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Abstract: KIR2DL4 is an important immune modulator expressed in Natural Killer cells, being
HLA-G its main ligand. We characterize KIR2DL4 gene diversity considering the promoter, all
exons, and all introns, in a highly admixed Brazilian population sample using massively parallel
sequencing. We also introduce a molecular method to amplify and sequence the complete
KIR2DL4 gene. To avoid mapping bias and genotype errors commonly observed in gene families,
we have developed a bioinformatic pipeline designed to minimize mapping, genotyping, and
haplotyping errors. We have applied this method to survey the variability of 220 samples from the
State of Sao Paulo, southeastern Brazil. We have also compared the K/IR2DL4 genetic diversity in
Brazilian samples with the previously reported by the 1000Genomes consortium. K/R2DL4
presents high linkage disequilibrium throughout the gene, with coding sequences associated with
specific promoters. There were few, but divergent, promoter haplotypes. We have also detected
many new K/R2DL4 sequences, all with nucleotide exchanges in introns and encoding previously
described proteins. Exons 3 and 4, which encode the external domains, were the most variable
ones. The ancestry background influences K/R2DL4 allele frequencies and must be considered for
association studies regarding KIR2DL4.
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Introduction

Natural killer (NK) cells are among the major effectors in innate immunity, and they also
influence adaptive immunity integrating these two complex systems. NK cells play a vital role in
the immune response against infections [1] and tumors [2—4], and a series of membrane-bound
receptors modulates their activity. KIRs (Killer Cell Immunoglobulin-Like receptors) are
activating or inhibitory receptors expressed on the surface of NK cells and some T lymphocytes.
They modulate NK cytotoxicity [4—6], antigen-specific cytolytic activity, and cytokine production
from T lymphocytes [7].

The human KIR cluster is within the telomeric end of chromosome 19 and presents highly
diverse haplotypes that vary in gene sequence and gene copy number [8—11]. KIR are
transmembrane glycoproteins with two (2D) or three (3D) extracellular immunoglobulin-like (Ig-
like) domains and a cytoplasmic tail, which vary in length and size. KIR presenting long (L)
cytoplasmic domains (e.g., KIR3DL) are mostly inhibitory, and they may present one or two
cytoplasmic immunoreceptor tyrosine-based inhibition motifs (ITIMs) [12]. KIR with a short (S)
cytoplasmic domain (e.g., KIR3DS) are mostly activating receptors associated with
immunoreceptor tyrosine-based activation motifs (ITAMs) and a positively charged lysine in their
transmembrane region [13].

Among KIR genes, KIR2DL4 is the most unusual in terms of genetic structure, expression
levels, and function [5,14]. Most of the KIR genes are polymorphic regarding copy number. At
least one copy of KIR2DL4 locus is present in almost all KIR haplotypes with few exceptions [15—
18], but its surface expression appears to vary among individuals. The KIR2DL4 receptor presents
a single ITIM domain in its cytoplasmic tail. Depending on the ligand interacting with it, KIR2DL4
may either activate or inhibit NK cells [15].

The KIR2DL4 region studied here comprises approximately 11 kb, considering the
promoter, all exons, and all introns. There are 107 different sequences already described for this
gene, encoding 54 protein variants according to the IPD-IMGT/KIR Database, version 2.9.0 [19].
Nucleotide exchanges in the regulatory region, exons, and introns may modify gene expression
patterns, and non-synonymous exchanges may influence protein structure and the affinity between
ligand and the receptor. However, more than 50% of the known K/R2DL4 alleles in the IPD-
IMGT/KIR database were characterized only for exons, and there is no description of their intronic
and regulatory sequences (https://www.ebi.ac.uk/ipd/kir/align.html). The KIR2DL4 genetic
diversity might be higher than we currently acknowledge.

The most studied KIR2DL4 ligands are the HLA class [ molecules, mainly HLA-G [20,21].
HLA-G is expressed in the fetal-derived trophoblast cells modulating the immune response against
fetal antigens [22—24] and in tissues such as cornea, pancreas, and thymus [25-27]. HLA-G is also
expressed in pathological situations such as tumors [28-31] and autoimmune diseases [32,33].
Many nucleotide exchanges in the K/IR2DL4 locus influence its expression levels [34,35], while
amino acid exchanges might disrupt the ligand-receptor binding. Those changes have been
associated with recurrent abortions and preeclampsia [36-38]. However, KIR2DL4 genetic
diversity in admixed populations such as the Brazilian is unknown.
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We hereby present a molecular method and a bioinformatics pipeline to evaluate KIR2DLA4,
including its distal and proximal promoter regions, all exons, and all introns, using massively
parallel sequencing. We also present the K/R2DL4 genetic diversity surveyed in 220 samples from
Southeastern Brazil. Our data indicate that K/IR2DL4 is highly polymorphic among Brazilians with
many new KI/R2DL4 variants. Ancestry influences allele frequencies and K/IR2DL4 presents few
but divergent promoter haplotypes and a less polymorphic 3’UTR. Moreover, we demonstrate that
it is mandatory to use a bioinformatics pipeline tiled for K/R genes to detect all KIR2DL4 variants

properly.

Material and Methods
Samples

We surveyed KIR2DL4 genetic variability in 220 unrelated healthy volunteers (mean age
35, 60.97% females) from the State of Sao Paulo, Brazil. The Human Research Ethics Committee
from the School of Medicine/Unesp has approved the study protocol (Protocol
24157413.7.0000.5411). All participants signed informed consent before blood collection. DNA
was obtained by a salting out procedure and normalized to 50 ng/uL after quantification by Qubit
Broad Range dsDNA Assay (Thermo Fisher Scientific Inc., Waltham, MA).

Ancestry assessment

To estimate the ancestry contributions in this Brazilian sample, we used 34 Ancestry
Informative Markers (AIM) from the SNPforID 34-plex panel [39], amplified in a multiplex
reaction and pooled together with the KIR2DL4 amplicons before sequencing. We used the
STRUCTURE v.2.3.4 program [40] for population structure analysis, defining K=4. For parental
references, we used the 1000 Genomes data (phase 3) from Europe (404 samples from TSI, FIN,
GBR, IBS populations), Africa (504 samples from YRI, LWK, GWD, MSL, and ESN
populations), East Asia (504 samples from CHB, JPT, CHS, CDX, and KHV), and 14 Amerindian
samples from HGDP (Surui and Karitiana) [41]. We stratified our samples within three subgroups:
individuals with more than 90% of European ancestry (EUR90), individuals with more than 30%
of African (AFR30), or East Asian (EAS30) ancestries. This sample represents a highly
heterogeneous population sample from Brazil's’ most populated state.

KIR2DL4 amplification

We designed specific primers to amplify approximately 13,387 bp of the KIR2DL4 gene,
comprising the promoter region, all exons, and all introns, in three overlapping fragments. Primers
were designed in conserved regions, with no variable sites according to the /000Genomes project
or rare variants (MAF < 0.1%) according to dbSNP version 138. These primer pairs were used to
amplify KIR2DL4 using two different approaches. For approximately half of the samples (n =
108), we amplified K/R2DL4 separately, with no concurrent amplicons (singleplex approach). For
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the remaining samples (n=112), we used a multiplex approach that includes three KIR and two
LILR genes, allowing us to calculate copy number differences.

