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Human Leucocyte Antigen F (HLA-F) is a non-classical HLA class I gene distinguished from its classical
counterparts by low allelic polymorphism and distinctive expression patterns. Its exact function remains
unknown. It is believed that HLA-F has tolerogenic and immune modulatory properties. Currently, there is
little information regarding the HLA-F allelic variation among human populations and the available stud-
ies have evaluated only a fraction of the HLA-F gene segment and/or have searched for known alleles only.
Here we present a strategy to evaluate the complete HLA-F variability including its 5 upstream, coding
Keywords: , . . . s
HILA-F and 3’ downstream segments by using massively parallel sequencing procedures. HLA-F variability was
MHC surveyed on 196 individuals from the Brazilian Southeast. The results indicate that the HLA-F gene is
indeed conserved at the protein level, where thirty coding haplotypes or coding alleles were detected,

Variability
Polymorphisms encoding only four different HLA-F full-length protein molecules. Moreover, a same protein molecule
Haplotypes is encoded by 82.45% of all coding alleles detected in this Brazilian population sample. However, the

Next Generation Sequencing HLA-F nucleotide and haplotype variability is much higher than our current knowledge both in

NGS Brazilians and considering the 1000 Genomes Project data. This protein conservation is probably a conse-
quence of the key role of HLA-F in the immune system physiology.

© 2016 American Society for Histocompatibility and Immunogenetics. Published by Elsevier Inc. All rights

reserved.

1. Introduction

HLA-F is a non-classical gene of the Human Leukocyte Antigen
(HLA) complex located within the Major Histocompatibility
Complex (MHC). Most of the HLA genes are related to antigen
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presentation, mainly those known as classical HLA genes. HLA
genes are considered the most polymorphic ones among verte-
brates [1], but this variability is usually explored and reported
within the classical HLA genes.

Although surrounded by the most variable human genes, cur-
rent HLA-F knowledge suggests low allelic and protein polymor-
phism and distinctive expression patterns. While the pivotal role
of classical class I HLA genes (such as HLA-A, HLA-B and HLA-C) in
antigen presentation is well understood and documented, the
importance and function of non-classical genes (such as HLA-G,
HLA-E and HLA-F) are not completely understood. So far, most of
the studies evaluated HLA-G, and several pieces of evidence point
to its important role in immune tolerance [2-15].

The exact function of HLA-F remains unknown, but it is sug-
gested that its encoded molecule has tolerogenic and immune
modulatory features following the same pattern observed for other
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non-classical genes. This is based mostly on a few HLA-F features.
Firstly, at the current time, HLA-F has a low variability, with only
22 different coding sequences described so far by the IPD-IMGT/
HLA database, version 3.24.0 [16]. This same pattern of variation
is observed for other non-classical HLA genes such as HLA-E and
HLA-G [10,12,17-21], which have acknowledged roles on immune
modulation [22-29]. Secondly, HLA-F (or MHC-F in primates) pre-
sents high sequence conservation among primates, suggesting an
important role in cellular physiology, therefore supporting a criti-
cal role in the immune response [2,30,31]. Thirdly, analyses of
the predicted amino acid sequences and their comparison among
MHC-F molecules of different primates indicate that they present
a typical HLA class I structure, i.e., a heavy chain (o domain) with
five domains: two forming the peptide binding groove (a1 and o2),
an immunoglobulin-like domain (3), a transmembrane domain
and a cytoplasmic domain [15,31,32]. This heavy domain may be
associated with a beta-2-microglobulin (2M) molecule. Fourthly,
the interaction of HLA-F molecules with inhibitory receptors ILT2
and ILT4, usually at monocytes, was reported, suggesting that they
might influence immune effector cells activation [33].

On the other hand, it is possible that HLA-F might influence HLA
antigen presentation. HLA class I molecules lacking B2M or their
associated peptides usually do not present the typical HLA class I
molecule structure, being expressed as open conformers [34].
These atypical HLA molecules are unstable and do not remain on
the cell surface. However, recent evidence indicates that the
HLA-F molecule might bind to these HLA open conformers, and
physical interaction appears to play a key role on the stabilization
and transportation of these class I molecules in open conformation
to the cell surface [31,32,35].

HLA-F expression was detected so far at B cells, T cell line
HUT37 and lymphoid tissues such as thymus, spleen and tonsil
[32,33,36,37]. Although this molecule apparently presents a typical
HLA class I structure, it is not clear whether they are able to asso-
ciate with peptides and present them on the cell surface [2,38],
once this molecule was mainly found as an intracellular protein
[15,32,33,36,39].

Although the HLA-F molecule seems to remain mainly in an
intracellular environment, some studies found conflicting results
when considering trophoblast cells. For instance, while HLA-F
was formerly detected on the trophoblast cells surface [40], latter
studies reported its expression only in the cytoplasm of decidual
trophoblasts [41] or no HLA-F expression at all [42]. Whether this
is an indication that HLA-F plays an immunomodulatory role on
pregnancy or not remains to be investigated.

The HLA-F molecule is expressed in a range of tumors and can
apparently influence the patient prognosis, but the findings are
contradictory or lesion dependent. Its expression in gastric adeno-
carcinoma, for instance, is related to poor prognosis and an aggres-
sive tumor behavior, probably related to the immunosuppression
of anti-tumor cells [43]. Modifications in the HLA-F expression pat-
tern in patients with breast cancer, esophageal squamous cell car-
cinoma and lung cancer is also related with patient prognosis,
since overexpression of this molecule seems to be associated with
poor outcomes [44-46]. Furthermore, the HLA-F molecule expres-
sion was associated with poor outcome in patients with hepatocel-
lular carcinoma, and also with cell invasion and metastasis [47]. In
addition, even low levels of HLA-F were associated with a worse
prognosis in patients with neuroblastoma [48]. However, Zhang
and colleagues didn’t find any clinical significance for HLA-F gene
expression in gastric cancer [49]. Polymorphisms at non-classical
genes such as HLA-G, HLA-E and HLA-F have been associated with
susceptibility to hepatitis B or hepatocellular carcinoma [50].
Finally, HLA-F expression was recently associated with Systemic
Lupus Erythematosus disease activity, and patients with high
levels of this molecule seems to present low disease activity [51].

Another feature of non-classical HLA genes that remains to be
investigated for HLA-F is a possible role on transplantation. Several
studies reported the influence of non-classical genes such as HLA-G
and HLA-E on graft acceptance [23,29,52-55], but no study was
conducted regarding HLA-F [56]. Notwithstanding that, due to
the putative HLA-F tolerogenic and immune modulatory roles, fol-
lowing the same pattern observed for other non-classical genes, a
possible role on pregnancy and transplantation should not be ruled
out.

It has been considered that HLA-F presents few polymorphisms.
As previously introduced, only 22 different sequences are pre-
sented on the IPD-IMGT/HLA database (version 3.24.0). Neverthe-
less, HLA-F variability has been poorly explored in worldwide
populations. In fact, only one study sequenced the entire HLA-F
segment in some cell lines [57], while the few remaining studies
searched for variable sites that were already described at that
moment [50,58-60], or evaluated only a partial HLA-F coding
sequence using sequencing procedures [61]. Thus, it is not clear
whether HLA-F truly presents low diversity, or if it is a bias driven
by its poor exploration. Independently, considering the region in
which HLA-F is located, i.e., the most variable in the human gen-
ome, this low variability might be a consequence of the putative
key role of HLA-F on the regulation of immune responses.

Here we present a strategy to evaluate the variability of the
complete HLA-F gene segment, including its regulatory sequences,
by using massively parallel sequencing (or Next Generation
Sequencing — NGS) procedures. This strategy was applied to evalu-
ate the HLA-F variability on an urban Brazilian population sample
from the State of Sdo Paulo (Southeaster Brazil), which is charac-
terized by high inter-ethnic admixture [62] and is considered a
large repository of genetic variation.

