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Background: Little attention has been devoted to the role of the immunoregulatory HLA-E/-F/− G genes in ma
laria. We evaluated the entire HLA-E/-F/− G variability in Beninese children highly exposed to Plasmodium fal
ciparum (P.f.) malaria. 
Methods: 154 unrelated children were followed-up for six months and evaluated for the presence and number of 
malaria episodes. HLA-E/-F/− G genes were genotyped using massively parallel sequencing. Anti P.f. antibodies 
were evaluated using ELISA. 
Results: Children carrying the G allele at HLA-F (− 1499,rs183540921) showed increased P.f. asymptomatic/ 
symptomatic ratio, suggesting that these children experienced more asymptomatic P.f. episodes than 
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symptomatic one. Children carrying HLA-G-UTR-03 haplotype exhibited increased risk for symptomatic P.f. 
episodes and showed lower IgG2 response against P.f. GLURP-R2 when compared to the non-carriers. No as
sociations were observed for the HLA-E gene. 
Conclusion: HLA-F associations may be related to the differential expression profiles of the encoded immuno
modulatory molecules, and the regulatory sites at the HLA-G 3’UTR may be associated to posttranscriptional 
regulation of HLA-G and to host humoral response against P.f.   

1. Introduction 

Plasmodium falciparum (P.f.) malaria remains a major infectious 
disease associated with high morbidity and mortality. The latest WHO 
report announced 228 million cases of malaria worldwide, and 94% of 
the deaths occurred in Africa. Children under the age of five years are 
the most vulnerable group, representing 67% of deaths attributable to 
malaria worldwide (www.who.int). P.f. malaria is endemic in Benin, 
particularly in the people living in wetlands, such as the Toffin popu
lation (etymologically known as “people of water”), who has been living 
in Benin for centuries, working as fishermen in the Sô-Ava district 
(Principaud, 1995). 

The clinical responses following a P.f. infection may be influenced by 
the genetic background of the host, which is associated with differential 
structure, function, or amount of molecules involved in the immune 
response (Mangano and Modiano, 2014). Gene variants of the HLA 
system seem to play a crucial role in malaria susceptibility. The HLA-A, 
HLA–B, HLA–C, HLA-DRB1, and HLA-DQB1 loci have been associated 
with severe malaria, malaria-related anemia, and parasite density (Hill 
et al., 1991; Hirayasu et al., 2012; Wilson et al., 2008). Notwithstanding, 
little attention has been devoted to the role of the non-classical class I 
HLA-E/-F/− G genes (HLA-Ib) on malaria susceptibility. Although the 
peptide-binding cleft of the HLA-Ib molecules may present peptides, the 
primary role of these molecules has been attributed to the modulation of 
the immune response since they are expressed in the placenta protecting 
the semi-allogenic fetus against the mother immune response (Hunt 
et al., 2005). The HLA-Ib genes present much less polymorphism 
compared to the classical class Ia genes (HLA-A/-B/-C) (ipd/imgt/hla/ 
stats.html; assessed 2020-09-17). Despite the number of variable sites 
already identified across HLA-Ib genes, only a few different protein 
versions (E*01:01 and E*01:03 for HLA-E, F*01:01 and F*01:03 for 
HLA–F, and seven versions of HLA-G) are frequently observed in 
worldwide populations (Castelli et al., 2014; Manvailer et al., 2014; 
Olieslagers et al., 2017; Pyo et al., 2006; Sonon et al., 2018), suggesting 
high conservation of the coding region of these genes, corroborating the 
role of these molecules on the control of the immune response. 

