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Abstract

Human natural killer (NK) cells are essential for controlling infection, cancer and fetal
development. NK cell functions are modulated by interactions between polymorphic inhibitory
killer cell immunoglobulin-like receptors (KIR) and polymorphic HLA-A, -B and -C ligands
expressed on tissue cells. All HLA-C alleles encode a KIR ligand and contribute to reproduction
and immunity. In contrast, only some HLA-A4 and -B alleles encode KIR ligands and they focus
on immunity. By high-resolution analysis of K/R and HLA-A, -B and -C genes, we show that
the Chinese Southern Han are significantly enriched for interactions between inhibitory KIR
and HLA-A and -B. This enrichment has had substantial input through population admixture
with neighboring populations, who contributed HLA class I haplotypes expressing the KIR
ligands B*46:01 and B*58:01, which subsequently rose to high frequency by natural selection.
Consequently, over 80% of Southern Han HLA haplotypes encode more than one KIR ligand.
Complementing the high number of KIR ligands, the Chinese Southern Han KIR locus
combines a high frequency of genes expressing potent inhibitory KIR, with a low frequency of
those expressing activating KIR. The Southern Han centromeric K/R region encodes strong,
conserved, inhibitory HLA-C specific receptors, and the telomeric region provides a high
number and diversity of inhibitory HLA-A and -B specific receptors. In all these
characteristics, the Southern Han represent other East Asians, whose NK cell repertoires are
thus enhanced in quantity, diversity and effector strength, likely through natural selection for

resistance to endemic viral infections.
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Introduction

Human leukocyte antigen (HLA) class I molecules are critical components of immunity, whose
extreme variation associates with resistance and susceptibility to infection, multiple immune-
mediated diseases and some cancers (Dendrou et al. 2018). HLA class I genes are located in
the major histocompatibility complex (MHC) of chromosome 6 and encode proteins that bind
peptide fragments derived from intracellular protein breakdown and transport them to the cell
surface. In doing so they can communicate to the adaptive immune system’s T cells whether a
tissue cell is healthy, or unhealthy due to infection or cancer. Subsets of HLA class I allotypes
additionally contain an externally facing amino acid motif that binds killer cell
immunoglobulin-like receptors (KIR), facilitating interaction with natural killer (NK) cells of

innate immunity.

KIR are expressed on the surface of NK cells and regulate their functions through binding to
HLA class I ligands on other cells (Cooper et al. 2009; Long et al. 2013). The functions of
these interactions are crucial in immunity to aid recognition and elimination of infected or
tumorous tissue, and in reproduction to regulate placentation and fetal development (Parham
and Moffett 2013). In accordance with these critical and independent roles in human health,
KIR and their HLA class I ligands are subject to natural selection, mediating their exceptional
diversity across individuals, populations and species (Parham and Moffett 2013; Prugnolle et
al. 2005). Indeed, KIR and MHC are some of the fastest evolving genomic loci in higher
primates (Guethlein et al. 2015). Correlating with direct impact on both NK cell development
and effector function (Freud et al. 2017; Vivier et al. 2011), numerous studies have implicated
combinatorial diversity of K/R and HLA class I alleles with the course of specific infectious
and autoimmune diseases, as well as the success of transplantation (Boudreau and Hsu 2018;
Holzemer et al. 2017). Importantly, the quantity as well as quality of these interactions can
influence individual responses to infection (Boelen et al. 2018; Pelak et al. 2011). Thus, the
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polymorphism of K/IR and HLA class I has profound impact on human health. Under-explored
are the scale and characteristics of K/IR and HLA class I combinatorial diversity worldwide,

and the processes that shape this diversity.

NK cells express overlapping subsets of KIR that are acquired stochastically during their
development (Andersson et al. 2009). During this process, the interaction of inhibitory KIR
with HLA class I KIR ligands broadens and strengthens subsequent effector functions of the
NK cell repertoire (Bjorkstrom et al. 2016; Hoglund and Brodin 2010; Saunders et al. 2015).
This education process matures some NK cells, allowing them to respond effectively to specific
instances of infection or cancer, and enhances the NK cell repertoire compared to those that
develop using other more conserved pairs of ligands and receptors. In this role, and also in
pregnancy where HLA-A and -B have no function, HLA-C is dominant because all expressed
HLA-C are KIR ligands (Guethlein et al. 2015). Four mutually exclusive sequence motifs
define the four HLA class I epitopes that are KIR ligands: C1 is carried by subsets of HLA-C
and HLA-B allotypes. C2 is carried by the other allotypes of HLA-C. Bw4 is carried by subsets
of HLA-A and -B allotypes. The A3/11 motif'is carried by a subset of HLA-A allotypes (HLA-
A*03 and A*11). Thus, only some HLA-A and -B allotypes are KIR ligands and their main

role is likely to diversify the NK cell response to pathogens.

The KIR locus on chromosome 19q13.4 varies in gene content, containing up to eight genes
encoding inhibitory KIR and five encoding activating KIR (Wilson et al. 2000). Four of the
inhibitory KIR and four activating KIR have well-characterized HLA-A, -B or -C ligands. Two
broad groups of K/R haplotypes are present in every human population. K/R A haplotypes carry
all four of the HLA-class I specific inhibitory receptors and are associated with resistance to
infectious diseases (Bashirova et al. 2006). KIR B haplotypes are more variable in their gene

number, carrying two or more genes for inhibitory receptors as well as various activating
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receptor genes, and favor fetal development (Parham and Moffett 2013). A recombination
hotspot separates the K/R locus into two segments (Wilson et al. 2000). Two inhibitory
receptors specific for HLA-C are encoded in the centromeric region, and two HLA-A and -B
specific receptors are encoded in the telomeric region. Additional to gene content variation,
polymorphism of both receptors and ligands can directly affect NK cell activity (Guethlein et
al. 2015). Thus, by varying the number, density, specificity, strength or signaling properties of
the receptor-ligand interaction, genetic variation of K/IR and HLA class I can pre-determine
functional differences in NK cell repertoires between individuals. This genetic diversity is
substantial among populations, as demonstrated with high-resolution studies (Guethlein et al.
2015; Nemat-Gorgani et al. 2018). In such detailed analysis, Asian populations are under-

represented.

Comprising 20% of the human population, the Chinese Han are the largest ethnic group in the
world (Abdulla et al. 2009). The Han have a complex population history and are presently
structured with the Northern and Southern Han forming two main subgroups that are separated
geographically by the Yangtze River (Wen et al. 2004). The Southern Han originated through
large scale population movement from the north ~1500 years ago, in parallel with admixture
with resident and neighboring populations (Hellenthal et al. 2014; Wen et al. 2004).
Importantly for the current study, the major genetic distinction between the Northern and
Southern Han occurs in the MHC, and localizes to the region that spans HLA-A, -B and -C
(Chen et al. 2016; Xu et al. 2009). The most significant component of this difference is the
A*33:03-B*58:01-C*03:02 HLA class I haplotype, which is common in the Southern Han and
remains conserved across multiple unrelated individuals (Chen et al. 2016). Such strong
linkage disequilibrium is consistent with recent acquisition of this haplotype by admixture
(Chen et al. 2016). This haplotype encodes two KIR ligands, HLA-B*58:01 and C*03:02

(Guethlein et al. 2015). Although less is known of KIR allele diversity in the Han, several
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1  studies established that the genes characteristic of KIR A haplotypes are common, and
2 demonstrated differences in their distribution among the different Han groups and among other
3 resident populations (Bao et al. 2013; Wang et al. 2012; Yao et al. 2011). These studies also
4  confirmed that KIR and HLA class I combinatorial diversity is an important factor in pregnancy
5  syndromes, infectious disease, blood cancers and transplantation outcome in the Han. They
6  alsouncovered both similarities and differences from the specific disease associations observed
7  in Europeans (Bao et al. 2016; Jiang et al. 2013; Long et al. 2015; Shen et al. 2016; Su et al.
8  2018). To investigate these findings, we have examined how demographic and evolutionary
9  processes have shaped combinatorial diversity of HLA class I and KIR in the Chinese Southern

10  Han.
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1 Materials and methods

2 Study samples

3 Peripheral blood samples were collected from 306 unrelated healthy volunteer blood donors
4  from Shenzhen, Guangdong, China. All donors self-identified to be of Han ethnicity from
5  southern China. All subjects provided written informed consent for participation in the present
6  research, which was approved by the ethics review board of Shenzhen Blood Center, Shenzhen,

7  Guangdong, China.

9  Genomic DNA extraction
10 Genomic DNA was extracted from 400 pl of peripheral blood using a MegCore Nucleic Acid
11 Extractor (MegCore, Taiwan, China). DNA purity and concentration were tested by UV-
12 spectrophotometry using a Biophotometer (Eppendorf, Hamburg, Germany) and adjusted to a
13 concentration of 50-100 ng/ul.
14
15  High-resolution HLA-A, -B and -C genotyping
16  HLA-A, -B and -C genotyping was performed using the AlleleSEQR HLA sequencing-based
17  genotyping commercial kit (Atria Genetics, San Francisco, USA). According to the
18  manufacturer’s instructions, exons 2-4 for HLA-A, -B and -C were sequenced in both directions
19  wusing an ABI 3730XL DNA sequencer (Applied Biosystems, Foster City, CA, USA). HLA
20  genotypes were assigned using the Assign 4.7 software (Conexio Genomics, Fremantle,
21  Australia). Samples giving ambiguous allele combinations by sequencing were further resolved
22 using HLA PCR-SSP (Olerup, Stockholm, Sweden).
23
24 High-resolution KIR genotyping
25  The presence or absence of KIR2DL1, 2DL2/3, 2DL4, 2DLS5, 2DS1, 2DS2, 2DS3, 2DS4, 2DS5,

26  3DL1/S1,3DL2 and 3DL3 was first determined for each individual using the ‘KIR Ready Gene’
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PCR-SSP kit (Inno-Train Diagnostik GmbH, Frankfurt, Germany). The K/R genes identified
using PCR-SSP were then subject to nucleotide sequencing of all exons (Deng et al. 2018).
Sequencing reactions were performed using ABI PRISM BigDye Terminator Cycle
Sequencing Ready reagents and analyzed using an ABI 3730 DNA Sequencer (Applied
Biosystems, Foster City, USA). KIR alleles were assigned using Assign 4.7 allele identification
software (Conexio Genomics, Fremantle, Australia), and release 2.6.1 (February 2015) of the
Immuno-Polymorphism database (IPD) (Robinson et al. 2015). When the sequencing results
gave ambiguous allele combinations, we used group-specific PCR primer pairs to amplify and

sequence the target alleles separately (Zhang and Deng 2016)

Novel KIR alleles

To confirm and fully characterize any novel allele identified during amplicon sequencing we
cloned and sequenced KIR transcripts. Further samples of peripheral blood samples were
collected, and total RNA isolated using the Maxwell 16 low elution volume simplyRNA Blood
Kit (Promega, Madison, USA). Complementary DNA (cDNA) was synthesized using the
Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). K/R transcripts
were amplified specifically from cDNA using primer pairs described previously (Yawata et al.
2006), with addition of KIR3DL3-specific primers (forward 5-
GGTTCTTCTTGCTGGAGGGGC-3’ and reverse 5’-TTACACGCTGGTATCTGTTGGGG-
3’). The amplified transcripts were cloned using the TA cloning kit (Takara, Dalian, China)
and at least three clones of any novel allele were sequenced. The sequences of novel KIR alleles
were submitted to GenBank and the IPD KIR database (Robinson et al. 2015) to obtain official

names.

Admixture Estimates
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Whole genome SNP genotypes for Japanese (N = 104), Vietnamese (N = 99), Han from Beijing
(N =103), Southern Han (N = 105), and Dai (N = 93) were obtained from the 1000 Genomes
Project (Auton et al. 2015). We used any SNPs having minor allele frequency >1% and
independent of other SNPs (linkage disequilibrium, r? < 0.3). Admixture was calculated for
chromosome 6 using the ADMIXTURE program (Alexander et al. 2009), with the
unsupervised option and k=3. Two regions were analyzed, the MHC (chr6:28,477,797—
33,448,354: 3,541 SNPs) and chromosome 6 excluding the MHC (84,898 SNPs). We selected
a K of 3 to represent the three primary ancestry groups in the region that are represented in the
1000 Genomes data: Japanese, South East Asian, and East Asian (Chen et al. 2016). HLA class
I alleles were obtained from the 1000 Genomes Project data (Gourraud et al. 2014). We
analyzed the Hondo Japanese (JPT), Vietnamese (KHV), Chinese Dai (CDX), Chinese
Southern Han (CHS), and Beijing Han (CHB) Validating their use for this purpose, the
correlation of the HLA class I allele frequencies between our study population and the CHS is
0.95 (p= 6.657'!, Figure S1). Individuals were considered carriers if they had at least one copy
of the respective allele. Distributions of ancestry proportions for carriers and non-carriers of
specific HLA alleles were compared using a Wilcoxon test, using the wilcox.test function in R

(R Development Core Team 2008).