Singleplex approach

Polymerase Chain Reaction (PCR) was carried out using primers: (a) 5’-
CTATTGTATGTCTTGGTGAC-3’ and 5’-CTTGATACTGGAATATTGCA-3’, which amplify
the region 19:54801519-54802921 (human genome draft assembly hg38), producing an amplicon
of 1,402 bp covering KIR2DL4 promoter region; (b) 5’-GGGCAAACAGTGAGACCCAT-3’ and
5’-CAGGCATTTGTCCTCCCAGT-3’, which amplify the region 19:54802741-54809190 (hg38),
resulting in a final product of 6,450 bp covering the first half of K/IR2DL4; and (3) 5’-
CTCTGAGATAAAACCCATTGTAA-3’ and 5’- TTCAATAAACACCTGTAAATCCC-3’
(hg38), which amplify the region 19:54807865-54814906 (hg38) resulting in an amplicon of 7,045
bp that includes the second half of KIR2DLA4.

PCR reaction was carried out in a final volume of 25 pL. For the promoter region, we used
1.0 U of Platinum® Taq DNA polymerase and 1X buffer solution, 1.5mM of MgCl, 0.20mM of
each ANTP (Invitrogen-Carlsbad, CA, USA), and 0.30uM of each primer. The PCR cycling
conditions were as follow: initial denaturation at 94°C for 1 minute; 32 denaturation cycles at 94°C
for 30 seconds, annealing at 55°C for 30 seconds, extension at 72°C for 2 minutes; followed by a
final extension at 72°C for 5 minutes and hold at 4°C. We used an alternative protocol for both
amplicons of the coding region: 1.25U of TaKaRa GXL Taq® DNA polymerase and 1X buffer
solution, 0.20mM of dNTP, and 0.30uM of each primer. The cycling conditions were: 30 cycles
of 98°C for 10 seconds, 60°C for 15 seconds, 68°C for 7 minutes, and one hold at 4°C. For each
reaction, we used 100ng of genomic DNA as a template. Amplicons were evaluated on 1% agarose
gel stained with GelRed® (Biotium, Inc. Hayward, CA), quantified using Qubit dsDNA High
Sensitivity Assays, normalized, pooled together, and purified using ExoSAP-IT (GE Healthcare).

Multiplex approach

The KIR2DL4 promoter was amplified as described in the singleplex approach. The first
half of KIR2DL4 was amplified together with the first half of K/R3DL3, first half of KIR3DL?2,
and the full LILRBI gene region. The primers for the first half of K/R3DL3 are 5’-
GGTGCATAAGGTTGGGTGTTG-3" and 5’-GGCTTCCAGTCCTAGATCATTC — 3°, which
amplify from the promoter up to intron 4. The primers for the first half of K/IR3DL?2 are 5’-
TTAGACACAGTTTTCTGCCCAG -3’ and 5’- GTCCCACCCCAAAAATGTCC - 3°, which
amplify from the promoter up to intron 6. The primers for LILRBI/ILT-2 are 5’-
AGCGTTGAACAGGGATTGAG -3’ and 5’- GCTTGACCTAGCGATTTCAC - 3’. We have
combined these primers, and the primers for the first half of K/IR2DL4, in the following
proportions: 0.6 for KIR3DL3, 0.56 for KIR2DL4, 1.04 for LILRB1, and 1.0 for KIR3DL?.

The second half of KIR2DL4 was amplified with the second half of KIR3DL3, the second
half of KIR3DL2, and the full LILRB2/ILT4 gene region. The primers for the second half of
KIR3DL3 are 5’- GATAGACACCATGGAGGGGA -3’ and 5’-
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CAGATGGGGTTATGTGGACG — 3’, which amplify from intron 3 until the end of the 3’UTR.
The primers for the second half of KIR3DL?2 are 5’- GTAGCTCAAAGCATGACGTG -3’ and 5°-
TACACACCACCTCACTTGTG - 3°, which amplify from intron 6 until the end of the 3’UTR.
The primers for LILRB2/ILT4 are 5’- TGGACTCATCAATCACCTACAG -3’ and 5’-
AGGTTTGTGGGAGGGAGTC — 3°. We have combined these primers, and the primers for the
second half of KIR2DL4, in the following proportions: 2.5 for KIR3DL3, 0.56 for KIR2DL4, 2.5
for LILRB2, 1.5 for KIR3DL?2, and 2.0 for KIR2DLA4.

For both reactions, PCR was carried out in a final volume of 50 pL. We used 100ng of
genomic DNA as a template, 3.0U of TaKaRa GXL Taq® DNA polymerase and 1X buffer
solution, 0.25mM of dNTP, and (0.80uM for the first half, 0.65 mM for the second half) of primer
solution. For the first reaction (first half of each gene and LILRBI), the cycling conditions were:
30 cycles of 98°C for 10 seconds, 68°C for 10 minutes, and one hold at 4°C. For the second
reaction (second half of each gene and LILRB?2), the cycling conditions were: 30 cycles of 98°C
for 10 seconds, 60°C for 15 seconds, 68°C for 11 minutes, and one hold at 4°C. Amplicons were
evaluated on 1% agarose gel stained with GelRed® (Biotium, Inc. Hayward, CA), quantified using
Qubit dsDNA High Sensitivity Assays, normalized, pooled together, and purified using ExoSAP-
IT (GE Healthcare). The presence of each amplicon and consistency among reactions was
evaluated by electrophoresis in Agilent BioAnalyzer DNA 12,000 kits (Agilent Technologies, CA,
USA).

KIR2DL4 library preparation and sequencing

For library preparation, we followed recommendations for the Illumina Nextera XT
Sample Preparation Kit (Illumina, Inc., San Diego, CA). Samples were multiplexed using Nextera
XT Index Kit, up to 96 samples per run. However, we did not carry out the library normalization
step suggested by Illumina in the Nextera manual. Instead, we quantified libraries using qPCR
(Kapa Biosystems, Wilmington, MA), with a further normalization step to the recommended
concentration. We used Agilent High Sensitivity DNA Kits (Agilent Technologies, CA, USA) for
fragmentation pattern evaluation. Sequencing was performed using MiSeq Reagent Kit version V2
(500 cycles, 2 x 250-bp).