2. Materials and methods
2.1. HLA-F gene structure definition

The annotations at the human genome draft versions hg19 or
hg38 consider that the HLA-F gene presents at least three transcript
variants, NM_018950.2, NM_001098478.1 and NM_001098479.1,
indicating that exon 4 might be present or absent from transcripts
and that two different segments may characterize the HLA-F 3’
untranslated region (UTR) (Fig. 1). When the IPD-IMGT/HLA HLA-
F structure is taken into account, the HLA-F coding sequence
(CDS) is compatible with NM_001098479.1 and NM_018950.2. In
addition, it presents 300 nucleotides upstream the first translated
ATG and about 305 nucleotides downstream the stop codon, with
no information regarding where the HLA-F transcription starts
and ends (Fig. 1). Nevertheless, the identified transcripts do sug-
gest that at least two different segments might be considered as
3'UTR, the first with 118 nucleotides (NM_018950.2 and
NM_001098478.1) and the second one, completely different, with
120 nucleotides (NM_001098479.1) (Fig. 1).

Since there is no consensus regarding the HLA-F exon and intron
structure, here we chose to adopt the structure defined by the tran-
script variant NM_018950.2 (Fig. 1), which is the closest to the
structure considered by the IPD-IMGT/HLA database [16]. All the
variable sites detected were positioned considering the Adenine
of the first translated ATG as nucleotide +1 (as used by the IPD-
IMGT/HLA database). Because of the structure highlighted in
NM_018950.2, the segment upstream nucleotide —124 was consid-
ered as the 5’ upstream segment, between position —124 and —1 as
the 5'UTR segment, between +1 and +2944 as the coding region,
between +2945 and +3063 (the transcription end point at
NM_018950.2) as the 3'UTR, and all base pairs downstream posi-
tion +3063 as the 3’ downstream segment (Fig. 1). It should be
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Fig. 1. HLA-F gene structure and transcripts.

emphasized that part of this 5’ upstream segment might represent
both the proximal and distal HLA-F promoter segments, and also
that part of the 3’ downstream segment is considered as 3'UTR
by the HLA-F transcript variant NM_001098479.1.

2.2. DNA samples and amplification

HLA-F variability was evaluated in 196 non-related individuals
from the state of Sdo Paulo, Southeastern Brazil. All participants
signed an informed consent before blood withdrawal, and this
study protocol was reviewed and approved by the local Human
Research Ethics Committee. Brazilian individuals from the state
of S3o Paulo are highly admixed. For instance, the inter-ethnic
admixture estimates for a population sample of white individuals
of this same geographic region resulted in 79% European, 14% Afri-
can, and 7% Amerindian contributions [63]. For Afro-Brazilians,
estimates of interethnic admixture showed 62%, 26% and 12% of
European, African and Amerindian contribution, respectively. For
the mulattos, 37% and 63% of European and African contribution,
respectively [64]. These proportions reinforce the admixed nature
of sampled individuals. It should be emphasized that samples were
randomly collected, regardless of the skin color and ancestry back-
ground of each individual.

The HLA-F amplification encompassed 5’ upstream, 5'UTR, com-
plete coding region (including introns), 3’'UTR and 3’ downstream
segments. In general, an amplicon of approximately 6245 nucleo-
tides was produced, from nucleotides 29,689,321 to 29,695,535
considering the sequence available for chromosome 6 (human gen-
ome assembly hg19). However, in order to avoid extremely repet-
itive regions, only the variability between nucleotides 29,690,685
(position —556) and 29,695,490 (position +4252) is reported
(Fig. 1). Amplification was carried out using primers HFPR.F1
(5'-GGAGAGAACACTCAGGTGGC-3') and HFUT.R1 (5'-CCACTAAA
CACCCAGCCCAT-3') in a final volume of 50 pL, containing 0.2 mM
of dNTPs (Invitrogen - Carlsbad, CA USA), 15 pmol of each primer,
1.5 units of DNA polymerase (Long PCR Enzyme Mix, Thermo
Fisher Scientific Inc., Waltham, MA, USA) and 0.8X the PCR buffer
supplied with the DNA polymerase. Cycling conditions were per-
formed as follows: 94 °C for 5 min, 10 cycles of 94 °C for 30s,
63 °C for 45s and 68 °C for 7 min, 22 cycles of 94 °C for 30s,
61 °C for 45s and 68 °C for 7 min. Amplification was evaluated
on 1% agarose gel stained with GelRed® (Biotium™, Hayward, CA,
USA), purified with ExoProStar (GE Healthcare Life Sciences), quan-
tified using Qubit dsDNA High-Sensitivity (Thermo Fisher Scientific
Inc., Waltham, MA, USA) assays and normalized to 0.2 ng/uL, which
is the recommended concentration for sequencing library
preparation.

2.3. Library preparation and sequencing

Amplicons were sequenced by massively parallel sequencing
(or Next Generation Sequencing - NGS) procedures using the
MiSeq Platform (Illumina, Inc., San Diego, CA USA). Sequencing
libraries were prepared using Nextera XT Sample Preparation Kit
and multiplexed with the Nextera XT Index Kit (both from Illu-
mina, Inc.). Libraries were quantified by qPCR using Kapa (Kapa
Biosystems, Wilmington, USA) and normalized to 4 nM, which is
the recommended concentration. Fragmentation size was esti-
mated using Bioanalyzer High Sensitivity DNA chips (Agilent Tech-
nologies, Santa Clara, CA, USA). Sequencing was performed using
MiSeq Reagent Kit (V2, 500 cycles - Illumina, Inc.). The paired-
end sequencing data was evaluated using freely available and
locally developed software, as described below and detailed at
the Supplementary File.

2.4. The use of Nextera kits for HLA class I gene sequencing

Although the use of Nextera Kkits is straightforward, we
detected some difficulties regarding its use and bias in the tem-
plate fragmentation pattern produced by them. This bias was
mainly characterized by a sub representation of reads on certain
GC-rich gene segments, typical of regulatory regions and some
introns [65,66]. In the case of HLA-F, we detected such bias on
two short segments, the first at the 5’ upstream segment around
position —291, and the second at intron 2 around position +650.
The coverage detected was calculated considering the number of
reads covering a specific base. Although we aimed to achieve a
minimum coverage of 500 for the entire segment, the coverage
varied widely considering all samples for HLA-F gene and the
segments mentioned above presented coverage reduction some-
times as low as 20 reads, even if the average coverage was
higher than 1000. This appears to be a bias of enzymatic DNA
fragmentation produced by the Nextera Kit [66]. Those segments
presenting low coverage would be prone to genotyping errors,
especially when a homozygous genotype is inferred at a position
presenting low coverage. This issue has been dealt with
hla-mapper and vcfx, and also by the imputation steps that were
performed, as described further. Nevertheless, approaches such
as this one should be considered when analyzing HLA genes by
NGS and when using enzymatic fragmentation kits such as
Nextera. It should be mentioned that we detected such bias for
all HLA class I genes, including HLA-A, HLA-B, HLA-C, HLA-E,
HLA-F and HLA-G. For HLA-F, the use of vcfx introduced only
0.55% of missing alleles and the program PHASE [67] was used
to impute them. This strategy is detailed further.
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2.5. Raw data processing (mapping)

Prior to mapping, all short DNA segments produced by NGS, ref-
erenced to as ‘reads’, were trimmed on both ends for primer and
adapter sequences. A major challenge when performing HLA
sequencing by NGS procedures is to get a reliable mapping of the
produced reads. This is particularly true when more than one
HLA gene is sequenced together.

Because of the polymorphic and repetitive nature of most of the
HLA genes due to its paralogous origins, several issues arise when
raw data (the reads) are mapped to any reference human genome.

First, mainly because of the polymorphic nature of classical HLA
genes, the sequences (or reads) obtained by NGS procedures usu-
ally present too many nucleotide differences when compared to
any human genome draft. Thus, aligners (such as the well estab-
lished Burrows-Wheeler Aligner - BWA) cannot correctly map
HLA-derived sequences unless the acceptable mismatch level is
increased. Usually, by using default parameters, many reads simply
do not find a match in the reference genome leading to a mapping
bias that underestimates HLA variability and overestimates refer-
ence allele frequencies [68]. On the other hand, increasing mis-
match levels may eventually lead to misplacements of reads, as
explained below.

