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1 | INTRODUCTION
The human leukocyte antigen-C (HLA-C) gene encodes an
important molecule for antigen presentation and natural
killer (NK) cell modulation. HLA-C, together with the
other classical HLA class I genes, HLA-A and HLA-B, are
among the most polymorphic human genes. HLA-C pre-
sents about 5709 alleles reported in the IPD-IMGT/HLA
database, version 3.39, while HLA-B and HLA-A present
7126 and 5907 alleles, respectively. This variability is
mainly associated with their function because classical
HLA class I molecules bind diverse intracellular peptides
and present them at the cell surface to T CD8+ cells. The
HLA-peptide complex on the cell surface allows the recog-
nition of self and nonself antigens by T lymphocytes, trig-
gering an immune response against cells presenting
foreign or abnormal peptides, such as virally infected or
tumor cells." Classical HLA class I molecules can also
interact with activating and inhibitory Kkiller-cell
immunoglobulin-like receptors (KIR) of NK cells, modu-
lating their activity.>> However, HLA-C shows some pecu-
liar features that make it an unusual classical HLA gene.

HLA-C presents lower cell surface expression levels
when compared with HLA-A and HLA-B and, thus, it has
been less associated with restricted CTL responses.® None-
theless, the HLA-C expression levels have been shown to
influence many clinical parameters, such as the HIV viral
load,”’® the outcome of unrelated hematopoietic cell
transplantation,""* among others, suggesting that the
expression levels might influence the HLA-C-restricted CTL
response.

Polymorphism within HLA-C regulatory regions
are known to influence HLA-C expression levels and
disease phenotypes. For instance, a single-nucleotide

were very polymorphic with the presence of few, but highly divergent haplo-
types. These segments also present conserved sequences that are shared among
different primate species. Nucleotide diversity was higher in other segments
rather than exons 2 and 3, particularly around exon 5 and the second half of the
3'UTR region. We detected evidence of balancing selection on the entire HLA-C
locus and positive selection in the HLA-C leader peptide, for both populations.
HLA-C motifs previously associated with KIR interaction and expression regula-
tion are similar between both populations. Each allele group is associated with
specific regulatory sequences, reflecting the high linkage disequilibrium along
the entire HLA-C locus in both populations.

Beninese population, Brazilian population, HLA-C, natural selection, NGS, variability

polymorphism (SNP) located 35kb upstream HLA-C
(rs9264942) and a variant at the 3’ untranslated region
(3'UTR, rs67384697) are associated with increased HLA-C
expression levels and decreased HIV viral load.”™ The
3'UTR variant affects miR-148a binding and thus HLA-C
expression. Moreover, it was also associated with a deleteri-
ous effect in psoriasis and Crohn's disease.*'* The influ-
ence on the binding of transcription factors has previously
been described for some HLA-C promoter variants. It has
been suggested that the variant rs2395471, located about
800 bp upstream of the transcription start site may influ-
ence the binding of Oct1,'® while variants rs2524094 and
1s10657191 could affect TNF-a and IFN-y responses, respec-
tively.'® Some HLA-C allele groups, such as HLA-C*03,
-C*07, and -C*17, present variations in one or more tran-
scription factor binding sites at the core promoter.'” These
alleles also carry rs2395471*G (negatively influencing Octl
binding) and an intact miR-148a binding site, both associ-
ated with lower HLA-C cell surface expression levels.">'”
HLA-C is the only classical HLA class I gene expressed
at the maternal-fetal interface. Along with the nonclassical
genes HLA-G and HLA-E, it plays a pivotal immunomodu-
latory role for placentation and pregnancy success.'®’
Among classical loci, HLA-C is the most important in NK
cell activity regulation because all HLA-C proteins bind to
activating and inhibitory KIR ligands.*® Considering that
both KIR and HLA-C are highly polymorphic, pregnancy
success may depend on the combination of fetal HLA-C
and maternal KIRs '®*??, Specific KIR/HLA-C combina-
tions have also been associated with susceptibility to auto-
immune and inflammatory diseases, outcomes in a series
of infectious diseases (reviewed in References 23-25), and
alloreactivity in hematopoietic stem cell transplantation
(reviewed in Reference 25). Given the role of HLA-C in
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immune defense and reproduction, selective pressures are
likely to have shaped its genetic variability in different
populations.?®?

High polymorphism levels across classical HLA loci are
related to the presentation of a wide range of peptides
within a population.”® Nonetheless, HLA-C is also associ-
ated with the modulation of NK cells activity, such as per-
formed by the highly conserved nonclassical HLA genes,
HLA-G and HLA-E. Thus, it is not clear (i) how HLA-C pre-
sents both features considering its polymorphic nature and
expression pattern, and (ii) how natural selection has
shaped this gene's variability because the coding region of
classical and nonclassical HLA genes reflect different selec-
tion profiles. Both HLA-G and HLA-E coding regions are
under the influence of purifying selection,”** while
balancing selection acting on the segments encoding the
peptide-binding groove of classical HLA molecules is well
documented.*>°

The structure and diversity of the HLA-C regulatory
regions, as well as the relationship among variants
along the HLA-C locus (including the promoter and 3’
UTR) have been poorly addressed, and no population-
based study explored the HLA-C haplotypic structure
and relationship between variation in regulatory and
coding regions. Furthermore, most of the known HLA-
C alleles in the IPD-IMGT/HLA database lack the prox-
imal promoter, 3’'UTR, and intron sequences. Here we
propose a second-generation sequencing and bioinfor-
matic approach to evaluate the complete HLA-C vari-
ability encompassing at least 1500 bp of the promoter
segment, the coding region, and the entire 3’'UTR. We
have applied this method to survey the genetic diver-
sity and haplotype structure of two highly diverse pop-
ulation samples with different demographic histories:
an interethnic admixed Brazilian sample with major
European contribution and an autochthonous popula-
tion from Benin, with major African ancestry. This
comparison allowed us to discriminate whether the
genetic and haplotype patterns observed in this study
were a consequence of specific demographic histories
or were due to shared evolutionary aspects. The bioin-
formatics workflow optimizes sequence mapping at
HLA-C and infers haplotypes combining the phase
information obtained directly from the sequencing data
and also using probabilistic models. We found that the
regulatory segments present few promoter and 3’UTR
haplotypes, but these are highly divergent from each
other, and that each coding allele group is associated
with similar regulatory sequences. Our results suggest
that while most exons of HLA-C show hallmarks of
balancing selection, a different scenario arises when
exon 1 (the leader peptide), the promoter, and initial
3'UTR segments are taken into account.
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2 | MATERIALS AND METHODS

2.1 | Brazilian samples

We analyzed 418 unrelated samples from the state of Sao
Paulo, Southeastern Brazil, from two different cities
(Botucatu and Ribeirao Preto). Each individual signed an
informed consent term before blood withdrawal. This
study protocol was reviewed and approved by the Human
Research Ethics Committee of the School of Medicine
(UNESP/Brazil)—Protocol #24157413.7.0000.5411.