Sequencing data processing

We attempted to map reads using chromosome 19 from the reference genome hg38 and the
aligner BWA-MEM [42]. However, the end products of these alignments were quite
unsatisfactory, with large numbers of erroneously mapped reads due to the high sequence
similarity among K/R genes [6]. Therefore, we adopted a strategy similar to the previously used
for HLA genes on this same sample to obtain optimized mappings [43—45]. We used hla-mapper
version 3.07 (available at www.castelli-lab.net/apps/hla-mapper) but with a specific database for
KIR genes [43]. This new database contains sequences from the IPD-IMGT/KIR [19] database and
GENBANK [46] related to KIR genes (www.castelli-lab.net/apps/hla-mapper/).
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KIR2DL4 copy number assessment

We have calculated the KIR2DL4 copy number in 112 samples. These samples underwent
amplification with the multiplex approach as described earlier. We calculated the mean coverage
in two consecutive exons from three loci, KIR2DL4, KIR3DL3, and LILRBI. After, we calculated
the ratios KIR2DL4/KIR3DL3 and KIR2DL4/LILRBI, and used this distribution to calculate
KIR2DL4 copy number, assuming that all individuals present two copies of KIR3DL3 and LILRBI.
We found similar results using both K/R3DL3 and LILRB] as references, except for three samples.
In these cases, we noticed that LILRB1 amplification has failed, and we used only the result from
KIR3DL3.

Genotype and haplotype calls

We used GATK HaplotypeCaller [47,48] (version 4.1.7) to call genotypes in the GVCF
mode, concatenating all genotypes in a single VCF file using GATK GenotypeGVCFs. Variant
refinement was performed using vcfx checkpl and vcfx evidence as discussed elsewhere [44]. This
step ensures that only high-quality genotypes are moved forward to the haplotyping step. Variants
that have not passed the vcfx filter were manually evaluated. We also annotated all variants using
dbSNP version 153.

We inferred haplotypes in two steps. The first uses the GATK ReadBackedPhasing (RBP)
routine with phaseQualityThresh defined as 500 to detect the phase status between neighboring
heterozygous sites. RBP does not phase distant polymorphic sites, multi-allelic sites, and indels.
Because of that, we used probabilistic models to get complete haplotypes considering the phase
sets observed with RBP and all variants (including indels and multi-allelic sites). This second step
uses a local program named phasex (available upon request). Phasex uses Shapeit4 [49] to infer
haplotypes in bi-allelic variants taking into account the phase sets reported by RBP, in 20
independent runs. The most likely haplotypes (those in which at least 95% of the runs indicated
the same haplotype) are passed forward to another round of independent runs until the number of
samples with haplotypes achieving this threshold no longer increases. After that, Beagle 4.1
[50,51] infers haplotypes using bi-allelic and multi-allelic variants, also in multiple runs, and the
results are compared after the final round. Finally, the most likely haplotype is passed forward as
a phased VCF file. The phasex program automates all these steps.

KIR2DI 4 allele call

The phased VCF file produced in the previous step was converted into complete sequences
(exons + introns) and CDS sequences (only exons, from the first translated ATG to the stop codon)
using vcfx fasta and vefx transcript, respectively. We also translated each exonic sequence into
proteins using Emboss transeq [52]. A local script then compared each sequence (complete, CDS,
or protein) with the ones available at the IPD-IMGT/KIR Database version 2.9.0 [19], detecting
whether our sequences were identical to a previously described one or new. For comparison
purposes, we also evaluated K/R2DL4 genotypes in 25 samples using PING [11].
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KIR2DL4 on the 1000Genomes Project dataset

To evaluate KIR2DL4 genetic diversity in different populations, we downloaded the
phased VCF data from the /000Genomes dataset [54], for chromosome 19 following the
coordinates chr19:55312974-55326361 (GRCh37 or hgl9), resulting in a total of 13,387 bp
matching with the region we have sequenced. Then, we created two sequences for each individual
using vcfx fasta.

Other analysis

We calculated allelic and haplotype frequencies, nucleotide diversity, population
differentiation, and haplotype diversity using ARLEQUIN 3.5 [53]. Linkage disequilibrium (LD)
was assessed using Haploview version 4.2 [54], considering variants with minor allele frequency
(MAF) over 2% and defining haplotype blocks using the confidence intervals method.

Results

The mean ancestry composition estimates for this Brazilian population sample were
75.01% European, 16.05% African, 8.30% Asian, and 0.6% Amerindian, with individuals
presenting very high proportions of European, African, or Asian ancestry and individuals with
varying proportions of these three major groups.

Copy number assessment in 112 individuals analyzed using the multiplex approach
indicates that 5 (4.5%) samples presented only one KIR2DL4 copy, 105 (93.7%) presented two
copies, and 2 (1.8%) presented more than two copies; complete K/IR2DL4 deletion was not
observed in any sample. We also detected that both samples that carry KIR2DL4 duplication
present KIR2DL4*0110101 and KIR2DL4*0050101 in the same chromosome. Thus, we observed
221 copies out of the expected 224 (98.7%). When we compare allele frequencies between the
samples with CNV analysis (# = 112) and the ones without a CNV analysis (n = 108), assuming
two KIR2DL4 copies for all samples in the last group, both groups present similar frequencies
(exact test of population differentiation, P = 0.43198). Likewise, when comparing the group with
CNYV analysis considering the number of copies against itself but assuming two KIR2DL4 copies
for each sample, allele frequencies do not differ (P = 1.0000).

Because of that, and because 93.7% of the samples in the first group present two KIR2DL4
copies, we present KIR2DL4 SNP, allele, and allotype frequencies in three formats. The first
considers only 110 individuals with one or two KIR2DL4 copies, totalizing 215 chromosomes (five
individuals have just one KIR2DL4 copies). The second assumes that all samples present two
KIR2DL4 copies to calculate allele frequencies and SNP frequencies. The frequencies might
present a small deviation from what is observed in the population. The third format illustrates the
proportion of individuals presenting the reference allele for each variant, irrespectively of zygosity
and copy numbers.

We detected 202 variable sites on K/IR2DL4, as described in Table S1. Many of these
variants (26.73%) occurred as singletons, and they were included in the haplotype analysis only
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when RBP had detected their phase status or when they were the only variable site in the sample.
Some variants detected in Brazilian samples (including exonic and intronic ones), noted as A in
Table S1, have not been recorded yet in the IPD-IMGT/KIR database. We have detected 22
singletons not included in the haplotyping analysis because RBP has not detected their phase status
(noted as F in Table S1). Most of the variants detected in Brazil (62.9%) are not included in the
1000Genomes dataset (Table S1), even some highly frequent ones. Due to the presence of samples
with only one KIR2DL4 copy, or with two copies in the same chromosome, or even the possibility
of samples presenting one chromosome with duplication and one with complete deletion,
resembling a typical phenotype of one copy per chromosome, Hardy-Weinberg expectation
analysis was not carried out.

In this study, we will present KIR2DL4 genetic diversity starting from the promoter and
the 5’upstream region (Table 1), followed by the KIR2DL4 haplotypes (Tables 2 and 3), the 3’UTR
haplotypes (Table 4), and lastly, the haplotypes defined for each region as extended haplotypes
(Table 5), as illustrated in Figure 1.