Second, mainly because HLA genes are very similar to each
other due to a common paralogous origin, the presence of differ-
ences that diminish the identity of a given HLA read with its corre-
sponding haplotype sequence at the reference genome may
increase its similarity with a homologous HLA gene. Thus when
the acceptable mismatch level is increased to avoid the aforemen-
tioned mapping bias, this second issue leads to a great number of
reads mapping to more than one HLA gene into the reference gen-
ome, or simply not mapping properly. In this scenario, an overesti-
mation of genetic diversity in segments presenting a great number
of mismapped reads may arise.

Third, depending on the NGS strategy used, a great number of
short reads can be produced and short reads could reinforce the
issues presented above and a larger amount of incorrectly mapped
reads could be obtained.

All the issues introduced above would be circumvented if each
HLA gene is tagged with different indexed adapters and mapped
against a reference of this gene, but this is cost ineffectively. Usu-
ally, the ultimate goal in this field is to sequence all HLA genes (or
most of them) from a given individual in a single sequencing run,
tagging them with a single index, a strategy that would keep the
possibility of using the limited number of available indexes to mul-
tiplex many samples.

Finally, although many companies have introduced different
NGS HLA-typing kits and specific applications to deal with HLA
typing, these products are mainly focused on reporting pre-
defined HLA alleles, for clinical purposes. In this context, they are
usually restricted to the segments tracked by the IPD-IMGT/HLA
database [16], which does not include regulatory promoters and
complete 3’ untranslated segments. In addition, available applica-
tions are expensive and usually work pretty well when the com-
pany’s HLA typing kits are used, but they do not handle the data
properly when homemade or other alternative solutions to charac-
terize HLA genes are applied.

To overcome these matters and to achieve a better evaluation of
HLA genes when (a) several HLA loci are sequenced together using
NGS procedures, (b) when other genes outside the HLA complex
are also included, or (c) even when homemade HLA sequencing
solutions are applied, we developed a tool named hla-mapper to
assist the read mapping procedure. hla-mapper is a tool created
for research laboratories and it is not intended to be used for clin-
ical purposes or for HLA typing, although its outputs might be
embedded in pipelines for HLA allele typing procedures. Instead,

it is a tool designed to help researchers to perform a reliable map-
ping of their HLA-related NGS data. Under the hood, it uses the
power and convenience of the BWA aligner [69] and the Samtools
package [70] to create a series of mapping and filtering procedures
in order to separate reads for each of the supported HLA genes and
provide a reliable map of those sequences, as described in the Sup-
plementary Material (Fig. S1). The hla-mapper software is available
at www.castelli-lab.net and detailed at the Supplementary File.

By using hla-mapper, reads were filtered to keep only pairs in
which both sequences were larger than 80 nucleotides and pre-
sented at least 80% of bases with a minimum quality of 25
(Phred > 25), which is associated with a 99.7% accuracy. After
the removal of small or low quality sequences, PCR duplicates,
i.e., pairs with the same forward and reverse sequences, were
removed. Then, hla-mapper addressed each sequence to its specific
HLA gene (in this case, HLA-F). The final step of data processing by
hla-mapper generates BAM files with all sequences mapped to the
reference genome version hg19.

2.6. Genotype calling and processing

The Genome Analysis Toolkit (GATK, version 3.4) UnifiedGeno-
typer and HaplotypeCaller routines [71-73] were used to infer
genotypes, and VCF (variant call format) files were generated con-
sidering all samples together, using the following parameters: dcov
set to 1000 (only for UnifiedGenotyper), stand_call_conf set to 200,
stand_emit_conf set to 50, and the chromosome 6 sequence (hg19)
as reference. A mixed VCF file was then manually generated, in
which most of the variable sites came from HaplotypeCaller, but
some low frequency variants came from UnifiedGenotyper. This
procedure was applied because HaplotypeCaller is better to
infer genotypes, especially in regions presenting indels, but
UnifiedGenotyper is better to detect low frequency variants (e.g.,
singletons).

Some level of mismapped reads is expected on HLA genes and
might bias genotype inference, particularly in situations character-
ized by low coverage. This is particularly true when more than one
HLA gene is sequenced at the same time, mainly because of the
polymorphic nature and the high level of sequence similarity
among HLA genes. This is the case of the present work, since it is
part of a larger study in which all HLA class I genes were sequenced
together.

Although this occurrence was minimized by hla-mapper, this
must be considered when analyzing any HLA gene by NGS proce-
dures. To circumvent these issues, the mixed VCF file generated
by GATK was handled by vcfx (available at www.castelli-lab.net),
which applied a series of rules in order to get a reliable genotype
calling and assure that only high quality homozygous and
heterozygous genotypes are passed forward to the phasing and
imputation procedures to be applied afterwards, as detailed in
the Supplementary File. After applying vcfx, the HLA-F variation
data presented approximately 0.55% of missing alleles that were
imputed latter by the PHASE algorithm [67], as further described.
The PHASE algorithm [67] consists in a coalescent-based statistical
method for haplotype reconstruction that deals with multi allelic
loci and missing alleles, thus being suitable to manage HLA geno-
types derived from long-range sequences.

The HLA-F gene presents some short tandem repeats (STR) along
the regulatory and coding regions. One of these STRs lays on the
HLA-F 3'UTR, approximately at position +3097 within the segment
that is tracked by the IPD-IMGT/HLA database [16]. The genotypes
regarding such STR were inferred manually by taking into account
the number of reads detected for each allele by the GATK Uni-
fiedGenotyper routine and the rates of stutter formation for
unquestionable heterozygous genotypes. Since it was observed
that real alleles produce stutter amplification (with the subtraction
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of one or more repeat unities) that varies according to the size of
the original allele (i.e., smaller alleles present less stutter than lar-
ger alleles) [74], putative heterozygous genotypes composed by
alleles that differ by a single repeat unity were considered as true
heterozygotes only when the number of reads of the smaller allele
divided by the number of reads of the larger allele was greater than
a previously established empirical value for stutter amplification
generated by the larger allele.

The association between each variable site was inferred using
GATK (routine ReadBackedPhasing) using a minimal Phase Quality
Threshold of 1000, dcov set to 1000 and minimum base quality set
to 25. This assures that only alleles from variable sites that are
close enough to be present in a same fragment (same read) should
be phased. Considering the low HLA-F polymorphism described so
far and the fact that, sometimes, variable sites are quite distant
from each other in a same sample, not all variable sites were
straightforwardly phased. In the present series, 61.7% of the
heterozygous sites were phased using GATK. The remaining
38.3% were phased using the PHASE algorithm [67], which also
imputed the 0.55% of missing alleles.

To proceed with the PHASE algorithm analysis, all singletons
were removed, i.e., variable sites detected in only one individual
and in a heterozygous state. Then, the partially GATK-phased VCF
file was converted into an input file for PHASE and an accessory file
containing the known phases between variable sites. In some situ-
ations, blocks of known phase, but with unknown phase among
them, were generated and the PHASE algorithm was used to infer
phase between these blocks until a complete pair of haplotypes
is defined. After the final PHASE run, it was verified that all inferred
haplotype pairs were compatible with the known phases (the ones
determined by GATK). The most probable haplotype pair of each
sample was then converted into complete HLA-F sequences using
the hgl19 reference sequence as draft and replacing the correct
nucleotide in each position. In addition, singletons that were prop-
erly phased by GATK were introduced at their proper sequences. By
using a local BLAST server with a database containing all known
HLA-F alleles described so far (files in Fasta format downloaded
from IPD-IMGT/HLA database, version 3.24.0), the closest known
HLA-F coding allele was defined for each haplotype. The aligned
files (BAM format), phased genotypes and the HLA-F sequences
for each individual are available for download at the www.cas-
telli-lab.net website.

2.7. Statistical analysis

The frequency of each HLA-F haplotype was computed by the
direct counting method and adherences of diplotype proportions
to expectations under Hardy-Weinberg equilibrium were tested
by the exact test of Guo and Thompson [75] using the ARLEQUIN
3.5.1.3 software [76,77]. ARLEQUIN was also used to calculate gene
and nucleotide diversity. The LD pattern was evaluated by calculat-
ing D', LOD scores, and LD plots were visualized using Haploview
4.2 [78], considering only variable sites with a minor allele fre-
quency (MAF) of 1% and the haplotypes defined as addressed ear-
lier. Data from the 1000 Genomes Project [79] was downloaded
directly from the project browser (http://browser.1000genomes.
org/) and the complete sequences were obtained using vcfx.

