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Abstract

Human leukocyte antigen (HLA) genes play a key role in the immune response to infec-
tious diseases, some of which are highly prevalent in specific environments, like malaria
in sub-Saharan Africa. Former case—control studies showed that one particular HLA-B
allele, B*53, was associated with malaria protection in Gambia, but this hypothesis was
not tested so far within a population genetics framework. In this study, our objective
was to assess whether pathogen-driven selection associated with malaria contributed
to shape the HLA-B genetic landscape of Africa. To that aim, we first typed the HLA-A
and -B loci in 484 individuals from 11 populations living in different environments
across the Sahel, and we analysed these data together with those available for 29
other populations using several approaches including linear modelling on various
genetic, geographic and environmental parameters. In addition to relevant signatures
of populations’ demography and migrations history in the genetic differentiation pat-
terns of both HLA-A and -B loci, we found that the frequencies of three HLA alleles,
B*53, B*78 and A*74, were significantly associated with Plasmodium falciparum
malaria prevalence, suggesting their increase through pathogen-driven selection in
malaria-endemic environments. The two HLA-B alleles were further identified, by high-
throughput sequencing, as B*53:01:01 (in putative linkage disequilibrium with one
HLA-C allele, C*04:01:01:01) and B*78:01 in all but one individuals tested, making
them appropriate candidates to malaria protection. These results highlight the role of
environmental factors in the evolution of the HLA polymorphism and open key per-

spectives for functional studies focusing on HLA peptide-binding properties.
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1 | INTRODUCTION

The genetic history of Africa is one of the most fascinating in
evolutionary genetics. First, this continent is assumed to be the
homeland of modern humans according to both fossil records
going back between 195,000 and 300,00 years (Aubert et al.,
2012; Hublin et al., 2017; McDougall, Brown, & Fleagle, 2005;
Richter et al., 2017) and genetic evidence (Campbell, Hirbo, Town-
send, & Tishkoff, 2014; for a review); second, it is currently
inhabited by 1.2 billion people speaking more than 2,000 lan-
guages (Lewis, Simons, & Fennig, 2016) and living in highly diverse
environments, from arid deserts to savannahs, tropical rain forests
and extended highlands. The genetic structure of African popula-
tions is thus expected to reveal highly heterogeneous genetic sig-
nals due both to a complex demographic history characterized by
thousands of years of populations’ migrations, assimilations and/or
replacements (Excoffier, Pellegrini, Sanchez-Mazas, Simon, & Lan-
ganey, 1987; Poloni et al.,, 2009; Tishkoff et al., 2009), and to var-
ious kinds and/or intensities of natural selection operating in
response to peculiar pathogenic environments and resources con-
ditioning human survival and lifestyles (Gomez, Hirbo, & Tishkoff,
2014; Triska et al., 2015).

In this context, the analysis of the major histocompatibility com-
plex (MHC)-encoded molecules, named human leukocyte antigens
(HLA) in our species, is particularly stimulating as they assume vital
functions in the organism by presenting pathogen-derived peptides to
T cells as the main initial step of the adaptive immune response (Par-
ham & Janeway, 2015). This is the reason why the huge level of poly-
morphism observed at HLA genes is generally regarded as a
consequence of balancing selection favouring heterozygous individu-
als in pathogen-rich environments, an early hypothesis (Doherty &
Zinkernagel, 1975; Hughes & Nei, 1988) that was further sustained, at
the population level, by neutrality tests (Buhler & Sanchez-Mazas,
2011; Solberg et al., 2008) and correlation studies (Prugnolle et al.,
2005; Qutob et al., 2012; Sanchez-Mazas, Lemaitre, & Currat, 2012).
However, single HLA (more generally, MHC) loci may also display
reduced levels of diversity that would not necessarily reduce the fit-
ness of individuals thanks to the high polymorphism existing at other
loci (Buhler, Nunes, & Sanchez-Mazas, 2016; de Groot & Bontrop,
2013). In addition, specific HLA alleles are known or supposed to con-
fer resistance or susceptibility to various auto-immune (e.g., IDDM,
coeliac disease) and infectious (e.g., HIV, tuberculosis, malaria) dis-
eases (reviewed by Naranbhai & Carrington, 2017; Sollid, 2017; and
Trowsdale & Knight, 2013; among others), indicating that directional
selection may also drive the evolution of HLA genes. As an example,
the HLA-DRB1%*12:02:01 allele has been suggested to have increased
in frequency in a Mongolian population that migrated from the north
to the southwest of China about 700 years ago as a consequence of
its settlement in a new environment where this allele would have been
protective (Sun et al., 2015).

In Africa, a study conducted some 25 years ago in Gambia
showed that one particular allele of the HLA-B locus, HLA-B*53,
exhibited higher frequencies in a healthy control sample than in

patients suffering from malaria and concluded that this allele was
protective against Plasmodium falciparum (P. falciparum hereafter)
infection (Hill et al., 1991). However, probably because HLA data
for African populations remained very scarce since then, it is not
known whether this putative protection had significant effects on
HLA-B frequencies in this continent. Actually, the patterns of HLA
genetic variation observed either worldwide or within continents
are generally well predicted by geography (Buhler & Sanchez-
Mazas, 2011; Cao et al., 2004; Currat, Poloni, & Sanchez-Mazas,
2010; Di & Sanchez-Mazas, 2011, 2014; Di, Sanchez-Mazas, &
Currat, 2015; Mack et al., 2000; Sanchez-Mazas, 2001; Sanchez-
Mazas, Buhler, & Nunes, 2013), suggesting that natural selection
did not blur the signatures of human migration history. However,
because pathogens are also geographically distributed, demographic
history and natural selection may generate confounding effects
that may be difficult to disentangle on simple patterns of inter-
population differentiation (Meyer, Single, Mack, Erlich, & Thomson,
2006). This motivates the use of more powerful approaches where
various kinds of genetic, geographic and environmental parameters
are simultaneously taken into account.

In this study, our objective was to assess whether directional
selection driven by P. falciparum infection could have shaped the
HLA genetic landscape of Africa, particularly at the HLA-B locus
where one allele, HLA-B*53, was suggested to be protective to
malaria. To address this question, we first typed the HLA-A and -B
loci in almost 500 individuals from 11 populations located in distinct
areas of the Sahel (transitional ecoregion lying between the Sahara
Desert to the north and the wooded savannas to the south) where
HLA variation had seldom been investigated—thus largely improving
the data set suitable for this study—and where malaria exhibits con-
trasted levels of endemicity. We then analysed these new data
together with those published for 29 other populations from differ-
ent regions of Africa through several approaches including linear
modelling, which allowed to take into account the prevalence of
P. falciparum malaria across the whole continent in addition to other
genetic, geographic and environmental parameters. We analysed
HLA-A simultaneously to HLA-B in the same population samples
because the former locus is assumed to be less intensely submitted
to selection than the latter (Buhler & Sanchez-Mazas, 2011; Di et al.,
2015; Sanchez-Mazas et al., 2013; Solberg et al., 2008) and is thus
expected to reveal contrasted results in case of substantial selection
acting on HLA-B. Finally, because our results uncovered several HLA
alleles as putative targets of P. falciparum-driven selection, we deter-
mined the precise nucleotide sequence of these alleles using a high-
throughput sequencing technology.