The KIR2DL4 promoter presented 24 variable sites (Table S1), arranged in 15 haplotypes
described in Table 1. Because the IPD-IMGT/KIR sequences do not include most of the KIR2DL4
promoter region, the promoter haplotypes were named according to sequence similarities and the
number of alternative alleles in each sequence. The most frequent haplotypes were P04-01, the
reference haplotype which is identical to the sequence available in the hg38 genome draft, PO1-01
and P01-02, which are one mutational step apart, and P0O3-01, which carries most of the alternative
alleles.

The region encompassing all KIR2DL4 exons and introns presented 178 variable sites
(Table S1), arranged into 81 sequences. Some of these sequences are identical to ones already
reported in the IPD-IMGT/KIR Database version 2.9.0, with a summed frequency of 76.8%. The
frequency of each of these KIR2DL4 alleles is in Table 2. According to the database mentioned
above, the remaining sequences configure possible new K/R2DL4 sequences, with 17 of them
occurring more than once. Many of these possible new sequences are related to singletons, i.e.,
variants that occurred in only one sample. The frequency of some alleles is different among groups.
For instance, KIR2D4*0010201 is more frequent in the EAS30 group than EUR90 (P =0.0317).

The alleles described in Table 2 encode 15 different allotypes. The most common ones
were KIR2DL4*008, KIR2DL4*001, KIR2DL4*005, and KIR2DL4*011. Most of the protein
sequences (eleven) have already been described, and they present a summed frequency of 98.6%.
Table 3 also describes the frequency of each KIR2DL4 allotype in groups with different ancestry
backgrounds. For instance, KIR2DL4*008 is more frequent in individuals with higher European
background when compared to the EAS30 group (P = 0.0319), KIR2DL4*006 is frequent among
individuals with higher Asian/Amerindian background (P =0.0412) when compared to the EUR90
group, and K/IR2DL4*001 is less common among Europeans when compared to the AFR30 group
(P=0.0231).

One of the most common variants in K/R2DL4 is an insertion/deletion at the end of exon
6 in a series of consecutive Adenines, in which 10 Adenines (10A) results in a full-length
KIR2DL4 protein. In comparison, 9 Adenines (9A) leads to a premature stop codon and,
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consequently, to a truncated protein that lacks the ITIM motif in the cytoplasmic tail. The reference
human genome (hgl9 or hg38) presents the 9A allele. The truncated protein frequency in our
sample (Table S1, variant rs11371265, chr6:54813220, reference allele) is 43.86%. The
heterozygote proportion is 48.63%, and the homozygote proportions are 31.82% for the full-length
protein and 19.54% for the truncated one. The truncated protein frequency increased among
individuals with higher European (EUR90) than among higher African (AFR30) backgrounds (P
=0.0230).

The 3’UTR presented six different haplotypes, named UTR-01 to UTR-06, in order of
frequency. Only three variable sites in the KIR2DL4 3’ UTR region reach polymorphic frequencies,
1s34785252 (UTR-02), rs376917646 (UTR-03), and rs374254587 (UTR-04 and UTR-06). The
frequency of UTR-02 is higher among individuals of the EAS30 group than EUR90 (P = 0.0246).

We also evaluated K/IR2DL4 extended haplotypes to evaluate linkage among the promoter
region, exons, and introns (Table 5). We detected many new sequences due to nucleotide
exchanges in introns, but not many new exonic sequences. Table 5 lists the extended haplotypes
focusing on the encoded proteins or allotypes. The promoters POl are mostly associated with
allotypes KIR2DL4*005, *006, *010, and *012, and the full K/IR2DL4 sequences encoding them.
Promoters P02 are exclusively associated with KI/R2DL4*011. P03 are associated with
KIR2DL4*001, *021, *022, and *027, and promoter P04 is associated with KIR2DL4*008.

Although the number of different extended haplotypes is significant, we observed only one
segregation block (Figure S1), indicating a high LD throughout K/R2DL4. Nucleotide diversity
was 0.002580 (exons + introns), 0.002385 in the promoter region, and 0.001114 in the 3’UTR.

Comparing allele calls using our workflow and PING [11], in 25 samples, we detected a
concordance of 88%. For this comparison, we used exon sequences because the current PING
version evaluates only exons by default. All the divergencies were due to possibly new alleles
detected by PING but not by our workflow because the genotyping of rs11371265 (the 9A/10A
allele) has failed in six samples when using PING (supplementary Table S2). Nevertheless, the
genotyping for all other variants when comparing both methods was identical in all samples,
including a new KIR2DL4 variant in one sample.

We compared the variants observed in the 1000Genomes Project and the ones observed in
our Brazilian sample. There are 182 variable sites described in the 1000Genomes dataset in the
same genome region we have evaluated, but only 75 were detected in our Brazilian samples (Table
S1). Rare variants among the 1000Genomes samples (such as rs652671 and rs618871) are frequent
among Brazilians. Most of the variants detected in Brazilian samples (62.9%) are not included in
the 1000Genomes dataset, demonstrating that these datasets (1000Genomes and Brazilians) do not
overlap. Another example is variant rs11371265 (9A/10A), which is absent from the
1000Genomes dataset, but it is described in the IPD-IMGT/KIR dataset and frequent in our
Brazilian samples. We understand that these divergences between datasets are indeed a genotyping
error issue.
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Discussion

Killer Immunoglobulin-like Receptors (KI/R) are key features in modulating immune
responses, and both K/R and their main HLA ligands are known to exhibit a quite substantial
genetic diversity [6,8—11]. KIR2DL4 is considered an atypical KIR family member in genetic
structure, ligand specificity, expression levels, and signaling [55,56]. KIR2DL4 has a central
location in the K/R complex, and it is usually present in all individuals with rare exceptions [15—
18]. Previous reports have demonstrated that NK cells and a subset of T cells (CD8+) express
KIR2DLA4 at different levels [55,56].

It is possible that some amino acid exchanges in both KIR2DL4 and HLA-G mature
proteins might disrupt their binding, and nucleotide exchanges in introns and regulatory sequences
may influence KIR2DL4 expression patterns [57]. The complete KIR2DL4 gene variability
(including regulatory regions) has been poorly explored in real population samples, particularly
admixed ones such as Brazilians. As far as we know, this is the first survey of the complete
KIR2DL4 genetic diversity in Brazilian samples, and also the first study evaluating promoter
genetic diversity using NGS.

Here we investigated KIR2DL4 genetic diversity in 220 individuals from Sao Paulo/Brazil.
In the past, KIR2DL4 was considered a framework gene. However, recent reports have described
KIR2DL4 deletions and duplications [11,58—61]. We have estimated that about 93.7%, 4.5%, 1.8%
of our Brazilian samples present two, one, or more than two copies of KIR2DL4, respectively.
These proportions are in agreement with previous reports [62] (allelefrequencies.net). We have
calculated KIR2DL4 allele and haplotype frequencies is three different manners. The first
considers only the samples with copy number evaluation, adjusting the frequencies accordingly.
The second considers that most individuals present two copies, mostly because the number of
sampled copies is very close to the expected 2n proportion. The third is the proportion of
individuals carrying each allele or haplotype.