3. Results

The strategy proposed in the previous section revealed the pres-
ence of 70 variable sites on the evaluated HLA-F segment and sur-
rounding sequences considering the 196 samples from Brazil
(Table 1). Of those, 62 variable sites (88.6%) detected in this Brazil-
ian population sample have also been detected and reported by the

1000 Genomes Project, that evaluated 2504 individuals from world-
wide populations (Table 1).

We detected ten variable sites located upstream the first trans-
lated ATG, between segment —556 and —1. Of those, 5 variable
sites presented a minor allele frequency (MAF) higher than 10%
and 9 presented a MAF higher than 1%. In addition, considering
the segment tracked by the IPD-IMGT/HLA database [16], which
is indicated in shades of gray at Table 1, two variable sites detected
here may be considered as new mutations (one of them even con-
sidering the 1000 Genomes Project database) since they have not
been detected and described in that database (Table 1).

Considering the segment between the first translated codon
until the stop codon, 45 variable sites were detected (Table 1). Nine
variable sites were found on exonic segments, 5 of them represent-
ing non-synonymous mutations. A non-synonymous mutation
located at exon 2 (position +342) has been previously associated
with the Fx01:04 allele. Two other non-synonymous mutations
at exon 3 (positions +923 and +982) configure new variable sites
according to the IPD-IMGT/HLA database and the 1000 Genomes
Project. The two remaining non-synonymous mutations occur at
exon 4 (positions +1570 and +1771), the former configuring a vari-
able site previously detected by the 1000 Genome Project but not
described at the IPD-IMGT/HLA database, while the latter has been
previously associated with alleles F«x01:03:01:01 or Fx01:03:01:02.

Considering the segment downstream the stop codon, 15 vari-
able sites were detected, most of them presenting high frequencies
for the minor allele (Table 1). In addition, taking into account the
HLA-F structure highlighted in NM_018950.2, no variable sites
were detected at the HLA-F 3'UTR segment, and the variable sites
indicated above encompass a segment downstream the HLA-F tran-
scription end point. Finally, only five out of 70 variable sites did not
fit the Hardy-Weinberg expectations (positions +1943, +2698,
+2726, +3097 and +3942).

These 70 variable sites were arranged into 37 different
extended haplotypes. In order to characterize these extended hap-
lotypes, we will present haplotypes of each HLA-F segment sepa-
rately (Fig. 1), starting from the variable sites laying in the
segment that is tracked by the IPD-IMGT/HLA database, i.e., from
—300 to +3250 (Table 2), the segment upstream the transcription
start site (5’ upstream), i.e., from —556 to —125 (Table 3), the 3’
downstream segment, i.e., after the transcription termination site
(Table 4), and finally, the extended set of haplotypes (Table 5).

The haplotypes encompassing the segment tracked by the IPD-
IMGT/HLA database were named according to the closest known
HLA-F allele reported at the IPD-IMGT/HLA database version
3.24.0 followed by the positions concerning any differences even-
tually detected (Table 2). This segment was selected in order to
allow us to name the haplotypes following the pattern proposed
by the IPD-IMGT/HLA database and also to compare our data with
information already reported in the aforementioned database.

Altogether, 30 different haplotypes (or HLA-F alleles) were
detected in this Brazilian population sample. Of those, five were
identical to known HLA-F alleles, including alleles Fx01:01:01:09,
Fx01:01:01:08, Fx01:01:01:01, Fx01:03:01:01 and F«01:01:01:11,
listed in order of frequency (Table 2). The remaining 25 coding
haplotypes represents new HLA-F sequences or new HLA-F alleles
determined by the combination of previously known mutations
(at least by the 1000 Genomes Project) that were associated with
other known IPD-IMGT/HLA alleles. For instance, all five copies of
the sequence carrying adenine at position +342 (rs17875380,
Table 1), which is associated with the IPD-IMGT/HLA allele
Fx01:04, also carried guanine at position +1943 (rs17184813) and
Thymine at position +3189, which does not match the described
IPD-IMGT/HLA sequence, resulting in a new HLA-F allele. This
new Fx01:04-like allele [alternatively named as Fx01:01:01:09
(342A) at Tables 2 and 4] is also described by the 1000 Genomes
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Table 1
List of variable sites detected at the HLA-F gene considering the segment between nucleotide —556 and +4252, considering the Adenine of the first translated ATG as +1.
Chré HLA-F IMGT/HLA Reference Frequency First Frequency Second Frequency
Position ~ SNPid segment * Notes® position ° allele (2n=392) alternative  (2n=392) alternative  (2n=392)
29690694 rs3998799 5' Upstream F -547 C 0.6250 G 0.3750 - -
29690715  rs114795943 5' Upstream F -526 T 0.9898 A 0.0102 - -
29690741 rs17875377 5' Upstream F -500 G 0.9745 A 0.0255 - -
29690838 rs17875378 5' Upstream F -403 G 0.9821 A 0.0179 - -
29691003 rs56044823 5' Upstream CJf -238 € 0.9464 T 0.0536 = =
29691019 rs1362126 5' Upstream F -222 G 0.6250 A 0.3750 - -
29691090 rs1362125 5' Upstream F -151 T 0.5612 A 0.4388 - =
29691097 rs2075682 5' Upstream F -144 A 0.8367 T 0.1633 - -
29691140 rs2072896 5'UTR F -101 C 0.8367 G 0.1633 = =
29691197 rs771810518 5'UTR CE -44 A 0.9974 AT 0.0026 - -
29691303 rs2076183 Exon 1 AF 63 G 0.8367 A 0.1633 - -
29691390 rs563604282 Intron 1 F 150 C 0.1607 G 0.8393 - -
29691391 rs530577894 Intron 1 F 151 T 0.1607 C 0.8393 - -
29691445 rs61739958 Exon 2 A,CEF 205 C 0.9974 A 0.0026 - -
29691582 rs17875380 Exon 2 B,F 342 C 0.9872 A 0.0128 - -
29691634 rs117540842 Exon 2 ACF 394 C 0.9923 G 0.0077 - -
29691713 rs2076182 Intron 2 F 473 A 0.8367 C 0.1633 - -
29691744 rs2076181 Intron 2 F 504 © 0.8367 G 0.1633 - -
29691772 rs2076179 Intron 2 F 532 T 0.5612 C 0.4388 - -
29691774 rs2076178 Intron 2 F 534 A 0.8010 C 0.1990 - -
29691800 rs17875381 Intron 2 F 560 C 0.9490 G 0.0510 - -
29691857 rs2072895 Intron 2 F 617 © 0.5612 G 0.4388 - -
29691897 rs764147863 Intron 2 CE 657 G 0.9974 C 0.0026 - -
29692163 . Exon 3 B,C,E 923 G 0.9974 A 0.0026 - -
29692222 rs750557004 Exon 3 B,C,E 982 G 0.9974 T 0.0026 - -
29692305 rs1632953 Intron 3 F 1065 A 0.1607 G 0.8393 - -
29692334 rs9258186 Intron 3 F 1094 A 0.8367 G 0.1633 - -
29692382 . Intron 3 ©Js 1142 G 0.9974 © 0.0026 - -
29692429 rs140848774 Intron 3 F 1193-1204 AAATTTCTGAGGG 0.8367 A 0.1633 - -
29692433 rs534575062 Intron 3 F 1193 T 0.3240 © 0.6760 - -
29692462 rs142275427 Intron 3 F 1225-1239 TGGAATACCGATCCGC 0.9694 T 0.0306 - -
29692465 rs368156595 Intron 3 C,D,F 1225 A 0.9974 © 0.0026 - -
29692470 rs563176182 Intron 3 F 1230 © 0.8673 A 0.1327 - -
29692553 rs193250743 Intron 3 Clr 1313 A 0.9949 G 0.0051 - -
29692562 rs1736926 Intron 3 F 1322 A 0.1607 G 0.8393 - -
29692618 rs144376525 Intron 3 Clr 1378 C 0.9949 T 0.0051 - -
29692622 rs2072899 Intron 3 F 1382 © 0.3980 A 0.4388 G 0.1633
29692623 rs17178385 Intron 3 F 1383 C 0.9490 G 0.0510 - =
29692634 rs1736925 Intron 3 F 1394 T 0.1607 G 0.8393 - -
29692710 rs776718577 Intron 3 CE 1470 A 0.9974 G 0.0026 - -
29692729 rs2072898 Intron 3 F 1489 T 0.8367 G 0.1633 - -
29692737 rs181298082 Intron 3 CJEF 1497 T 0.9974 © 0.0026 = =
29692810 rs142311857 Exon 4 B,C,D,F 1570 © 0.9974 A 0.0026 - -
29693011 rs1736924 Exon 4 B,F 1771 C 0.1607 T 0.8393 - -
29693019 rs201844059 Exon 4 ACF 1779 G 0.9949 A 0.0051 - -
29693113 rs2076177 Intron 4 F 1873 C 0.8367 T 0.1633 - -
29693183  rs17184813 Intron 4 F 1943 G 0.9566 A 0.0434 - -
29693448 rs17875383 Intron 5 F 2208 C 0.9745 T 0.0255 - -
29693499 rs2235383 Intron 5 F 2259 A 0.8367 G 0.1633 - -
29693579 . Intron 5 GH 2339 C 0.9974 G 0.0026 - -
29693726 rs114325231 Intron 5 C,F 2486 G 0.9464 T 0.0536 - -
29693938 rs2735061 Intron 6 F 2698 G 0.8240 A 0.1760 - -
29693969 rs1736922 Intron 6 F 2729 C 0.7628 T 0.2372 - -
29694044 rs1736922 Intron 6 F 2811 T 0.8546 TG 0.1454 - -
29694046 rs201715782 Intron 6 C,EF 2805 G 0.9974 GA 0.0026 - -
29694337°  rs56321148  3' Downstream® F 3097° [TGl1 0.2602 [TGlo 0.2372 [TGlss 0.3878
29694427 rs1059174 3' Downstream F 3189 C 0.1607 T 0.8393 - -
29694443 rs62391801 3' Downstream CF 3205 A 0.9464 G 0.0536 - -
29694526 . 3' Downstream E 3288 C 0.9974 T 0.0026 - -
29694570 rs3734813 3' Downstream F 3332 A 0.8367 G 0.1633 - -
29694680 rs3734814 3' Downstream F 3442 A 0.8367 C 0.1633 - -
29694681 rs3734815 3' Downstream F 3443 A 0.8367 T 0.1633 - -
29694777 rs17875384 3' Downstream F 3539 G 0.9490 A 0.0510 - -
29694832 rs111228498  3' Downstream EF 3594 C 0.9974 T 0.0026 - -
29695176 rs371631016  3' Downstream F 3938 TTA 0.9949 T 0.0051 - -
29695180 rs1419696 3' Downstream F 3942 G 0.7628 A 0.2372 - -
29695199 rs143726784  3' Downstream F 3961 A 0.9847 G 0.0153 - -
29695305 rs2523405 3' Downstream F 4067 T 0.5612 G 0.4388 - -
29695412 rs17875386 3' Downstream F 4174 C 0.9923 T 0.0077 - -
29695466 rs2735060 3' Downstream F 4228 T 0.5612 A 0.4388 - -