To estimate the ancestry of the population sample, we
randomly selected 205 individuals and used Ancestry Infor-
mative Markers (AIMs). A panel with 34 AIMs®’ was used
to estimate the contribution of European, African, and
Amerindian/Asian ancestry for this sample. We used
STRUCTURE v2.3.4 * to infer the population structure
and individual ancestry rates, with K = 3. For parental sam-
ples, we used data from the 1000Genomes Project for
European, African, and East Asian populations (404 Euro-
peans from populations TSI, FIN, GBR, and IBS, 504 Afri-
cans from YRI, LWK, GWD, MSL, and ESN, and 504 East
Asians from CHB, JPT, CHS, CDX, and KHV). Native
American markers are a challenge to be detected because
of the brief time of separation between this group and the
East Asian, besides the admixture with the European
group.® For this reason, the East Asian group was used as
a representative for Amerindians.** Ancestry estimates for
the general sample were 75.5% European, 16% African, and
8.5% Amerindian/Asian; however, individual ancestries
ranged considerably, with individuals with major (>50%)
European, African, or Asian/Amerindian ancestries.

2.2 | Beninese samples

We evaluated HLA-C variability of 108 unrelated individ-
uals of the Toffin ethnic group from S6-Ava, an area
located in the Southern region of Benin, 12 km North of
Cotonou, the economic capital of Benin. Toffins are ety-
mologically known as “people of water.” Informed con-
sent was obtained from all participants included in the
study before blood collection. The study was approved by
the Ethics Committee of the “Faculté des Sciences de la
Santé (FSS)” of Cotonou, Benin and registered at No.12/
03/2012/CEIFSS/UAC.

2.3 | HLA-C gene amplification and
sequencing libraries

Genomic DNA was extracted by a salting-out procedure
or QlAamp DNA Blood Midi kit (Qiagen, Hilden,
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Germany), according to manufacturer's instructions.
DNA samples were quantified with Qubit dsDNA Broad
Range Assays (Thermo Fisher Scientific Inc., Waltham,
Massachusetts) and normalized to 50 ng/pL.

HLA-C was amplified as a single amplicon of approxi-
mately 5671 nucleotides (not including primers sequences),
spanning nucleotides 31 268 667-31 274 338 (chromosome
6 assembly hg38). Polymerase chain reaction (PCR) was
carried out with primers HCPR.F1 (5-TGAAGA
ACTGAACAGCAACTA-3) and HCUT.R1 (5-GTCTGAG
GGATAAGGGGCA-3') in a final volume of 50 pL, con-
taining 0.30 pM of each primer, 0.20 mM of each dNTP
(Invitrogen, Carlsbad, California), 1.25 units of DNA poly-
merase (PrimeSTAR GXL, TaKaRa Bio Company), 1X PCR
buffer solution supplied with the DNA polymerase and
50 ng of genomic DNA. Cycling conditions were 30 cycles
of 98°C for 10 seconds, 60°C for 15 seconds, and 68°C for
6 minutes. Amplicons were evaluated on 1% agarose gel sta-
ined with GelRed (Biotium, Hayward), purified using Illu-
stra ExoProStar (GE Healthcare), quantified using Qubit
dsDNA High-Sensitivity Assays (ThermoFisher Scientific),
and normalized to 0.2 ng/pL.

To prepare sequencing libraries, we used the Nextera
XT Library Preparation Kit and Nextera XT Index Kit
(both from Illumina, Inc.). Libraries were quantified by
qPCR using Kapa (Kapa Biosystems, Wilmington). The
fragmentation pattern was assessed with High-Sensitivity
DNA Bioanalyzer chips (Agilent Technologies, California),
and we normalized samples based on the quantification
and the fragmentation pattern. Sequencing was performed
using MiSeq Reagent Kit (V2, 500 cycles, 2 x 250 bp) in a
MiSeq Platform, as recommended by Illumina Inc.

2.4 | Raw data processing, mapping, and
genotyping

The polymorphic nature of HLA genes and the high
sequence similarity loci may bias read mapping*' in
assays where all class I genes were sequenced together
(as is the case in the present study). We, therefore, used
hla-mapper dna to optimize read mapping at the HLA-C
locus **, version 3.0.5, with the following parameters:
trimming error threshold set to 0.05, minimum read size
set 70, and tolerance set to 0.05.

After the mapping procedure, we observed the under-
representation of reads at intron 2. This low sequence
depth is not related to mapping bias because further
investigations using other library preparation kits cir-
cumvented this issue, indicating the underrepresentation
was due to a fragmentation bias of Nextera XT kit, which
affects especially CG-rich regions, such as intron 2. This
was previously reported for the HLA-A locus 2.

We used the Genome Analysis Toolkit (GATK, ver-
sion 4.1) HaplotypeCaller in the GVCF mode to infer
genotypes, using hg38 as a reference (Mckenna et al.*?).
The multisample G.VCF file was created with GATK
CombineGVCFs and the multisample VCF file with geno-
type likelihoods [created with GATK GenotypeGVCFs|
was annotated considering the dbSNP version 150.

We processed the multisample VCF to introduce
missing alleles on genotypes with low likelihoods or
unbalanced genotypes, using vcfx version 2.0, available at
www.castelli-lab.net/apps/vcfx. The missing alleles were
introduced on genotypes presenting a likelihood lower
than 99.999% (using vcfx checkpl), and on unbalanced
genotypes (using vcfx checkad, with default parameters).
Next, we refined variant calls using vcfx evidence, with an
additional step in which we manually checked the vari-
ants that were excluded. Since vcfx introduced a large
number of missing alleles at intron 2 because of the low
sequencing depth and a large number of highly unbal-
anced genotypes in this segment, we opted to exclude the
entire intron 2 from the analysis. However, this issue
only affects studies using Nextera, and we have not
observed a similar underrepresentation of intron 2 in
WGS or using other fragmentation strategies.

2.5 | Phasing and HLA-C allele calling

We removed singletons before phasing. Next, we used
GATK ReadBackedPhasing to phase sites occurring on
the same read,*® using a haplotype quality threshold of
2000. Nonetheless, this algorithm ignores indels and mul-
tiallelic loci. Then, we used phasex (available upon
request) to perform the haplotyping analysis. This soft-
ware considers the phasing sets detected by RBP and cre-
ates several VCF replicates, each of them, including a
random phase set defined by RBP, for each sample. Then,
phasex uses Beagle 4.1 ** to phase each VCF replicate,
and the results are compared. For HLA-C, we used
100 replicates. When a sample presents the same pair of
haplotypes in at least 95/100 of the replicates, this pair is
fixed and passed forward to the next round of replicates.
This strategy is repeated until no new sample achieves
the 95/100 threshold. After the final round, all samples
presenting the same haplotype pair in at least 70% of the
replicates are considered phased and these haplotypes are
used in the forthcoming analysis. Considering all hetero-
zygous sites, 77.51% were directly phased using RBP. The
combination phasex/Beagle 4.1 phased the remaining
22.49%, most referring to indels or multiallelic loci, and
also imputed the 0.37% of missing alleles observed after
the vcfx treatment. Since we removed intron 2 as dis-
cussed earlier, the association between the segment
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upstream and downstream intron 2 was entirely obtained
using probabilistic models by Beagle 4.1 **.