2 | MATERIAL AND METHODS

2.1 | Population samples

The data used in this study represent 484 individuals from 11 popu-
lations (Sudanese Arabs (SUD), Rashaayda Bedouins (RAS), Beja
Hadendowa (BEJ), Nubians (NUB), Daza (DAZ), Baggara Arabs (BAG),
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Maba (MAB), Dangaléat (DAN), Mossi (MOS), Gurunsi Kassena (GRS)
and Gourmantché (GOU)) following distinct lifestyles as sedentary
farmers, semi-nomadic or nomadic pastoralists across the Sahel
(Sudan, Chad and Burkina Faso) and specifically HLA-typed for this
study (Sahel set hereafter, Table 1), plus 29 population samples from
published sources (Assane et al., 2010; Cao et al., 2004; Galgani
et al., 2013; Gomez-Casado et al., 2000; Gourraud et al., 2014; Haj-
jej et al.,, 2006; Mack & Erlich, 2007; Mahfoudh et al., 2013; Modi-
ano et al.,, 2001; Norman et al., 2013; Nunes et al., 2010; Piancatelli
et al,, 2004; Riccio et al., 2013; Sanchez-Mazas, 2007; Sanchez-
Mazas & Tiercy, 2007; Spinola, Bruges-Armas, Middleton, & Brehm,
2005; Testi et al., 2015; Torimiro et al., 2006). These 40 populations
(Table S1) are distributed among 19 countries of Eastern (ESAFR),
Central (CSAFR), Western (WSAFR) and Southern (SSAFR) sub-
Saharan Africa as well as of North Africa (NAFR), and speak lan-
guages belonging to three of the four main African linguistic families,
that is, Niger-Congo (NC), Afro-Asiatic (AA) and Nilo-Saharan (NS)
(Lewis et al., 2016).

2.2 | DNA extraction and HLA typing (Sahel set)

All individuals from the Sahel set were healthy unrelated volunteers
who gave their informed verbal consent for the study and whose
sampling was authorized by the appropriate authorities of their
respective country, as described elsewhere (Podgorna et al., 2015).
DNA was extracted from saliva samples using Oragene™ DNA (OG
500) collection kits as described in the protocols provided by the
supplier of the technology used (DNA Genotek, Ottawa, ON,
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Canada) and typed for HLA-A and -B exons 2 and 3 (peptide-binding
region) by reverse PCR-SSO typing on microbeads arrays (LABType,

One Lambda Inc., Canoga Park, CA, USA). Whenever necessary,
ambiguities were resolved by PCR-SSP (Olerup, Stockholm, Sweden).
In a further step, B*53-, B*78- and A*74-positive individuals (except
some B*78 and A*74 carriers for which initial typings already
revealed the precise allele) were retyped by a high-throughput
sequencing technology (Holotype HLA X2, Omixon Biocomputing
Ltd, Budapest, Hungary and NXType NGS, One Lambda Inc., Canoga
Park, CA, USA) to identify the exact molecular variant.

2.3 | Environmental parameters

A detailed map of P. falciparum malaria prevalence in Africa provided
by the Malaria Atlas Project (http://www.map.ox.ac.uk Gething et al.,
2011) was used in this study. This map was drawn from a database
of P. falciparum parasite rates (PfPR) corresponding to the propor-
tions of individuals sampled in each location for which the pathogen
was detected in the blood, standardized for an age range comprised
between 2 and 10 years old. The data were then interpolated to
provide these values in a grid of 5 x 5 km illustrated by a continu-
ous coloured map for the whole continent. To analyse the relation-
ship between HLA allele frequencies and P. falciparum malaria
prevalence in Africa, we assigned PfPR values to the locations of the
40 population samples used in this study (Table S1). This assignment
step was made using the qais pLuGIN Point sampling tool [https://
github.com/borysiasty/pointsamplingtool, version: 0.4 in QGIS Offi-

cial Plugin Repository], with the precise geographical coordinates of

TABLE 1 New population samples analysed in this study (Sahel set)

Population Linguistic Linguistic Geographic
Acronym name family branch region
SUD Sudanese AA Semitic ESAFR
Arabs
RAS Rashaayda AA Semitic ESAFR
Bedouins
BEJ Beja AA Cushitic ESAFR
Hadendowa
NUB Nubians NS Eastern- ESAFR
Sudanic
DAZ Daza NS Saharan CSAFR
BAG Baggara Arabs AA Semitic CSAFR
MAB Maba NS Maban CSAFR
DAN Dangaléat AA Chadic CSAFR
MOS Mossi NC Atlantic- WSAFR
Congo
GRS Gurunsi NC Atlantic- WSAFR
Kassena Congo
GOuU Gourmantché  NC Atlantic- WSAFR
Congo

Linguistic families: AA, Afro-Asiatic; NS, Nilo-Saharan; NC, Niger-Congo.

A- B-

Country  Location LAT LONG Lifestyle N N

Sudan Karima to Kerma 1841 30.75 Sedentary 46 46

Sudan Abu Talha 15.35 36.30 Semi- 52 52
nomadic

Sudan North of Kassala 1555 36.34 Nomadic 48 48

Sudan Kerma to Wadi Halfa 20.79 30.48 Sedentary 54 54

Chad Between Faya, 18.18 20.55 Semi- 41 41
Ounianga and Fada nomadic

Chad Batha, west of Ati 13.18 17.95 Nomadic 50 50

Chad Abeche 13.86 20.83 Sedentary 41 41

Chad West of Mongo 12,16 18.52 Sedentary 49 49

Burkina-  East of Ziniare 1259 -1.34 Sedentary 35 35
Faso

Burkina-  Po 11.17 -1.14 Sedentary 32 32
Faso

Burkina-  Near Pama 11.24 0.72 Sedentary 36 36
Faso

Geographic regions: ESAFR, Eastern sub-Saharan Africa; CSAFR, Central sub-Saharan Africa; WSAFR, Western sub-Saharan Africa.
LAT: latitude (in decimals); LONG: longitude (in decimals); A-N and B-N: number of individuals successfully typed for HLA-A and HLA-B, respectively.
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the samples, except for four of them for which no precise geographi-
cal coordinates were available (SUD2, KEN, DOG, GUI) and to which
we assigned country average values (for Sudan, Kenya, Mali and Gui-
nea-Bissau, respectively). We used the PfPR values from year 2000
(i.e., before malaria control efforts were undertaken, Bhatt et al.,
2015) to account for the fact that the samples analysed in this study
were composed (to few exceptions) of individuals born before year
2000. The map is shown in Figure 1, where the 40 HLA-typed popu-
lations are also located based on their geographic coordinates.