Comparing our KIR2DL4 sequences with the ones reported on the IPD-IMGT/KIR
database [19], we detected many new K/R2DL4 alleles. The majority of these new alleles differ
from the previously described ones by intronic modifications, and they encode known KIR2DL4
allotypes (Table 3). We found a few new exonic sequences. Although intronic sites are unlikely to
alter gene function, modification in introns may cause alternative splicing and different expression
profiles [63]. In terms of variable site number, intron 5 is the most variable one, with 67 variants,
while exons 1 and 5 presented no variants (Table S1).

Because most of the variable sites lay in regulatory and intronic sequences, with only 23
variants within translated exons (Table S1), and most of the exonic nucleotide exchanges configure
synonymous mutations, we have detected only 15 different KIR2DL4 allotypes. Five of them reach
polymorphic frequencies, KIR2DL4*001, *005, *006, *008, and *011, with a summed frequency
0f 95.7%. These are divergent protein versions, with four amino acid exchanges in the extracellular
domains. Moreover, three of these proteins encode complete KIR2DL4 molecules (KIR2DL4*001,
*005, and *006, summed frequency of 53.41%), while KIR2DL4*008 and *011 (summed
frequency of 42.27%) encode the truncated version.
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The effects of these amino acid exchanges and deletions are not clean. It is well established
that KIR2DL4 is the KIR gene with the highest sequence-identity to the ancestral KIR gene, with
a direct ortholog to non-human primates such as chimpanzees [64]. The only transmembrane
KIR2DLA4-like sequence in orangutan ends prematurely, suggesting that this intracellular truncate
motif may have a conserved biological function [65]. Although the central role of KIR2DL4 is yet
not completely understood, its evolutionary conservation suggests some impact on the survival
rate. Some studies have reported that the truncated receptor is not expressed on the cell surface
[34]. This could indicate that some individuals may lack functional KIR2DL4 protein expression
[34,56]. However, as KIR2DL4 signals are predominantly from endosomes, unlike other K/Rs, the
fact that the truncated proteins can have a normal function should be considered. Some studies
have reported that the ITIM domain does not influence the KIR2DL4 activating function through
the full-length receptor [56]. Moreover, there are descriptions of fertile women lacking K/IR2DL4
[61]. These contradictions reinforce the fact that the expression and function of K/IR2DL4 remain
poorly understood.

It is also unclear why some exons are highly conserved. Exon 1 was invariable both here
and in the 1000Genomes dataset [66], and exon 2 presented only one rare synonymous exchange
in our sample. These exons encode the leader peptide sequence. This conservation may indicate
that the sequence encoded by them is essential to the correct exportation of the KIR2DL4 molecule
to the cell surface and has been maintained by purifying selection. Two Ig-like domains, DO and
D2, are encoded by exons 3 and 4, respectively. Most of the variable sites within these two exons
are non-synonymous exchanges (Table S1). The modification of an extracellular domain may
influence the interaction between KIR2DL4 and its ligand, given that charge complementarity and
protein secondary structure has a crucial role in the KIR/HLA recognition [67]. The linker region
encoded by exon 5 was invariant in this Brazilian sample. The transmembrane regions encoded by
exon 6 presented two non-synonymous exchanges, including the Adenine deletion associated with
a truncated KIR2DL4 protein.

KIR2DL4 seems to be conserved in terms of protein diversity, with only five common
allotypes. This observation is compatible with previous surveys [18,34,68—71]. However, many of
these studies are based on less sensitive techniques that search for known alleles only. Studies
addressing KIR variability using modern sequencing techniques also reported low KIR2DL4
diversity at the protein level. For instance, Iranians presented only eight different exonic sequences
encoding six different KIR2DL4 proteins [18], and Yupac, a small South Amerindian population,
presented only three [72].

Nevertheless, few samples and different populations have been analyzed so far. The
study of KIR2DL4 genetic diversity in worldwide populations might reveal that this gene is more
variable than we acknowledge, especially in intronic and regulatory regions, as we demonstrate in
our Brazilian data. We found that approximately 25% of complete sequences are new when
considering the promoter region, exons, and introns. However, these new sequences must be
cloned and sequenced to validate the presence of new variants.

The variant rs11371265 defines either the presence of a full-length KIR2DL4 protein (the
allele 10A) or a truncated version (the allele 9A), as previously reported [34,57]. Both alleles are
frequent in our Brazilian sample and compatible with the observed in other populations [34,73].
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However, if we take into consideration the African (AFR30) and Asian (EAS30) subgroups, the
frequency of the 10A allele (the full-length protein) reaches 70% and 75%, respectively. In
comparison, samples with higher European ancestry present frequencies around 54% (P = 0.0230
when comparing EUR90 and AFR30, but it is not significant between EUR90 and EAS30 because
of the small EAS30 sample size). Thus, samples with higher African ancestry have a lower
frequency of the truncated protein (about 22.5% in our sample, 28% in Congo) [68]. In another
study evaluating all KIR genes in sub-Saharan African samples, the frequencies of KIR2DL4*008
and *011 were very low, indicating that these populations also present a low frequency of the
truncated protein [17]. Likewise, samples with higher Asian ancestry have a lower frequency of
the truncated protein (about 30% in our sample, 18.9% in the Japanese population, and 19.09% in
the Chinese population) [71,74]. The Amerindian population Yucpa seems to present more than
95% of full-length KIR2DL4 according to their allele frequencies [72]. The frequency of the full-
length and truncated KIR2DL4 version seems to be evenly distributed among Iranians when
considering the allele frequencies [18]. Besides genetic drift, one additional explanation for these
frequency shifts is selective pressure: the higher frequency of KIR2DL4 full-length proteins in
Africans may somehow be related to the higher frequency of truncated HLA-G isoforms encoded
by the G*01:05N allele [75,76]. Thus, more functional KIR2DL4 molecules might compensate for
the lower functional HLA-G molecules in these populations.

Interestingly, the 7/000Genome phase 111 data do not present variant rs11371265. This
phenomenon is related to common mapping bias common on paralogous genes, and it was
observed for HLA genes [77]. Here we have developed specific tools to deal with K/R genes (hla-
mapper + KIR database) and minimize mapping errors. Genomic initiatives such as the
1000Genomes project use tools to deal with the entire genome and do not focus on specific genes.
Most of the variants detected in our sample (62.9%) do not overlap with 1000Genomes dataset.
Therefore, publicly available data are biased for these genes, with many false-positive and false-
negative variants.

The frequency of the 9A/A10 polymorphism is influenced by ancestry. Other variants
follow the same path, but our sample size only allows the detection of major differences. In this
matter, KIR2DL4*001 is highly frequent among samples with higher African ancestry, and
KIR2DL4*006 is frequent among individuals with higher Asian/Amerindian ancestry, as observed
in other studies addressing samples from Asia [68,71,74]. KIR2DL4*012 was detected only among
samples with higher African background, and it is also frequent in Congo [68].