The segment that is tracked by the IMGT/HLA database is indicated in gray.

AHLA-F segment. Variable sites were positioned following the Adenine of the first translated ATG as nucleotide +1. Because of the structure highlighted in NM_018950.2,
variable sites upstream nucleotide —124 were considered as encompassing the 5’ upstream segment; between position —124 and —1 as encompassing the 5'UTR segment;
between +1 and +2944 encompassing the coding region, with each exon or intron indicated; between +2945 and +3063 as encompassing the 3’UTR, and all variable sites
further +3063 as encompassing the 3’ downstream segment (please refer to Fig. 1).

PNOTES: (A) Synonymous mutation on exon; (B) Non-synonymous mutation on exon; (C) New variable site on a region covered by the IPD-IMGT/HLA database, considering
version 3.24.0; (D) Singleton with a defined haplotype; (E) Singleton with haplotype not inferred; (F) Variable site also detected by the 1000 Genomes Project, Phase 3,
considering all the 2504 individuals.

‘IPD-IMGT/HLA relative position, considering the Adenine of the first translated ATG as nucleotide +1.

9The reference allele at the human genome draft version hg19.

€Variable site at position 29694337 (+3097). This variable site corresponds to an STR at position +3097. It presented five alternative alleles, differing from each other by the
number of dinucleotide TG repeats. Only the two most frequent alternative alleles (besides de reference one at the hg19) are depicted at the table. Other alternative alleles are
[TG]y; with a frequency of 0.1020, [TG],4 with a frequency of 0.0102 and only [TG]s with a frequency of 0.0026.
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Table 2

List of HLA-F haplotypes found in Brazil, considering the whole segment that is present at the IPD-IMGT/HLA database.

HLA-F allele or haplotype*®

Encoded molecule”

Brazilian samples
frequency (2n =392)

1000 Genomes samples
frequency® (2n = 5008)

Fx01:01:01:09

Fx01:01:01:08

Fx01:01:01:01

Fx01:03:01:01

Fx01:03:01:01 (1383G)

Fx01:01:01:01 ([TGl;2)

Fx01:01:01:05 (1943G, [TGl12)

Fx01:01:01:11

Fx01:01:02:03 (1943G, 2208C, [TG]y1)
Fx01:01:02:01 (new-238T, 1230A, 1943G, new2486T, new3205G, [TG]q3)
Fx01:01:02:04 (3189T)
Fx01:01:02:03 (1943G, [TGl11)
Fx01:01:01:09 (342A) or Fx01:04 (1943G, 3189T)
Fx01:01:01:08 (-222G, 2698G, [TG]11)
Fx01:01:02:02 (new-238T, 1943G, 2208C, new2486T, new3205G, [TG];3)
F%01:01:01:09 (new394G)
Fx01:01:02:03 (1943G, [TGl13)
Fx01:01:01:05 (1943G, [TG]14)
Fx01:01:02:03 (1943G, 2208C, [TG]y2)
Fx01:03:01:01 (new1378T, 1383G, [TG];1)

Fx01:01:01:08 (new1779A)

F%01:01:01:01 (new1313G)

Fx01:01:02:02 (new-238T, 1943G, 2208C, new2486T, new3205G)
Fx01:01:02:03 (new1570A, 1943G, 2208C, [TG]11)

Fx01:01:02:02 (1943G, 2208C, [TG]y1)

Fx01:03:01:01 ([TG];1)

Fx01:03:01:01 (new1225C)

Fx01:01:01:01 ([TG]y4)

Fx01:03:01:01 ([TG];3)

Fx01:01:01:11 ([TGlo)

Nucleotide diversity
Gene diversity

Fx01:01 0.1735 0.1957
Fx01:01 0.1709 0.0861
Fx01:01 0.1454 0.1258
Fx01:03 0.1020 0.0667
Fx01:03 0.0459 0.0437
Fx01:01 0.0459 0.0667
Fx01:01 0.0434 0.0495
Fx01:01 0.0408 0.0124
Fx01:01 0.0408 0.0044
Fx01:01 0.0383 0.0002
Fx01:01 0.0306 0.0018
Fx01:01 0.0179 0.0010
Fx01:04 0.0128 0.0038
Fx01:01 0.0128 0.0220
Fx01:01 0.0128 -

Fx01:01 0.0077 0.0114
Fx01:01 0.0077 0.0024
Fx01:01 0.0077 -

Fx01:01 0.0077 0.0006
Fx01:03 0.0051 0.0026
Fx01:01 0.0051 0.0002
Fx01:01 0.0051 0.0002
Fx01:01 0.0026 -

Unnamed 0.0026 -

Fx01:01 0.0026 -

Fx01:03 0.0026 0.0006
Fx01:03 0.0026 0.0012
Fx01:01 0.0026 -

Fx01:03 0.0026 0.0004
Fx01:01 0.0026 -

0.00454 + 0.00224 0.00557 + 0.00272
0.89540 + 0.00650 0.91470 £ 0.00180

¢ Haplotype names were given according to the closest known HLA-F allele (IPD-IMGT/HLA) followed by the differences/divergences that were observed for this given
haplotype. The segment that is considered by the IPD-IMGT/HLA database starts on nucleotide —300 up to nucleotide +3250. The word “new” refers to variable sites that are
not currently described at the IMGT/HLA database, version 3.24.0. The total number of dinucleotide TG repeats on the HLA-F STR at position +3097 (IPD-IMGT/HLA) is
indicated when different from the known HLA-F allele. The mutation at position +1570 generates a new HLA-F molecule, referred as “unnamed” because only the IPD-IMGT/
HLA database can proper name this new allele and its consequent product. Haplotypes are listed in order of frequency.