To assess a possible relationship between the HLA diversity of
each population and its potential exposure to pathogens, we also
used the number of infectious diseases (NID) observed in each Afri-
can country (as provided by the cibeoN online database, http://www.
gideononline.com, accessed on March 2016) as a measure of patho-
gen richness and we assigned these values to the populations tested
in this study (Table S1).

2.4 | Statistical analyses

Due to the scarcity of African population samples typed for HLA at
resolution levels higher than the first-field (which corresponds to
allele groups (or lineages) according to the official HLA nomenclature

P falciparum prevalence

PFPR 2-10, year 2000

I 0.005000
[ o.114676
[ 0.224351
[ 0.334027
[ ] 0.443703
[ 0553379
B 0.663054
Il o.772730

(Robinson et al., 2015)), we used that same resolution level for the
newly typed populations, thus allowing to compare them with as
many other data as possible. As the new population samples are rep-
resented by an average of 44 individuals per population (484 individ-
uals of 11 populations), this level of resolution also allows to avoid
ambiguous allele assignments, to reduce sampling bias while estimat-
ing HLA allele and haplotype frequencies and hence to use reliable
statistics for the analyses.

Intrapopulation analyses were first carried out on the 11 popula-
tion samples of the Sahel set. We used the GeNE[rRATE] programs
(Nunes, 2015; Nunes, Buhler, Roessli, & Sanchez-Mazas, 2014) to
estimate allele and haplotype frequencies with an expectation—-maxi-
mization algorithm; to test Hardy-Weinberg equilibrium (HWE) with
a likelihood-ratio test; to test selective neutrality with a boot-
strapped Ewens-Watterson-Slatkin (BEWS) using false discovery
rate (FDR) correction for multiple testing; and to test linkage disequi-
librium (LD) for each HLA-A~B haplotype (the HLA-A and HLA-B loci
being at about 1.4 Mb and 0.8 cM from each other, Litwin, 1989)
using standardized residuals.

Interpopulation analyses were then performed on the total set of
40 populations. We first plotted nonmetrical multidimensional scaling
(NMDS, Kruskal, 1964) analyses based on Prevosti, Ocana, and

FIGURE 1 Map of Africa showing the prevalence of Plasmodium falciparum malaria (estimated by P. falciparum parasite rates PfPr, coloured
areas) according to the Malaria Atlas Project (http://www.map.ox.ac.uk) and the location of the populations analysed in this study. Population
names (see Table S1 for details): CHA, Moroccans Chaouya; JAD, Moroccans El Jadida; MET, Moroccans Metalsa; TUN, Tunisians South; GHA,
Tunisians Ghannouch; LIB, Libyans Benghazi; EGY, Egyptians; SUD2, Sudanese; SUD, Sudanese Arabs; RAS, Rashaayda Bedouins; BEJ, Beja
Hadendowa; NUB, Nubians; LUO, Luo; NAN, Nandi; KEN, Kenyans; UGA, Ugandans; DAZ, Daza; BAG, Baggara Arabs; MAB, Maba; DAN,
Dangaléat; BAM, Bamileke; BET, Beti; IBO, Ibo; YOR, Yoruba; YOR2, Yoruba; GAA, Ga-Adangbe; MOS, Mossi; MOS2, Mossi; RIM, Rimaibé;
FUL, Fulani; GRS, Gurunsi Kassena; GOU, Gourmantche; DOG, Dogons; GUI, Guiné-Bissauans; MAN, Mandenka; MOZ, Mozambicans; ZAM,

Zambians; SHO, Shona; ZUL, Zulu; XHO, Xhosa
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Alonso’s (1975) genetic distances to assess the overall genetic rela-
tionships among populations at each locus. Spatial autocorrelation
was checked by analysing Moran’s | coefficients of each allele as a
function of geographic distance (estimated by Vincenty’s ellipsoid
method) classes (Barbujani, 2000), and possible population structures
were assessed by performing analyses of genetic variance (ANOVA,
Excoffier, Smouse, & Quattro, 1992) on predefined geographic and/
or linguistic groups. Finally, significant associations between different
genetic (heterozygosity, number of alleles and allele frequencies),
geographic (latitude, longitude) and environmental (P. falciparum
malaria prevalence and pathogen richness) variables were assessed
by means of linear modelling. For each association sought, an initial
model containing all independent variables having a Pearson or
Spearman correlation coefficient with the response variable larger
than 0.5 was reduced to a final (retained) model including the small-
est number of independent variables as possible and being nonsignif-
icantly different from the initial model. To avoid multicollinearity
problems, we selected among the highly correlated (i.e., value of the
coefficient larger than 0.7) independent variables (in our case, allele
frequencies) the one that was most widely distributed among the
population samples (i.e., different from zero in a larger number of
population samples). When the number of independent variables in
the initial model was larger than 4, we used backwards stepwise
regression (Venables & Ripley, 2002) and we checked again whether
relevant variables not retained in the final model (e.g., latitude, longi-
tude or pathogen richness) were really not significant. Finally, all
retained models were validated using diagnostic plots and formal
Shapiro and Levene tests for normality and homoscedasticity of the
residuals.

All statistical analyses were performed with R (R Core Team
2013) (also described by Dalgaard, 2008) environment packages Re-
sHaPE2 (Wickham, 2007), cepLot2 (Wickham, 2009), mass (Venables &
Ripley, 2002), vecan (Oksanen et al., 2016), ncF (Bjornstad, 2015) and
GEOSPHERE  (Hijmans, 2015), except the population substructure
(ANOVA) analyses for which we used the ArLeQuiN software (Excof-
fier & Lischer, 2010).

3 | RESULTS

3.1 | HLA-A and -B genetic profiles of populations
across the Sahel

HLA-A and -B allele frequencies and the results of HWE and BEWS
tests estimated for the 11 populations newly typed in this study
(Sahel set) are reported in Table 2. We do not observe any deviation
from HWE (all p > .05 at both loci). A significant departure from
selective neutrality towards an excess of heterozygotes is found in a
few cases at both locus A (in GOU and DAN) and B (in BAG, DAZ,
GRS, NUB and DAN), in line with what is observed at the continent
level (Table S2). Interestingly, the HLA-A and -B genetic profiles of
the Sahelian populations differ markedly depending either on their
lifestyle, that is, as (semi-)nomadic pastoralists or sedentary farmers,

or on their geographic region, that is, Western or Eastern/Central/

Northern. Regarding the (semi-)nomadic pastoralist populations, the
RAS and BEJ from Sudan exhibit particularly high frequencies of sev-
eral HLA alleles (A*02: above 45%; B*50 and B*51: 15-26%; and
B*07: 17% in RAS), and of two HLA haplotypes in significant posi-
tive linkage disequilibrium (A*02~B*07: 17% in RAS; A*02~B*50:
21% in BEJ) (Table S3). These two populations therefore show a
lower heterozygosity (He) at both loci (A: below 80%; B: below 90%,
compared to other African populations, Table S2). Another HLA-B
allele, B*39, also reaches a relatively high frequency (13%-17%) in
the (semi-)nomadic DAZ and BAG from Chad. By contrast, the
sedentary farmers exhibit a higher frequency of B*15 (10%-17%)
than the pastoralist populations. Regarding regional variation, higher
frequencies of several alleles (A*23, B*42 and B*53, often above
15%-20%) are observed in Western (MOS, GRS and GOU from
Burkina Faso) Africans than in the other populations.