After haplotyping, singletons were manually
reintroduced whenever possible (ie, when a singleton is
observed in a read that encompasses a neighboring het-
erozygous variation site). Then, we used vcfx fasta to cre-
ate complete genomic sequences and vcfx transcript to
create the CDS sequences (coding sequence, all exons)—
two for each individual. Since HLA-C is encoded at the
GRCh38 chromosome 6 reverse strand, sequences were
reversed and complemented using emboss revseq *°.

We designed Perl scripts coupled with a local BLAST
server with a database containing all known HLA alleles
described by the IPD-IMGT/HLA database (version
3.36.0) to identify the closest known HLA-C coding allele
for each different sequence we have detected, and the
mutations observed when compared with it.** We
inferred the encoded proteins with emboss transeq *°. Pro-
moters and 3’ UTR haplotypes were named according to
sequence similarities and their phylogenetic relationship.

2.6 | Other analyses

We used Arlequin 3.5 to estimate haplotype frequencies,
departures from Hardy-Weinberg equilibrium (HWE)
expectations, nucleotide diversity, gene diversity, exact
test of population differentiation, Fgr between
populations, and Tajima's D for each HLA-C exon, intron,
and regulatory segment, and HLA-C as a whole. The sig-
nificance of the D statistic was tested by generating ran-
dom samples under the hypothesis of selective neutrality
and population equilibrium, using 5000 simulations.*’
The input files for Arlequin were created using vcfx
arlequin. The nucleotide diversity and Tajima's D plots
were calculated by using VariScan *® in a sliding window
approach of 150 bp and a step size of 3. We used Pypop to
perform the Ewens-Watterson test.** The dy/ds ratio test,
which evaluates the ratio of synonymous and non-
synonymous nucleotide substitution, was calculated
using MEGA version 7.0.20 *° for each HLA-C exon and
using FUBAR®! implemented in the HYPHY 2.5 > pack-
age to evaluate positive selection for each codon. Because
the allele diversity in a population is highly dependent on
the sample size, we performed a rarefication procedure
resulting in allelic richness estimates using HP-RARE >
and 108 samples (the number of individuals in Benin).
We also estimated the mean number of different haplo-
types and the haplotype diversity observed in 10 000 rep-
licates of 50 randomly selected individuals of each
sample using a local Perl script. The frequency of each
promoter, coding, and 3'UTR sequence was compared
between samples using the Fisher exact test, using

HLA _WILEY-L *
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Bonferroni for correction of the significance level (a.),
considering the number of different sequences observed
in each case.

Linkage disequilibrium (LD) among SNPs within the
HLA-C locus was assessed using Haploview 4.2,>* consid-
ering only sites with a minor allele frequency (MAF)
higher than 1%. The PED and MAP files for Haploview
were generated using vcfx haploview.

As a quality control for HLA-C typing, we used Opti-
type ° to infer HLA-C coding alleles, and compared the
results with those from our workflow.

3 | RESULTS

We evaluated HLA-C variability encompassing at least
1500 nucleotides from the upstream promoter to the end
of the last HLA-C exon, with the exception of intron 2, in
two different population samples. There were 359 variable
sites across HLA-C, reported in Table S1, together with
their chromosome positions, SNPid, the reference allele
frequencies, and other information regarding each site.
Genotype frequencies were consistent with the HWE
expectations for more than 96% of the variants (P > .05),
and the remaining are randomly distributed across HLA-
C in both population samples. This supports our high-
confidence genotype calls because biased mappings
would lead to many variants not fitting HWE.

The region upstream from the HLA-C start codon,
with approximately 1500 bases, which includes the distal
promoter, the proximal promoter, and the 5UTR, has
86 variants arranged into 33 different sequences (Table 1
and Alignment S1). The HLA-C CDS has 47 different
sequences (Table 2) encoding 40 HLA-C protein mole-
cules (Table 2). The HLA-C 3'UTR is encoded in the last
exon and has 40 variable sites arranged into 25 different
sequences (Table 3 and Alignment S2).

3.1 | HLA-C genetic diversity

HLA-C promoters were named following sequence simi-
larities and their phylogenetic relationships (Table 1 and
Alignment S1). There were 13 different promoter groups,
with many shared variants within each group. In both
samples, the most frequent promoter sequence was
P01:01, with a frequency of 16.7% among Brazilians and
27.3% among Beninese (Table 1). This promoter is linked
with alleles from the HLA-C*04 group. Promoter frequen-
cies differ between populations (considering a. = 0.0015),
as observed for P01:01 (P = .0006), P04:02 (P < .00001),
P05:01 (P = .0002), and P10:01 (P < .00001). Each HLA-C
promoter group is associated with a specific HLA-C
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coding allele group, supporting the high LD observed
across the gene (Figure S1).

The HLA-C coding segment (all exons and introns,
except intron 2) presented 82 different sequences, named
as described in methods (Table S2). Among them,
67 sequences (81.71%) are identical to a known IPD-
IMGT/HLA alleles, and the 15 represent new alleles
(grouped as unknown sequences at Table S2), with a

TABLE 1
molecules associated with them

Brazilian Benin

HLA-C frequency frequency
promoters® (2n = 836) (2n = 216)
P01:01 0.167 0.273
P01:02 0.002 —
P01:03 0.001 —
P02:01 0.002 —
P02:02 0.022 0.014
P03:01 0.004 —
P03:02 0.029 —
P04:01 0.001 —
P04:02 0.140 0.028
P04:03 0.001 —
P04:04 0.007 —
P04:05 0.002 —
P04:06 0.001 —
P04:07 0.004 —
P05:01 0.062 0.144
P06:01 0.037 0.005
P07:01 0.001 —
P07:02 0.001 —
P07:03 0.093 0.069
P07:04 0.001 —
P08:01 0.047 0.028
P08:02 0.012 0.046
P08:03 — 0.005
P09:01 0.097 0.056
P10:01 0.030 0.130
P11:01 0.011 —
P11:02 0.001 —
P12:01 0.016 0.032
P13:01 0.011 —
P13:02 0.108 0.125
P13:03 0.005 —
P13:04 0.083 0.046
P13:05 0.001 —

*Please refer to the Alignment S1 for the promoter sequences.

summed frequency of 2.09% when both populations are
pooled. Some of these new alleles were detected more
than once. For instance, there were six copies of a
sequence that encodes C*18:01, with the same sequence
as described in the IPD-IMGT/HLA database, but with a
different nucleotide at the 3’'UTR. Because of that, these
sequences are placed under unknown in Table S2. As
observed for the promoter segment, allele frequencies