Estimates of nucleotide diversity

We used n (Nei and Takahata 1993) to measure the nucleotide diversity of haplotypes carrying
specific HLA-B alleles. We used the phased genomes of the Chinese Southern Han (CHS)
population available from the 1000 Genomes Project (Auton et al. 2015), and extracted the
genomic region containing the HLA-B and -C genes, with 500kbp flanking on each side. For
each carrier of a given allele, we identified (by sequence) and retained the haplotype
representing the allele of interest. For each given allele, we pooled all of the respective

haplotypes present in the population and calculated m in 100bp windows using VCFtools
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(Danecek et al. 2011). Distributions of w values were compared between respective alleles with

a Wilcoxon test using the wilcox.test function in R.

Tests for positive selection affecting specific HLA class I alleles

We filtered 1,000 Genomes genotyping data of chromosome 6 from the CHS population to
remove non-biallelic and duplicated SNPs (Purcell et al. 2007), then phased using the program
Eagle (Loh et al. 2016). We used the program Selscan (Voight et al. 2006) to calculate
integrated haplotype statistic (iHS). The statistic is a measure of haplotype diversity associated
with a given genetic variant, where lower diversity and longer haplotypes correlate with

selection of that variant.

To determine if specific HLA class I alleles have been targeted by directional selection in the
Chinese Southern Han we again used the 1,000 Genomes SNP data from the CHS population.
SNPs within the following hgl9 coordinates were used: HLA-A, Chr6: 29,910,089 —
29913,770; HLA-B, Chr6: 31,321,648 — 31,325,007; HLA-C, Chr6: 31,236,517 — 31,239.917.
We phased haplotypes from individuals positive for each given HLA class I allele and aligned
them to reference sequences to identify the haplotype containing that allele. The alignments
were then used to identify ‘tagging” SNPs that could be used to identify each given HLA class
I allele. The criteria for choosing tagging SNP alleles were that they must be present in every
individual carrying the corresponding HLA class I allele and that they must be absent from the
other HLA class I alleles in the analysis. We analyzed the alleles present on the 10 most frequent
HLA class I haplotypes that we observed in the Chinese Southern Han; HLA-B*15:02 was
excluded because we were not able to identify unique tagging alleles on haplotypes carrying
this allele. For each tagging SNP, we calculated the integrative haplotype score (iHS) using
SelScan. We used the absolute value of iHS since derived alleles under selection will have a
negative value and ancestral alleles under selection will have a positive value (Szpiech and

10
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Hernandez 2014). Using a Wilcoxon two-sample test, we examined whether the distributions
of absolute iHS values differed between tagging SNPs of HLA alleles and SNPs of the full

chromosome 6.

Haplotype and ligand frequencies

KIR and HLA-A, -B and -C allele frequencies were calculated from the observed genotypes.
For individuals genotyped as homozygous for an allele of a given KI/R that has
presence/absence polymorphism, the number of copies present was determined by analyzing
LD with alleles of the flanking genes. The subsequent genotype distributions for all loci were
consistent with Hardy-Weinberg equilibrium. K/R haplotype frequencies were determined
using PHASE II (Stephens and Donnelly 2003). The following parameters were used; -f1, -x5,
and -d1, and from the output, the two haplotypes with highest probability were taken for each
individual. Watterson's homozygosity F test was performed using Pypop software (Lancaster
et al. 2007), with 10,000 replicates to calculate the normalized deviate Fyq test (Salamon et al.

1999).

HLA class I (4-B-C) haplotype frequencies were determined using the EM algorithm of
‘Arlequin software version 3.5 (Excoffier and Lischer 2010). For comparison with other
populations, we only used populations for which HLA class I genotype data were available
from every individual sampled, and for which the resolution of genotyping was the same as the
Southern Han described here. We therefore used the subset of populations described in the 13t
International Histocompatibility Workshop and Conference report that have 50 or more HLA-
A, -B and -C genotyped individuals (Meyer et al. 2007). These were supplemented with our
own data from the Ga-Adangbe from Ghana in West Africa (Norman et al. 2013), KhoeSan
from Southern Africa (Nemat-Gorgani et al. 2018), Yucpa from South America (Gendzekhadze

et al. 2009), Europeans from the USA (Norman et al. 2016) and Hondo Japanese (Yawata et

11
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al. 2006). We compared the proportion of HLA class I haplotypes encoding one KIR ligand to
those encoding more than one KIR ligand across populations using a two-proportions Z test,

using the prop.test function in R (R Development Core Team 2008).

Comparison of HLA class I and KIR ligand distributions.

Clustering based on allele frequencies: Any HLA class I allele occurring in fewer than two of
the populations studied was excluded from this analysis. The allele frequencies of all three HLA
class I genes were used for each population. Cluster dendrograms were constructed using R
3.4.3, hclust with 1,000 bootstrap values. The package used was fpc (Hennig 2020). Cluster
dendrograms were constructed in the same manner using the frequencies of the HLA class I

haplotypes encoding one, two or three KIR ligands.

Assessment of receptor/ligand quality and quantity

As described previously (Nemat-Gorgani et al. 2018), experimental data were used to
determine the interacting pairs of KIR and HLA class I, which are listed in Figure S2. To
determine the quantity of receptor/ligand interactions, the number of KIR/HLA allotype pairs
that are known to interact were summed for each individual, and homozygous KIR or HLA
allotypes were counted twice. To determine the diversity of interactions, the number of
different KIR/HLA allotype pairs that are known to interact were summed for each individual
(in this case homozygous allotypes were counted once). Populations were compared using

unpaired t tests, using GraphPad software.

12
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Results

High Frequency of KIR ligands in the Southern Han

All HLA-C and subtypes of HLA-A and -B allotypes are ligands for KIR, which are expressed
on the surface of NK cells to modulate their functions in immunity and reproduction. Within
human populations, HLA class I haplotypes tend to form a balance between those that encode
HLA-A or -B KIR ligands and those that do not (Guethlein et al. 2015). To determine if this
pattern is also observed in the Chinese Southern Han, we analyzed the HLA-class I genes of
306 healthy individuals. We identified 27 HLA-A, 54 HLA-B and 29 HLA-C alleles (Figure S3).
Each of these 110 alleles encodes a different HLA class I allotype, and 58 of them are known
KIR ligands (Figure 1A). The majority of 233 HLA class I haplotypes, including the ten most
frequent (Figure 1B), encode more than one KIR ligand (70.3% of distinct haplotypes; 81.8%
by frequency, Figure S4A). This observation is unusual and indicates the balance between

having and not having KIR ligands at HLA-A and -B is perturbed in the Chinese Southern Han.

To investigate the unusually high frequency of KIR ligands, we compared Southern Han HLA
class I'haplotypes with those of sub-Saharan African, Oceanian, European and South American
populations that represent major modern human groups (Rosenberg et al. 2002; Tishkoff et al.
2009). In this data set, rather than the larger and more widely studied Hondo Japanese
population, a Ryukyu Japanese population was included because they more closely represent
the Japanese population prior to admixture with Han (Takeuchi et al. 2017). Among the eight
populations, 1,034 different HLA class I haplotypes were observed (Figure S4B). Six
populations have a similar distribution of KIR ligands, with each population having an
approximately equal frequency of HLA class I haplotypes carrying one and two KIR ligands,
and a smaller frequency of haplotypes carrying three KIR ligands (Figure 1C). Only Southern
Han and South Americans differed from this pattern, with the Han encoding more and the
Amerindians encoding less KIR ligands per haplotype than other populations (Figure 1C). The
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difference in the proportion of HLA class I haplotypes encoding one versus more than one KIR
ligand between the Southern Han and each of the other seven representative populations is
statistically significant, as is that between Amerindians and the other populations (Two-
proportions Z-test, Benjamini-Hocherg corrected p <0.001, Figure 1C). The allele frequency
distribution of South American Amerindians was likely influenced by severe population
bottlenecks, leading to a reduced genome-wide diversity compared with other populations
(Fagundes et al. 2008; Raghavan et al. 2015), whereas the Han were not subject to severe
population-specific bottleneck (Henn et al. 2012; Lu et al. 2016; Schiffels and Durbin 2014).
To examine if the Chinese Southern Han are representative of other related populations, we
examined groups from East Asia (Hondo Japanese and Korean) and Southeast Asia (Thai,
Malay and Filipino). This analysis showed these populations also have a high frequency of
HLA class I haplotypes encoding multiple KIR ligands (Figure 1D). Our analysis thus shows
that East Asian and South East Asian HLA class I haplotypes encode more ligands for

inhibitory KIR than the haplotypes of any other populations.

Despite having distinct population histories, the sub-Saharan African, Oceanic, European and
Ryukyu Japanese populations all have a similar mean number of KIR ligands per HLA
haplotype (Figure 1C). However, very few HLA class I haplotypes are shared by any of these
populations. For example, only 19 of 369 haplotypes detected in Africans are present in more
than one of the three African populations studied, and comparing the disparate Southern
African Nama, Indigenous Australian and Ryukyu Japanese populations revealed just five

haplotypes in common (Figure 1E).

The Chinese Southern Han acquired HLA haplotypes encoding multiple KIR ligands by

admixture
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Previous analyses suggested that specific MHC region haplotypes (which include the HLA
genes) present in the Chinese Southern Han were obtained from the Northern Han through
admixture (Chen et al. 2016). The most frequent HLA class I allotypes contributing to the
enrichment of KIR ligands in the Chinese Southern Han are HLA-A*11, -A*24, -B*46, and -
B*58 (Figure 1B). We therefore examined the relative contributions of admixture to the high
frequency of these alleles in the Chinese Southern Han. For this analysis we considered known
admixture events (Hellenthal et al. 2014; Wen et al. 2004; Xu et al. 2009) and drew upon the
1000 Genomes SNP and HLA genotype data (Auton et al. 2015; Gourraud et al. 2014) from
Hondo Japanese, Vietnamese, Dai, Beijing Han, and Chinese Southern Han. Consistent with
previous work examining whole-genome data (Takeuchi et al. 2017), in analyzing chromosome
6 we identified three primary genetic ancestries, corresponding to the Japanese, East Asian
(Southern and Beijing Han) and South East Asian (Vietnamese and Dai) population groups
(Figure 2A). That we identify a higher ‘Japanese’ component in the Beijing than Southern Han
(36% vs 22%: Figure 2A) likely reflects the higher proportion in Beijing of Northern Han
(Auton et al. 2015), a population from which we have no data for the current study. Supporting
this observation, the greatest contribution from China to Japanese ancestry is from the Northern

Han (Chen et al. 2016; Takeuchi et al. 2017).

We compared the relative proportions of the three genetic ancestries in the Chinese Southern
Han within the MHC region of chromosome 6 to their proportions throughout chromosome 6
excluding the MHC. This analysis revealed a predominance of East Asian ancestry throughout
the length of chromosome 6, including the MHC (Figure 2B). In carriers of HLA-B*40:01, the
most frequent HLA-B allele in Chinese Southern Han, there is also clear East Asian ancestry
throughout the length of chromosome 6 (Figure 2B). The proportion of East Asian ancestry is
similar in B*40:01 carriers than non-carriers (Wilcoxon test, p=0.98). By contrast, among

HLA-B*46:01 carriers, the MHC is primarily of South East Asian ancestry (Figure 2B) with
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carriers having a significantly higher proportion of South East Asian genetic ancestry in the
MHC than outside the MHC (p = 2.7°%), or within the MHC of non-carriers (p = 1.97). Similarly,
among HLA-B*58:01 carriers, the MHC region is primarily of Japanese ancestry (Figure 2B),
with carriers having a significantly higher proportion of Japanese genetic ancestry within the
MHC than outside the MHC (p = 2.4*) and compared with non- B*58:01 carriers (p = 6.17).
Excluding the MHC, carriers of any of these three alleles show East Asian ancestry along
chromosome 6 (Figure 2B). Further supporting the observed population structure as specific to
the MHC region, among the three ancestral groups the Fsr values range from 0.098 — 0.161,

compared with 0.012 — 0.017 for the remainder of chromosome 6.