3.2 | Overall HLA-A and -B genetic landscape of
Africa

The HLA frequencies of the total set of 40 populations, that is, the
11 typed in this study and the 29 taken from published studies (re-
ported in Table S2) were used to compute genetic distances and plot
the two-dimensional (2D) NMDS shown in Figure 2a,b for loci HLA-
A and HLA-B, respectively (additional three-dimensional (3D) NMDS
are shown in Fig. S1). The NMDS of the two loci resemble globally
to each other regarding the outlier positions of some (semi-)nomadic
populations (RAS, BEJ and FUL, the latter being located in Burkina
Faso) as well as the differentiation of three geographic regions,
namely SSAFR, WSAFR and NAFR (plotted at the bottom left, bot-
tom right and top right of the 2D graphs, respectively). In both
NMDS, ESAFR and CSAFR also overlap extensively with each other
and with NAFR, whereas SSAFR is only discriminated from the other
regions at the HLA-A locus. These observations agree with the
results of the ANOVA analyses (Table S4), which indicate that
ESAFR and CSAFR are undifferentiated to each other according to
both loci (Fet = 0 with p = .428 at locus A and p = .294 at locus B)
and that the geographic regions are more often discriminated
(Fet > Fsc) according to HLA-A, which slightly increases the overall

geographic structure at this locus.

3.3 | Geographic variation of HLA-A and -B alleles

We performed additional analyses to assess whether particular HLA
alleles were more significantly associated than others to this overall
genetic pattern. Spatial autocorrelation was found to be significant
for many alleles at both loci (Table S5). However, the patterns
revealed by the individual autocorrelograms are heterogeneous
(Fig. S2), as only a few alleles show typical clines (i.e., continuous
increase or decrease of allele frequencies with geographic distance)
or depressions (i.e., clinal variation encompassing only a part of the
studied area) (as defined by Barbujani, 2000), for example, A*33 and
B*35 (which reveal a depression when all African populations are
included, and a cline when NAFR populations are removed from the
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TABLE 2 HLA-A and HLA-B allele frequencies and summary statistics in the 11 populations typed in this study (Sahel set)

Sudan Chad Burkina Faso
SUD RAS BEJ NUB DAZ BAG MAB DAN MOS GRS GOU
HLA-A
N 46 52 48 54 41 50 41 49 35 32 36
A*01 0.065 0.048 0.073 0.111 0.110 0.080 0.098 0.020 0.046 0.047 0.014
A*02 0.228 0.462 0.479 0.343 0.293 0.320 0.354 0.194 0.227 0.188 0.157
A*03 0.098 0.125 0.042 0.056 0.049 0.070 0 0.071 0.030 0.031 0.086
A*11 0 0.010 0.010 0.009 0 0.020 0 0 0 0 0
A*23 0.098 0.029 0.021 0.009 0.037 0.020 0.024 0.082 0.152 0.234 0.200
A*24 0.130 0.029 0.073 0.056 0.073 0.010 0.037 0.041 0 0 0
A*25 0 0 0 0 0 0 0 0 0 0 0
A*26 0.011 0 0 0 0 0.030 0 0.031 0 0 0
A*29 0.044 0 0.010 0.009 0.122 0.010 0.049 0 0.015 0 0.014
A*30 0.098 0.058 0.125 0.148 0.159 0.110 0.232 0.174 0.167 0.141 0.129
A*31 0.022 0.077 0 0.009 0 0.070 0 0.079 0 0 0
A*32 0.044 0.048 0.063 0.065 0 0.040 0.037 0.061 0 0 0
A*33 0.022 0 0.042 0.056 0.037 0.050 0.110 0.034 0.061 0.172 0.143
A*34 0.011 0 0 0.028 0.073 0.020 0.012 0.051 0.030 0.031 0
A*36 0 0 0 0 0 0 0 0.031 0.106 0.016 0.071
A*43 0 0 0 0 0 0 0 0 0 0 0
A*66 0.033 0.019 0.010 0.009 0 0 0 0 0.030 0.031 0.057
A*68 0.087 0.019 0.021 0.083 0.012 0.120 0.049 0.122 0.091 0.047 0.071
A*69 0 0.019 0 0 0 0 0 0 0 0 0
A*74 0.011 0.058 0.031 0.009 0.024 0.030 0 0.010 0.030 0.063 0.057
A*80 0 0 0 0 0.012 0 0 0 0.015 0 0
A*blank 0 0 0 0 0 0 0 0 0 0 0
k 15 13 13 15 12 15 10 14 14 11 12
He 0.884 0.751 0.735 0.827 0.846 0.848 0.791 0.888 0.868 0.849 0.874
HWE 1.000 1.000 1.000 1.000 0.876 0.072 1.000 1.000 1.000 1.000 1.000
BEWS-min 0.042 0.565 0.705 0.394 0.094 0.179 0.336 0.005 0.106 0.152 0.011
BEWS-max 0.569 0.905 0.943 0.818 0.722 0.804 0.736 0.397 0.775 0.746 0.433
HLA-B
N 46 52 48 54 41 50 41 49 35 32 36
B*07 0.076 0.173 0.042 0.037 0.026 0.020 0.039 0.031 0.014 0.078 0.104
B*08 0 0 0.021 0 0.039 0.060 0.064 0.020 0.014 0.016 0.028
B*13 0.011 0.019 0.125 0.046 0.000 0.020 0.090 0.020 0.014 0.016 0
B*14 0.011 0 0.010 0.065 0.026 0.060 0.013 0 0 0.031 0.042
B*15 0.141 0.067 0.042 0.130 0.051 0.080 0.103 0.153 0.171 0.109 0.167
B*18 0.022 0.029 0.052 0.028 0.013 0.020 0 0.031 0.014 0.031 0.014
B*27 0.044 0 0.010 0.046 0.026 0 0 0 0.014 0 0
B*35 0.044 0.029 0.031 0.056 0.026 0.070 0.039 0.184 0.086 0.078 0.083
B*37 0.022 0 0 0.028 0 0 0 0 0 0 0
B*38 0.022 0 0.031 0.037 0 0.030 0.039 0 0 0 0
B*39 0.076 0 0.094 0.028 0.167 0.130 0.051 0.071 0.014 0.031 0
B*40 0.054 0 0.010 0 0 0.010 0 0 0 0 0
B*41 0.152 0.029 0.073 0.083 0.064 0.090 0.026 0.010 0.029 0.016 0.014
B*42 0.022 0 0 0.028 0.013 0.090 0.077 0.102 0.129 0.125 0.119

(Continues)
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TABLE 2 (Continued)
Sudan Chad Burkina Faso
SUD RAS BEJ NUB DAZ BAG MAB DAN MOS GRS GOU