List of HLA-C promoter sequences in two population samples from Brazil and Benin, their frequencies and the HLA-C

Associated

HLA-C allele Associated HLA-C

groups molecules

C*04 C*04:01, C*04:07, C*04:09N

C*04 C*04:01

C*04 C*04:01

Cc*01 C*01:02

Cc*01 C*01:02

C*14 C*14:02

C*14 C*14:02, C*14:03

C*06 C*06:02

C*06, C*12 C*06:02, C*12:02, C*12:03

C*06 C*06:02

C*06 C*06:02

C*12 C*12:03

C*12 C*12:02

Cc*12 C*12:02

C*16 C*16:01, C*16:02, C*16:04

C*15 C*15:02, C*15:05,
C*15:08, C*15:09, C*15:13

C*08 C*08:02

C*08 C*08:01

C*05, C*08 C*05:01, C*08:02, C*08:04

C*08 C*08:03

C*02 C*02:02, C*02:10, C*02:14

C*02 C*02:10

c*02 C*02:10

C*03 C*03:02, C*03:03, C*03:04

C*17 C*17:01, C*17:03, C*17:38

c*07 C*07:04

c*07 C*07:04

C*18 C*18:01, C*18:02

c*07 C*07:01

c*07 C*07:01, C*07:06, C*07:18, C*07:35

c*07 C*07:01

Cc*07 C*07:02

c*07 C*07:02
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TABLE 2 List of HLA-C CDS sequences detected in two
population samples from Brazil and Benin, and their frequencies

Brazilian Beninese

frequency frequency
HLA-C CDS* (2n = 836) (2n = 216)
C*01:02:01 0.0239 0.0139
C*02:02:02 0.0383 0.0139
C*02:10:01 0.0191 0.0648
C*02:14:02 0.0012 =
C*03:02:02 0.0084 0.0324
C*03:03:01 0.0431 =
C*03:03:04 — 0.0046
C*03:04:01 0.0335 =
C*03:04:02 0.0096 0.0185
C*03:04:58 0.0012 =
C*04:01:01 0.1675 0.2731
C*04:07:01 0.0012 =
C*04:09 N 0.0024 —
C*05:01:01 0.0419 0.0046
C*06:02:01 0.0909 0.0139
C*06:02:03 = 0.0046
C*07:01:01 0.0897 0.0602
C*07:01:02 0.0156 —
C*07:01:09 0.0012 —
C*07:02:01 0.0837 0.0463
C*07:04:01 0.0120 -
C*07:06:01 = 0.0231
C*07:18:01 0.0167 0.0324
C*07:35 == 0.0093
C*08:01:01 0.0012 —
C*08:02:01 0.0514 0.0417
C*08:03:01 0.0012 -
C*08:04:01 0.0012 0.0231
C*12:02:02 0.0084 —
C*12:03:01 0.0562 0.0093
C*14:02:01 0.0287 —
C*14:03:01 0.0036 —
C*15:02:01 0.0287 —
C*15:05:02 0.0024 0.0046
C*15:08:01 0.0012 —
C*15:09 0.0012 —
C*15:13:01 0.0036 —
C*16:01:01 0.0431 0.1435
C*16:02:01 0.0120 —
C*16:04:01 0.0072 =
C*17:01:01 0.0239 0.1296
C*17:03:01 0.0048 =
C*17:38 0.0012 —
C*18:01:01 0.0084 =

(Continues)
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TABLE 2 (Continued)
Brazilian Beninese
frequency frequency
HLA-C CDS? (2n = 836) (2n = 216)
C*18:02:01 0.0072 0.0324
Unknown1® 0.0012 —
Unknown2® 0.0012 —

Note: The symbol (—) represents the absence of this allele.

*HLA-C coding alleles according to the IPD-IMGT/HLA database
version 3.36.0.

There were two rare new CDS sequences, but encoding known
HLA-C protein molecules. The first encodes C*12:02, and the sec-
ond encodes C*03:96.

vary between both population samples (considering
a. = 0.001) (Tables 2 and S2), as observed for CDS alleles
C*04:01:01 (P = .0006), C*06:02:01 (P = .0001),
C*16:01:01 (P = .00001), and C*17:01:01 (P = .00001).
Only two CDS sequences are not identical to any
sequence described in the IPD-IMGT/HLA database, but
they encode previously described proteins (Table 2).

The haplotypes within the 3'UTR segment are
arranged in four distinct groups separated by many muta-
tional steps (Alignment S2). The most frequent 3'UTR
haplotype in both populations was U0I1:05, in LD with
HLA-C*04 alleles, and others. As observed for the pro-
moter region, each 3'UTR lineage (U01, U02, U03, and
U04) is in LD with specific HLA-C allele groups (Table 3).

When we combine the promoter, CDS, and 3'UTRs
sequences as extended haplotypes, there are 74 different
HLA-C sequences (Table 4), and each HLA-C allele group
is related to specific promoter and 3'UTR sequences,
resulting in a high LD across the gene (Figure S1) and
the single segregation block observed when all samples
are pooled together.

HLA-C extended haplotypes do not deviate from HWE
expectations in both populations (P = .6608 + .0126 in
Benin; P = .4940 + .0139 in Brazil). The population differ-
entiation exact test based on haplotype frequencies showed
significant differences between these population samples
(P < .000001), which is in agreement with the frequency
shifts observed when considering any HLA-C segment
(promoter, CDS, and 3'UTR). Population differentiation
measured by Fsr was low (Fsy = 0.0173, gametic phase
unknown, and Fgr = 0.0290, with known gametic phase),
both statistically significant (P < .0001), and also low for
each HLA-C exon, intron, and regulatory segments
(Table 5). Allelic richness and private allelic richness are
higher among Brazilians (2.01 and 0.09, respectively), than
among Beninese (1.95 and 0.03, respectively). Moreover,
when calculating the mean number of different haplotypes
observed in 10 000 resamplings of 50 individuals, Beninese
present 21.74 haplotypes with haplotype diversity of
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0.8749, while Brazilians present 34.66 with haplotype
diversity of 0.9472. Similar results are also observed when
considering CDS sequences and encoded proteins.