HLA-G is the most studied Ib molecule, exhibiting a well-recognized 
immunomodulatory role. It inhibits the function of several cells of the 
immune system when interacting with immunoglobulin-like transcript 
receptor 2 (ILT-2) and 4 (ILT-4) and with the killer cell immunoglobulin- 
like receptor KIR2DL4 (Albayati et al., 2017) on T and Natural Killer 
(NK) cells. Some studies have reported a differential susceptibility to 
human African trypanosomiasis, American trypanosomiasis, and leish
maniosis regarding variable sites at the HLA-G 3′ untranslated region 
(3’UTR) (reviewed at (Dias et al., 2015)). Notwithstanding, all infor
mation regarding the role of HLA-G in malaria has focused only on the 
3’UTR segment (Garcia et al., 2013). HLA-E may also exhibit immuno
modulatory properties since it may bind to the inhibitory receptor CD94- 
NKG2A expressed by NK cells (Persson et al., 2017). Besides, HLA-E may 
interact with the alphabeta T-cell receptor expressed on CD8+ T cells 
(Pietra et al., 2010) and present non-self-peptides derived from viruses 
(Sullivan et al., 2008). HLA-F molecules have been detected on the 
surface of immune cells such as B, T, and NK cells, present peptides to T 
cells, and regulate the immune response through interactions with NK 
cell receptors (Dulberger et al., 2017). 

Considering that: i) the molecules encoded by the HLA-Ib genes 
exhibit well-recognized tolerogenic properties; ii) the scanty literature 

findings regarding P.f. infection have focused only on a specific region of 
the HLA-G gene, iii) no studies have evaluated the role of HLA-E/-F 
genes on malaria susceptibility, we evaluated the coding and regulatory 
regions of the HLA-E/-F/− G genes in the Beninese Toffin population 
exhibiting symptomatic or asymptomatic P.f. malaria episodes along the 
2013 malaria transmission season. 

2. Materials and methods 

2.1. Study population 

One-hundred and fifty-four unrelated 4–8-year-old (average age of 
6.70 ± 0.90 years) Beninese Toffin children (103 boys) were followed 
during the 2013 malaria transmission season (June to November). These 
school-aged children attended monthly scheduled visits as well as 
spontaneous consultations to evaluate P.f. infection episodes. At inclu
sion, a medical examination was performed, and blood samples were 
collected. Children were enrolled for scheduled monthly medical visits. 
The parents were invited to attend the St. Joseph Medical Health Center 
together with their child in case of any health problem (spontaneous 
consultations). Medical consultations and treatments were free of charge 
for all the participants. In the case of axillary temperature ≥ 37.5 ◦C (or a 
history of fever in the preceding 24 h), a thick blood smear (TBS) and 
rapid diagnostic test (RDT) were performed. Only symptomatic malaria 
cases were treated according to the recommendations of the National 
Malaria Control Programme. 

To detect asymptomatic infections, TBS was performed at each 
monthly scheduled visit. In case of fever or history of fever in the pre
ceding 24 h during the scheduled visit, TBS showing malaria infection 
was not considered as asymptomatic episode and was excluded from the 
analysis. Children attended an average of 5.21 ± 1.31 monthly visits and 
2.00 ± 1.65 spontaneous consultations during the follow-up, and only 
those who attended at least 3 out of 6 monthly visits (N = 146) were 
included in the association study. Other clinical and laboratory infor
mation were collected, including: i) the use of mosquito net, ii) the 
practice of water-related activities (fishing, swimming, bathing, 
washing clothes, and washing dishes), iii) hemoglobin defects, and iv) 
the Schistosoma haematobium (S.h) co-infection status at the end of 
follow-up, which are considered the main co-factors that can also in
fluence the host immune response against P.f. infection (Guthmann 
et al., 2002; Lyke et al., 2006; Mackinnon et al., 2005). The ethics 
committee of the Faculté des Sciences de la Santé de Cotonou, Benin 
(No.12/03/2012/CEIFSS/UAC) approved the project. 

2.2. Malaria phenotypes 

2.2.1. P.f. infections 
The presence of symptomatic or asymptomatic P.f. infections was 

annotated during all follow-up, considering each monthly malaria event. 
The symptomatic infection was defined when the child exhibited posi
tive TBS and/or RDT and axillary temperature ≥ 37.5 ◦C or fever history 
the day before the monthly visit or on the day of the spontaneous visit. 
Asymptomatic children exhibited no fever but presented positive TBS. 
Children who did not experience any symptomatic or asymptomatic 
malaria infections and presented negative TBS and/or RDT were 
considered non-infected by P.f.. Considering that: i) no drug resistance 
to P.f. malaria has been reported in Benin (Ogouyèmi-Hounto et al., 
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2016), ii) new P.f. malaria infections have not been observed 13 days 
(95% CI 10.7–15.7) after the previous malaria treatment (Bretscher 
et al., 2020), we chose the 10 day time-interval to avoid counting an 
early reinfection episode. The participant characteristics and parasito
logical data are presented in Table 1. 