> The encoded HLA-F molecule considering this haplotype.

€ 1000 Genomes Project samples, phase 3. There are 134 additional haplotypes not represented in the table, with a summed frequency of 0.3007.

Project. Other coding haplotypes followed this same pattern, such
as Fx01:01:01:05 and Fx01:01:02:03. New HLA-F alleles determined
by variable sites that have not been described at the IPD-IMGT/HLA
database (version 3.24.0) were also detected in this present series.
They were placed at Table 2 with the “new” mutations indicated
after the closest known HLA-F allele. Some of these haplotypes pre-
sented high frequencies, such as F«01:01:02:01 (new-238T, 1230A,
1943G, new2486T, new3205G, [TG];3), carrying three new muta-
tions and accounting for more than 3.8% of the haplotypes identi-
fied in this Brazilian population sample. In addition, at least 72% of
the new HLA-F alleles detected here are identical to the ones
described by the 1000 Genomes Project considering data from phase
3 (Table 2). Among these new alleles determined by new variable
sites, only one encodes an HLA-F molecule different from those
already described (i.e., Fx01:01, Fx01:02, Fx01:03 and Fx01:04)
and it was indicated as “unnamed” at Table 2 and detected in just
one individual. Since most of the variable sites occur at intron seg-
ments or represent synonymous mutations, the HLA-F sequences
detected in this Brazilian sample encode only four different HLA-
F protein molecules, with molecule Fx01:01 presenting a frequency
of about 82.45%, followed by Fx01:03 with 16.08% and Fx01:04
with 1.28%.

Considering the 5 upstream segment evaluated (between
nucleotides —556 and —125 as described earlier), eight haplotypes
were detected (Table 3). These haplotypes were named sequen-
tially according to their frequencies as Fsupstream-A to
Fxupstream-H. Two haplotypes were quite frequent, the first one

(Fxupstream-A) found with a frequency of 39.8%, and the second
one (Fxupstream-B) with a frequency of 37.5%. All these haplotypes
found in this Brazilian population sample were identical to the
ones described by the 1000 Genomes Project (phase 3).

The 10 haplotypes detected for the HLA-F 3' downstream seg-
ment (variable sites after the last position tracked by the IPD-
IMGT/HLA database, i.e., position +3250) are illustrated at Table 4.
As for the 5’ upstream segment, haplotypes were named following
their frequencies. Most of these 3’ downstream haplotypes were
identical to haplotypes described by the 1000 Genomes Project,
phase 3.

It should be mentioned that we have detected 14 variable sites
with the alternative allele in only one heterozygous individual, as
singletons (Table 1). Of those, only two singletons had their phase
with other variable sites inferred by the GATK and were included in
the haplotype analysis (positions +1225 and +1570). The HLA-F
segment between the first translated ATG and the stop codon pre-
sented 11 singletons, in which three represent non-synonymous
mutations (positions +923, +982 and +1570), certainly determining
three new HLA-F protein molecules. Thus, the HLA-F nucleotide
variability at the coding region is probably higher than the one pre-
sented at Table 2.

The 5’ upstream, coding and 3’ downstream haplotypes were
found arranged into 37 extended haplotypes as presented in
Table 5. The frequencies of resultant diplotypes did fit the Hardy-
Weinberg expectations (P =0.38858 + 0.01311). Usually, each dif-
ferent HLA-F coding allele (or new HLA-F coding alleles derived
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Table 3

List of haplotypes at the HLA-F 5' upstream segment considering the segment between positions —556 and —125 found in a Brazilian population sample.
Chré position * 29690694 29690715 29690741 29690838 29691003 29691019 29691090 29691097 Brazilian 1000 Genomes
SNPid rs3998799 rs114795943 rs17875377 rs17875378 rs56044823 rs1362126 rs1362125  rs2075682 Freque'ncy Freque;cyc
IMGT/HLA® -547 -526 -500 -403 -238 -222 -151 -144 (2n =392) (2n = 5008)
F*upstream-A C T G G C G T A 0.3980 0.3728
F*upstream-B G T G G C A A A 0.3750 0.3125
F*upstream-C C T G G C G T T 0.0842 0.1254
F*upstream-D C T G G C G A A 0.0536 0.0579
F*upstream-E C T G G T G T T 0.0536 0.0755
F*upstream-F C T A A C G T T 0.0179 0.0102
F*upstream-G C A G G C G A A 0.0102 0.0222
F*upstream-H C T A G C G T T 0.0077 0.0196
Nucleotide diversity 0.00443+0.00280 0.00455+0.00285
Gene diversity 0.68950+0.01410 0.73770+0.00360

Minor alleles are marked in shades of gray. Since the HLA-F 5’ upstream segment is not yet characterized, haplotypes were named as Fxupstream-A to -H, according to their

frequencies in Brazil.
4Chromosome 6 position according to the human genome draft version hg19.

PIMGT/HLA relative position, considering the Adenine of the first translated ATG as nucleotide +1.
€1000 Genomes Project samples, phase 3. There are seven additional haplotypes not represented in the table, with a summed frequency of 0.0039.

Table 4

List of haplotypes at the HLA-F 3'downstream segment found in a Brazilian population sample.
Chré position 29694570 29694680 29694681 29694777 29695176 29695180 29695199 29695305 29695412 29695466 Brazilian 1000 Genomes
SNPid rs3734813  rs3734814  rs3734815  rs17875384 rs371631016 rs1419696 rs143726784 rs2523405 rs17875386  rs2735060 Samples Samples

Frequency Frequency

IMGT/HLA® +3332 +3442 +3443 3539 +3938 +3942 +3961 +4067 +4174 +4228 (2n=392) (2n = 5008)
F*downstream-A A A A G TTA G A G c A 0.4158 0.3632
F*downstream-B A A A G TTA A A T c T 0.2372 0.2532
F*downstream-C G [4 T G TTA G A T c T 0.1531 0.2115
F*downstream-D A A A G TTA G A T c T 0.1097 0.0705
F*downstream-E A A A A TTA G A T C T 0.0510 0.0497
F*downstream-F A A A G TTA G G G c A 0.0153 0.0200
F*downstream-G G © T G TTA G A T T T 0.0077 0.0164
F*downstream-H A A A G T G A G c A 0.0051 0.0056
F*downstream-| G @ T G TTA G A T C A 0.0026
F*downstream-J A A A G TTA G A G C T 0.0026
Nucleotide diversity 0.00233+0.00141 0.00260+0.00154
Gene diversity 0.73430£0.01390 0.75120+0.00310

Minor alleles are marked in shades of gray. Since the HLA-F 3’ downstream segment is not yet characterized, haplotypes were named as Fxdownstream-A to -], according to

their frequencies.
4Chromosome 6 position according to the human genome draft version hg19.