3.2 | HLA-C evolutive aspects

Except for exon 6, all HLA-C segments presented high
nucleotide diversity (x), positive Tajima's D, and negative
normalized F values (Table 5). Both populations pres-
ented a significant positive Tajima's D for exon 2, exon
3, exon 4, exon 5, the 3’UTR, and the entire CDS. Like-
wise, they presented significant negative normalized
F (Ewens-Watterson) for exon 1, exon 4, and exon
5 (Table 5). Using a 150 bp sliding window with a step
size of three nucleotides to calculate nucleotide diversity

and Tajima's D, both populations presented the same pat-
tern, so we only plot results for the largest sample
(Brazilians) in this section. Nucleotide diversity varies
across the promoter segment, the region between posi-
tions —500 and —800 showing high conservation and neg-
ative Tajima's D (Figure 1). Nucleotide diversity was high
throughout HLA-C CDS, except for two segments: the
middle of both exon 2 (windows from 127 to 306) and
4 (windows from 655 to 828) (Figure 1). The highest
nucleotide diversity coincides with exon 5 (windows from
868 to 1002), which presents frequent nonsynonymous
mutations, including the insertion of six amino acids
related to the C*17 alleles (amino acid 301 to
306, Table S3). The first half of the 3'UTR segment is very
conserved in both samples, but the second half presented
nucleotide diversity higher than the observed for exons

TABLE 3 List of HLA-C 3'UTR sequences detected in two population samples from Brazil and Benin, and their frequencies

HLA-C 3'UTR Brazilian Beninese
sequence? frequency (2n = 836)

U01:01 0.075 0.056
U01:02 0.019 —
U01:03 0.002 —
U01:04 0.032 —
U01:05 0.208 0.315
U01:06 0.001 —
U01:07 0.001 —
U01:08 — 0.005
U02:01 0.029 0.125
U02:02 0.001 —
U02:03 — 0.005
U03:01 0.106 0.069
U03:02 0.012 —
U03:03 0.081 0.046
U03:04 0.002 —
U03:05 0.017 0.056
U04:01 0.193 0.032
U04:02 0.001 —
U04:03 0.061 0.144
U04:04 0.001 —
U04:05 0.097 0.069
U04:06 0.055 0.074
U04:07 0.002 —
U04:08 0.001 —
U04:09 — 0.005

*Please refer to the Alignment S2 for the 3’UTR sequences.

frequency (2n = 216)

Associated HLA-C molecules
C*03:02, C*03:03, C*03:04
C*03:04

C*03:04

C*14:02, C*14:03

C*01:02, C*04:01, C*04:07, C*04:09 N,
C*18:01, C*18:02

C*04:01

C*18:01

C*04:01

C*17:01, C*17:03, C*17:38
C*17:03

C*17:01

C*07:01, C*07:35
C*07:04

C*07:02

C*07:02

C*07:06, C*07:18

C*06:02, C*12:02, C*12:03, C*15:02, C*15:05,
C*15:08, C*15:09, C*15:13

C*06:02

C*16:01, C*16:02, C*16:04

C*16:01

C*05:01, C*08:01, C*08:02, C*08:03, C*08:04
C*02:02, C*02:10, C*02:14

C*02:02

C*02:02

c*02:10
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TABLE 4 List of HLA-C extended haplotypes detected in two population samples from Brazil and Benin, and their frequencies

HLA-C haplotypes

Promoter® CcDs® UTR®
P01:01 C*04:01:01 U01:05
P01:01 C*04:01:01 U01:06
P01:01 C*04:01:01 U01:08
P01:01 C*04:07:01 U01:05
P01:01 C*04:09N U01:05
P01:02 C*04:01:01 U01:05
P01:03 C*04:01:01 U01:05
P02:01 C*01:02:01 U01:05
P02:02 C*01:02:01 U01:05
P03:01 C*14:02:01 U01:04
P03:02 C*14:02:01 U01:04
P03:02 C*14:03:01 U01:04
P04:01 C*06:02:01 U04:02
P04:02 C*06:02:01 U04:01
P04:02 C*06:02:03 U04:01
P04:02 C*12:02:02 U04:01
P04:02 Unknown2 U04:01
P04:02 C*12:03:01 U04:01
P04:03 C*06:02:01 U04:01
P04:04 C*06:02:01 U04:01
P04:05 C*12:03:01 U04:01
P04:06 C*12:02:02 U04:01
P04:07 C*12:02:02 U04:01
P05:01 C*16:01:01 U04:03
P05:01 C*16:01:01 U04:04
P05:01 C*16:02:01 U04:03
P05:01 C*16:04:01 U04:03
P06:01 C*15:02:01 U04:01
P06:01 C*15:05:02 U04:01
P06:01 C*15:08:01 U04:01
P06:01 C*15:09 U04:01
P06:01 C*15:13:01 U04:01
P07:01 C*08:02:01 U04:05
P07:02 C*08:01:01 U04:05
P07:03 C*05:01:01 U04:05
P07:03 C*08:02:01 U04:05
P07:03 C*08:04:01 U04:05
P07:04 C*08:03:01 U04:05
P08:01 C*02:02:02 U04:06
P08:01 C*02:02:02 U04:07
P08:01 C*02:02:02 U04:08
P08:01 C*02:10:01 U04:06

Brazilian frequency (2n = 836)
0.1627
0.0012
0.0012
0.0024
0.0024
0.0012
0.0024
0.0215
0.0036
0.0251
0.0036
0.0012
0.0813

0.0036
0.0012
0.0538
0.0012
0.0072
0.0024
0.0012
0.0036
0.0419
0.0012
0.0120
0.0072
0.0287
0.0024
0.0012
0.0012
0.0036
0.0012
0.0012
0.0419
0.0502
0.0012
0.0012
0.0347
0.0024
0.0012
0.0072

Beninese frequency (2n = 216)

0.2685

0.0046

0.0046
0.0417
0.0231

0.0139

0.0139

(Continues)
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TABLE 4 (Continued)
HLA-C haplotypes
Promoter® cps® UTR®
P08:01 C*02:14:02 U04:06 0.0012
P08:02 C*02:10:01 U04:06 0.0120
P08:03 C*02:10:01 U04:09 —
P09:01 C*03:02:02 U01:01 0.0084
P09:01 C*03:03:01 U01:01 0.0431
P09:01 Unknownl U01:01 0.0012
P09:01 C*03:03:04 U01:01 —
P09:01 C*03:04:02 U01:01 0.0096
P09:01 C*03:04:01 U01:01 0.0120
P09:01 C*03:04:01 U01:02 0.0191
P09:01 C*03:04:01 U01:03 0.0024
P09:01 C*03:04:58 U01:01 0.0012
P10:01 C*17:01:01 U02:01 0.0239
P10:01 C*17:01:01 U02:03 —
P10:01 C*17:03:01 U02:01 0.0036
P10:01 C*17:03:01 U02:02 0.0012
P10:01 C*17:38 U02:01 0.0012
P11:01 C*07:04:01 U03:02 0.0108
P11:02 C*07:04:01 U03:02 0.0012
P12:01 C*18:01:01 U01:05 0.0072
P12:01 C*18:01:01 U01:07 0.0012
P12:01 C*18:02:01 U01:05 0.0072
P13:01 C*07:01:02 U03:01 0.0108
P13:02 C*07:01:01 U03:01 0.0897
P13:02 C*07:01:09 U03:01 0.0012
P13:02 C*07:06:01 U03:05 —
P13:02 C*07:18:01 U03:05 0.0167
P13:02 C*07:35 U03:01 —
P13:03 C*07:01:02 U03:01 0.0048
P13:04 C*07:02:01 U03:04 0.0024
P13:04 C*07:02:01 U03:03 0.0801
P13:05 C*07:02:01 U03:03 0.0012

*HLA-C CDS sequences. Please refer to Table 2 for their frequencies.