2.2.2. Number of P.f. infections and ratio asymptomatic/symptomatic 
infections 

During the follow-up, children might experience only asymptomatic 
infections (without fever), symptomatic infections, or both. We used the 
following phenotypes for each child: i) the total number of infections 
(both symptomatic or asymptomatic), ii) the number of symptomatic 
infections and iii) the ratio of asymptomatic/symptomatic infections. 
Therefore, patients exhibiting more asymptomatic than symptomatic P. 
f. infections during the whole follow-up showed ratio asymptomatic/ 
symptomatic >1, otherwise, they showed ratio < 1, and those who 
experienced an equal number of both phenotypes showed ratio = 1 
(Table 1). 

2.3. HLA-E/-F/− G typing 

DNA extraction/quantification, DNA amplification, library prepara
tion, and sequencing were performed as previously described (Castelli 
et al., 2017; Lima et al., 2016; Ramalho et al., 2017). Libraries were 
sequenced using the MiSeq system (Illumina, San Diego, CA) and the 
Illumina Reagent (V2 500 cycles) in a paired-end mode (2x250bp). The 
bioinformatics analyses of HLA-E/-F/− G massively parallel sequencing 
data, including alignment, variant calling, and haplotype calling, were 

performed as previously described (Castelli et al., 2018; Castelli et al., 
2015; Lima et al., 2016). 

Considering that only the coding region haplotypes have an officially 
recognized nomenclature defined by the IPD-IMGT/HLA database 
(Robinson et al., 2015), the nomenclature of the promoter and 3’UTR 
segments, as well as the nomenclature of the extended haplotypes 
encompassing these three major regions, were assigned as previously 
defined for HLA-E (Ramalho et al., 2017), HLA-F (Lima et al., 2016), and 
HLA-G (Castelli et al., 2017). 

2.4. Quantification of antibodies levels against P.f. antigens at the end of 
the follow-up 

The quantification of IgG1, IgG2, and IgG3 antibodies directed 
against the glutamate-rich protein (GLURP-R0: residues 25–514 and 
GLURP-R2: residues 706–1178), and merozoite surface protein (MSP3: 
residues 212–380) was performed using ELISA (Dechavanne et al., 
2016). 

2.5. Statistical analysis 

The Hardy-Weinberg Equilibrium (HWE) was tested by the exact test 
of Guo and Thompson (Guo and Thompson, 1992), using the ARLEQUIN 
v3.5.2 software. Associations between polymorphisms or haplotypes 
(both exhibiting frequencies greater than 1%) and malaria phenotypes 
were performed using PLINK (Purcell et al., 2007) and R (R Core Team, 
2017). In univariate analysis, allele and haplotype frequencies were 
compared between different phenotypes (total number of infections 
(both symptomatic or asymptomatic), number of symptomatic in
fections and ratio asymptomatic/symptomatic). The following pheno
types, the total number of infections and the number of symptomatic 
infections were analyzed using 2 × 2 contingency tables. For instance, 
regarding the “total number of P.f. infections”, patients were distributed 
into two groups, group 1 (1–2 P.f. infections (reference) and group 2 (>2 
P.f. infections) (Table 2). The same approach was used to analyze the 
“number of symptomatic infections” (Table 3). The group with lower 
number of P.f. infections (group 1) was compared to the group with 
more than 2 P.f. infections (group 2 (susceptible group)). The ratio 
asymptomatic/symptomatic was used as a quantitative variable 
(Table 4). Finally, only results showing P-values ≤0.05 after univariate 
analyses (Supplementary material 1) were considered eligible for 
multivariable analyses, which were adjusted using the following co- 
variables: age, gender, hemoglobin profiles, use of mosquito net, the 
practice of water-related activities, the helminth co-infection status. All 
co-variables were used as categorical variables (Table 1). 