B*44 0.033 0.019 0 0.037 0.013 0.030 0.013 0.031 0 0 0
B*45 0.033 0 0 0.019 0.103 0.020 0.013 0.041 0.057 0.063 0.028
B*47 0 0 0.010 0.028 0.013 0 0.013 0.041 0 0 0
B*48 0 0 0 0 0 0 0 0 0 0 0
B*49 0.022 0.039 0.021 0.019 0.026 0.023 0.026 0.020 0 0 0.056
B*50 0.033 0.260 0.219 0.037 0.115 0.057 0 0 0.014 0 0
B*51 0.065 0.183 0.146 0.083 0.115 0.080 0.077 0.010 0.029 0.072 0.064
B*52 0.054 0.010 0 0.009 0 0.020 0 0 0.029 0.084 0.048
B*53 0.022 0.010 0.021 0.056 0.051 0.020 0.039 0.041 0.214 0.156 0.208
B*54 0 0 0 0 0 0 0 0 0 0 0
B*55 0.011 0 0 0.009 0 0 0 0 0 0 0
B*56 0 0 0 0 0.013 0 0.013 0 0 0 0
B*57 0.011 0.010 0.021 0.074 0.039 0.020 0.051 0.041 0 0.016 0
B*58 0.011 0.125 0.010 0.009 0.051 0.040 0.218 0.102 0.100 0.063 0
B*67 0 0 0 0 0 0 0 0 0 0 0
B*73 0.011 0 0.010 0 0 0 0 0 0 0 (0]
B*78 0 0 0 0 0 0 0 0 0.057 0.016 0.028
B*81 0 0 0 0 0 0 0 0 0 0 0
B*82 0 0 0 0 0.013 0.010 0 0.051 0 0 0
B*blank 0 0 0 0 0 0 0 0 0 0 0

k 24 16 20 24 22 23 20 19 17 17 14

He 0.9246 0.8441 0.8906 0.9388 0.9158 0.9318 0.9047 0.9034 0.8804 0.9116 0.8833
HWE 1.000 1.000 0.550 1.000 1.000 1.000 1.000 0.890 1.000 1.000 1.000
BEWS-min 0.033 0.442 0.3 0.001 0.017 0.003 0.03 0.013 0.379 0.009 0.043
BEWS-max 0.711 0.874 0.835 0.287 0.776 0.374 0.639 0.623 0.909 0.587 0.607

N, number of individuals tested; k, number of lineages (1st-field level alleles) detected. He, Estimated heterozygosity; HWE, Hardy—Weinberg equilibrium
p-value; BEWS-min,-max, bootstrapped Ewens-Watterson-Slatkin neutrality test, minimum and maximum p-values. Lineage frequencies above 10% and
significant values are in bold. Population names: SUD, Sudanese Arabs; RAS, Rashaayda Bedouins; BEJ, Beja Hadendowa; NUB, Nubians; DAZ, Daza;
BAG, Baggara Arabs; MAB, Maba; DAN, Dangaléat; MOS, Mossi; GRS, Gurunsi Kassena; GOU, Gourmantche. (Semi-)nomadic populations are italicized.

analysis to check whether the depression effect was due to the
Sahara Desert). As previous HLA population genetic studies per-
formed at continental levels revealed strong correlations of HLA fre-
quencies with other variables than genetic distance, for example,
latitude (Di & Sanchez-Mazas, 2011, 2014; Di et al., 2015), we also
checked for patterns potentially associated with latitude and longi-
tude. Spearman’s p and Pearson’s r tests revealed high (above 0.5)
and significant correlations (for at least one of the two coefficients p
and r, see Table S6) between 16 alleles and latitude (positive correla-
tion for A*01, A*24, B*38, B*41, B*50, B*51 and B*55, and nega-
tive for A*30, A*36, A*43, A*66, A*74, B*15, B*42, B*58 and
B*81) and between five alleles and longitude (negative correlation
for A*23, A*33, B*35 and B*78, and positive for B*13); we thus
used these alleles as putative predictors of latitude or longitude in
two corresponding linear models, respectively. We found that lati-
tude was more strongly associated with allele frequency variation
(adjusted R? = 0.806) than longitude (adjusted R? = 0.522), and we
identified the five alleles A*30, A*43, A*74, B*15 and B*58 and the

three alleles A*33, B*13 and B*35 as the main contributors of these
two geographic variables, respectively (Table S7 and Figs. S3 and
S4).

3.4 | Associations of HLA diversity to
environmental parameters

Because HLA genes are known to be targets of natural selection
through heterozygous advantage and resistance or susceptibility to
many diseases (see Section 1), we further explored possible effects
of environmental parameters on the observed HLA genetic patterns.
We first checked whether the heterozygosity estimated in the stud-
ied populations was correlated to the pathogen richness reported at
their corresponding geographic locations, as was found by some
studies at the global level (Prugnolle et al., 2005; Qutob et al., 2012;
Sanchez-Mazas et al.,, 2012), but the results were not significant
p=-0.029, p=.860 r=-.149,
p = .361, at locus A; Spearman’s p = —0.180, p = .266 and Pearson’s

(Spearman’s and Pearson’s
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FIGURE 2 Two-dimensional nonmetric multidimensional scaling (2D-NMDS) analysis based on Prevosti’s distances computed from HLA-A (a)
and HLA-B (b) allele frequencies, respectively. Both NMDS are validated by reasonably good stress values (0.160 at locus HLA-A, 0.159 at locus
HLA-B) (Kruskal, 1964). On the larger NMDS plot of each 2D figure (bottom left), populations are linked to their geographic locations on the map
of Africa shown on the right, and different colours and symbols indicate their geographic sub-regions and linguistic families, respectively. The
smaller NMDS plot of each figure (top left) is identical to the larger one except that a continuous colour code indicates the PfPR values assigned
to the populations. Population names (see Table S1 for details): CHA, Moroccans Chaouya; JAD, Moroccans El Jadida; MET, Moroccans Metalsa;
TUN, Tunisians South; GHA, Tunisians Ghannouch; LIB, Libyans Benghazi; EGY, Egyptians; SUD2, Sudanese; SUD, Sudanese Arabs; RAS,
Rashaayda Bedouins; BEJ, Beja Hadendowa; NUB, Nubians; LUO, Luo; NAN, Nandi; KEN, Kenyans; UGA, Ugandans; DAZ, Daza; BAG, Baggara
Arabs; MAB, Maba; DAN, Dangaléat; BAM, Bamileke; BET, Beti; IBO, Ibo; YOR, Yoruba; YOR2, Yoruba; GAA, Ga-Adangbe; MOS, Mossi; MOS2,
Mossi; RIM, Rimaibé; FUL, Fulani; GRS, Gurunsi Kassena; GOU, Gourmantche; DOG, Dogons; GUI, Guiné-Bissauans; MAN, Mandenka; MOZ,
Mozambicans; ZAM, Zambians; SHO, Shona; ZUL, Zulu; XHO, Xhosa

r=-.180, p =.268, at locus B). Actually, pathogen richness (an (average 213 + 6) and more heterogeneous in West Africa (average
average of 228 + 11 infectious diseases to which the populations 230 + 11) (NID values, Table S1), whereas heterozygosity values are
represented in our study are potentially exposed) appears to be more heterogeneous across the different geographic regions (He val-

higher in East Africa (average 232 + 2), lower in North Africa ues, Table S2).
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TABLE 3 Linear model for PfPR prevalence