PIMGT/HLA relative position, considering the Adenine of the first translated ATG as nucleotide +1.
€1000 Genomes Project samples, phase 3. There are 21 additional haplotypes not represented in the table, with a summed frequency of 0.0099.

from them) is preferentially associated with the same 5’ upstream
and 3'downstream haplotype, with rare exceptions. For instance,
the coding allele Fx01:01:01:01 and new sequences that were prob-
ably derived from it are mainly associated with Fxupstream-B and
Fxdownstream-A; Fx01:03:01:01 and new sequences that were
probably derived from it are mainly associated with Fxupstream-
A and Fxdownstream-D or -E; and the Fx01:04 (19436 3189T) [op
F«01:01:01:09 342")] sequence detected in Brazil is associated with
Fxupstream-A and Fxdownstream-B. In fact, the entire HLA-F seg-
ment presented a strong LD (Fig. 2), which justifies the pattern of
association observed among the 5’ upstream, coding and 3’ down-
stream haplotypes (Table 5).

4. Discussion

NGS procedures are useful to characterize the variability of any
DNA segment, but its use is particularly challenging when HLA
genes are the main focus. This issue arises mainly due to the high
level of sequence similarity among paralogous HLA genes. Also, the
high level of polymorphisms, that characterizes most of the HLA

genes, might bias the read mapping procedure mainly overestimat-
ing variants that are close to the reference used [68]. To circumvent
this issue, we used hla-mapper, which applies a series of filters to
assign each read to its proper gene, as described in the Supplemen-
tary Material.

The strategy used here to infer haplotypes took advantage of the
straightforward phase observed in many NGS reads (evaluated by
the GATK ReadBackedPhasing). In addition, it is also supported
by probabilistic inferences provided by the PHASE algorithm. Both
strategies were combined in order to produce reliable haplotypes,
in which both fragment-inferred and probabilistic-inferred haplo-
types were in agreement. Although the strategy used here is quite
different from the one applied by the 1000 Genomes Project to
acquire genotypes and haplotypes, in general, most of the haplo-
types detected in this Brazilian population sample were also
detected in the samples used by the aforementioned project.

To date, there are 22 coding HLA-F alleles (or haplotypes)
described by the IPD-IMGT/HLA database version 3.24.0. These
alleles encode only 4 different HLA-F protein molecules,
defined as HLA-Fx01:01, Fx01:02, Fx01:03 and Fx01:04. The overall
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Table 5
HLA-F extended haplotypes for the region between nucleotide —556 and +4252, considering the Adenine of the first translated ATG as +1.
Brazilian 1000 Genomes
5’ upstream®  HLA-F allele b 3’ downstream ° Samples Samples d
(2n =392) (2n = 5008)
F*upstream-B F*01:01:01:01 F*downstream-A 0.1429 0.1252
F*upstream-B F*01:01:01:01 ([TG)y5) F*downstream-A 0.0332 0.0477
F*upstream-B F*01:01:01:01 ([TGly,) F*downstream-F 0.0128 0.0190
F*upstream-B F*01:01:01:01 (new1313G) F*downstream-A 0.0051 0.0002
F*upstream-B F*01:01:01:01 ([TGly4) F*downstream-A 0.0026 -
F*upstream-B F*01:01:01:01 F*downstream-F 0.0026 -
F*upstream-D F*01:01:01:05 (1943G, [TG]y,) F*downstream-A 0.0434 0.0491
F*upstream-D F*01:01:01:05 (1943G, [TG]y4) F*downstream-A 0.0077 -
F*upstream-B F*01:01:01:08 F*downstream-A 0.1684 0.0853
F*upstream-B F*01:01:01:08 (new1779A) F*downstream-A 0.0051 0.0002
F*upstream-G F*01:01:01:08 (-222G, 2698G, [TGl,) F*downstream-A 0.0051 0.0158
F*upstream-G F*01:01:01:08 (-222G, 2698G, [TGly;) F*downstream-H 0.0051 0.0054
F*upstream-B F*01:01:01:08 F*downstream-J 0.0026 -
F*upstream-D F*01:01:01:08 (-222G, 2698G, [TG];;) F*downstream-A 0.0026 -
F*upstream-E F*01:01:02:01 (new-238T, 1230A, 1943G, new2486T, new3205G, [TG],3) F*downstream-C 0.0383 0.0002
F*upstream-E F*01:01:02:02 (new-238T, 1943G, 2208C, new2486T, new3205G, [TG];3) F*downstream-C 0.0128 -
F*upstream-E F*01:01:02:02 (new-238T, 1943G, 2208C, new2486T, 3205G) F*downstream-C 0.0026 -
F*upstream-C F*01:01:02:02 (19436, 2208C, [TG)y;) F*downstream-C 0.0026 -
F*upstream-C F*01:01:02:03 (1943G, 2208C, [TG]y,) F*downstream-C 0.0332 0.0024
F*upstream-F F*01:01:02:03 (1943G, [TG]y1) F*downstream-C 0.0179 0.0010
F*upstream-H F*01:01:02:03 (1943G, [TG);3) F*downstream-C 0.0077 0.0024
F*upstream-C F*01:01:02:03 (1943G, 2208C, [TG]y;) F*downstream-G 0.0077 0.0020
F*upstream-C F*01:01:02:03 (19436, 2208C, [TG];5) F*downstream-C 0.0051 0.0006
F*upstream-C F*01:01:02:03 (1943G, 2208C, [TG]y,) F*downstream-I 0.0026 -
F*upstream-C F*01:01:02:03 (new1570A, 1943G, 2208C, [TG];;) F*downstream-C 0.0026 -
F*upstream-C F*01:01:02:04 (3189T) F*downstream-C 0.0306 0.0018
F*upstream-A F*01:01:01:09 F*downstream-B 0.1735 0.1951
F*upstream-A F*01:01:01:09 (342A) or F*01:04 (1943G, 3189T) F*downstream-B 0.0128 0.0038
F*upstream-A F*01:01:01:09 (new394G) F*downstream-B 0.0077 0.0114
F*upstream-A F*01:01:01:11 F*downstream-B 0.0408 0.0124
F*upstream-A F*01:01:01:11 ([TGJs) F*downstream-B 0.0026 -
F*upstream-A F*01:03:01:01 F*downstream-D 0.1020 0.0667
F*upstream-A F*01:03:01:01 ([TG]y,) F*downstream-D 0.0026 0.0004
F*upstream-A F*01:03:01:01 ([TG];3) F*downstream-D 0.0026 0.0004
F*upstream-A F*01:03:01:01 (new1225C) F*downstream-D 0.0026 0.0012
F*upstream-A F*01:03:01:01 (1383G) F*downstream-E 0.0459 0.0435
F*upstream-A F*01:03:01:01 (new1378T, 1383G, [TG],1) F*downstream-E 0.0051 0.0026
Nucleotide diversity 0.00396 +0.00194 0.00457+0.00223

Gene diversity 0.90150 +0.00670 0.91820+0.00190

Haplotypes presenting the same HLA-F allele or new HLA-F alleles named following the same known HLA-F allele were grouped together (shades of gray) and ordered
according to their frequencies.

aUpstream haplotypes, please refer to Table 3 for a detailed haplotype sequence.

PHIA-F allele based on known alleles from the IPD-IMGT/HLA database, version 3.24.0. Please refer to Table 2 for details.

‘Downstream haplotypes, please refer to Table 4 for a detailed haplotype sequence.

91000 Genomes Project samples, phase 3. There are 158 additional haplotypes not represented in this table, with a summed frequency of 0.3042.

HLA-F variability has been minimally explored among human
populations. Few studies have evaluated it, some of them
using methodologies that detected only known variable sites
[50,57-61]. Altogether, these studies indicated that only two
HLA-F protein molecules are mainly detected, named Fx01:01
and Fx01:03, with Fx01:01 corresponding for more than 90% of

the HLA-F encoded molecules. These two molecules differ by the
exchange of a Serine for a Proline at codon 251. Notwithstanding
that, considering the limitations of previous studies, i.e., the search
for previously known variable sites only, or the characterization of
just a part of the HLA-F gene, the HLA-F variability might have been
underestimated. Therefore, it was not clear whether HLA-F is really
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Fig. 2. Linkage Disequilibrium patterns considering variable sites at the HLA-F gene and surrounded sequences in a Brazilian population sample. LD plot generated by
Haploview. Areas in dark red or dark gray indicate strong LD (LOD > 2, D’ = 1), shades of pink or shades of gray indicate moderate LD (LOD > 2, D' < 1), blue or light gray
indicates weak LD (LOD < 2, D’ = 1), and white indicates no LD (LOD < 2, D’ < 1). D’ values different from 1.00 are represented inside the squares as percentages. LOD, log of the
odds; D', pairwise correlation between single-nucleotide polymorphisms. The LD plot was generated using SNPs with a minimum allele frequency of 1%. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

conserved at the nucleotide and protein level, or if it has not been
properly explored.