The strength of the association was evaluated by the odds ratio (OR) 
and its 95% confidence interval (CI), and P-values were obtained using 
the two-tailed Fisher’s exact test. Logistic and linear multiple regression 
analyses were performed considering a dependent binary and quanti
tative variables, respectively. P-values ≤0.05 were considered to be 
significant. 

The continuous variables (antibody levels) were analyzed for 
normality using the Shapiro-Wilk tests, followed by the Mann-Whitney 
(two groups) tests, considering P ≤ 0.05 as significant. 

3. Results 

More than 95% of all DNA samples were successfully sequenced for 
HLA-E (n = 150), HLA-F (n = 152), and HLA-G (n = 149). We identified 
37, 68, and 96 variable sites at HLA-E/-F/− G genes, respectively. From 
these, 37 (HLA-E), 63 (HLA–F), and 94 (HLA-G) variable sites were 
biallelic (single nucleotide variation (SNV) or insertion/deletion 
(INDEL), and eligible to be processed using Plink. From these variable 
sites, 100% (37/37 for HLA-E), 64% (40/63 for HLA–F), and 100% (94/ 
94 for HLA-G) fitted the HWE, whereas 30/37, 31/63, and 87/94 vari
able sites, respectively, exhibited both minor allele frequency (MAF >

Table 1 
Characteristics of the studied Toffin children (N = 146).  

Age in years: groups (mean ± SD) 4–6 and 7–8 (6.70 ±
0.90) 

Gender (Male/Female) (98/48) 
Hemoglobin defects 38/146 (26%) 
Hemoglobin A and S (AS) 27/38 (71%) 
Hemoglobin A and C (AC) 9/38 (24%) 
Hemoglobin S and C (SC) 2/38 (5%) 
Number of individuals using mosquito net 133/146 (91%) 
Practice of water-related activities 95/146 (65%) 
P.f.-non-infected children during the follow-up 12/146 (8%) 
P.f.-infected children during the follow-up 134/146 (92%) 
Children registering both symptomatic or asymptomatic P. 

f. infection 
63/134 (43%) 

Children registering only symptomatic P.f. infection 65/134 (45%) 
Children registering only asymptomatic P.f. infection 6/134 (4%) 
Total number of P.f. infection during the follow-up 134/134 (100%) 
Group 1 (1 or 2 infections; median 1) 49/134 (36%) 
Group 2 (3 to 10 infections; median 4) 85/134 (64%) 
Number of only symptomatic P.f.-infection during the 

follow-up 
65/134 (45%) 

Group 1 (1 or 2 infections; median 1) 35/65 (54%) 
Group 2 (3 to 8 infections; median 4) 30/65 (46%) 
Asymptomatic and symptomatic infection ratio 128/134 (96%) 
P.f. asymptomatic infection/symptomatic ratio > 1 5/128 (4%) 
P.f. asymptomatic infection/symptomatic ratio = 1 12/128 (9%) 
P.f. asymptomatic infection/symptomatic ratio < 1 111/128 (87%) 
Schistosoma haematobium (S.h) status at the end of 

follow-up 
118/134 (88%) 

Positive for S.h (S.h+) 36/118 (31%) 
Negative for S.h (S.h-) 82/118 (69%) 