Based on the analysis of B*46 and B*58, we examined the proportions of genetic ancestry of
alleles that comprise the 10 most frequent HLA class I haplotypes observed in the Chinese
Southern Han. The primary genetic ancestry outside of the MHC region was determined as East
Asian for every allele studied (Figure 2B). Thus, for our comparisons, we determined the
primary genetic ancestry in the flanking MHC region for each allele and then determined the
relative proportion of that ancestry in the remainder of the MHC. This analysis identified six
haplotypes maintaining strong evidence of East Asian genetic ancestry both within the MHC
and throughout chromosome 6. These haplotypes include those that carry A*//:0] and
A*24:02, as well as B*40:01 (Figure 2C). It was shown previously that HLA-A*11 and -A*24
derive from introgression with archaic humans (Abi-Rached et al. 2011) and our results and
others (Gonzalez-Galarza et al. 2015; Solberg et al. 2008) thus suggest these haplotypes are
now endemic to East Asia. The analysis also identified four haplotypes having genetic ancestry
within the MHC that is distinct from the ancestry of the remainder of the chromosome (Figure
2C). For three of the haplotypes, which include the two most frequent haplotypes in the
population, this distinction is statistically significant (peorr < 0.01). Two of these haplotypes

contain B*46.:01 and one contains B*58:01 (Figure 2C). In total, four of five of the HLA-B
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alleles that encode a KIR ligand and are present on these 10 most frequent haplotypes show
increased evidence for admixture in the MHC region. By contrast, neither of the two HLA-A
alleles that encode a KIR ligand show a genetic ancestry within the MHC that differed from
the East Asian ancestry throughout chromosome 6. This finding suggests that the number of
HLA-B genes encoding KIR ligands was enhanced in Chinese Southern Han by admixture with
neighboring or displaced populations. In summary, these findings clearly show that the

B*46:01 and B*58:01 alleles are present in Chinese Southern Han through admixture.

Positive selection favors HLA haplotypes expressing more than one KIR ligand in Chinese
Southern Han

To investigate whether or not the admixed haplotypes were also subject to natural selection we
examined further characteristics of their diversity and distribution. We first measured
nucleotide diversity (m) of the genomic sequence flanking +/- 500kb of specific HLA-B alleles
(Figure 3A). We found significantly reduced nucleotide diversity of haplotypes containing
HLA-B*46 compared to haplotypes containing HLA-B*40 (mean & of B*40 =2.2 x 10, B*46
= 0.6 x 1073, Wilcoxon test, p = 1.24 x 10°'?). We also observed that haplotypes containing
B*58 have lower diversity than B*40, but this reduction was not statistically significant (mean
n of B*58 = 1.6 x 10, Wilcoxon test, p =0.12). This reduced diversity suggests that B*46
haplotypes have arisen in frequency in the Chinese Southern Han without accumulating
mutations. To further explore this finding, we used the iHS statistic, which identifies genomic
variants that have increased in frequency recently and rapidly under natural selection, so that
their haplotypic background has not yet been diversified by recombination (Voight et al. 2006).
We identified a strong signal of recent selection (iHS >= 99™ percentile) that falls precisely in

the MHC of the Chinese Southern Han (Figure 3B).

17


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

made available under aCC-BY-NC-ND 4.0 International license.

To investigate the patterns of selection specific to HLA-B*46:01 and B*58:01 haplotypes we
first identified SNPs that characterize those haplotypes and then compared their distribution of
iHS values to the distribution of all the SNPs of chromosome 6 (Figure 3C). For B*46:01 the
mean absolute iHS of 3.38, was significantly higher than the mean for chromosome 6 of 0.785
(Wilcoxon two-sample test, p= 5.77°), as was the mean iHS for B*58:01 (3.43, p= 1.873).
Although the signal for B*58:01 is weaker, there is a more distinct subset of SNPs having
extremely high iHS values (>99'" percentile, Figure 3C), which could indicate recent selection
of an older haplotype, although it was not possible from our analysis to determine if the SNP
allele was ancestral or derived in each case. Interestingly, the mean iHS for B*40:01 associated
SNPs was also significantly higher than the chromosome average (1.88, p= 7.7). However,
fewer B*40:01 specific SNPs had an iHS value in the 95th percentile than B*58:01 or B*46.:01
specific SNPs (30%, 50%, and 100% of SNPs respectively). Because the most frequent
B*40:01 containing haplotypes in the Chinese Southern Han carry either A*11:01 or A*24:02,
which are KIR ligands (Figure 1B), we extended the analysis to these alleles (Figure 3C).
Again, this analysis showed both A*7//:0] (mean = 2.8, Wilcoxon two sample test p= 1.45'")
and A*24:02 (mean = 1.37, p= 1.27°) associated SNPs have significantly higher iHS values
than the chromosome average, with A*//:0] having a mean iHS that is above the 95"
percentile. Haplotypes carrying HLA-A*11:01, A*24:02, B*46:01 or B*58.:01 were previously
identified to have unusually high LD in this population (Chen et al. 2016). This analysis
identified two other HLA class I alleles as having highly distinct signatures of directional
selection, A*30 and C*07. Whereas HLA-C*07 is known to interact strongly with KIR to
educate NK cells (Hilton et al. 2015a; Yawata et al. 2006), HLA-A*30 does not possess a KIR
ligand. Together, these findings thus illustrate that HLA class I in the Chinese Southern Han
has been targeted by natural selection and suggest that one major benefit has been to increase

the number of KIR ligands present in the population.
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We next examined whether the observed distributions of HLA class I encoded KIR ligands
were consistent with modern human population dispersal. Cluster analysis shows there are five
groups of HLA class I frequency spectra that correspond to the broad population groups of
African, European, Asian, Oceanian and American origin (Figure 3D). By contrast, three
distinct and strongly supported groups cluster according to their proportions of haplotypes
encoding one, two or three KIR ligands (Figure 3E). Notable examples are the Ryukyu
Japanese and Indigenous Australian populations, who group with Asian populations when
analyzed by HLA class I haplotype distribution (Figure 3D). By contrast, Ryukyu Japanese and
Australians appear more similar to Africans and other groups when analyzed according to the
number of KIR ligands encoded by their HLA class I haplotypes (Figure 3E). In a counter
example, Northern Indian and Tuvan populations (Figure S4C) cluster with Europeans when
analyzed by their HLA class I alleles, but with East Asians when analyzed by the number of
KIR ligands. Thus, HLA class I allele frequency distributions are consistent with the origins of
the populations studied and with the pattern of human dispersal out of Africa (Henn et al. 2012),
whereas the number of KIR ligands encoded by HLA class I haplotypes is not. This finding
suggests that the similar number of KIR ligands observed across populations is likely due to
convergent evolution, because distinct HLA class I haplotypes produce similar distributions of
KIR ligands. The findings thus also support our assessment that the unusual distribution of KIR

ligands in East Asian populations is due to natural selection.

In summary, these results show that similar quantities of KIR ligands can be obtained using
different subsets of HLA class I haplotypes, indicating there is pressure to maintain a certain
balance of KIR ligands across populations, regardless of the background HLA allotype, and
that this balance is perturbed in East Asia. Our observations show that successive rounds of
admixture followed by natural selection favouring specific HLA class I haplotypes have

increased the quantity of KIR/HLA interactions of populations in East Asia. To investigate the
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characteristics of this receptor and ligand diversity, we next studied the K/R locus in the

Chinese Southern Han.

High frequency of inhibitory KIR allotypes in Southern Han

The KIR locus comprises genes encoding the four inhibitory and six activating KIR known to
bind polymorphic HLA class I ligands, and three that do not bind polymorphic HLA class I
(Guethlein et al. 2015). In total, we identified 116 KIR alleles, representing 101 KIR allotypes
(Figure S5). A total of 46 novel KIR alleles (39.7% of total KIR alleles detected) were
characterized (Figure S6) and 24.8% of the individual Han carried at least one novel allele.
Correcting for the number of individuals tested showed that the Southern Han are more diverse
than Amerindians and Oceanians, but less diverse than Europeans and Africans (Figure 4A).
KIR diversity of the Chinese Southern Han is thus consistent with genome-wide diversity when
compared to other populations (Campbell and Tishkoff 2008). The Chinese Southern Han have
70 centromeric and 91 telomeric KIR haplotype motifs that combine to form a minimum of 199
KIR haplotypes (Figure S7A-C). The majority are KIR A haplotypes (74.7%, Figure 4B),
including 8 of the 10 most frequent haplotypes (Figure 4C). This skewing towards K/IR A
haplotypes is more pronounced in the centromeric region (87.9%) than the telomeric (79.7%)

region (Figure 4C, Figure S7TA-B).

KIR A haplotypes encode all four inhibitory receptors that bind HLA class I ligands and either
one or no activating receptors (Wilson et al. 2000). Accordingly, among the KIR alleles
identified in the Chinese Southern Han, we observed high frequencies of those encoding strong
inhibitory receptors. Both KIR2DL1*003, a strongly-inhibiting allotype of KIR2DL1 (Bari et
al. 2009; Hilton et al. 2015a), and KIR2DL3*001, a strongly-inhibiting allotype of KIR2DL2/3
(Yawata et al. 2006), are common in the Chinese Southern Han, having frequencies of 73.5%

and 71.1% respectively (Figure S5). Also frequent are KIR3DL1*015, which is a strong
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inhibitor on binding to the Bw4 ligand (Yawata et al. 2006), and KIR3DL2*002 that has high
expression but unknown functional properties (Figure S5). Noticeably scarce are inhibitory
KIR allotypes having mutations that prevent cell surface expression, of which there are many
examples (Bari et al. 2009; Hilton et al. 2015b; Pando et al. 2003; VandenBussche et al. 2006).
For instance, weakly-expressed KIR3DL1*004 is frequent in many populations (Norman et al.
2007), but absent from the Chinese Southern Han (Figure S5, and ref (Tao et al. 2014)). Also
rare in the Chinese Southern Han are alleles encoding inhibitory allotypes of reduced function,
such as KIR2DL1*004 (3.6%, Figure S5), which is common in other population groups (Bari
et al. 2009; Meenagh et al. 2008; Nemat-Gorgani et al. 2014; Norman et al. 2013; Vierra-Green
et al. 2012). Moreover, the frequencies of alleles encoding activating receptors are much lower
(4.4%-18%) than those encoding inhibitory receptors (91.5%-100%), an effect compounded
by presence of multiple non-functional activating KIR allotypes (Figure S5). Exceptional is
KIR2DS4, for which the frequencies of functional and non-functional allotypes are balanced
(55%:45%, Figure S5). These observations point to a strong requirement in the Southern Han

population for retaining high numbers of functional inhibitory KIR, but not activating KIR.

Directional selection reduced centromeric KIR region diversity in the Southern Han

In Chinese Southern Han, the KIR3DL1/S1 and KIR3DL?2 genes encoding inhibitory NK cell
receptors specific for polymorphic HLA class I ligands, have two or three high frequency
alleles and multiple less frequent alleles (Figure S5). In contrast, KIR2DL1 and 2DL2/3 also
encode inhibitory receptors but are each dominated by one high frequency allele (Figure 4D).
To explore this observation, we compared the observed homozygosity to the expected across
populations representing major ancestry groups from Europe, Africa, Asia, South America, and
Oceania, using the Ewens-Watterson test (Fnd). K/IR2DLI and KIR2DL2/3 are in the
centromeric region of the K/R locus, whereas KIR3DL1/S1 and KIR3DL? are telomeric KIR

genes (Wilson et al. 2000). Overall the Southern Han show greater homozygosity compared to
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other populations, which is more pronounced among centromeric than telomeric KIR genes and
statistically significant for KIR2DL2/3 (Fnd = 3.1, P > 0.985, Figure 4E). This high-resolution
analysis of KIR alleles, complements recent analysis of genome-wide SNP data that identified
directional selection specifically in East Asian centromeric K/R (Augusto et al. 2019). The only
other population exhibiting directional selection in the centromeric K/R region is the Hondo
Japanese (Yawata et al. 2006). Thus, the profile observed for East Asian populations is distinct
from other populations. Together, these analyses suggest that directional selection reduced
sequence diversity of the centromeric KIR in the Southern Han, whereas the telomeric KIR
region retains some diversity. In addition, we observed a minimum of eleven different K/R
haplotypes having a duplication in the telomeric region (Figure S7D). The telomeric KIR have
greater allelic diversity than centromeric K/R in Chinese Han (Figure S7D), and these
duplication haplotypes have potential to further diversify the NK cell repertoire because both
allotypes of each gene are expressed (Beziat et al. 2013; Norman et al. 2009). We conclude
that the centromeric KIR region provides consistency to Chinese Southern Han NK cell

receptors, whereas the telomeric K/R region provides NK cell receptor diversity.