Dependent variable PfPr

Retained model coefficient
(st. residual)

Initial model coefficient
(st. residual)

A*01 0.484 (1.054)

A*11 —1.418 (2.831)

A*23 0.725 (1.064)

A*24 —0.067 (1.727)

A*33 0.600 (1.131)

A*36 —0.186 (1.272)

A*74 2.159 (1.436) 2.571** (1.036)

kB —0.001 (0.014)

B*08 —0.915 (1.522)

B*38 0.340 (3.903)

B*41 —1.577 (1.560)

B*50 —0.068 (0.730)

B*53 1.262 (1.015) 2.310*** (0.502)

B*55 —0.293 (6.678)

B*78 3.623* (1.96) 5.366*** (1.405)

Constant 0.071 (0.347) —0.039 (0.045)

Observations 40 40

R? 0.773 0.727

Adjusted R? 0.631 0.705

Residual Std. 0.179 (df = 24) 0.161 (df = 36)
error

F statistic 5.450*** (df = 15; 24) 32.016*** (df = 3; 36)

Allele names denote the estimated allele frequencies, kB is the number
of alleles observed at locus HLA-B, the coefficients denote how much a
1% increase in frequency changes PfPR (e.g., in the retained model, an
increase of 1% of the B*78 frequency is associated with an increase of
5.366% of PfPR, with a standard error of 1.405, the ratio of the estimate
to its standard deviation being a t test statistic, highly significant in this
case). R? is the coefficient of determination and the adjusted version
compensates for the number of parameters of the model. The initial and
retained models are not significantly different. Significant coefficients
and F statistics of the retained model are in bold and marked with stars.
*p < .1; **p < .05; ***p < 01; df = degrees of freedom.

Thanks to the detailed map of malaria prevalence (Figure 1) that
we used to assign PfPR values to the 40 populations studied, we
then analysed jointly possible effects of several genetic (heterozy-
gosity, number of alleles and allele frequencies), geographic (latitude,
longitude) and environmental (pathogen richness) variables on P. fal-
ciparum malaria prevalence through linear modelling. The initial and
retained models are described in Table 3, where the coefficients rep-
resent the estimated increases of PfPR with increased allele frequen-
cies. The retained model, which provides a good fit by explaining
more than 70% of the PfPR variance (R? =0.727 and adjusted
R? = 0.705) and having low and well-behaved residuals, reveals that
the frequencies of two HLA-B alleles, namely B*53 and B*78, and
one HLA-A allele, A*74, are significantly correlated with PfPR
(b < .01 for the two former, and p < .05 for the latter), whereas nei-
ther of the other parameters have significant effects. Furthermore,
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FIGURE 3 Plot of allele frequency as a function of Plasmodium
falciparum malaria prevalence (estimated by P. falciparum parasite
rates PfPR). The slope of the straight lines corresponds to the
regression coefficients of the three alleles B*53, A*74 and B*78 (see
Table S8)

the reverse relationship, that is, allele frequency as a function of
PfPR and allele (Figure 3), confirms the strongest association (steep-
est slope and largest coefficient, significant interaction) for B*53,
which is by far the most frequent in malaria-endemic countries, but
very similar, although flatter patterns were observed for B*78 and
A*74 (Table S8).

3.5 | Candidate HLA alleles to malaria protection

We finally identified, by additional high-throughput sequencing, the
precise molecular variants of the three alleles identified above in all
individuals of the new samples tested in this study (Sahel set). We
found that in all B*53-positive individuals (N = 55) but one, B*53 cor-
responded to the single allele B*53:01:01 (homozygous in three indi-
viduals, i.e., one GRS, one MOS and one NUB). The only exception is
in one RAS individual, where B*53 consists of a recently discovered
allele, B*53:19 (Hernandez-Frederick et al. 2014). Interestingly, by
sequencing the HLA-C locus closely linked to HLA-B (both loci being
at about 95 kb and 0.2 c¢cM from each other, Litwin, 1989) in all B*53-
positive individuals, we found that 34 of the 55 sequenced individuals
(i.e., 62%) also carried the C*04:01:01:01 allele (Table S9), although
the amount of linkage disequilibrium across the HLA region appears to
be low in Africa (Testi et al., 2015) compared to Europe (Bugawan,
Klitz, Blair, & Erlich, 2000; Sanchez-Mazas et al., 2000), as generally
observed for other genetic markers (Campbell & Tishkoff, 2008).
Therefore HLA-B*53:01:01~C*04:01:01:01 (observed at the homozy-
gous state in one GOU individual from Burkina Faso) appears as a

putative haplotype associated with P. falciparum resistance. Likewise,
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all B*78-positive individuals (N = 14), all belonging to populations
located in malaria-endemic areas, were found to carry the unique
allele B*78:01. On the other hand, among all A*74-positive individuals
(N = 24), about two-thirds (N = 15) carry A*74:01 (actually, one
ambiguous A*74:01/74:02 result could not be solved due to damaged
DNA, but the ambiguity lies outside the peptide-binding region of the
HLA molecule) and one-third (N = 9) carries A*74:03. Allele A*74:01
is the unique allele found in populations living in malaria-endemic
areas (GRS, GOU and MOS), whereas both A*74:01 and A*74:03 are
observed in populations residing in nonendemic regions (BEJ and
DAZ, for the former; RAS, BEJ, NUB and SUD, for the latter).

4 | DISCUSSION

Thanks to the typing of 11 new population samples located in differ-
ent regions across the Sahel, the present study fills major gaps in
our knowledge on HLA diversity in Africa. Indeed, compared to the
two main studies published by Cao et al. (2004) and Spinola et al.
(2011), which previously compared the HLA class | allele and haplo-
type frequencies among several African populations, we included
here several populations from Burkina Faso, Sudan and Chad, the
latter being a key Central region which was never investigated
before for HLA. Our new data also comprise several populations fol-
lowing nomadic or semi-nomadic lifestyles and/or speaking lan-
guages of the Nilo-Saharan family which were up to now
underrepresented for this polymorphism. Moreover, by analysing
these original data combined to those of published studies and to
comprehensive records of P. falciparum malaria prevalence and infec-
tious diseases in Africa, we provide the first extensive analysis of
HLA-A and -B variation in relation to both geography and environ-
ment factors in this continent. Owing to several complementary
analyses and, more particularly, linear modelling allowing us to
explore jointly the contribution of these diverse parameters, our goal
was to understand better the different mechanisms that shaped the
HLA genetic landscape of Africa. We conclude that in addition to
populations’ demography and migrations history, which certainly
shaped the variation of several HLA allele frequencies across this
continent, pathogen-driven selection involving three HLA alleles, and
more particularly B*53:01:01 and B*78:01, probably also modelled

the observed HLA genetic patterns, as discussed below.