We have also characterized the complete K/IR2DL4 promoter variability. This region of
approximately 2000 bases upstream the translation starting point includes the distal and proximal
promoter and the 5’UTR. Previous studies indicated that K/IR2DL4 presents the most divergent
promoter sequence when compared to other K/R genes [78]. The promoter region presents a
nucleotide diversity of 0.001996, with 22 variable sites arranged into 16 haplotypes (Table 1). The
core promoter (157 nucleotides upstream ATG), which is important for the transcription machinery
assembly, was mostly invariable with only one rare variant at position -46.

On the other hand, KIR2DL4 presents four divergent promoter lineages (P1, P2, P3, and
P4) associated with alleles encoding different KIR2DL4 allotypes. Most of the variable sites are
in absolute LD (Table 1), supporting the presence of few but divergent haplotypes. Each of these
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promoter lineages may define different expression profiles because of the differential binding of
transcription factors. Interestingly, the major KIR2DL4 ligand, HLA-G, presents these same
characteristics, i.e., four divergent promoter lineages maintained by balancing selection [79-81].

Previous studies have suggested that the first KIR2DL4 intron could overcome the function
of the promoter region when silencing elements are bond to the promoter [82]. Most of the KIR
genes present a mini-satellite in the first intron. However, KIR2DL4 presents a 198-bp non-
repetitive sequence, which is unique among K/R genes [9]. Here we detected only 2 variants in
this intron. Another conserved regulatory region is the 3’UTR, with only two frequent variable
sites. Interestingly, the second most frequent 3’UTR haplotype, UTR-2, is more common among
samples with a higher Asian background. Nevertheless, miRNA binding analyses using concordant
results from miRanda and RNAhybrid indicate that both sequences present the same binding
profile (data not shown).

The methodology presented here for amplification, sequencing, and data processing was
suitable to detect any variable site on K/IR2DL4 promoter, exons, or introns. It relies on an
algorithm implemented by the hla-mapper that optimizes alignments based on known sequences
and minimizes mapping errors [43]. This method was successfully applied for classical HLA class
I genes such as HLA-A and HLA-C [44,45]. When other genes are included in multiplex reactions,
such as KIR3DL3, LILRBI, LILRB2, and others, we can estimate K/IR2DL4 copy number variation
comparing the coverage among these loci. A similar strategy is used by PING [11]. The
haplotyping method and allele calls rely on the combination of direct phasing and state-of-the-art
probabilistic models (shapeit4 and Beagle). Moreover, direct phasing was obtained in 62% of the
heterozygous variants, and the phasing method supports multi-allelic variants and indels. Most of
the final haplotypes (summed frequency of 75%) are compatible with previously described
sequences that were cloned and characterized by Sanger sequencing and deposited at the IPD-
IMGT/KIR database, and this compatibility is even higher when we consider only the exonic
sequences (97.0%). The new haplotypes described here are mostly due to the presence of intronic
nucleotide exchanges and singletons, all presenting balanced genotypes with even proportions of
reads addressing each nucleotide.

Moreover, the compatibility between the results obtained by the hla-mapper+vefx+GATK
workflow and by PING was 88% (44 out of 50 alleles, Table S2). We noticed that all the
divergences were related to possible new KIR2DL4 sequences detected by PING, mostly because
genotyping of the 9A/10A variant (rs11371265) failed in six samples when using PING. No other
divergencies were observed. Both methods agree with the presence of a new K/IR2DL4 variant in
one sample. The hla-mapper+vcfx+GATK workflow is suitable to detect new variants, as in our
Brazilian samples. As KIR2DL4 has been poorly explored in worldwide populations, particularly
in admixed populations such as Brazilians, we believe that 25% of new alleles (considering the
full sequences, promoter, exons, and introns) is not surprising after an in-depth characterization
such as the one performed here.

A downside of our methodology is the need of many samples to get reliable haplotypes.
As we consider both read-aware phasing (using GATK) and probabilistic models to get haplotypes,
the sample size is essential to get accurate haplotypes. The method is suitable to infer SNPs in a
per sample model, but not haplotypes (full allele sequences). Additionally, our method is suitable
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to infer haplotypes in samples with one or two gene copies, but it might lose performance in
samples with three or more different copies. In this case (and we have at least two samples in our
dataset), we used a local Perl script to detect the best combination of alleles (available upon
request). However, this Perl script does not consider regulatory sequences and introns.

Here we present KIR2DL4 genetic diversity in regulatory regions, all exons, and all introns,
in a highly admixed Brazilian population sample. We also present a molecular methodology to
evaluate KIR2DL4 using massively parallel sequencing and a bioinformatics pipeline for mapping,
genotyping, haplotyping, and perform copy number calculation. KIR2DL4 presents a high LD
throughout the gene, with alleles (and their encoded proteins) associated with specific promoter
sequences. There were few but divergent promoter haplotypes. The most variable exons were
exons 3 and 4 (the external domains). We also describe the frequency of an insertion/deletion
polymorphism in exon 6 related to a truncated KIR2DL4 protein. KIR2DL4 allele frequencies may
be influenced by sample ancestry background, indicating that ancestry must be considered for any
association study regarding K/IR2DL4.
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Figures and Legends:

Fig 1. KIR2DL4 gene structure, known transcripts, and the datasets available for each gene region.
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Fig S1. Plot of linkage disequilibrium (LD) between pairs of single nucleotide polymorphisms
(SNPs), considering KIR2DL4 variants with minimum allele frequency (MAF) > 2%, from
position 19:54801519 to 19:54814906. This image was generated by Haploview 4.2 using variable
sites with minimum allele frequency (MAF) > 1%. Areas in red indicate strong LD [log of odds
ratio (LOD>2, D’=1)]; areas in light red indicate moderate LD (LOD>2, D <1); areas in blue or
almost white indicate weak LD (LOD<2, D ’=1) and white areas indicated very weak LD (LOD<2,
D’<1). D' values different from 1 are represented inside the squares as percentages.
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Table 1. The KIR2DL4 promoter haplotypes detected in Brazilian samples and subgroups with different ancestry backgrounds, and their
frequencies.