Interactions of KIR with HLA class 1

NK cell function is modulated by interactions between KIR and their cognate ligands, HLA
class I molecules. While all HLA-C molecules are always ligands for KIR, only a sub-set of
HLA-A and -B molecules function as KIR ligands. We examined the impact of genetic
variation on the diversity and quantity of KIR/HLA class I interactions in the Chinese Southern
Han. Individuals have a mean of 6.7 different pairs of interacting KIR and HLA class I ligands.
These form a normal distribution in which individuals have from one to twelve interactions
(Shapiro -Wilk test, p = 0.147, Figure 5A). Such normal distributions are seen in other
populations (Nemat-Gorgani et al. 2014; Norman et al. 2013). To investigate the distinct HLA-

A and -B ligand distribution of the Southern Han we divided this analysis into its major
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1 components of KIR interactions with HLA-C, and of KIR interactions with HLA-A and -B
2 (Figure S2). In analyzing only the interactions with HLA-C, we find that functional diversity,
3 as measured by the mean number of different receptor/ligand combinations per individual, is
4  consistent with the overall genetic diversity of the populations studied. At the low end of the
5  range are the Yucpa Amerindians with two different receptor/ligand interactions per individual.

6 At the high end are the Southern African Nama with 4.5 different interactions (Figure 5B).

8  When the total number of interacting pairs of inhibitory KIR and HLA-C ligands is analyzed,

9 the ranking remains the same but the difference across populations is reduced, ranging from
10 3.6 to 4.9 viable inhibitory KIR/HLA-C interactions per individual (Figure 5B). On this scale,
11 the Chinese Southern Han are seen to have relatively low diversity and a similar number of
12 interactions between inhibitory KIR and HLA-C to other populations. In sharp contrast, the
13 Chinese Southern Han, together with the Hondo Japanese, have significantly higher number (t-
14 test, p<0.0001) and diversity (p<0.001), of inhibitory KIR interactions with HLA-A and -B
15  than any other population (Figure 5B). Thus, both the quantity and quality of interactions
16  between inhibitory KIR and HLA-A and -B are enhanced in Southern Han and Hondo

17  Japanese. We predict this will also be true for other East Asian populations.
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Discussion

Our analysis shows that the geographic distribution of HLA class I alleles and haplotypes is
consistent with human dispersal out of Africa and the distance of their geographical location
from Africa. Despite the significant differences across human populations in the distributions
of HLA class I alleles (Meyer et al. 2007), the distribution of KIR ligands is very similar. For
HLA-C, all haplotypes encode one of two alternative KIR ligands, whereas for HLA-4 and
HLA-B there is a balance between haplotypes that either encode one or two KIR ligands, and
haplotypes that encode no KIR ligand (Guethlein et al. 2015). Thus, a similar balance of KIR
ligands is independently maintained in different human populations using very different HLA-
A and -B allotypes. In sharp contrast, the Southern Han Chinese and other East Asian
populations do not follow these patterns. The high frequencies of the HLA class I haplotypes
shared by East Asian populations are an indication of their recent shared ancestry (Abdulla et
al. 2009). We find a greater abundance of HLA-A and -B KIR ligands in East Asians than other
populations, as well as a greater diversity of interactions between inhibitory KIR and HLA-A
and -B. That our comparison included Southern African KhoeSan, whose genetic diversity is
the highest among modern humans (Henn et al. 2011; Tishkoff et al. 2009), strongly suggests

the high frequency and diversity of KIR ligands in East Asia is the result of natural selection.

The frequency of East Asian HLA class I alleles that derive from ancient humans by
introgression was previously estimated to be 70-80% (Abi-Rached et al. 2011). The most
common of these alleles are HLA-A*11 and HLA-A*24, which encode KIR ligands. We show
that more recently, HLA-B*46:01 and HLA-B*58:01, which also encode KIR ligands, were
specifically enhanced in frequency in Southern Han following admixture with local
populations. HLA-B*46 is a good educator of NK cells (Yawata et al. 2006) and rose in
frequency in South East Asia under positive selection (Abi-Rached et al. 2010). The haplotype

that encodes HLA-B*58 likely arose in Northern Asia and although the signal is weaker, this
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may have been selected both in the Northern and Southern Han. Consequently, HLA-B*46:01
and HLA-B*58:01 are the most frequent HLA-B alleles encoding KIR ligands, and distinguish
the most frequent HLA class I haplotypes, in the Southern Han. Together with clear
demonstration of natural selection recently targeting the MHC region, these findings all support
the proposition that natural selection in East Asia favors HLA class I haplotypes carrying more
than one KIR ligand and suggests there were two major waves of adaptive introgression
involving these haplotypes. There is evidence for adaptive introgression of HLA alleles in other
modern human populations (Busby et al. 2017; Rishishwar et al. 2015). For example, Bantu
speakers from western central Africa expanded through new habitats and acquired HLA
haplotypes from rainforest hunter-gatherer pygmies (Patin et al. 2017). Our findings may fit
with recent work identifying a second wave of Denisovan-like admixture that is specific to East
Asian populations (Browning et al. 2018). Thus, although we show the HLA-B*46:01 and -
B*58:01 haplotypes were obtained by the Han from neighboring modern human populations,
they were likely to have been acquired by those populations as a consequence of admixture

with archaic humans.

Complementing the high number of HLA class I ligands, we find that in the Chinese Southern
Han the number of inhibitory KIR is increased relative to other groups. These KIR allotypes
are distinguished by their high expression, inhibitory strength and fine specificity for ligand
(Boudreau et al. 2017; Hilton et al. 2015a; Saunders et al. 2016). Possessing higher numbers
of inhibitory KIR leads to better effector function, and a higher number of inhibitory KIR
ligands leads to larger numbers of circulating NK cells, stronger killing and greater diversity
of the NK cell repertoire (Beziat et al. 2013; Brodin et al. 2009; Yawata et al. 2006). That the
number of receptors (Pelak et al. 2011) and ligands (Thons et al. 2017) correlates with infection
control, suggests the diverse NK cell repertoires of the Southern Han have likely evolved to

combat infectious diseases common or endemic to East Asia. Although it is difficult to identify
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the specific pathogen exposure history of the Chinese Southern Han, the most plausible
candidates for causing selection pressure are viral infections that have established roles for
KIR/HLA interaction during host defense (Abi-Rached et al. 2010; Bashirova et al. 2006). Such
pathogens have been shown to be effective drivers of adaptive introgression and natural
selection in human populations (Enard and Petrov 2018; Harrison et al. 2019). One example is
nasopharyngeal carcinoma (NPC) caused by Epstein-Barr virus. HLA-A*11 offers protection
from NPC (Tang et al. 2012), and the interaction of KIR3DL2 with HLA-A*11 is dependent
on presentation of peptides derived from EBV (Hansasuta et al. 2004). Influenza is another key
candidate, with highly virulent epidemics linked to the combination of dense population,
agriculture and industrialization (Cao et al. 2009; Chen et al. 2006). Human specific viral
hepatitis infections and arboviruses are also endemic to China and South East Asia, including
Japanese encephalitis, Dengue and chikungunya (Bashirova et al. 2006; Khakoo et al. 2004;
Naiyer et al. 2017; Petitdemange et al. 2011; Thons et al. 2017; Townsley et al. 2016).
Consistent with these observations, KIR A has established roles in controlling virus infections
(Bashirova et al. 2006; Khakoo et al. 2004), and we recently showed KIR A homozygosity
protects from leukemia (Deng et al. 2019). Reproduction is also a major driver of selection,
where KIR AA/C2*HLA-C genotype is associated with preeclampisia (Parham and Moffett
2013). Thus, the low frequency of C2"HLA in East Asia (Figure S3) likely allows the KIR A4
haplotype to reach high frequency (Nemat-Gorgani et al. 2018). High resolution analysis of

KIR and HLA diversity will be critical for understanding these and other complex diseases.

In conclusion, our high-resolution analysis of KIR and HLA class I combinatorial diversity has
uncovered a distinctive enhancement of the interactions between inhibitory KIR and HLA-A
and -B in East Asians. These genetically determined distinctions likely underlie differences

across human populations in their susceptibility to infections and immune-mediated diseases.
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Figure Legends

Figure 1. Chinese Southern Han HLA class I haplotypes express multiple KIR ligands
A. Pie charts show the frequency spectra for HLA-A, -B and -C allotypes of the Southern Han
cohort of 306 unrelated individuals (2N=612). Each pie segment represents one allotype.
Alternative sequence motifs in the ol domain of the HLA class I molecule determine the four
epitopes recognized by different KIR, and which are also called KIR ligands. The A3/11
epitope is carried by HLA-A3 and -Al11 (yellow colored pie segments); the Bw4 epitope is
carried by subsets of HLA-A and -B allotypes (green colored pie segments). The C1 epitope is
carried by a majority of HLA-C allotypes, as well as by HLA-B*46 and HLA-B*73 (red
colored pie segments). The C2 epitope is carried by all HLA-C allotypes that do not carry C1
(blue-colored pie segments). Grey-colored pie segments correspond to allotypes that are not
KIR ligands. Figure S2 lists all the HLA-A, -B and -C allotypes present in the study population

and shows which KIR ligand motifs they carry.

B. Shows the ten most frequent HLA class I haplotypes in the Southern Han and their
frequencies (2N=612). Colored shading indicates HLA class I alleles that encode KIR ligands,

as described in panel A.

C. (left) Bars show the combined frequencies of HLA class I haplotypes encoding one (blue),
two (gold) or three (green) KIR ligands in eight representative populations worldwide
(Southern, Western and Eastern Africa, Europe, Oceania, South America, Japan and Chinese
Southern Han). (Right) Heat-plot shows pairwise comparisons between populations of the
proportion of HLA class I haplotypes encoding one KIR ligand to those carrying two or more
KIR ligands. Colors correspond to -log!® of a Benjamini-Hochberg corrected p, as shown in the

key.
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D. Heat-plot shows pairwise comparisons of Chinese Southern Han with five East/ South East
Asian populations of the proportion of HLA haplotypes encoding one KIR ligand to those
carrying two or more KIR ligands. Colors correspond to -log,, of a Benjamini-Hochberg

corrected p, as shown in the key.

E. Venn diagrams show the distribution of HLA class I haplotypes within representative subsets
of populations. The number of haplotypes in each overlapping region is given. The % values
indicate the combined frequency of haplotypes unique to a population when compared to the

other populations in the diagram.

Figure 2. HLA-B*46:01 and -B*58:01 were acquired by admixture into the Chinese
Southern Han

A. Shown are the relative proportions of genetic ancestry among Asian populations from the
1000 genomes project, plotted by considering three ancestral groups (K = 3: Japanese (green),

East Asian (red) and South East Asian (blue)).

B. Shown are the relative proportions for each of the three genetic ancestries in chromosome 6
(left) and within the MHC (right) for selected Chinese Southern Han individuals, shown from

left to right; all individuals, B*40:01 carriers, B*46:01 carriers, B*58:01 carriers.

C. Shown for each of the ten most frequent HLA class I haplotypes in the Chinese Southern
Han is a comparison of mean admixture proportion of the genetic ancestry group that is most
abundant in MHC compared to the proportion of that ancestry in chromosome 6 with MHC
excluded. The size of the circle represents the -logio (Benjamini-Hochberg corrected p) from a

Wilcoxon test. The difference in size and shade between the two circles corresponds to extent
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and direction, respectively, of any shift in the genetic ancestry proportions between the MHC

and the remainder of the chromosome 6.

Figure 3. Positive selection has targeted HLA class I genes in the Chinese Southern Han
A. Shown is the nucleotide diversity (n) of genomic sequence +/- 500kbp of the HLA-B and -
C genes for haplotypes containing the specific HLA-B alleles, B*40, B*46 and B*58. m was

measured in windows of 100bp. *** p <0.001 by Wilcoxon test.

B. Manhattan plot shows the absolute iHS values above the 95™ percentile calculated for
independent SNPs throughout chromosome 6 in Chinese Southern Han. The MHC region is

boxed.

C. Density plots show the distribution of absolute iHS values for chromosome 6 (top left, grey
shading), and for SNPs unique to haplotypes carrying specific HLA-B (left, cyan), HLA-A
(center, purple) and HLA-C (right, orange) alleles, as indicated in each plot. The number of
SNPs unique to each of the HLA alleles is shown in brackets next to the allele name. For each
allele, the distribution of iHS values was compared to the distribution on chromosome 6 using
a Wilcoxon two-sample test (* p < 0.05, ** <0.053, *** <0.05'%). Grey dashed line marks the
95t percentile of iHS values for chromosome 6 SNPs (=1.93). The density shown is the kernel

density estimate of the SNP counts associated with the distribution of absolute iHS values.