Brazilian frequency (2n = 836)

Beninese frequency (2n = 216)

0.0463
0.0046
0.0324

0.0046
0.0185

0.1250
0.0046

0.0324

0.0602

0.0231

0.0324
0.0093

0.0463

PHLA-C 3'UTR sequences. Please refer to the Alignment S2 for the promoter sequences and Table 3 for their frequencies.
°HLA-C promoter sequences. Please refer to the Alignment S1 for the promoter sequences and Table 1 for their frequencies.

2 and 3 (Figure 1). The high nucleotide diversity in exons
1, 2, 3, and 5 is also demonstrated when we considered
each segment separately in both samples (Table 5). The
highest Tajima's D observed across the HLA-C CDS
(D = 3.71 for Brazilians and D = 2.98 for Beninese) is
related to windows from position 193 to 342, that encodes
residues between positions 41 and 90 (alpha 1 domain) of

the HLA-C mature protein and it is important for both
antigen presentation and KIR binding. In this segment,
there were six highly frequent amino acid exchanges,
including the C1/C2 dimorphism at position 80, which is
important for KIR interaction (Table S3). The second half
of the 3’UTR presents the highest Tajima's D across all
HLA-C exons.
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The dn/ds ratio test indicated an excess of non-
synonymous changes at exon 1, which is consistent with
positive selection in both populations (Table 6). This is
also supported by the positive and significant normalized
F and Tajima's D for exon 1. All variable sites detected in
exon 1 are frequent nonsynonymous mutations
(Table S3). Furthermore, we found the same profile in all
populations from the 1000Genomes project, and also in
the sequences available at the IPD-IMGT/HLA database
(data not shown). When we estimate dy/ds for each
HLA-C codon separately, there is evidence of positive
selection for the codons encoding amino acids 24, 80,
116, 156, and 163 (mature protein, not considering the

(A) Nucleotide Diversity and Tajima's D - HLA-C promoter

leader peptide, posterior probability >0.95), in both popu-
lation samples, amino acids 9 and 95 Among Brazilians,
and amino acid 73 Among Beninese. There was no evi-
dence of positive selection in any codon encoding the
leader peptide.

4 | DISCUSSION

Here we present a bioinformatics approach to evaluate
HLA-C variability when using second-generation sequenc-
ing, providing accurate genotypes and haplotypes from the
upstream promoter up to the complete 3'UTR segment.

——Nucleotide
Diversity

5 —Tajima'sD

45

Tajima's D value

Windows of 150 pb

(B) Nucleotide diversity and Tajima's D - HLA-C CDS

Pivalue

Windows of 150 pb

(C) Nucleotide Diversity and Tajima's D - HLA-C 3'UTR

1.150
4.152

Windows of 150 pb

FIGURE 1

—— Nucleotide
Diversity

——Tajima’sD

Tajima's D value

1 Exon segments
. Bon1:1.73
” Bxon2:74-343
£x0n 3: 344-619
Exon 4: 620-895
Exon 5: 896-1015
Exon 6: 1016-1048
Exon 7: 10491096
Exon 8-Stop codon: 1097-1101

Nudleotide
Diversity

——Tajima

Tajima's D value

Nucleotide diversity and Tajima's D at the HLA-C promoter, CDS and 3'UTR. A, Nucleotide diversity and Tajima's D of

HLA-C 5 upstream regulatory segment examined in all aligned sequences using sliding window of 150 bp with a step size of 3. The x-axis
represents the windows of 150pb comprehending the HLA-C segments and the nucleotide position relative to the alignment using as
reference the position —1 from IMGT database (genomic data); B, nucleotide diversity of HLA-C exons. The position 1(from window 1..150)
in the x-axis corresponds to first base from exon 1, the subsequent positions was given by alignment position (see caption); and C, nucleotide

diversity of HLA-C 3 UTR
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This methodology relies entirely on publicly available soft-
ware. The majority of variants and sequences here detected
had already been described by the IPD-IMGT/HLA data-
base. However, the preexisting sequences do not influence
the detection of similar or identical sequences given our
pipeline's properties, since preexisting sequences are not
considered by our genotyping and phasing procedure. Allele
imputation did not exceed 0.37%, and the GATK
ReadBackedPhasing phased directly 77.51% of the heterozy-
gous sites. We found at least one allele from each main
HLA-C allele group (ie, one field resolution level). For the
Brazilian sample, the CDS (and genomic) allele frequencies
are similar to the ones reported in previous studies
using different typing techniques®™”  (http://www.
allelefrequencies.net/). For Beninese, the CDS frequencies
are similar to the ones reported in another sub-Saharan
African population sample from Senegal, West Affica,
named Mandenka, as reported elsewhere.”® This is the first
survey addressing Beninese HLA-C genetic diversity. Most
3'UTR haplotypes here detected are compatible with partial
or full 3UTR sequences reported by IPD-IMGT/HLA.
Moreover, 90% of the coding alleles reported here are identi-
cal to the ones called by the Optitype software,” and the
majority of the differences between methods include alleles
that differ in segments not covered by the Optitype data-
base. Unfortunately, the Optitype database available for

As observed for other HLA genes, such as HLA-A and
HLA-G ***, there was a strong LD across the entire
HLA-C locus, with a single segregation block (Figure S1)
and many variants in complete LD. This LD profile sup-
ports the close relationship among the coding and regula-
tory sequences. Since each allele group is related to
specific regulatory sequences, different transcription fac-
tors and microRNAs may modulate their expression levels.
Previous studies have demonstrated heterogeneous expres-
sion levels among different HLA-C allele groups.”*°

Since HLA-C is expressed together with classical HLA
presenting peptides in somatic tissues and together with
nonclassical HLA in placenta, a distinct pattern from other
loci,® we evaluated natural selection signatures across the
HLA-C locus to better understand HLA-C biology and
function, and also how natural selection has shaped its
variability and haplotype structure. In this regard, the
presence of divergent haplotypes is compatible with
balancing selection, as observed across the entire HLA-C
locus with few exceptions. Positive Tajima's D values are
consistent with an excess of alleles with an intermediate
frequency due to balancing selection directly on the pro-
moter, or due to selection on the protein-coding portion of
HLA-C and mediated by linkage.

Our results indicate balancing selection not only at
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exons 2 and 3, as expected for an antigen presentation
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gene, but at other HLA-C segments, such as part of the pro-
moter, exon 1, exon 4 and 5, and the second half of the
HLA-C 3'UTR, and also some intronic segments. The
Ewens-Watterson test for neutrality also indicates a low
homozygosity rate and supports the evidence of balancing
selection. It is not clear whether these results reflect a
hitchhiking effect due to the high LD throughout HLA-C
or direct selection on these regions. Moreover, Goeury and
colleagues also reported positive Tajima’s D values for all
exons except exon 6 in another sub-Saharan sample, with
the highest value located at exon 2, as detected here in our
Brazilian and Beninese samples.”® Balancing selection was
described for classical HLA coding regions at exons 2 and
3, enhancing antigen presentation capabilities, and hardly
any demographic or genetic factors can explain the high
degree of polymorphism and excess of nonsynonymous
variants at these genes (reviewed by®’). However, since
HLA-C and HLA-B are only 82Kb apart, the LD between
these two loci might be influencing these results.