For multivariate analysis, the following categorical co-variables were used: i) 
Age was dichotomized in two age groups: 4–6 and 7–8 years old, ii) gender 
dichotomized into male and female, iii) hemoglobin defects: normal hemoglobin 
(AA) versus hemoglobin defect (AC, AS or SS), iv) the use of mosquito net was 
defined as: absence of using mosquito net during all the follow-up versus 
declaration of using mosquito net at least once during the follow-up, v) practice 
or not practice water-related activities (fishing, swimming, bathing, washing 
clothes, and washing dishes) and vi) presence or not of S.h infection at the end of 
the follow-up. 
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1%) and HWE P-value>0.01, and were included in the genetic associ
ation analysis (Supplementary material 2). Of note, the remaining HLA-F 
variable sites (23/63) that did not fit the HWE: i) were highly frequent 
(MAF > 20%), ii) were in complete LD between with each other (r2 = 1) 
(Sonon et al., 2018), iii) had been already described either at 1000 
Genomes phase 3 project (The 1000 Genomes Project Consortium, 
2015), at IPDIMGT/HLA database (Robinson et al., 2015), or specific 
population (Lima et al., 2016). Moreover, only haplotypes presenting 
frequencies >1% were considered for association analyses. A total of 41, 
42, and 55 haplotypes encompassing the HLA-E/-F/− G genes, respec
tively, were analyzed (Supplementary material 3). Since we evaluated 
the full HLA-E/-F/− G DNA region, we evaluated the associations in 
terms of i) single nucleotide variation (SNV) alleles, ii) specific gene 
region (promoter, coding, and 3’UTR) haplotypes. 

3.1. HLA-E/-F/− G variable sites and haplotypes are associated with 
susceptibility/protection to P.f. malaria 

After adjusting on the covariables above, the comparisons of indi
vidual variable sites and haplotypes regarding the total number of P.f. 
infections revealed the following results: no significant associations 
were observed for: HLA-E/-F/− G genes (SNPs and haplotypes) (Table 2). 

Considering the same covariables in multivariable analysis, the 

comparisons of individual variable sites and haplotypes regarding the 
number of symptomatic P.f. infections revealed the following results: i) 
no associations were observed for the HLA-E and –F genes; however, ii) 
the presence of HLA-G-UTR-03 haplotype increased the risk for the high 
number of symptomatic P.f. episodes during the follow-up (P = 0.041, 
Estimate = 1.49, Standard Error = 0.73) (Table 3). 

The comparisons of individual variable sites and haplotypes 
regarding the number of P.f. asymptomatic/symptomatic ratio (quan
titative trait), after adjusting for the main covariables above revealed a 
positive association with the G allele at HLA-F (− 1499, promoter, 
rs183540921) (P = 0.0004, Estimate = 0.861, 95%CI:0.41–1.32), sug
gesting that these children experienced more asymptomatic P.f. in
fections than symptomatic ones during the follow-up. No associations 
were observed for the HLA-E and -G genes (Table 4). 

3.2. HLA-G UTR-03 haplotype and antibody levels 

Considering that: i) the humoral immune response is vital for P.f. 
clearance (Adamou et al., 2019; Aucan et al., 2000; Courtin et al., 2009), 
ii) soluble HLA-G (sHLA-G) may inhibit the B cell response by the 
interaction with the ILT2/4 receptors (Naji et al., 2014), and iii) the 
presence of the HLA-G-UTR-03 haplotype increased the risk for the high 
number of symptomatic P.f. episodes, we associated the HLA-G UTR-03 

Table 2 
Association between HLA-E/-F/− G (promoter, coding, 3′ untranslated region-3’UTR) variable sites and haplotypes encompassing these three regions, selected after 
univariate analysis and total number of P. falciparum infections. Comparisons were performed using the Plink (variable sites) and R software (haplotypes) using logistic 
multiple regression models, adjusted on the following co-variables: gender, age, use of mosquito net, practice of water-related activities, hemoglobin electrophoresis 
and the Schistosoma haematobium co-infection status. P-values ≤0.05 were considered significant.  

SNPid or haplotype a Total number of infections c 

Phenotype Estimateb 95%CI/SE Z value P-value Model dispersiond 

HLA-E haplotype       
E-Promo-18 1 or 2 (ref) e vs >2 Estimate: 1.492 SE:1.509 0.989 0.323 1.170 
E-Promo-18/E*01:03:05/HLA-E-3UTR-01 1 or 2 (ref) e vs >2 Estimate: 1.492 SE:1.509 0.989 0.323 1.170 
HLA-G haplotype       
PROMO-G0104a 1 or 2 (ref) e vs >2 Estimate:0.790 SE:0.500 1.590 0.112 1.123 
G*01:04:01 1 or 2 (ref) e vs >2 Estimate:1.410 SE:0.810 1.740 0.082 1.117 
PROMO-G0104a/G*01:04:01/UTR-03 1 or 2 (ref) e vs >2 Estimate:1.410 SE:0.810 1.740 0.082 1.117  