D. Shows cluster analysis of HLA class I allele frequencies from 26 populations. Vertical lines
at the left show the clusters identified when five groups were specified in the input parameters
(k=5) and the support (%) from 1,000 bootstrap replicates. Population names in green text
indicate sub-Saharan African populations, red text — East Asian, brown text — Northeast Asian

(Tuva) and South Asian (Indian), blue text — Oceanic, purple text — Amerindian (Yupik are
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North Amerindian who back-migrated to Siberia (Raghavan et al. 2015), NaDene are North
American). J. Hondo are Japanese from the major islands of Japan, J. Ryukyu are Japanese
from Okinawa. The HLA class I haplotypes detected in each population are described in Figure

S4D.

E. Shows cluster analysis of the combined frequencies of HLA class I haplotypes carrying 1, 2
or 3 KIR ligands. Vertical lines at the left show the clusters identified when three groups were

specified (k=3) and the support (%) from 1,000 bootstrap replicates.

Figure 4. Directional selection on centromeric KIR in Southern Han
A. Shows the number of KIR alleles present in the Southern Han compared with other
populations analyzed at comparable resolution; 75 individuals were selected at random from

each population.

B. Shown are the combined frequencies of KIR A (red) and KIR B (blue) haplotypes, for the

complete haplotypes, and for the centromeric and telomeric regions.

C. Shown are the ten most frequent complete, high-resolution, K/R haplotypes identified in the
Chinese Southern Han population. K/R A haplotypes are shaded in red, KIR B haplotypes are
shaded in blue. At the right is shown for each haplotype the number of individuals carrying the

haplotype, and its frequency. All the haplotypes are shown in Figure S7.

D. Bar graph shows a summary KI/R allele frequencies. The colors from blue to red correspond

to the rank in frequency from highest (blue) to lowest (red). Full frequency distributions are

shown in Figure S5.
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E. Shown are normalized deviate values of Ewens-Watterson's F test (Fnq) in representative
global populations. Positive values of Fnd indicate homozygosity, negative values indicate
heterozygosity. An asterisk denotes significance (P < 0.05 or > 0.95) using the exact test

(Salamon et al. 1999).

Figure 5. East Asians have a greater diversity of KIR interactions with HLA-A and -B
than other populations.
A. Plot of the number of different interacting ligand/receptor allotype pairs observed per

individual in the Southern Han.

B. Shows the mean number of different ligand/receptor allotype pairs per individual (left) and
the mean total number of ligand/receptor allotype pairs per individual (right) for HLA-C
(upper) and HLA-A and -B combined (lower). In the populations shown, KIR and HLA class [
have been analyzed to similar high-resolution as described here for Southern Han. These
populations comprise the Yucpa (Gendzekhadze et al. 2009), Japanese (Yawata et al. 2006),
Maori (Nemat-Gorgani et al. 2014), European (Vierra-Green et al. 2012), Ghanaian (Norman
et al. 2013) Nama (Nemat-Gorgani et al. 2018). Error bars are s.e.m. and p values are from a t-

test.

33


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

made available under aCC-BY-NC-ND 4.0 International license.

References

Abdulla MA, Ahmed I, Assawamakin A, Bhak J, Brahmachari SK, Calacal GC, Chaurasia A, Chen CH, Chen J,
Chen YT, Chu J, Cutiongco-de la Paz EM, De Ungria MC, Delfin FC, Edo J, Fuchareon S, Ghang H,
Gojobori T, Han J, Ho SF, Hoh BP, Huang W, Inoko H, Jha P, Jinam TA, Jin L, Jung J, Kangwanpong D,
Kampuansai J, Kennedy GC, Khurana P, Kim HL, Kim K, Kim S, Kim WY, Kimm K, Kimura R, Koike
T, Kulawonganunchai S, Kumar V, Lai PS, Lee JY, Lee S, Liu ET, Majumder PP, Mandapati KK, Marzuki
S, Mitchell W, Mukerji M, Naritomi K, Ngamphiw C, Niikawa N, Nishida N, Oh B, Oh S, Ohashi J, Oka
A, Ong R, Padilla CD, Palittapongarnpim P, Perdigon HB, Phipps ME, Png E, Sakaki Y, Salvador JM,
Sandraling Y, Scaria V, Seielstad M, Sidek MR, Sinha A, Srikummool M, Sudoyo H, Sugano S, Suryadi
H, Suzuki Y, Tabbada KA, Tan A, Tokunaga K, Tongsima S, Villamor LP, Wang E, Wang Y, Wang H, Wu
JY, Xiao H, Xu S, Yang JO, Shugart YY, Yoo HS, Yuan W, Zhao G, Zilfalil BA, Indian Genome Variation
C (2009) Mapping human genetic diversity in Asia. Science 326:1541-5

Abi-Rached L, Jobin MJ, Kulkarni S, McWhinnie A, Dalva K, Gragert L, Babrzadeh F, Gharizadeh B, Luo M,
Plummer FA, Kimani J, Carrington M, Middleton D, Rajalingam R, Beksac M, Marsh SG, Maiers M,
Guethlein LA, Tavoularis S, Little AM, Green RE, Norman PJ, Parham P (2011) The shaping of modern
human immune systems by multiregional admixture with archaic humans. Science 334.:89-94

Abi-Rached L, Moesta AK, Rajalingam R, Guethlein LA, Parham P (2010) Human-specific evolution and
adaptation led to major qualitative differences in the variable receptors of human and chimpanzee natural
killer cells. PLoS Genet 6:¢1001192

Alexander DH, Novembre J, Lange K (2009) Fast model-based estimation of ancestry in unrelated individuals.
Genome Res 19:1655-64

Andersson S, Fauriat C, Malmberg JA, Ljunggren HG, Malmberg KJ (2009) KIR acquisition probabilities are
independent of self-HLA class I ligands and increase with cellular KIR expression. Blood 114:95-104

Augusto DG, Norman PJ, Dandekar R, Hollenbach JA (2019) Fluctuating and Geographically Specific Selection
Characterize Rapid Evolution of the Human KIR Region. Front Immunol 10:989

Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, Korbel JO, Marchini JL, McCarthy S, McVean GA,
Abecasis GR (2015) A global reference for human genetic variation. Nature 526:68-74

Bao X, Wang M, Zhou H, Wu X, Yang L, Xu C, Yuan X, Zhang J, Li L, Wu D, He J (2013) Characterization of
Killer cell immunoglobulin-like receptor (KIR) genotypes and haplotypes in Chinese Han population.
Tissue Antigens 82:327-37

Bao X, Wang M, Zhou H, Zhang H, Wu X, Yuan X, Li Y, Wu D, He J (2016) Donor Killer Immunoglobulin-Like
Receptor Profile Bx1 Imparts a Negative Effect and Centromeric B-Specific Gene Motifs Render a
Positive Effect on Standard-Risk Acute Myeloid Leukemia/Myelodysplastic Syndrome Patient Survival
after Unrelated Donor Hematopoietic Stem Cell Transplantation. Biol Blood Marrow Transplant 22.:232-
239

Bari R, Bell T, Leung WH, Vong QP, Chan WK, Das Gupta N, Holladay M, Rooney B, Leung W (2009) Significant
functional heterogeneity among KIR2DL1 alleles and a pivotal role of arginine 245. Blood 114:5182-90

Bashirova AA, Martin MP, McVicar DW, Carrington M (2006) The killer immunoglobulin-like receptor gene
cluster: tuning the genome for defense. Annu Rev Genomics Hum Genet 7:277-300

Beziat V, Traherne JA, Liu LL, Jayaraman J, Enqvist M, Larsson S, Trowsdale J, Malmberg KJ (2013) Influence
of KIR gene copy number on natural killer cell education. Blood 121.:4703-7

Bjorkstrom NK, Ljunggren HG, Michaelsson J (2016) Emerging insights into natural killer cells in human
peripheral tissues. Nat Rev Immunol 16:310-20

Blokhuis JH, Hilton HG, Guethlein LA, Norman PJ, Nemat-Gorgani N, Nakimuli A, Chazara O, Moffett A,
Parham P (2017) KIR2DSS5 allotypes that recognize the C2 epitope of HLA-C are common among
Africans and absent from Europeans. Immun Inflamm Dis

Boelen L, Debebe B, Silveira M, Salam A, Makinde J, Roberts CH, Wang ECY, Frater J, Gilmour J, Twigger K,
Ladell K, Miners KL, Jayaraman J, Traherne JA, Price DA, Qi Y, Martin MP, Macallan DC, Thio CL,
Astemborski J, Kirk G, Donfield SM, Buchbinder S, Khakoo SI, Goedert JJ, Trowsdale J, Carrington M,
Kollnberger S, Asquith B (2018) Inhibitory killer cell immunoglobulin-like receptors strengthen CD8(+)
T cell-mediated control of HIV-1, HCV, and HTLV-1. Sci Immunol 3

Boudreau JE, Giglio F, Gooley TA, Stevenson PA, Le Luduec JB, Shaffer BC, Rajalingam R, Hou L, Hurley CK,
Noreen H, Reed EF, Yu N, Vierra-Green C, Haagenson M, Malkki M, Petersdorf EW, Spellman S, Hsu
KC (2017) KIR3DL1/HLA-B Subtypes Govern Acute Myelogenous Leukemia Relapse After
Hematopoietic Cell Transplantation. J Clin Oncol 35:2268-2278

Boudreau JE, Hsu KC (2018) Natural Killer Cell Education and the Response to Infection and Cancer Therapy:
Stay Tuned. Trends Immunol

Brodin P, Lakshmikanth T, Johansson S, Karre K, Hoglund P (2009) The strength of inhibitory input during
education quantitatively tunes the functional responsiveness of individual natural killer cells. Blood
113:2434-41

Browning SR, Browning BL, Zhou Y, Tucci S, Akey JM (2018) Analysis of Human Sequence Data Reveals Two

34


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

OO0~ WN DK WN—

made available under aCC-BY-NC-ND 4.0 International license.

Pulses of Archaic Denisovan Admixture. Cell

Burian A, Wang KL, Finton KA, Lee N, Ishitani A, Strong RK, Geraghty DE (2016) HLA-F and MHC-I Open
Conformers Bind Natural Killer Cell Ig-Like Receptor KIR3DS1. PLoS One 11:¢0163297

Busby G, Christ R, Band G, Leffler E, Le QS, Rockett K, Kwiatkowski D, Spencer C (2017) Inferring adaptive
gene-flow in recent African history. bioRxiv:205252

Campbell MC, Tishkoff SA (2008) African genetic diversity: implications for human demographic history,
modern human origins, and complex disease mapping. Annu Rev Genomics Hum Genet 9:403-33

Cao B, Li XW, Mao Y, Wang J, Lu HZ, Chen YS, Liang ZA, Liang L, Zhang SJ, Zhang B, Gu L, Lu LH, Wang
DY, Wang C (2009) Clinical features of the initial cases of 2009 pandemic influenza A (HIN1) virus
infection in China. N Engl J Med 361:2507-17

Chen CH, Yang JH, Chiang CWK, Hsiung CN, Wu PE, Chang LC, Chu HW, Chang J, Song IW, Yang SL, Chen
YT, Liu FT, Shen CY (2016) Population structure of Han Chinese in the modern Taiwanese population
based on 10,000 participants in the Taiwan Biobank project. Hum Mol Genet 25:5321-5331

Chen H, Smith GJ, Li KS, Wang J, Fan XH, Rayner JM, Vijaykrishna D, Zhang JX, Zhang LJ, Guo CT, Cheung
CL, Xu KM, Duan L, Huang K, Qin K, Leung YH, Wu WL, Lu HR, Chen Y, Xia NS, Naipospos TS,
Yuen KY, Hassan SS, Bahri S, Nguyen TD, Webster RG, Peiris JS, Guan Y (2006) Establishment of
multiple sublineages of HSN1 influenza virus in Asia: implications for pandemic control. Proc Natl Acad
Sci U S A 103.2845-50

Chen R, Zhang GB, Deng ZH (2017) Description of the novel KIR2DL1*034 allele Identified from a southern
Chinese Han individual. HLA 89:121-122

Cooper MA, Colonna M, Yokoyama WM (2009) Hidden talents of natural killers: NK cells in innate and adaptive
immunity. EMBO Rep 10:1103-10

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, Handsaker RE, Lunter G, Marth GT, Sherry
ST, McVean G, Durbin R (2011) The variant call format and VCFtools. Bioinformatics 27:2156-8