41 | Animmunomodulatory role may be
shaping the variability at HLA-C exon 1

We detected an excess of nonsynonymous variants in exon
1, with evidence of positive selection in this exon in both
population samples (Tables 5 and 6) when considering the
entire segment. No evidence was detected when specific
codons within exon 1 are evaluated using FUBAR. Similar
results have been described in Mandenka, in which all
exon 1 variants configure nonsynonymous mutations.>®
This is intriguing because exon 1 encodes the HLA-C
leader peptide and it is primarily involved in targeting
HLA-C to the cellular membrane, and it is not part of the
mature HLA-C molecule. This pattern was not observed
for HLA-A in this same Brazilian sample.*

The leader peptide plays other roles besides addressing
the molecule to the secretory pathway. After being cleaved,
a leader peptide may act as a hormone, neurotransmitter,
and as a self-antigen.®" This evidence of positive selection
may be related to possible coevolution between HLA-C and
HLA-E. Residues 3-11 of the HLA-C leader peptide can bind
to HLA-E molecules as self-antigens, stabilizing HLA-E in
the cell surface and modulating NK cell activity®® by inter-
acting mainly with the CD94/NKG2A inhibitory receptor.®®
Both HLA-C and HLA-E are co-expressed in the placenta
during pregnancy.” In our sample, there are four major

HLA-C leader peptides considering residues 3-11,
VMAPRTLIL (now denominated LP1, with a mean fre-
quency of 62.8%), VMAPRALLL (LP2, 22.8%),

VMAPRTLLL (LP3, 9.3%), and VMAPQALLL (LP4, 5.1%).
LP1 and LP3 are the ancestral protein sequences and are
encoded by MHC-C in many primates, including Pongo

abelii, Gorilla gorilla, and Pan troglodytes, as well as other
MHC genes among primates (The IPD-MHC database,
Release 3.4.0.0, from 19 December 2019). LP2 and LP4 can
be found only in humans and are encoded only by HLA-C
in the MHC complex. Thus, LP2 and LP4 are human-
specific HLA-C leader peptides, and they have been
maintained in high frequency in both these populations.

HLA-E among humans is mainly dimorphic
(Argl07Gly), with two major proteins, E*01:01 (Arg) and
E*01:03 (Gly), with frequencies around 50% in worldwide
populations. This HLA-E dimorphism causes an alteration
of the HLA-E peptide repertoire® and seems to be
maintained by balancing selection.®>®® E*01:03 is the ances-
tral allele and can be found among many primates, while
E*01:01 raised among humans,®” reaching frequencies
around 50%. Previous studies indicated that the ancestral
HLA-C leader peptide LP1 binds preferentially to E*01:03
(also the ancestral allele), while the human-exclusive LP2
binds preferentially to the human-exclusive E*01:01.%*
Thus, there is a functional connection between E*01:01 and
LP2 among humans and both have raised among humans
and present high frequencies in worldwide populations. It
is not clear why E*01:01 frequency has increased, but previ-
ous studies indicated that E*01:01 is the least effective
against NK cell lysis,** and one possible explanation would
involve reaching a balance between immunosuppression
and immune defense. Balancing selection may be
maintaining different alleles in intermediate frequencies,
some of them favoring immune responses against patho-
gens, and some favoring immune tolerance, avoiding either
exacerbated responses and autoimmunity.

However, other scenarios are possible, including posi-
tive selection to improve secretion efficiency,’® linkage
disequilibrium (LD) between HLA-E*01:01 and LP2, and
also the high LD across HLA-C (Figure S1), because
balancing selection in the coding region maintains many
HLA-C alleles in worldwide populations. Moreover, there
is evidence of positive selection in codons that influences
the HLA-C peptide repertoire and KIR binding.

4.2 | Peptide presentation may be
shaping the variability at HLA-C

exons 2to 5

As expected for HLA genes,60 we detected balancing
selection at exons 2 and 3, which encodes the antigen-
binding domain, in both populations (Table 5). We also
detected positive selection in amino acid positions that
influence the HLA-C peptide-binding repertoire,*
including positions 9, 73, 80, 95, 116, 156, and
163 (mature protein, not considering the leader peptide,
FUBAR posterior probability >0.95). Moreover, there was
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evidence of positive selection in position 80, related to
the HLA-C dimorphism C1/C2 that influence the binding
of KIR receptors,” which coincides with the highest
Tajima's D value across the HLA-C CDS. HLA-C presents
many conserved motifs in the «l and o2 domains that are
exclusive to HLA-C °. This gene also presents a reduced
diversity at the antigen recognition site when compared
with HLA-A and HLA-B, and therefore a reduced set of
self-peptides able to bind HLA-C.%>*7%7 Buhler and col-
leagues studied a large set of samples (second field level
resolution) to estimate pairwise molecular distances
among classical HLA class I alleles and predict pairwise
peptide-binding distances between all alleles and
corresponding encoded molecules.”’ HLA-C presented
lower allele diversity and their molecules exhibit lower
pairwise peptide-binding distances when compared with
other classical HLA class I loci.”* Moreover, HLA-C
alleles seem to be subdivided into two broad groups
regarding peptide presentation properties. These observa-
tions support the minor role of HLA-C to the diversifica-
tion of class I peptide presentation.”' However, it does
not rule out the influence of balancing selection on the
antigen-presenting region, as it was already observed for
the C1/C2 allotypes that are important for KIR
interaction.*

Here we found evidence of balancing/positive selec-
tion in the antigen presentation region and also in codons
related to KIR interaction. However, some segments in
the region encoding the peptide-binding groove are con-
served, especially at the end of exon 2 (Figure 1B, win-
dows from position 109 to 342). This feature also
supports the minor role of HLA-C in antigen presentation
when compared with other classical HLA class I genes.
Thus, evolution in HLA-C may favor KIR interaction con-
serving important residues in this matter, and also diver-
sifying others such as residue 80 [the C1/C2
dimorphism], but, in a lesser extent, also diversifying the
region related to antigen presentation.

We also detected a high nucleotide diversity and evi-
dence of balancing selection for exons 4 («3 domain) and
5 (transmembrane domain) in both population samples.
This pattern was also observed among Mandenka.>® Since
the a3 domain interacts with the CD8 co-receptor to facil-
itate TCR signaling, we expected conservation of this
HLA-C segment as was observed for HLA-A *. In spite of
that, the HLA-C a3/CDS8 interaction may be preserved
because amino acids located within residues 222-245 that
are important to HLA/CDS interaction are preserved’>”*
with only one rare variant (Glu229Gln) within this region
(Table S3) that is associated with allele HLA-C*15:13.
Many variants surround this segment and present high
heterozygosis, but it is uncertain whether these variants
influence a3/CD8 interaction. The segment encoding the
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transmembrane domain presented the highest nucleotide
diversity among all HLA-C segments, with frequent
nonsynonymous mutations and a frequent inframe indel.