a SNPid, identification of the single nucleotide polymorphism regarding human genome19 (hg19) (rs - reference number) followed by IMGT/HLA, position at IPD- 
IMGT/HLA database and reference and alternative alleles. Variable sites and their frequency are shown in supplementary material 2. The list of all analyzed haplotypes 
is shown at supplementary material 3. 

b OR: Odds ratio; Estimate: represents regression coefficients which can be positive or negative. Regression coefficients measure the increase (positive value) or 
decrease (negative value) of the dependent variable (asymptomatic/symptomatic infection ratio). Definition of phenotypes is described in Table 1. 

c Total number of infections were analyzed as categorical variables: (1 or 2 versus > 2). Definition of phenotypes is described in Table 1. 
d Model dispersion: summary(model.final)$deviance / summary(model.final)$df.residual. The model is dispersed when this value exceeds 1.5. The Overdispersion 

indicates that the model doesn’t fit the data well. 
e We defined two groups: group 1 (1 or 2 P.f malaria infections (reference group)) and group 2 (>2 P.f malaria infections). 

Table 3 
Association between haplotypes, selected after univariate analysis, and number of symptomatic P. falciparum episodes. Comparisons were performed with R software 
using the logistic multiple regression models, adjusted on the following co-variables: gender, age, use of mosquito net, practice of water-related activities, hemoglobin 
electrophoresis and the Schistosoma haematobium co-infection status. P-values ≤0.05 were considered significant.  

SNPid or haplotype a Number of symptomatic infections c 

Phenotype Estimateb Standard Error Z value P-value Model dispersiond 

HLA-G haplotype       
PROMO-G0104a 1 or 2 (ref) e vs >2 0.980 0.710 1.380 0.166 1.296 
HLAG-UTR-03 1 or 2 (ref) e vs >2 1.490 0.730 2.040 0.041 1.231  

a SNPid, identification of the single nucleotide polymorphism regarding human genome19 (hg19) (rs - reference number) followed by IMGT/HLA, position at IPD- 
IMGT/HLA database and reference and alternative alleles. Variable sites and their frequency are shown in supplementary material 2. The list of all analyzed haplotypes 
is shown at supplementary material 3. 

b Estimate: represents regression coefficients which can be positive or negative. Regression coefficients measure the increase (positive value) or decrease (negative 
value) of the dependent variable (number of symptomatic infections). Definition of the phenotype is described in Table 1. 

c Number of symptomatic infection episodes were analyzed as categorical variables: (1 or 2 versus > 2). Definition of the phenotypes is described in Table 1. 
d Model dispersion: summary(model.final)$deviance / summary(model.final)$df.residual. The model is dispersed when this value exceeds 1.5. The Overdispersion 

indicates that the model doesn’t fit the data well. 
e We defined two groups: group 1 (1 or 2 P.f malaria infections (reference group)) and group 2 (>2 P.f malaria infections). 

P. Sonon et al.                                                                                                                                                                                                                                   



Infection, Genetics and Evolution 92 (2021) 104828

5

haplotype (Table 3) with the antibody levels in infected groups. Indeed, 
children exhibiting the HLA-G 3’UTR-03 haplotype showed significantly 
lower IgG2 (but not significant for IgG1 and IgG3) response against the 
P.f. GLURP-R2 antigen when compared to other 3’UTR haplotypes (P =
0.026, Fig. 1B). In contrast, no differences were observed regarding the 
IgG levels against the P.f. MSP-3 (Supplementary Fig. 1) or GLURP-R0 
antigens (Supplementary Fig. 2), independently on the presence or 

absence of 3’UTR-03 haplotype. 