We evaluated the entire HLA-F variability by using a qualified
methodology for the detection of every variable site present in
the sample. In addition, the 5 upstream and 3’ downstream
regions were also evaluated. As observed in former studies per-
formed in China and Brazil, the HLA-F gene is associated with
low protein polymorphism. Considering the variable sites that
were phased and included in the haplotype analysis (Tables 1
and 2), only four different HLA-F encoded molecules were found
in the present sample, including F«01:01 (82.45%), Fx01:03
(16.08%) and Fx01:04 (1.28%), following the same pattern observed
in China [59] and in Southern Brazil [61]. We did not detect the
Fx01:02 allele in the present sample, corroborating the former
HLA-F study in Brazil [61]. In addition, a new HLA-F molecule
(due to the presence of a novel non-synonymous mutation) was
also detected in a single individual. However, it should be men-
tioned that two non-synonymous mutations that occurred just
once (singletons) were not included in the haplotype analysis
(positions +923 and +982) excluding therefore two new HLA-F
protein molecules.

Besides this protein conservation, we detected 70 variable sites
comprehending the entire HLA-F gene. They were located between
the 5’ upstream segment (from —547) and the 3’ downstream seg-
ment (up to +4228). These variable sites were arranged into 37
extended haplotypes, and 30 coding haplotypes considering the
segment tracked by the IPD-IMGT/HLA database. These coding
haplotypes improve the current knowledge depicted by the
IMGT/HLA database version 3.24.0, since only five (16.6%) were
identical to previously known HLA-F alleles (Fx01:01:01:01,
Fx01:01:01:08, Fx01:01:01:09, Fx01:01:01:11 and Fx01:03:01:01).
Altogether, these five HLA-F alleles account for 63.3% of all the
HLA-F sequences in this sample. Therefore, the HLA-F haplotype
variability (or number of alleles) would be much higher than

the last one described by the IPD-IMGT/HLA database version
3.24.0.

The 25 remaining coding haplotypes (or HLA-F alleles) did pre-
sent nucleotide differences when compared to known IPD-IMGT/
HLA haplotypes, and most of them were found at least twice in
the present series. Moreover, they are also identical to the haplo-
types described by the 1000 Genomes Project phase 3. These haplo-
types configure new HLA-F alleles, increasing the number of known
alleles for this gene. Nevertheless, besides possible errors regarding
genotype calling at the microsatellite (as described in the Methods
section), the number of new HLA-F sequences reported here (25
new sequences, Table 2) is higher than the number of HLA-F
sequences reported so far (22 known HLA-F sequences considering
release 3.24.0). However, it is important to note that the existence
of such new HLA-F alleles should be confirmed by cloning and San-
ger sequencing, especially those that diverge only by the number of
dinucleotide repeats in the STR at position +3097, and a proper
name must be assigned for them by the Who Nomenclature Com-
mittee for Factors of the HLA System. Therefore, these new
sequences described here were named considering the closest
known allele followed by the differences detected.

Some of the new sequences detected were very similar to
known HLA-F sequences, differing by few variable sites. One exam-
ple is the sequence encoding the Fx01:04 molecule, which was dif-
ferent from the Fx01:04 allele described in the IPD-IMGT/HLA
database up to version 3.24.0. In all five cases, the Fx01:04 allele
detected in Brazil lacks the guanine deletion located at position
+1943 and the cytosine at position +3189, as described by the
IPD-IMGT/HLA database. In fact, the aforementioned deletion is
associated with several HLA-F alleles as described by the IPD-
IMGT/HLA database up to version 3.24.0, but we did not detect it
in the present sample. Another example is the eighteen copies of
the Fx01:03:01:02 allele detected in Brazil, which are different from
the IPD-IMGT/HLA sequence in at least two positions, including the
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lack of the guanine deletion at position +1943 and a different
nucleotide at position +3189 (Table 2). In fact, these sequences
are close to the one described for the Fx01:03:01:01 allele, but
with guanine at position +1383 (Table 2). These alternative
sequences for F«x01:04 and Fx01:03:01:02 (as well as for other
new HLA-F alleles) were also detected by the 1000 Genomes Project
(Table 2). It should be noted that the 1000 Genomes Project (phase
3) did not detect this guanine deletion either, and we have manu-
ally evaluated all our samples to search for possible genotype
errors at this position and no deletion was found, leading us to
speculate whether this deletion really exists. Nevertheless, despite
this increased number of HLA-F coding alleles, exception made for
two sequences, these new alleles present synonymous mutations
in exons or variable sites in introns, thus encoding the same
Fx01:01 or Fx01:03 molecules as previously described. This protein
conservation is probably a consequence of the key role of HLA-F in
the immune system physiology.

The mechanisms underlying this lack of protein variability
detected for HLA-F are not understood, mainly because HLA-F is
located within the most variable region of the human genome. This
phenomenon had already been observed for other non-classical
class 1 genes such as HLA-G and HLA-E [14,17-20,80-82],
which present tolerogenic and immune modulatory properties
[22-25,27,83,84]. The HLA-F gene is also very conserved among
primates evolution (including bonobo, gorilla, orangutan and
chimpanzee), supporting the hypothesis of a critical role in the
immune response [31]. It is possible that the MHC-F molecule (or
HLA-F in humans) is involved together with the MHC-G and
MHC-E (HLA-G and HLA-E in humans) in the regulation of T and
NK cells activity [58]. According to the analyses of the predicted
HLA-F amino acid sequence and its comparison with other primate
MHC-F proteins, HLA-F has a typical classical class I structure, i.e.,
the presence of a heavy chain formed by the peptide binding
(a1 and o2), immunoglobulin like («3), transmembrane and cyto-
plasmic domains, associated with B2 microglobulin [32]. Finally,
HLA-F has a restricted tissue expression pattern [33,38,41,85,86].
Because of these characteristics and the similarities with other
non-classical genes such as HLA-G and HLA-E, it is believed that
the HLA-F molecule has tolerogenic properties and a key role in
immune modulation.

In addition, similar to what has been observed for the HLA-G 5’
upstream segment [20,87,88], HLA-F presents at least two highly
frequent divergent 5'upstream haplotypes, with similar frequen-
cies (Fxupstream-A and Fxupstream-B, Table 3). These haplotypes
might be associated with differential expression patterns due to
the presence of variable sites influencing the binding of transcrip-
tion factors. However, different from what was observed for the
aforementioned gene [20,81,89], in this Brazilian population sam-
ple, no variable site was detected on both HLA-F 3'UTR segments
defined on Fig. 1.

Although the expression of HLA-F on grafted tissues, during
pregnancy, and on pathological conditions such as tumors, are
poorly explored, we cannot rule out a HLA-F role in the outcome
of such situations, due to its putative tolerogenic and immune
modulatory properties, following the same pattern observed for
other non-classical genes.

To the best of our knowledge, this is the first study to fully
characterize the HLA-F gene variability considering both regulatory
segments and the entire coding sequence in Brazil, which is
considered one of the most admixed populations in the world
and a significant repository of genetic variation [63]. Protein con-
servation could be considered a requirement for all proposed
HLA-F functions previously addressed. For example, high levels of
protein diversity would impair HLA-F capacity to bind to the
respective ligands, since all of them also present conserved regions
that would bind to HLA-F. In addition, protein conservation may

enhance the HLA-F capacity to bind to class I molecules presenting
an open conformation. This same rationale applies to the HLA-F
binding to class I molecules for recycling purpose, or even to its
interaction with inhibitory receptors such as ILT2 and ILT4. What-
ever the HLA-F function is, protein conservation observed in the
present study supports the hypothesis that this function might
be critical to the immune system and cellular physiology.
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