared
to the West-African, Amerindian and European populations. The central three columns give
the heterozygosity for HLA-A, -B and -C. The column on the right gives the heterozygosity
values for the combination of KIR and HLA class I.

b. The two columns on the left shows the mean number of KIR ligands per individual, with
and without the inclusion of HLA-A. The next two columns show the mean number of
unique KIR and HLA class | epitope interactions per individual, with and without the
inclusion of HLA-A. The column on the right gives the statistical significance as measured
using the Wilcoxon test (implemented in R) with p values corrected for the number of
populations.
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