4. Discussion 

The role of the non-classical HLA-Ib molecules has been associated 
with the regulation of the immune response rather than the antigen 
presentation (Sabbagh et al., 2018). Similar to classical class I 

Table 4 
Association between HLA-E/-F/− G (promoter, coding, 3′ untranslated region-3’UTR) variable sites and haplotypes encompassing these three regions, selected after 
univariate analysis, and asymptomatic/symptomatic infection ratio. Comparisons were performed under Plink (variable sites) and R software (haplotypes) using 
logistic multiple regression models, adjusted on the following co-variables: gender, age, use of mosquito net, practice of water-related activities, hemoglobin elec
trophoresis and the Schistosoma haematobium co-infection status. P-values ≤0.05 were considered significant.  

SNPid or haplotype a Asymptomatic/symptomatic ratioc 

Estimateb 95%CI/Standard error Z value Model P-value Tested allele 

HLA-E SNP       
rs17875364: − 1159 (A > G) − 0.066 95%CI:-0.20 to 0.07 – Additive 0.343 G  

0.026 95%CI:-0.25 to 0.30 – Recessive 0.856 G  
− 0.131 95%CI:-0.31 to 0.05 – Dominant 0.161 G 

rs146647219: − 1079 (G > T) NA 95%CI:NA – NA NA T 
HLA-E haplotype       
E-Promo-01/E*01:01:01:01/HLA-E-3UTR-01 0.140 SE:0.09 1.700 – 0.092 – 
HLA-F SNP       
rs183540921: − 1499 (T > G) 0.861 95%CI:0.41–1.32 – Additive 0.0004 G  

NA 95%CI:NA – Recessive NA G  
0.861 95%CI:0.41–1.32 – Dominant 0.0004 G 

rs17184813: +1943 (G > A) 0.071 95%CI:-0.22 to 0.36 – Additive 0.634 A  
NA 95%CI:NA – Recessive NA A  
0.071 95%CI:-0.22 to 0.36 – Dominant 0.634 A 

NA: not available. 
a SNPid, identification of the single nucleotide polymorphism regarding human genome19 (hg19) (rs - reference number) followed by IMGT/HLA, position at IPD- 

IMGT/HLA database and reference and alternative alleles. Variable sites and their frequency are shown in supplementary material 2. The list of all analyzed haplotypes 
is shown at supplementary material 3. 

b Estimate: represents regression coefficients which can be positive or negative. Regression coefficients measure the increase (positive value) or decrease (negative 
value) of the dependent variable (asymptomatic/symptomatic infection ratio). Definition of the phenotype is described in Table 1. 

c asymptomatic/symptomatic infection ratio was analyzed as continuous variable. Definition of the phenotype is described in Table 1. 

Fig. 1. IgG1 (A), IgG2 (B) and IgG3 (C) antibody levels against Plasmodium falciparum (P.f.) glutamate-rich protein (GLURP-R2, amino acids 706–1178), stratified 
according to the presence (n = 54) or absence (n = 67) of the HLA-G 3’untranslated region (HLA-G-UTR-03) haplotype in children exhibiting symptomatic and/or 
asymptomatic P.f. infection. All associations between different groups were performed on R software v3.4.2. The Mann-Whitney Test was used for comparisons. 
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molecules, HLA-Ib molecules can accommodate peptides in their 
grooves (Diehl et al., 1996); however, convincing evidence of antigen 
presentation is lacking for HLA-G. On the other hand, HLA-E and HLA-F 
may present peptides and may interact with inhibitory and activating 
receptors (Dulberger et al., 2017; Pietra et al., 2010). Although the 
expression of these HLA-Ib molecules in chronically infected virus cells 
has been associated with the spread of the virus, worsening the infection 
outcome (Carosella et al., 2015), little attention has been devoted to the 
role of these molecules on parasite infections, particularly on malaria. As 
an initial approach to malaria pathogenesis, we evaluated the full gene 
sequence of the HLA-E/-F/− G genes in the Beninese Toffin children who 
are highly exposed to similar microenvironment factors and pertain to 
the same ethnic background (Bourgoignie, 1972). Since all children are 
highly exposed to P.f. malaria (Djènontin et al., 2017), we evaluated 
disease susceptibility in terms of symptomatic and asymptomatic 
infection and by the total number of malaria infections. 