Dendrou CA, Petersen J, Rossjohn J, Fugger L (2018) HLA variation and disease. Nat Rev Immunol 18:325-339

Deng Z, Zhao J, Cai S, Qi Y, Yu Q, Martin MP, Gao X, Chen R, Zhuo J, Zhen J, Zhang M, Zhang G, He L, Zou
H, Lu L, Zhu W, Hong W, Carrington M, Norman PJ (2019) Natural Killer Cells Offer Differential
Protection From Leukemia in Chinese Southern Han. Front Immunol 10:1646

Deng Z, Zhen J, Zhang G (2018) METHOD FOR SIMULTANEOUS SEQUENCE-BASED TYPING OF 14
FUNCTIONAL KILLER CELL IMMUNOGLOBULIN-LIKE RECEPTOR (KIR) GENES /r Patent US
(ed.). USA

Deng Z, Zhen J, Zhu B, Zhang G, Yu Q, Wang D, Xu 'Y, He L, Lu L (2015) Allelic diversity of KIR3DL1/3DS1
in a southern Chinese population. Hum Immunol 76:663-6

Deng ZH, Zhang GB, Chen R (2017) Description of the novel KIR3DL3*04802 allele identified in a southern
Chinese Han individual. Hla 89.:66-67

Dohring C, Scheidegger D, Samaridis J, Cella M, Colonna M (1996) A human killer inhibitory receptor specific
for HLA-A1,2. J Immunol 156:3098-101

Enard D, Petrov DA (2018) Evidence that RNA Viruses Drove Adaptive Introgression between Neanderthals and
Modern Humans. Cell 175:360-371.e13

Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of programs to perform population genetics
analyses under Linux and Windows. Mol Ecol Resour 10:564-7

Fagundes NJ, Kanitz R, Eckert R, Valls AC, Bogo MR, Salzano FM, Smith DG, Silva WA, Jr., Zago MA, Ribeiro-
dos-Santos AK, Santos SE, Petzl-Erler ML, Bonatto SL (2008) Mitochondrial population genomics
supports a single pre-Clovis origin with a coastal route for the peopling of the Americas. Am J Hum
Genet 82:583-92

Freud AG, Mundy-Bosse BL, Yu J, Caligiuri MA (2017) The Broad Spectrum of Human Natural Killer Cell
Diversity. Immunity 47:820-833

Garcia-Beltran WF, Holzemer A, Martrus G, Chung AW, Pacheco Y, Simoneau CR, Rucevic M, Lamothe-Molina
PA, Pertel T, Kim TE, Dugan H, Alter G, Dechanet-Merville J, Jost S, Carrington M, Altfeld M (2016)
Open conformers of HLA-F are high-affinity ligands of the activating NK-cell receptor KIR3DS1. Nat
Immunol 17:1067-74

Gendzekhadze K, Norman PJ, Abi-Rached L, Graef T, Moesta AK, Layrisse Z, Parham P (2009) Co-evolution of
KIR2DL3 with HLA-C in a human population retaining minimal essential diversity of KIR and HLA
class I ligands. Proc Natl Acad Sci U S A 106:18692-7

Gonzalez-Galarza FF, Takeshita LY, Santos EJ, Kempson F, Maia MH, da Silva AL, Teles e Silva AL, Ghattaoraya
GS, Alfirevic A, Jones AR, Middleton D (2015) Allele frequency net 2015 update: new features for HLA
epitopes, KIR and disease and HLA adverse drug reaction associations. Nucleic Acids Res 43:D784-8

Gourraud PA, Khankhanian P, Cereb N, Yang SY, Feolo M, Maiers M, Rioux JD, Hauser S, Oksenberg J (2014)
HLA diversity in the 1000 genomes dataset. PLoS One 9:¢97282

Graef T, Moesta AK, Norman PJ, Abi-Rached L, Vago L, Older Aguilar AM, Gleimer M, Hammond JA, Guethlein
LA, Bushnell DA, Robinson PJ, Parham P (2009) KIR2DS4 is a product of gene conversion with
KIR3DL2 that introduced specificity for HLA-A*11 while diminishing avidity for HLA-C. J Exp Med
206:2557-72

35


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

OO0~ WN DK WN—

made available under aCC-BY-NC-ND 4.0 International license.

Guethlein LA, Norman PJ, Hilton HH, Parham P (2015) Co-evolution of MHC class I and variable NK cell
receptors in placental mammals. Immunol Rev 267:259-82

Hansasuta P, Dong T, Thananchai H, Weekes M, Willberg C, Aldemir H, Rowland-Jones S, Braud VM (2004)
Recognition of HLA-A3 and HLA-A11 by KIR3DL2 is peptide-specific. Eur J Immunol 34:1673-9

Harrison GF, Sanz J, Boulais J, Mina MJ, Grenier JC, Leng Y, Dumaine A, Yotova V, Bergey CM, Nsobya SL,
Elledge SJ, Schurr E, Quintana-Murci L, Perry GH, Barreiro LB (2019) Natural selection contributed to
immunological differences between hunter-gatherers and agriculturalists. Nat Ecol Evol 3:1253-1264

He LM, Deng ZH, Hu HY, Zhen JX, Liu ZH (2017) Identification and characterization of the novel KIR2DL1*030
allele by sequence-based typing in a southern Chinese Han individual. HLA 89:263-264

Hellenthal G, Busby GBJ, Band G, Wilson JF, Capelli C, Falush D, Myers S (2014) A genetic atlas of human
admixture history. Science 343.747-751

Henn BM, Cavalli-Sforza LL, Feldman MW (2012) The great human expansion. Proc Natl Acad Sci U S A
109:17758-64

Henn BM, Gignoux CR, Jobin M, Granka JM, Macpherson JM, Kidd JM, Rodriguez-Botigue L, Ramachandran
S, Hon L, Brisbin A, Lin AA, Underhill PA, Comas D, Kidd KK, Norman PJ, Parham P, Bustamante CD,
Mountain JL, Feldman MW (2011) Hunter-gatherer genomic diversity suggests a southern African origin
for modern humans. Proc Natl Acad Sci U S A 108:5154-62

Hennig C (2020) fpc: Flexible Procedures for Clustering. R package version 2.2-7.  https://CRAN.R-
project.org/package=fpcc.

Hilton HG, Guethlein LA, Goyos A, Nemat-Gorgani N, Bushnell DA, Norman PJ, Parham P (2015a) Polymorphic
HLA-C Receptors Balance the Functional Characteristics of KIR Haplotypes. J Immunol 195:3160-70

Hilton HG, Norman PJ, Nemat-Gorgani N, Goyos A, Hollenbach JA, Henn BM, Gignoux CR, Guethlein LA,
Parham P (2015b) Loss and Gain of Natural Killer Cell Receptor Function in an African Hunter-Gatherer
Population. PLoS Genet 11:¢1005439

Hoglund P, Brodin P (2010) Current perspectives of natural killer cell education by MHC class I molecules. Nat
Rev Immunol 10:724-34

Holzemer A, Garcia-Beltran WF, Altfeld M (2017) Natural Killer Cell Interactions with Classical and Non-
Classical Human Leukocyte Antigen Class I in HIV-1 Infection. Front Immunol 8:1496

Horowitz A, Djaoud Z, Nemat-Gorgani N, Blokhuis J, Hilton HG, Beziat V, Malmberg KJ, Norman PJ, Guethlein
LA, Parham P (2016) Class I HLA haplotypes form two schools that educate NK cells in different ways.
Sci Immunol 1:eaagl672

Jiang Y, Chen O, Cui C, Zhao B, Han X, Zhang Z, Liu J, Xu J, Hu Q, Liao C, Shang H (2013) KIR3DS1/L1 and
HLA-Bw4-801 are associated with HIV disease progression among HIV typical progressors and long-
term nonprogressors. BMC Infect Dis 13:405

Khakoo SI, Thio CL, Martin MP, Brooks CR, Gao X, Astemborski J, Cheng J, Goedert JJ, Vlahov D, Hilgartner
M, Cox S, Little AM, Alexander GJ, Cramp ME, O'Brien SJ, Rosenberg WM, Thomas DL, Carrington
M (2004) HLA and NK cell inhibitory receptor genes in resolving hepatitis C virus infection. Science
305:872-4

Lancaster AK, Single RM, Solberg OD, Nelson MP, Thomson G (2007) PyPop update--a software pipeline for
large-scale multilocus population genomics. Tissue Antigens 69 Suppl 1:192-7

Liu J, Xiao Z, Ko HL, Shen M, Ren EC (2014) Activating killer cell immunoglobulin-like receptor 2DS2 binds
to HLA-A*11. Proc Natl Acad Sci U S A 111:2662-7

Loh P-R, Palamara PF, Price AL (2016) Fast and accurate long-range phasing in a UK Biobank cohort. Nature
genetics 48:811

Long EO, Kim HS, Liu D, Peterson ME, Rajagopalan S (2013) Controlling natural killer cell responses:
integration of signals for activation and inhibition. Annu Rev Immunol 31:227-58

Long W, ShiZ,Fan S, Liu L, Lu Y, Guo X, Rong C, Cui X, Ding H (2015) Association of maternal KIR and fetal
HLA-C genes with the risk of preeclampsia in the Chinese Han population. Placenta 36:433-7

Lu D, Lou H, Yuan K, Wang X, Wang Y, Zhang C, Lu Y, Yang X, Deng L, Zhou Y, Feng Q, Hu Y, Ding Q, Yang
Y, Li S, Jin L, Guan Y, Su B, Kang L, Xu S (2016) Ancestral Origins and Genetic History of Tibetan
Highlanders. Am J Hum Genet 99:580-594

Meenagh A, Gonzalez A, Sleator C, McQuaid S, Middleton D (2008) Investigation of killer cell immunoglobulin-
like receptor gene diversity, KIR2DL1 and KIR2DSI. Tissue Antigens 72:383-91

Meyer D, Single RM, Mack SJ, Lancaster A, Nelson MP, Erlich HA, Fernandez-Vina M, Thomson G (2007)
Single Locus Polymorphism of Classical HLA Genes. /n Hansen JA (ed.) Immunobiology of the Human
MHC: Proceedings of the 13th International Histocompatibility Workshop and Conference. IHWG press,
Seattle, WA

Moesta AK, Graef T, Abi-Rached L, Older Aguilar AM, Guethlein LA, Parham P (2010) Humans differ from other
hominids in lacking an activating NK cell receptor that recognizes the C1 epitope of MHC class I. J
Immunol 185:4233-7

Moesta AK, Norman PJ, Yawata M, Yawata N, Gleimer M, Parham P (2008) Synergistic polymorphism at two
positions distal to the ligand-binding site makes KIR2DL2 a stronger receptor for HLA-C than KIR2DL3.
J Immunol 180:3969-79

36


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

OO0~ WN DK WN—

made available under aCC-BY-NC-ND 4.0 International license.