4.3 | Interaction with regulatory
molecules may be shaping the variability at
HLA-C promoter and 3'UTR regions

The promoter region presents a conserved segment
around position —700, with a monomorphic region of
115 nucleotides from position 6:31272722 to 6:31272836
(hg38). Ramsuran et al*” had previously detected greater
conservation in this segment studying homozygous cell
lines,” and here we detected the same conservation in
526 individuals from two different populations. This seg-
ment is also conserved among different primates. Not-
withstanding, some frequent variations at the promoter
region (such as rs2395471 A/G) appear to be crucial for
gene regulation, as have been shown by the different
mRNA expression levels in cells that present promoter
haplotypes that differ by few mutations.'>'’

Nucleotide diversity and Tajima’s D were low at the
beginning of the 3'UTR segment but very high at the sec-
ond half (Figure 1), in both population samples. Usually,
the beginning of the 3'UTR segment is important for
miRNA binding and post-transcription regulation.””’
This conservation contrasts with the excess of heterozy-
gosis detected across HLA-C. The first half of the 3'UTR
might have been maintained because of its critical role
for HLA-C post-transcriptional regulation. This region
might be under purifying selection. MicroRNA binding
analysis indicate that the second half of the 3'UTR is not
an important target for miRNAs with few exceptions,
such as miR-148a (data not shown). It is well established
that variants modifying the miR-148a binding site influ-
ence HLA-C expression levels.”'> Thus, this region might
be under a relaxed purifying selection, and it coincides
with the presence of many frequent variants.

We may find both conserved and highly polymorphic
segments throughout HLA-C. While variants that may
affect gene regulation, such as the one within the miR-
148a binding site or other variants within the promoter
are maintained at high heterozygosis in both populations,
there are highly conserved segments in the regulatory
regions. This may contribute to a complex mechanism of
transcriptional and post-transcriptional regulation of
gene expression in tissues with different microenviron-
ments. Thus, we suggest that HLA-C expression is finely
regulated due to its dual function, that is, antigen presen-
tation and T and NK cell modulation. Besides, the inter-
action between HLA-C and T and NXK cells receptors, as
also with the CDS8 co-receptor, is apparently conserved
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considering the variability here detected in a population-
based study in two samples from different continents.

44 | LD, coupled with regulation of gene
expression and HLA-C dual function, may
be influencing the entire HLA-C variability
landscape

HLA-C diversity is high in both populations considering
the entire locus and each segment separately. Some hap-
lotypes are more frequent in one population than the
other, but they are usually present in both. For instance,
HLA-C*16 and HLA-C*17, alleles and their associated
regulatory sequences are frequent in Ghana,”® Among
Mandenka®® and Beninese, but not in Brazil, while the
opposite is observed for HLA-C*05 and HLA-C*06. Nev-
ertheless, they are all represented in both populations.
Because of that, population differentiation measured by
Fgsr, although significant (probably due to the large sam-
ple sizes), was low (Fst = 0.0173). Interestingly, when
the amino acid sequence is taken into account
(Table S3), there are similar frequencies in important
motifs for the HLA-C function and expression regula-
tion. For instance, motif KYRV (amino acids 66, 67,
69, and 76), which is associated with lower cell surface
HLA-C expression,”® presents a frequency of 84% in Bra-
zil and 87% in Benin. The dimorphism C1/C2 (amino
acid 80) important for KIR interaction is also common
in both populations (C1 frequency of 45.8% in Benin
and 54.2% in Brazil). Despite the lower frequency of C1
in Benin (P = .027), we found no statistical significance
after correction probably due to the small sample size of
the Benin sample. However, previous reports have indi-
cated lower C1 frequency in malaria high-endemic
populations.®® Additionally, KIR2DL3 and its cognate
HLA-C1 ligand were significantly associated with the
development of cerebral malaria and thus, natural selec-
tion may explain this reduced frequency of the
KIR2DL3-HLA-C1 combination observed in malaria
high-endemic populations.® The Guanine deletion
influencing miR-148a binding (and HIV outcome) pre-
sents a frequency of 41.15% in Brazil and 32.41% in
Benin, and it is included in the U4 3'UTR haplotypes
(Alignment S2 and Table 4). Variant rs2395471 at the
promoter segment, in which allele Adenine influences
the binding of Octl and is associated with higher
HLA-C expression’® presents the same frequency in
both populations (Table S1). The same for rs10657191
that influences the response to IFN-y.'® The only excep-
tion in this scenario would be variant rs2524094, which
may influence the response to TNF-a'® because the

variant associated with a functional TNF response is
much more frequent in Benin than Brazil.

The frequency of amino acids influencing peptide-
binding and thus the HLA-C peptide repertoire® are
different between samples, as observed for amino acid
9, 114, 116, and 156 (Table S3). Because of that, the
peptide repertoire presented by these populations
might be different. Moreover, the frequency of the
amino acids that compose the transmembrane segment
is also different between samples, but it is not clear
whether these modifications (which includes a large
in-frame indel) modifies HLA-C function and stability.

5 | CONCLUDING REMARKS

Here we present a molecular and bioinformatic approach
to evaluate the entire HLA-C variability using NGS and
freely available software. We applied this method to sur-
vey HLA-C diversity in two population samples with dif-
ferent demographic histories, Brazil and Benin. We also
present the haplotypes and frequencies for the complete
HLA-C regulatory regions. The HLA-C promoter was very
polymorphic, with the presence of few haplotypes pre-
senting many mutational steps apart, but also presenting
a monomorphic segment of 115 nucleotides around posi-
tion —700 that is shared among different primates. Nucle-
otide diversity was very high at exons 2 and 3 and higher
in other exonic segments and the second half of the
3'UTR region. We detected evidence of balancing selec-
tion on the entire HLA-C locus (exception made to the
promoter region) and positive selection in exon 1/leader
peptide, for both populations. The frequencies of HLA-C
motifs previously associated with KIR interaction and
expression regulation are similar between both
populations, while we detected differences in the fre-
quency of amino acids that influence the peptide-binding
repertoire and the transmembrane region. Linkage dis-
equilibrium along the HLA-C locus is high, with many
variants in complete LD. Because of that, each allele
group is associated with specific regulatory sequences.
The same patterns of nucleotide diversity, natural selec-
tion signatures, regulatory and extended haplotypes, were
observed in both samples, Brazil with a major European
contribution, and Benin with a major African contribu-
tion. This emphasizes the role of shared evolutionary
aspects rather than specific demographic histories in
shaping HLA-C genetic diversity.
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