This is the first report evaluating the full HLA-F gene sequence and 
malaria. Children who experienced more P.f. asymptomatic infections 
than symptomatic ones during the follow-up were those that carried the 
G allele at HLA-F (− 1499, promoter, rs183540921). Since the NFκB, 
interferon regulatory factor-1 (IRF1), IFN-γ, and class II transactivator 
(CIITA) (Gobin and van den Elsen, 2000; Howcroft and Singer, 2003) 
can regulate the HLA-F gene, one may hypothesize that the − 1499 G 
allele, at promoter region may be targeted by the transcription factors, 
and may quantitatively impact the HLA-F protein production, and 
consequently the immunomodulatory role of this molecule. However, a 
further study will be necessary to functionally prove the role of this 
variable site on HLA-F expression. 

The comparisons regarding the HLA-G SNVs among children exhib
iting symptomatic or asymptomatic P.f. episodes or regarding the total 
number of malaria infections did not reach the more strict significance 
values; however, HLA-G-UTR-03 haplotype was associated with the 
susceptibility to P.f. symptomatic episodes. Considering that HLA-G 
polymorphisms may: i) be associated with sHLA-G levels (Martelli-Pal
omino et al., 2013), ii) inhibit the humoral immune response (Naji et al., 
2014), and iii) interfere with the cytokine polarization (Carosella et al., 
2001), to further understand the role of HLA-G gene polymorphisms on 
P.f. malaria, we evaluated the humoral immune response against P.f. 
antigens, and associated HLA-G gene variants with these soluble medi
ators. We observed relevant results associating HLA-G haplotypes with 
P.f. antibody levels, particularly at the HLA-G 3’UTR segment. The 14 bp 
INDEL polymorphism (carried by HLA-G 3’UTR haplotypes) has been 
extensively studied, and numerous genetic associations have been re
ported between this variant and disease morbidity or susceptibility (de 
Almeida et al., 2018). Functional studies have reported that the presence 
of the 14 bp sequence (INS) is associated with a lower mRNA expression 
compared to the deletion (DEL) allele (Rousseau et al., 2003); however, 
at the protein level, homozygosity for the INS allele has been associated 
with lower sHLA-G levels, while genotypes carrying at least one copy of 
the DEL allele have been associated with the higher levels (Chen et al., 
2008). In this series, it was possible to observe the effect of the INDEL 
polymorphism in two circumstances: i) children carrying the HLA-G 
3’UTR-03 haplotype (containing the DEL allele) exhibited a high num
ber of symptomatic P.f. malaria episodes, and ii) a lower IgG2 against P. 
f. GLURP-R2 antigen. These findings corroborate the influence of HLA-G 
on the humoral immune response against P.f. infection, also supporting 
previous evidence that IgGs seem necessary for P.f. clearance (Adamou 
et al., 2019; Aucan et al., 2000; Courtin et al., 2009). 

5. Conclusion 

This study is the first to focus on the genetic contribution of immu
nomodulatory genes on the susceptibility to the most dreadful tropical 
infectious disease (P.f. malaria) in African children, using in-depth 
sequencing analysis for the evaluation of the HLA-E/-F/− G genes. We 
identified variation sites at regulatory regions of the HLA-F and HLA-G 

genes, associated with susceptibility/protection to malaria. HLA-F as
sociations may be related to the differential expression profiles of the 
encoded immunomodulatory molecules, and the regulatory sites at the 
HLA-G 3’UTR may be associated to the posttranscriptional regulation of 
the HLA-G gene and to the host humoral response against P.f.. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2021.104828. 

Author contributions 

Achille Massougbodji, Moudachirou Ibikounlé, Eduardo A. 
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Souza and Erick C. Castelli: data processing. Paulin Sonon: writing 
and methodology. Paulin Sonon, Jacqueline Milet, Audrey Sabbagh, 
Celso T. Mendes-Junior, Kabirou A. Moutairou, Erick C. Castelli, 
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