Naiyer MM, Cassidy SA, Magri A, Cowton V, Chen K, Mansour S, Kranidioti H, Mbirbindi B, Rettman P, Harris
S, Fanning LJ, Mulder A, Claas FHJ, Davidson AD, Patel AH, Purbhoo MA, Khakoo SI (2017) KIR2DS2
recognizes conserved peptides derived from viral helicases in the context of HLA-C. Sci Immunol 2

Nei M, Takahata N (1993) Effective population size, genetic diversity, and coalescence time in subdivided
populations. Journal of Molecular Evolution 37:240-244

Nemat-Gorgani N, Edinur HA, Hollenbach JA, Traherne JA, Dunn PP, Chambers GK, Parham P, Norman PJ
(2014) KIR diversity in Maori and Polynesians: populations in which HLA-B is not a significant KIR
ligand. Immunogenetics 66:597-611

Nemat-Gorgani N, Hilton HG, Henn BM, Lin M, Gignoux CR, Myrick JW, Werely CJ, Granka JM, Moller M,
Hoal EG, Yawata M, Yawata N, Boelen L, Asquith B, Parham P, Norman PJ (2018) Different Selected
Mechanisms Attenuated the Inhibitory Interaction of KIR2DL1 with C2(+) HLA-C in Two Indigenous
Human Populations in Southern Africa. J Immunol

Norman PJ, Abi-Rached L, Gendzekhadze K, Hammond JA, Moesta AK, Sharma D, Graef T, McQueen KL,
Guethlein LA, Carrington CV, Chandanayingyong D, Chang YH, Crespi C, Saruhan-Direskeneli G,
Hameed K, Kamkamidze G, Koram KA, Layrisse Z, Matamoros N, Mila J, Park MH, Pitchappan RM,
Ramdath DD, Shiau MY, Stephens HA, Struik S, Tyan D, Verity DH, Vaughan RW, Davis RW, Fraser
PA, Riley EM, Ronaghi M, Parham P (2009) Meiotic recombination generates rich diversity in NK cell
receptor genes, alleles, and haplotypes. Genome Res 19:757-69

Norman PJ, Abi-Rached L, Gendzekhadze K, Korbel D, Gleimer M, Rowley D, Bruno D, Carrington CV,
Chandanayingyong D, Chang YH, Crespi C, Saruhan-Direskeneli G, Fraser PA, Hameed K,
Kamkamidze G, Koram KA, Layrisse Z, Matamoros N, Mila J, Park MH, Pitchappan RM, Ramdath DD,
Shiau MY, Stephens HA, Struik S, Verity DH, Vaughan RW, Tyan D, Davis RW, Riley EM, Ronaghi M,
Parham P (2007) Unusual selection on the KIR3DL1/S1 natural killer cell receptor in Africans. Nat Genet
39:1092-9

Norman PJ, Hollenbach JA, Nemat-Gorgani N, Guethlein LA, Hilton HG, Pando MJ, Koram KA, Riley EM, Abi-
Rached L, Parham P (2013) Co-evolution of Human Leukocyte Antigen (HLA) Class I Ligands with
Killer-Cell Immunoglobulin-Like Receptors (KIR) in a Genetically Diverse Population of Sub-Saharan
Africans. PLoS Genet 9:¢1003938

Norman PJ, Hollenbach JA, Nemat-Gorgani N, Marin WM, Norberg SJ, Ashouri E, Jayaraman J, Wroblewski EE,
Trowsdale J, Rajalingam R, Oksenberg JR, Chiaroni J, Guethlein LA, Traherne JA, Ronaghi M, Parham
P (2016) Defining KIR and HLA Class I Genotypes at Highest Resolution via High-Throughput
Sequencing. Am J Hum Genet 99:375-91

Pando MJ, Gardiner CM, Gleimer M, McQueen KL, Parham P (2003) The protein made from a common allele of
KIR3DL1 (3DL1*004) is poorly expressed at cell surfaces due to substitution at positions 86 in Ig
domain 0 and 182 in Ig domain 1. J Immunol 171:6640-9

Parham P, Moffett A (2013) Variable NK cell receptors and their MHC class I ligands in immunity, reproduction
and human evolution. Nat Rev Immunol 13:133-44

Patin E, Lopez M, Grollemund R, Verdu P, Harmant C, Quach H, Laval G, Perry GH, Barreiro LB, Froment A,
Heyer E, Massougbodji A, Fortes-Lima C, Migot-Nabias F, Bellis G, Dugoujon JM, Pereira JB,
Fernandes V, Pereira L, Van der Veen L, Mouguiama-Daouda P, Bustamante CD, Hombert JM, Quintana-
Murci L (2017) Dispersals and genetic adaptation of Bantu-speaking populations in Africa and North
America. Science 356:543-546

Pelak K, Need AC, Fellay J, Shianna KV, Feng S, Urban TJ, Ge D, De Luca A, Martinez-Picado J, Wolinsky SM,
Martinson JJ, Jamieson BD, Bream JH, Martin MP, Borrow P, Letvin NL, McMichael AJ, Haynes BF,
Telenti A, Carrington M, Goldstein DB, Alter G, Immunology NCfHAV (2011) Copy number variation
of KIR genes influences HIV-1 control. PLoS Biol 9:¢1001208

Petitdemange C, Becquart P, Wauquier N, Beziat V, Debre P, Leroy EM, Vieillard V (2011) Unconventional
repertoire profile is imprinted during acute chikungunya infection for natural killer cells polarization
toward cytotoxicity. PLoS Pathog 7:¢1002268

Prugnolle F, Manica A, Charpentier M, Guégan JF, Guernier V, Balloux F (2005) Pathogen-driven selection and
worldwide HLA class I diversity. Curr Biol 15:1022-7

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, de Bakker PI, Daly MJ,
Sham PC (2007) PLINK: a tool set for whole-genome association and population-based linkage analyses.
Am J Hum Genet 81:559-75

R Development Core Team (2008) A language and environment for statistical computing. R Foundation for
Statistical Computing. Vienna, Austria

Raghavan M, Steinrucken M, Harris K, Schiffels S, Rasmussen S, DeGiorgio M, Albrechtsen A, Valdiosera C,
Avila-Arcos MC, Malaspinas AS, Eriksson A, Moltke I, Metspalu M, Homburger JR, Wall J, Cornejo
OE, Moreno-Mayar JV, Korneliussen TS, Pierre T, Rasmussen M, Campos PF, Damgaard Pde B,
Allentoft ME, Lindo J, Metspalu E, Rodriguez-Varela R, Mansilla J, Henrickson C, Seguin-Orlando A,
Malmstrom H, Stafford T, Jr., Shringarpure SS, Moreno-Estrada A, Karmin M, Tambets K, Bergstrom A,
Xue Y, Warmuth V, Friend AD, Singarayer J, Valdes P, Balloux F, Leboreiro I, Vera JL, Rangel-Villalobos
H, Pettener D, Luiselli D, Davis LG, Heyer E, Zollikofer CP, Ponce de Leon MS, Smith CI, Grimes V,

37


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

OO0~ WN DK WN—

made available under aCC-BY-NC-ND 4.0 International license.

Pike KA, Deal M, Fuller BT, Arriaza B, Standen V, Luz MF, Ricaut F, Guidon N, Osipova L, Voevoda
MI, Posukh OL, Balanovsky O, Lavryashina M, Bogunov Y, Khusnutdinova E, Gubina M, Balanovska
E, Fedorova S, Litvinov S, Malyarchuk B, Derenko M, Mosher MJ, Archer D, Cybulski J, Petzelt B,
Mitchell J, Worl R, Norman PJ, Parham P, Kemp BM, Kivisild T, Tyler-Smith C, Sandhu MS, Crawford
M, Villems R, Smith DG, Waters MR, Goebel T, Johnson JR, Malhi RS, Jakobsson M, Meltzer DJ,
Manica A, Durbin R, Bustamante CD, Song YS, Nielsen R, et al. (2015) POPULATION GENETICS.
Genomic evidence for the Pleistocene and recent population history of Native Americans. Science
349:2ab3884

Rishishwar L, Conley AB, Wigington CH, Wang L, Valderrama-Aguirre A, Jordan IK (2015) Ancestry, admixture
and fitness in Colombian genomes. Sci Rep 5:12376

Robinson J, Halliwell JA, Hayhurst JD, Flicek P, Parham P, Marsh SG (2015) The IPD and IMGT/HLA database:
allele variant databases. Nucleic Acids Res 43:D423-31

Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, Zhivotovsky LA, Feldman MW (2002) Genetic
structure of human populations. Science 298:2381-5

Salamon H, Klitz W, Easteal S, Gao X, Erlich HA, Fernandez-Vina M, Trachtenberg EA, McWeeney SK, Nelson
MP, Thomson G (1999) Evolution of HLA class II molecules: Allelic and amino acid site variability
across populations. Genetics 152:393-400

Saunders PM, Pymm P, Pietra G, Hughes VA, Hitchen C, O'Connor GM, Loiacono F, Widjaja J, Price DA, Falco
M, Mingari MC, Moretta L, McVicar DW, Rossjohn J, Brooks AG, Vivian JP (2016) Killer cell
immunoglobulin-like receptor 3DL1 polymorphism defines distinct hierarchies of HLA class I
recognition. J Exp Med 213:791-807

Saunders PM, Vivian JP, O'Connor GM, Sullivan LC, Pymm P, Rossjohn J, Brooks AG (2015) A bird's eye view
of NK cell receptor interactions with their MHC class I ligands. Immunol Rev 267:148-66

Schiffels S, Durbin R (2014) Inferring human population size and separation history from multiple genome
sequences. Nat Genet 46.919-25

Shen M, Linn YC, Ren EC (2016) KIR-HLA profiling shows presence of higher frequencies of strong inhibitory
KIR-ligands among prognostically poor risk AML patients. Immunogenetics 68:133-44

Solberg OD, Mack SJ, Lancaster AK, Single RM, Tsai Y, Sanchez-Mazas A, Thomson G (2008) Balancing
selection and heterogeneity across the classical human leukocyte antigen loci: a meta-analytic review of
497 population studies. Hum Immunol 69:443-64

Stephens M, Donnelly P (2003) A comparison of bayesian methods for haplotype reconstruction from population
genotype data. Am J Hum Genet 73:1162-9

Su N, Wang H, Zhang B, Kang Y, Guo Q, Xiao H, Yang H, Liao S (2018) Maternal natural killer cell
immunoglobulin receptor genes and human leukocyte antigen-C ligands influence recurrent spontaneous
abortion in the Han Chinese population. Exp Ther Med 15:327-337

Sun G, Wang C, Zhen J, Zhang G, Xu 'Y, Deng Z (2016) [Cloning and sequencing of KIR2DL1 framework gene
c¢DNA and identification of a novel allele]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 33:694-7

Szpiech ZA, Hernandez RD (2014) selscan: an efficient multithreaded program to perform EHH-based scans for
positive selection. Mol Biol Evol 31:2824-7

Takeuchi F, Katsuya T, Kimura R, Nabika T, Isomura M, Ohkubo T, Tabara Y, Yamamoto K, Yokota M, Liu X,
Saw WY, Mamatyusupu D, Yang W, Xu S, Japanese Genome Variation C, Teo Y'Y, Kato N (2017) The
fine-scale genetic structure and evolution of the Japanese population. PLoS One 12:¢0185487

Tang M, Lautenberger JA, Gao X, Sezgin E, Hendrickson SL, Troyer JL, David VA, Guan L, McIntosh CE, Guo
X, Zheng Y, Liao J, Deng H, Malasky M, Kessing B, Winkler CA, Carrington M, De The G, Zeng Y,
O'Brien SJ (2012) The principal genetic determinants for nasopharyngeal carcinoma in China involve
the HLA class I antigen recognition groove. PLoS Genet 8:¢1003103

Tao SD, He YM, Ying YL, He J, Zhu FM, Lv HJ (2014) KIR3DL1 genetic diversity and phenotypic variation in
the Chinese Han population. Genes Immun 15:8-15

Thons C, Senff T, Hydes TJ, Manser AR, Heinemann FM, Heinold A, Heilmann M, Kim AY, Uhrberg M,
Scherbaum N, Lauer GM, Khakoo SI, Timm J (2017) HLA-Bw4 80(T) and multiple HLA-Bw4 copies
combined with KIR3DL1 associate with spontaneous clearance of HCV infection in people who inject
drugs. J Hepatol 67:462-470

Tishkoff SA, Reed FA, Friedlaender FR, Ehret C, Ranciaro A, Froment A, Hirbo JB, Awomoyi AA, Bodo JM,
Doumbo O, Ibrahim M, Juma AT, Kotze MJ, Lema G, Moore JH, Mortensen H, Nyambo TB, Omar SA,
Powell K, Pretorius GS, Smith MW, Thera MA, Wambebe C, Weber JL, Williams SM (2009) The genetic
structure and history of Africans and African Americans. Science 324:1035-44

Townsley E, O'Connor G, Cosgrove C, Woda M, Co M, Thomas SJ, Kalayanarooj S, Yoon IK, Nisalak A,
Srikiatkhachorn A, Green S, Stephens HA, Gostick E, Price DA, Carrington M, Alter G, McVicar DW,
Rothman AL, Mathew A (2016) Interaction of a dengue virus NS1-derived peptide with the inhibitory
receptor KIR3DL1 on natural killer cells. Clin Exp Immunol 183:419-30

VandenBussche CJ, Dakshanamurthy S, Posch PE, Hurley CK (2006) A single polymorphism disrupts the killer
Ig-like receptor 2DL2/2DL3 D1 domain. J Immunol 177:5347-57

VandenBussche CJ, Mulrooney TJ, Frazier WR, Dakshanamurthy S, Hurley CK (2009) Dramatically reduced

38


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

OO0~ WN DK WN—

41

42

43

made available under aCC-BY-NC-ND 4.0 International license.

surface expression of NK cell receptor KIR2DS3 is attributed to multiple residues throughout the
molecule. Genes Immun 10.:162-73

Vierra-Green C, Roe D, Hou L, Hurley CK, Rajalingam R, Reed E, Lebedeva T, Yu N, Stewart M, Noreen H,
Hollenbach JA, Guethlein LA, Wang T, Spellman S, Maiers M (2012) Allele-level haplotype frequencies
and pairwise linkage disequilibrium for 14 KIR loci in 506 European-American individuals. PLoS One
7:¢47491

Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier LL, Yokoyama WM, Ugolini S (2011) Innate
or adaptive immunity? The example of natural killer cells. Science 331:44-9

Voight BF, Kudaravalli S, Wen X, Pritchard JK (2006) A map of recent positive selection in the human genome.
PLoS Biol 4:¢72

Wang HD, Zhang FX, Shen CM, Wu YM, Lv YG, Xie ST, Yang G, Qin HX, Fan SL, Zhu BF (2012) The
distribution of genetic diversity of KIR genes in the Chinese Mongolian population. Hum Immunol
73:1031-8

Wen B, Li H, Lu D, Song X, Zhang F, He Y, Li F, Gao Y, Mao X, Zhang L, Qian J, Tan J, Jin J, Huang W, Deka
R, Su B, Chakraborty R, Jin L (2004) Genetic evidence supports demic diffusion of Han culture. Nature
431:302-5

Wilson MJ, Torkar M, Haude A, Milne S, Jones T, Sheer D, Beck S, Trowsdale J (2000) Plasticity in the
organization and sequences of human KIR/ILT gene families. Proc Natl Acad Sci U S A 97:4778-83.