4.1 | HLA and African populations’ demography
and migrations history

Among the 40 African populations considered in this study, the RAS
and the BEJ (both of them newly typed in this study) have shown to
exhibit extreme HLA genetic profiles compared to most other popula-
tions. This is easily explained by the isolated way of life of these
(semi-)nomadic populations where rapid genetic drift likely increased
some allele and haplotype frequencies and reduced their genetic
diversity. Indeed, the RAS (Arabic speakers, camel herders), who live
in the desert along the coast of the Red Sea between Massawa in

Eritrea and Port Sudan (Young, 1996), migrated from Saudi Arabia at
the end of the 19th century and remained isolated from the Cushitic
populations (in particular the Beja) dwelling in the same territory. The
BEJ (whose name is related to the Arabic word “Bedawi” meaning
Bedouin, and who speak their own language) are composed of several
endogamous groups, among which the Hadendowa (camel herders)
typed in this study (Gudrun, 2006; Manger, 1996). Interestingly, the
FUL (included in the 29 population samples taken from published
studies), who also appear as outliers in our analyses and whose
genetic divergence has been observed for other genetic markers
(Cerm’/ et al.,, 2011), are one of the largest nomadic pastoralist (camel
herder) groups of Africa, a way of life that would have maintained
them genetically isolated from neighbouring populations. Noteworthy
is the genetic similarity, at locus HLA-A (visible in the corresponding
NMDS), between the FUL and the GHA (Tunisians from Gannouch),
previously reported as having a “Berber substratum” (Hajjej, Almawi,
Hattab, El-Gaaied, & Hmida, 2015; Hajjej et al., 2006), which agrees
with mtDNA and genomewide analyses supporting a Middle Holo-
cene input to ancestral Fulani population from the Mediterranean
area (Kulichova et al., 2017; Triska et al., 2015). Interestingly, it has
also been stated that the FUL are less susceptible to malaria than
neighbouring populations of Burkina Faso (Modiano et al., 1996),
showing a higher immune reactivity which would not be due to the
“classical” malaria-resistance genes (Modiano et al., 2001) but to a
functional deficit of T regulatory cells (Torcia et al., 2008) and higher
levels of cytokines (Bostrom et al., 2012). This would explain why
allele HLA-B*53, which probably underwent substantial positive
selection in other populations living in malaria-endemic areas (see
below), does not show an increased frequency in FUL.

Another noteworthy result of our analyses is the great genetic
heterogeneity, found at both HLA loci, of ESAFR and CSAFR popula-
tions, which overlap extensively (also with the NAFR) in the NMDS.
This suggests that the wide geographic area encompassing Eastern,
Central and North Africa has been the scene, in the past, of complex
population movements and interactions involving both transhumant
and sedentary populations characterized by distinct genetic back-
grounds and undergoing heterogeneous levels of gene flow, as previ-
ously stressed for East African populations based on other genetic
studies (Poloni et al., 2009; Tishkoff et al., 2009). In contrast, the
populations located in the WSFAR (except the FUL) and SSAFR
regions, here all represented by Niger-Congo (NC) speakers, form
two distinct population groups. This is fully consistent with past
genetic differentiations of Western and Southern NC populations
resulting from two extensive migrations westwards (between 8,000
and 5,000 years ago) and southwards (between 5,000 and
3,000 years ago, Bantu expansion) from an original location situated
around Nigeria and Cameroon, as advocated by archaeological and
linguistic studies (Diamond & Bellwood, 2003; de Filippo, Bostoen,
Stoneking, & Pakendorf, 2012; Li, Schlebusch, & Jakobsson, 2014).

Overall, part of the HLA-A and -B landscape of Africa is thus
well explained by populations’ demography and migrations history,
suggesting that natural selection had moderate (although non-negligi-
ble, according to the present study) effects on the evolution of these
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polymorphisms, as previously indicated by computer simulations
(Currat et al., 2010; Di et al.,, 2015).

4.2 | Signatures of natural selection on African HLA
genetic patterns

Two kinds of natural selection were addressed in this study, that is,
balancing selection due to heterozygous advantage (in the general
sense), which is expected to maintain high levels of populations’
heterozygosity, and directional selection due to higher fitness of
genotypes more protective to particular diseases, which is expected
to increase the frequencies of specific alleles (see, e.g., Hedrick,
2010; for theoretical backgrounds). The higher level of average
heterozygosity (He) and greater number of significant rejections of
selective neutrality towards an excess of heterozygotes observed at
HLA-B (He = 0.9125 + 0.0216 and 24 rejections, respectively),
which is the most polymorphic HLA gene (Mungall et al., 2003),
compared to HLA-A (He = 0.8672 & 0.0386 and 15 rejections,
respectively) on the same set of 40 African populations (Table S2) is
consistent with the hypothesis that locus B and is more prone to
balancing selection than locus A (Buhler & Sanchez-Mazas, 2011,
Sanchez-Mazas et al., 2013; Solberg et al., 2008). However, we did
not find any correlation between heterozygosity and pathogen rich-
ness at any of the two loci; therefore, our results do not support a
model where heterozygous individuals would, in general, be favoured
(Prugnolle et al., 2005; Qutob et al., 2012; Sanchez-Mazas et al.,
2012). One possible reason is that our analysis lacked power to
reveal such a correlation, either because the number of infectious
diseases (NID) used in our study as a proxy of pathogen richness is a
poor estimator of pathogen diversity, or because we used HLA data
defined at the 1st-field level of resolution, which corresponds to
specificities defining sets of molecules with possibly distinct peptide-
binding properties, likely lowering the sensibility to detect relevant
associations. Another likely explanation with regards to our results,
however, is that either pathogen-driven positive selection or genetic
drift, by increasing the frequencies of specific alleles in peculiar envi-
ronments (e.g., where malaria is endemic) or populations (e.g., iso-
lated (semi-)nomadic pastoralists), respectively, blurred the signatures
of heterozygous advantage (in the general sense) at the continent
level. Actually, at local geographic levels heterozygotes for both a
malaria-protective allele and an allele that would protect to another
prevalent disease in the same environment would probably better
survive, and such regional heterozygote advantages would not nec-
essarily be related to the overall pathogen richness prevailing in the
corresponding location.