KIR2DL 4 Promoter Haplotypes Haplotype Frequencies *
Haplotype | , . . . ' '

Name 2 2 0B B 3 3 0% & 2oL v oL N N s s % b L p General® General® EUR90°  AFR30° EAS30°

S & g B 8 5 & 2 38 =2 & 8 3 3 8 3 G5 & S (=25 (n=440) (2n=140) (2n=80) (2n=24)
P01-01 T ¢ ¢ G ¢ T G G C G C€C CA G T C C G G G T G 02279 0.2250 0.2857 02125  0.3333
P01-02 T ¢ ¢ T ¢ T G G C G C€C CA G T C C G G G T G 01302 0.1341 0.1500  0.1250  0.0417
P01-03 T ¢ ¢ G ¢ T G G C G €A CA G T C C G G G T G 00140 0.0068 - 0.0125 -
P01-04 T ¢ ¢ T ¢ T G G C G C€C CA G T T C G G G T G 00047 0.0045 0.0071 0.0125 -
P01-05 T ¢ ¢ G ¢ T G G C G C€C CA G T C C G A G T G - 0.0023 - - -
P02-01 c ¢ T G A C A G C G C €A G T € C G G G T G 00791 0.0909 0.0786  0.0750  0.0833
P02-02 c A T G A C A G C G C €A G T C€C C G G G T G 00140 0.0068 - 0.0250 -
P03-01 c ¢ T G A C A G C G C €A G T C€C C G G € € G 02512 0.2614 0.2429  0.2875  0.3750
P03-02 c ¢ T G A C A G C G C €A G T C T A G C C G 0018 0.0295 0.0143  0.0500 -
P03-03 c ¢ T G A C A G T G C €A G T C€C C A G C C G 00279 0.0182 0.0071 0.0375  0.0417
P03-04 c ¢ T G A C A G C T C €A G T C€C C G G € C G 00047 0.0114 0.0071 0.0125  0.0417
P03-05 c ¢ T G A C A G C G C €A G A C C G G € C G 00140 0.0114 - 0.0375 -
P03-06 c ¢ T G A C A G C G C €A G T C€C C G G G T A 00047 0.0023 0.0071 - -
P03-07 c ¢ T G A C A G C G C €A G T C€C C A G C C G 00047 0.0023 - 0.0125 -
P04-01 T c c G c T G A C G C C T T C C G G G T G 0.2047 0.1932 0.2000 0.1000 0.0833

a) Considering only the 110 individuals with one or two copies of KIR2DL4. There are 215 chromosomes because five individuals present just one KIR2DL4 copy. b) The
frequency of individuals carrying two KIR2DL4 copies was estimated in 93.7%, one copy in 4.5%, and more than one copy in 1.8%. Because of that, to calculate these

frequencies we considered all samples as presenting two KIR2DL4 copies.

The alternative alleles regarding the human genome draft version hg38 are marked in shades of gray. Please refer to table S1 for a list of positions, SNPids, reference
alleles, and alternative alleles. EUR90: Brazilian samples with at least 90% of European genomic ancestry; AFR30: Brazilians samples with at least 30% of African genomic

ancestry; EAS30: Brazilians samples with at least 30% of East Asian genomic ancestry.



Table 2. The KIR2DL4 alleles detected in Brazilian samples and subgroups with different ancestry
backgrounds, and their frequencies.

Proportion of General General EUR90 AFR30 EAS30
KIR2DL4 alleles carriers frequency * frequency? frequency ® frequency ® frequency ?
(n=220) 2n=215) (2n=440) (2n =140) (2n = 80) (2n=24)
KIR2DL4*0010201 0.2773 0.1535 0.1523 0.1357 0.1875 0.3333
KIR2DL4*0010203 0.0273 0.0186 0.0136 0.0071 0.0125 -
KIR2DL4*0010303 0.0091 0.0047 0.0045 - 0.0125 -
KIR2DL4*0010304 0.0273 0.0186 0.0136 0.0071 0.025 0.0417
KIR2DL4*0010305 0.0591 0.0279 0.0295 0.0357 0.0375 -
KIR2DL4*0010306 0.0273 0.0093 0.0136 0.0071 - 0.0417
KIR2DL4*0050101 0.2500 0.1488 0.1409 0.1714 0.125 0.1667
KIR2DL4*0050102 0.0227 0.0186 0.0114 0.0214 - -
KIR2DL4*0050105 0.0045 - 0.0023 0.0071 - -
KIR2DL4*0050107 0.0091 - 0.0045 0.0143 - -
KIR2DL4*0060201 0.0455 0.0372 0.025 0.0214 0.0375 0.0833
KIR2DL4*0080101 0.2136 0.1209 0.1182 0.1286 0.075 0.0833
KIR2DL4*0080105 0.0136 0.0093 0.0068 - 0.025 -
KIR2DL4*0080107 0.0773 0.0465 0.0386 0.05 - -
KIR2DL4*0080204 0.1727 0.1116 0.1 0.1143 0.075 0.0417
KIR2DL4*0110101 0.1591 0.0698 0.0818 0.0643 0.1 0.0833
Possibly new sequences 0.3955 0.2046 0.2432 0.2143 0.2875 0.125

a) Considering only the 110 individuals with one or two copies of KIR2DL4. There are 215 chromosomes because
five individuals present just one KIR2DL4 copy. b) The frequency of individuals carrying two KIR2DL4 copies was
estimated in 93.7%, one copy in 4.5%, and more than one copy in 1.8%. Because of that, to calculate these frequencies

we considered all samples as presenting two K/IR2DL4 copies.

Allele names were given according to the IPD-IMGT/KIR database version 2.9.0. EUR90: Brazilian samples with at
least 90% of European genomic ancestry; AFR30: Brazilians samples with at least 30% of African genomic ancestry;

EAS30: Brazilians samples with at least 30% of East Asian genomic ancestry.



Table 3. The KIR2DL4 allotypes detected in Brazilian samples and subgroups with different
ancestry backgrounds, and their frequencies.

Proportion of General General EUR90 AFR30 EAS30
KIR2DL4 carriers frequency * frequency® frequency ® frequency ® frequency ?
allotype (=220 (2n=215) (2n=440) (2n=140) (2n=80)  (2n=24)
KIR2DLA4*008 0.5273 0.3349 0.3227 0.3571 0.2000 0.1250
KIR2DL4*001 0.4955 0.2884 0.3091 0.2571 0.4125 0.4167
KIR2DLA4*005 0.3455 0.2000 0.1977 0.2643 0.1750 0.1667
KIR2DLA4*011 0.1955 0.0930 0.1000 0.0857 0.1000 0.0833
KIR2DLA4*006 0.0500 0.0419 0.0273 0.0214 0.0375 0.1250
KIR2DLA4*013 0.0182 0.0093 0.0091 - - 0.0417
KIR2DLA4*012 0.0136 - 0.0068 - 0.0375 -
KIR2DLA4*021 0.0091 0.0047 0.0045 - 0.0125 -
KIR2DLA4*022 0.0091 0.0047 0.0045 - - -
KIR2DL4*010 0.0045 0.0047 0.0023 - 0.0125 -
KIR2DL4*029 0.0045 0.0047 0.0023 - 0.0125 -
Possibly new allotypes 0.0227 0.0140 0.0136 0.0143 - 0.0417

a) Considering only the 110 individuals with one or two copies of KIR2DL4. There are 215 chromosomes because
five individuals present just one KIR2DL4 copy. b) The frequency of individuals carrying two KIR2DL4 copies was
estimated in 93.7%, one copy in 4.5%, and more than one copy in 1.8%. Because of that, to calculate these frequencies
we considered all samples as presenting two K/IR2DL4 copies

Protein names (allotypes) were given according to the IPD-IMGT/KIR database version 2.9.0. EUR90: Brazilian
samples with at least 90% of European genomic ancestry; AFR30: Brazilians samples with at least 30% of African
genomic ancestry; EAS30: Brazilians samples with at least 30% of East Asian genomic ancestry. Some proteins only
occurred in the general group (all samples together) because the individuals carrying them do not fit the subgroups.