Xu S, Yin X, Li S, Jin W, Lou H, Yang L, Gong X, Wang H, Shen Y, Pan X, He Y, Yang Y, Wang Y, Fu W, An 'Y,
Wang J, Tan J, Qian J, Chen X, Zhang X, Sun Y, Zhang X, Wu B, Jin L (2009) Genomic dissection of
population substructure of Han Chinese and its implication in association studies. Am J Hum Genet
85:762-74

Yao Y, ShiL, Tao Y, Lin K, Liu S, Yu L, Yang Z, Yi W, Huang X, Sun H, Chu J, Shi L (2011) Diversity of killer
cell immunoglobulin-like receptor genes in four ethnic groups in China. Immunogenetics 63:475-83

Yawata M, Yawata N, Draghi M, Little AM, Partheniou F, Parham P (2006) Roles for HLA and KIR
polymorphisms in natural killer cell repertoire selection and modulation of effector function. J Exp Med
203:633-45

Zhang G, Deng Z (2016) [A strategy to clarify ambiguities during genotyping of functional KIR framework genes
by sequencing-based typing among ethnic Hans from southern China]. Zhonghua Yi Xue Yi Chuan Xue
Za Zhi 33:773-777

Zhang G, Deng Z (2017) [Allelic diversity of KIR2DL4 gene and identification of five novel alleles among
southern Han Chinese population]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 34:270-274

Zhang GB, Chen R, Deng ZH (2017) Identification of the novel KIR2DL1*033 allele from a southern Chinese
Han individual by sequencing-based typing. Hla 89:175-176

Zhen J, He L, Xu'Y, Zhao J, Yu Q, Zou H, Sun G, Deng Z (2015) Allelic polymorphism of KIR2DL2/2DL3 in a
southern Chinese population. Tissue Antigens 86:362-7

Zhen J, Zhang G, Yu Q, He L, Xu Y, Zou H, Deng Z (2017) [Genetic polymorphisms of KIR2DS4 gene among
ethnic Hans from southern China]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 34:21-25

39


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A HLA class | Allotypes in Chinese Southern Han (2N=612) B
KIR Ligand HLA-A HLA-B HLA-C
|:| A3/11 Ten most frequent HLA haplotypes %
A*02:07 B*46:01 C*01:02 7.68
[CIBwa A*33:03 | B'58:01 | C*03:02 | 5.72
A*11:01 B*40:01 C*07:02 4.58
[ e A*11:01 | B*13:01 | C'03:04 | 3.27
I:I c2 A*11:01 B*15:02 C*08:01 2.12
not a A*30:01 B*13:02 C*06:02 1.96
|:| ligand [Total T A3/11 1T Bwa Total c 2 A*11:01 B*46:01 C*01:02 1.96
oo ola w oa A*24:02 | B*40:.01 | C*03:04 | 163
e 27| e | 4 | 84| 18 | 1 | 20 | 21| 8 A*24:02 | B*40:01 | C*07:02 | 147
‘::a olypes A*11:01 | B*40:06 | C*08:01 | 147
| - | sae| 74| - | 48| 142| - | 848 | 152
C
- S America (Guarani) Pairwise comparison
- Japan (Ryukyu) -logy Corrected P
__ - Australia (Indigenous)
T L uroo s o
BT [} s ans) 5
I [} s ama :
__ L W. Africa (Ghanaian)
- - E.Asia(S. Han)
.2 . .7 1. = e =S S =
0 0.25 0.5 0.75 0 ‘I":’ .E g 5 % % 5 E
Frequency of Haplotypes . 28 22 s 3c
Encoding 1, 2, or 3 KIR Ligands L s o c 22
322 8e2c¢cy
= 32 = o
m Oz 0 Tgscaz i
w £ un i = - e
S g <
= 2 »
E irwi i D Nama
Hondo 4 Pairwise comparison Nama
Korean 4 -logqq Corrected P 7()o 78
(83.0%) (97.3%)
Malay 10
Thai 2 5 0 2
- 5 3 0
Filipino 128 152 82 95
S. Han 0 (825%) 9 (86.9%) ©O78%) 3  (955%)
§ 28 7 5 9 Ghanaian Nandi Japanese  Australian
T aF 3 & §
B i =9I
HLA haplotypes HLA haplotypes

40


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

EastAsian E South EastAsian
1.004

0.75 1
0.50+
0.25 -

0.00

Proportion of Genetic Ancestry

Japanese Beijing Han i Southern Han § Vietnamese Dai

Genetic Ancestry [ ] Japanese ] EastAsian [ll] South EastAsian

B
- All B*40:01 B*46:01 B*58:01
£51.00 H
17} H
Q . . !
o i
C H
<0.75] -
Q i
6 ] [] . 1 . H
S : I .
o 0-50 ' I : : i
‘8 1 1 '
C .
2 0.251 ) : . .
T .
g i ' i
: , Lk
a 0.00 FAE = =L =T
Chr6 : MHC | Chr6 : MHC | Chr6 | MHC | Chr6 : MHC
C
Allele Carriers
HLA class | Haplotype HLA-A HLA-B HLA-C
A02:07-846:01-c'01:021- ()0 ‘ o . o
A*33:03-B*58:01-C*03:02 O o O o O o
A*11:01-B*40:01-C*07:02{—@—0—+-@—0—| @ —©
A*11:01-813:01-C°03.041- @0 @0 @ o
A*11:01-B*15:02-C*08:01{-@——0—|- @@ (@) o
A*30:01-B*13:02-C*06:02 Q0+ O—0—1 O —©°
A*11:01-B*46:01-C*01:02{—@——© ‘ o) ‘ o)
A*24:02-B*40:01-C*03:041—Q) e} O [0) O [0)
A*24:02-B*40:01-C*07:02{—Q—0—+@—o—+| @ —o
A*11:01-B*40:06-C*08:01—@——0—-(O—0—|-@—@
MHC Chr6 | MHC Chr6 | MHC Chré
8 Wilcoxon Test BH-Corrected P. value
Proportion of
Genetic Ancestry 555 "og, @ ‘ ’ . .
0.0 1.00 0.10 0.01 0.001 0.0001

41


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A 0.03 1 sk B ] Percentile
- . B >99 [ ]>98 l>/=95
8 :
: | ‘
0021 = g © :
i T
Nucleotide - ; 6
Diversity - I '
(Pi) S : :
0.01 3z, i . . Y
. ‘ wiodap Lickoddis o b
< so Mo 03 onint’ 5“. h.l u“.r"
0 ALY i A LD A
0.00" T T r T
B*58 B*40 B*46 0 MHC 50 100 150
Chromosome 6 (Mbp)
C
HLA-B HLA-A HLA-C
0 04 ! chr6 (434,123) 0-5‘ | A%02(12) * 03 C*06 (5)
Z T 1
2 _ora | M| A'24(29) %% 02 c+03(10)
[S)
% ' B*40 (47) * 05 ‘ A*33(13) *% 02 C01 (1) *
%ois = I B’58 (10, ** 06 A*11 (16) %% 02 C*08 (11) *
g 02 B*46 (7) *kk ) I‘ A*30 (10) k%% 0.1 l C*07 (73) %%*
0 ool A o 0.0 0.0
0 2 4 6 0 2 4 6 ] 2 4 6
Absolute iHS Absolute iHS Absolute iHS
D E
KhoeSan N. Indian
Ga-Adangbe FiIipinoﬂ_
Nandi Thai
99.7% Shona: J. Hondo
Luo Korean
Nyanza 92.6% Tuvan
Georgian Han.
N. Indian Malay
80.7% Tuvan Javan
European Yupik
Finnish Guaran|=—
Malay 96'3%| Yucpa s
Filipino Shona
46.8% Javan Luo
Han. S Finnish
Samoan
J. Ryukyu Nandi
86.7% |J-Hondo Maori
Korean Nyanza
84.9%| | Ryukyu
Austﬁ”ah HLA class | KEO%San HLA class |
aori aDene: ;
67.5% NaDene alleles Ga-Adangbe KIR ligands
' Yupik Australian:
Guarani European
Yucpa Georgian

42


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A Alleles per N=75 B KIR Region D Alleles Ranked per Gene
by Frequency
200 Ny A .
5 10 15 20
2]
8 1.00, ___
Q2 Entire KIR
T 150 &
e c
< ® 075
o
S S
= L
2100 ©
£ Centromeric T 050
> <
= - ™M
— o O
e %0 ==
0.25 N =
alfa
Telomeric Y
0 0.0
= c c
85565 & & Haplotype Group RGO
SE&ET LT w 0320 Qa0
f5iF H N
= = © N
2a5
= A B KIR
e}
w
C
KIR gene Southern
Centromeric KIR Telomeric KIR Han
h | 3DL3 | 2DS2 | 2DL2/3| 2DL5B| 2DS3/5| 2DL1 | 2DL4 | 3DL1/S1| 2DL5A| 2DS3/5| 2DS1 | 2DS4 | 3DL2 | obs. | %
1 [ *o10 3*00101 *00302 | *00102 | *01502 *00101 | *002 71 | 11.60
2 | *00s 3*00101 *00302 | *00102 | *01502 *00101 | *002 56 | 9.5
3 | *009 3*00101 *00302 | *00102 | *01502 *00101 | *002 52 | 850
4 | *o10 3*00101 *00302 | *011 | *00501 *010 | *010 26 | 4.25
5 | *010 3*00101 *00302 | *00801 | *00101 *00301 | *001 12 | 1.9
6 | *010 3*00101 *00302 | *00501 | S1*01301| A*005 | 3*00201| *00201 *00701| 11 | 1.80
7 | *010 3*023 *00302 | *00102 | *01502 *00101 | *002 10 | 163
8 | *010 3*00101 *00302 | *00501 | S1*01301| A*001 | 5*00201| *00201 *00701| 9 1.47
9 | *010 3*00101 *00302 | *00103 | *020 *00101 | *009 9 1.47
2 10 | *010 3*00101 *00302 | *00102 | *01502 *00101 | *039 9 1.47
E
—_— Centromenc KIR ————— Telomeric KIR—————
H 3 H : H '
.3 : i : : i
3 : : : : : ] S. American ] European
% : ' ! : ' (Yucpa) (USA)
N 2 : ] : L )
o 1 : [ H : .
£ ! : ! : : ] Oceanian H W. African
£ : : : : : (Maori) (Ghana)
<1 : : H : :
Watterson : : B E. Asian B S. African
(Fnd) : : H ! : (Southern Han) (Nama)
0 : : H : :
> ] ] L ] ]
= : E ; E E D Japanese
S : : : : : (Hondo)
N T : : H : :
o : : : : :
k9] ' : : L
[} H ' H [ '
T o ' L% ; : :
3 3DL3 2DL2/3 2DL1 2DL4 3DL1 3DL2

43


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.29.227579; this version posted August 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

A Number of Distinct KIR+HLA class |
Interactions per Individual
50,
2 40
3
R
2
2 30,
kS
&
£ 20
p=}
pa
104
0
B 2 4 6 8 10 12
Mean number of ligand - inhibitory receptor pairs per individual
Number of different interactions | Total number of interactions
5
4
HLA-C 3
2
1
4 ----- -
]
3 R + p<0.0001
.p<0.001 R R TN
HLA-A R T
+
2
HLA-B
1
0
2 Q Q O g 2 2 N N\ 2 2 2
1 K ¢ @0‘°&o“°° &I T F T

44


https://doi.org/10.1101/2020.07.29.227579
http://creativecommons.org/licenses/by-nc-nd/4.0/