Malaria is due to infection by one of the five known Plasmodium
species, P. falciparum being however largely predominant and the
most virulent in sub-Saharan Africa (Snow, Guerra, Noor, Myint, &
Hay, 2005). Different kinds of resistance to malaria (reviewed by
Hedrick, 2011; Lopez, Saravia, Gomez, Hoebeke, & Patarroyo, 2010)
are assumed to be conferred by diverse genetic markers related to
haemoglobin disorders (HbS, HbE, HbC, thalassaemia), erythrocyte
polymorphisms (ovalocytosis, DARC (see also Demogines, Truong, &
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Sawyer, 2012)), enzymopathies (e.g.,, G6pD), and immunogenetic

variants (e.g., CR1, HLA). Although attention has recently been given
to a putative role of HLA-G in the regulation of the response to
P. falciparum infection (Garcia et al., 2013; Sabbagh et al., 2013), the
strongest relationships between HLA and malaria protection are
found for HLA-A and -B (Garamszegi, 2014), and the main effect is
explained by the recognition of a nonamer peptide derived from
P. falciparum liver stage antigen-1 by HLA-B*53 restricted T cells
(Hill et al., 1991, 1992). In addition, it has been suggested that
B*53:01, carrier of the Bw4 epitope, has the capacity of interacting
with NK cells, notably through the receptor KIR3DL1, which would
contribute to its protective effects (Norman et al., 2013). The results
of our linear modelling are consistent with the hypothesis that a pro-
tective effect to P. falciparum malaria contributed to shape the HLA-
B genetic landscape of Africa by increasing the frequency of the
B*53 allele. In support to this idea, we found that all B*53-positive
individuals of our new population samples carried the B*53:01:01
allele, the only exception being one B*53:19-positive individual in
the RAS population who lives in a region where malaria is not ende-
mic. In addition, one HLA-C allele, C*04:01:01:01, was observed in
62% of the B*53:01:01-positive individuals, suggesting that a hitch-
hiking effect (Smith & Haigh, 1974) increased the frequency of a
putative B*53:01:01~C*04:01:01:01 haplotype.

Interestingly, we also detected a significant correlation with
malaria prevalence for another HLA-B allele, B*78, that we further
identified as B*78:01. To our knowledge, B*78:01 has never been
mentioned as protective to malaria so far. It is possible that B*78:01
and B*53:01:01 (actually B*53:01 if we refer to the corresponding
functional HLA protein) share functional similarities with other
potentially protective HLA molecules by binding the same or similar
peptides derived from P. falciparum; alternatively, B*78:01 and
B*53:01 might be functionally divergent from each other and confer
protection to malaria through the presentation of nonoverlapping
sets of peptides. To consider these alternative hypotheses, we built
an UPGMA tree based on peptide-binding distances inferred by MHc-
cLuster 2.0 Server (Thomsen, Lundegaard, Buus, Lund, & Nielsen,
2013) for different HLA molecules, besides which we also repre-
sented logos of nonamer peptides showing the amino acids that
would be most strongly bound to these molecules (Fig. S5). The
HLA-A and -B molecules that we included in this figure correspond
to the most frequent alleles found in Africa (i.e., having a frequency
greater than 15% in at least one population under study), plus a
number of other ones supposed to confer protection or susceptibility
to the disease. Interestingly, the peptide-binding profile of B*53:01
shows a very strong affinity for peptides with amino acid P at posi-
tion 2 (accommodated by pocket B of the peptide-binding groove), a
characteristic that is shared by a number of other HLA-B alleles
among which B*53:19, found in one RAS, B*39:10, previously sug-
gested to share peptide-binding similarities with B*53:01 (Yague,
Vazquez, & Lopez de Castro, 1998), and B*78:01, found to be asso-
ciated with P. falciparum malaria prevalence in the present study.
The fact that B*53:01 and B*78:01 exhibit similar binding profiles
for peptide position 2 thus indicates that the peptide repertories of
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the two molecules may overlap to some extent, including peptides
derived from P. falciparum, although this remains to be formally
investigated. Among the other alleles functionally related to B*53:01
based on peptide-binding properties, B¥15:13, previously mentioned
by Ghosh (2008), and B*35(:01), which has been suggested to be
protective to malaria in Ghana (Yamazaki et al., 2011) and Sardinia
(Contu et al., 1998), share a strong affinity for amino acid F at pep-
tide position 9 (accommodated by pocket F of the peptide-binding
groove), this binding being then also putatively significant against
this disease. Overall, the observation that several HLA-B alleles, with
either similar or distinct peptide-binding profiles, would be protective
to malaria suggests that pathogen-driven selection acting on the
HLA-B locus would be of the kind defined as soft selective sweep
(Hermisson & Pennings, 2005; Messer & Petrov, 2013) by which
several alleles from the standing genetic variation (here B*53:01:01
and B*78:01 proposed in this study, and possibly others) would have
become beneficial at the onset of a specific infectious disease (in
this case P. falciparum malaria). Together with different forms of bal-
ancing selection (i.e., heterozygous advantage, frequency-dependent
selection and selection fluctuating in time and/or space) to which
the HLA loci are probably submitted (Hedrick, 2002; Meyer & Thom-
son, 2001), this mechanism would have also contributed to maintain
a high level of polymorphism at this locus, rather than to decrease
its diversity as expected from the “classical” form of selective sweep
(Smith & Haigh, 1974).

Finally, one HLA-A allele, A*74, was also found to be positively
associated with PfPR, speaking in favour of this allele being an addi-
tional protective factor. This finding is supported by the study of
Migot-Nabias et al. (2001) showing that specific immune responses
operating at the pre-erythrocytic stage of development of P. falci-
parum would be regulated by HLA-A19, the latter being the broad
antigen serotype to which A*74 belongs. By performing additional
sequencing of A*74-positive individuals in our new samples, we also
found that among the two identified alleles, A*74:01 was the only
one observed in malaria-endemic areas (Western Africa) where it
could have been positively selected, whereas A*74:03 was predomi-
nantly observed in the (semi-)nomadic RAS population from Sudan
(six individuals on a total of nine A*74:03 carriers), where its fre-
quency could have increased by genetic drift. On the other hand, the
peptide-binding profiles predicted for these two alleles (Fig. S5) show
a strong affinity for amino acid R at position 9, that is, the same affin-
ity as that predicted for A*33:01 (and A*33:03) which has been pro-
posed as a susceptibility, rather than a protective factor to a severe
form of malaria (cerebral malaria) in Malian children (Lyke et al,,
2011). Also, our linear models indicated that the frequency of A*74
was correlated not only with P. falciparum malaria prevalence but also
with latitude (which was not the case for B*53 and B*78), unveiling a
potential confounding effect possibly related to the amalgamation of
the two different alleles A*74:01 and A*74:03. The hypothesis that
A*74 would be protective to malaria is thus currently less supported
than for the two candidate alleles proposed at the HLA-B locus.

To conclude, the present study emphasizes the multiple inter-
ests of performing a large-scale population genetic analysis of HLA

genes taking jointly into account various genetic, geographic and
environmental parameters. In addition to provide a better under-
standing of the evolutionary mechanisms that shaped the HLA
polymorphism, in this case the HLA-B genetic landscape of Africa,
our results disclosed two main candidate alleles to malaria protec-
tion at this locus, B*53:01:01 and B*78:01, the immunological role
of which would now need to be investigated by direct functional
analyses focusing on HLA peptide-binding properties. In a broader
perspective, we expect further analyses focusing on the numerous
highly polymorphic HLA genes to unveil other crucial associations
between their molecular diversity and the wide range of environ-
mental conditions constraining the subsistence of human popula-
tions.
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