Table 4. The KIR2DL4 3°’UTR haplotypes detected in Brazilian samples and in subgroups with different
ancestry backgrounds, and their frequencies.

3’UTR positions

KIR2DL4 Proportion of General General EUR90 AFR30 EAS30

carriers frequency * frequency® frequency” frequency * frequency’® o oS oS oS o

3UTR haplotype ., _ 55, (2:11 = 212) (2:11 = 443) (2:11 = 143) (2(1, = soy) (2(1, = 24y) S &2 8 & =2
& = A e =~

UTR-01 0.8955 0.7302 0.7386 0.7714 0.6750 0.5833 G G T C ¢C
UTR-02 0.3318 0.1907 0.1886 0.1643 0.2000 0.3750 G G T A C
UTR-03 0.0909 0.0372 0.0455 0.0571 0.0500 0.0000 G C T C ¢C
UTR-04 0.0318 0.0233 0.0159 0.0071 0.0250 0.0417 G G T C |G
UTR-05 0.0182 0.0140 0.0091 0.0000 0.0375 0.0000 A G T C ¢C
UTR-06 0.0045 0.0047 0.0023 0.0000 0.0125 0.0000 G G C C |G

a) Considering only the 110 individuals with one or two copies of KIR2DL4. There are 215 chromosomes because five
individuals present just one KIR2DL4 copy. b) The frequency of individuals carrying two KIR2DL4 copies was estimated in
93.7%, one copy in 4.5%, and more than one copy in 1.8%. Because of that, to calculate these frequencies we considered all
samples as presenting two KIR2DL4 copies

The alternative alleles regarding the human genome draft version hg38 are marked in shades of gray. Please refer to table S1
for a list of positions, SNPids, reference alleles, and alternative alleles. EUR90: Brazilian samples with at least 90% of European
genomic ancestry; AFR30: Brazilians samples with at least 30% of African genomic ancestry; EAS30: Brazilians samples with

at least 30% of East Asian genomic ancestry.



Table 5. The KIR2DL4 extended haplotypes detected in Brazilian samples, and in subgroups with
different ancestry backgrounds, and their frequencies.

Promoter KIR2DL4 3°UTR Proportion of General General EUR90 AFR30 EAS30
Haplotype allotype Haplotype carriers frequency * frequency” frequency” frequency * frequency ”
(n=220) (2n =215) (2n = 440) (2n =140) (2n =80) (2n=24)

P01-01 KIR2DL4*005  UTR-01 0.3227 0.1814 0.1864 0.2643 0.1375 0.1667
P01-01 KIR2DL4*005  UTR-05 0.0136 0.0140 0.0068 - 0.0375 -
P01-01 KIR2DL4*006 ~ UTR-01 0.0364 0.0279 0.0205 0.0214 0.0250 0.1250
P01-01 KIR2DL4*010  UTR-01 0.0045 0.0047 0.0023 - 0.0125 -
P01-01 KIR2DL4*011  UTR-01 0.0045 - 0.0023 - - -
P01-01 New protein 1 UTR-05 0.0045 - 0.0023 - - -
P01-01 New protein 2 UTR-01 0.0045 - 0.0023 - - -
P01-01 New protein 3 UTR-01 0.0045 - 0.0023 - - 0.0417
P01-02 KIR2DL4*008  UTR-01 0.2182 0.1302 0.1273 0.1500 0.0875 0.0417
P01-02 KIR2DL4*012  UTR-01 0.0136 - 0.0068 - 0.0375 -
P01-03 KIR2DL4*006  UTR-01 0.0136 0.0140 0.0068 - 0.0125 -
P01-04 KIR2DL4*008  UTR-01 0.0091 0.0047 0.0045 0.0071 0.0125 -
P01-05 KIR2DL4*005  UTR-01 0.0045 0.0047 0.0023 - - -
P02-01 KIR2DL4*005  UTR-01 0.0045 - 0.0023 - - -
P02-01 KIR2DL4*011  UTR-01 0.1727 0.0744 0.0886 0.0786 0.0750 0.0833
P02-02 KIR2DL4*011  UTR-01 0.0136 0.0140 0.0068 - 0.0250 -
P03-01 KIR2DL4*001  UTR-01 0.0364 0.0093 0.0182 0.0071 0.0375 -
P03-01 KIR2DL4*001  UTR-02 0.3182 0.1814 0.1795 0.1643 0.2000 0.3333
P03-01 KIR2DL4*001  UTR-03 0.0909 0.0372 0.0455 0.0571 0.0500 -
P03-01 KIR2DL4*013  UTR-02 0.0182 0.0093 0.0091 - - 0.0417
P03-01 KIR2DL4*022  UTR-01 0.0091 0.0047 0.0045 - - -
P03-01 New protein 4 UTR-01 0.0045 0.0093 0.0045 0.0143 - -
P03-02 KIR2DL4*001  UTR-01 0.0500 0.0140 0.025 0.0143 0.0375 -
P03-02 KIR2DL4*021  UTR-01 0.0091 0.0047 0.0045 - 0.0125 -
P03-03 KIR2DL4*001  UTR-04 0.0318 0.0233 0.0159 0.0071 0.0250 0.0417
P03-03 KIR2DL4*001  UTR-06 0.0045 0.0047 0.0023 - 0.0125 -
P03-04 KIR2DL4*001  UTR-01 0.0227 0.0047 0.0114 0.0071 0.0125 0.0417
P03-05 KIR2DL4*001  UTR-01 0.0227 0.0140 0.0114 - 0.0375 -
P03-06 KIR2DL4*011  UTR-01 0.0045 0.0047 0.0023 0.0071 - -
P03-07 KIR2DL4*029  UTR-01 0.0045 0.0047 0.0023 - 0.0125 -
P04-01 KIR2DL4*008  UTR-01 0.3500 0.2000 0.1909 0.2000 0.1000 0.0833
P04-01 New protein 4 UTR-01 0.0045 0.0047 0.0023 - - -

a) Considering only the 110 individuals with one or two copies of KIR2DL4. There are 215 chromosomes because
five individuals present just one KIR2DL4 copy. b) The frequency of individuals carrying two KIR2DL4 copies was
estimated in 93.7%, one copy in 4.5%, and more than one copy in 1.8%. Because of that, to calculate these frequencies
we considered all samples as presenting two KIR2DL4 copies.

Please refer to the following tables for haplotype details: Promoter (Table 1), 3’UTR (Table 4). These extended
haplotypes considers the genomic region 19:54801760-54814111 (hg38). EUR90: Brazilian samples with at least 90%
of European genomic ancestry; AFR30: Brazilian samples with at least 30% of African genomic ancestry. Some
haplotypes only occurred in the general group (all samples together) because the individuals carrying them do not fit

the subgroups.



