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Introduction

As the first line of host defense, the innate immune system discriminates between varieties of pathogens inter alia via the pattern-recognition receptors (PRRs). These receptors recognize as ligands essential microbial components, known as pathogenassociated molecular patterns (PAMPs), horizontally expressed either across all the major classes of infectious agents or more specifically in a particular class. Different PRRs react with specific PAMPs, leading to distinct immunological responses in the early phase of infection [START_REF] Akira | Pathogen recognition and innate immunity[END_REF].

Toll-like receptors (TLRs) are a pluripotent family of PRRs recognizing PAMPs from a large spectrum of infectious agents. In humans, the TLR family of transmembrane proteins comprises 10 functional members [START_REF] Takeda | Toll-like receptors[END_REF]. Amongst these, TLR2 has been associated with the innate immune response against bacteria, fungi, parasites and viruses through the recognition of a variety of specific lipids of the cell envelopes and some viralenvelope proteins [START_REF] Kawai | Pathogen recognition with Toll-like receptors[END_REF][START_REF] Misch | Toll-like receptor polymorphisms and susceptibility to human disease[END_REF][START_REF] Thompson | Toll-like receptors regulation of viral infection and disease[END_REF]. Moreover, TLR2 dimer formation with TLR1 and TLR6 and interaction with non-TLR receptors further diversifies its recognition potential [START_REF] Kawai | Toll-like receptors and their crosstalk with other innate receptors in infection and immunity[END_REF]. Genetic variation in the human TLR2 gene (located on chromosome 4q32), can influence the host susceptibility to infection [START_REF] O'neill | Therapeutic targeting of Toll-like receptors for infectious and inflammatory diseases and cancer[END_REF][START_REF] Lin | Toll-like receptors and human disease: lessons from single nucleotide polymorphisms[END_REF][START_REF] De Oliviera Nascimento | The role of TLR2 in infection and immunity[END_REF][START_REF] Medvedev | Toll-like receptor polymorphisms, inflammatory and infectious diseases, allergies, and cancer[END_REF] including by bacterial agents [START_REF] Ma | Full-exon resequencing reveals toll-like receptor variants contribute to human susceptibility to tuberculosis disease[END_REF][START_REF] Hawn | Toll-like receptor polymorphisms and susceptibility to urinary tract infections in adult women[END_REF][START_REF] Chen | Toll-like receptor 2 gene polymorphisms, pulmonary tuberculosis, and natural killer cell counts[END_REF][START_REF] Alter | Leprosy as a genetic disease[END_REF][START_REF] Casanova | Human TLRs and IL-1Rs in host defense: natural insights from evolutionary, epidemiological, and clinical genetics[END_REF][START_REF] Nischalke | Toll-like receptor (TLR) 2 promoter and intron 2 polymorphisms are associated with increased risk for spontaneous bacterial peritonitis in liver cirrhosis[END_REF][START_REF] Song | Variants in the Toll-interacting protein gene are associated with susceptibility to sepsis in the Chinese Han population[END_REF][START_REF] Esposito | Genetic polymorphisms and sepsis in premature neonates[END_REF][START_REF] Nouraie | The relationship between the severity of hemolysis, clinical manifestations and risk of death in 415 patients with sickle cell anemia in the US and Europe[END_REF] and enveloped viruses [START_REF] Cai | Herpesviral infection and Toll-like receptor 2[END_REF][START_REF] Nischalke | The toll-like receptor 2 (TLR2)-196 to-174 del/ins polymorphism affects viral loads and susceptibility to hepatocellular carcinoma in chronic hepatitis C[END_REF][START_REF] Novis | Reactivation of latent HIV-1 in central memory CD4+ T cells through TLR-1/2 stimulation[END_REF][START_REF] Bagheri | Can Toll-Like Receptor (TLR) 2 be considered as a new target for immunotherapy against hepatitis B infection?[END_REF][START_REF] Triantafilou | Herpes simplex virus 2-induced activation in vaginal cells involves Toll-like receptors 2 and 9 and DNA sensors DAI and IFI16[END_REF][START_REF] Ma | Recognition of herpes simplex viruses: toll-like receptors and beyond[END_REF][START_REF] Reuven | The HIV-1 envelope transmembrane domain binds TLR2 through a distinct dimerization motif and inhibits TLR2-mediated responses[END_REF][START_REF] Chen | Activation of TLR2 and TLR6 by dengue NS1 protein and its implications in the immunopathogenesis of dengue virus infection[END_REF][START_REF] Hernandez | Involvement of neutrophil hyporesponse and the role of Toll-like receptors in human immunodeficiency virus 1 protection[END_REF]. Moreover, genetic polymorphic variants heterogeneously distributed between populations of different ethnic or geographical background have been described in association with inter-population susceptibility differences [START_REF] Ioana | Different patterns of Toll-like receptor 2 polymorphisms in populations of various ethnic and geographic origins[END_REF][START_REF] Mukherjee | Global footprints of purifying selection on toll-like receptor genes primarily associated with response to bacterial infections in humans[END_REF].

The genetic variants in human TLR2 reported in the literature as being related with susceptibility to infection include:

(i)
The-196 to -174 insertion or deletion (indel) of 22 bp localized in the TLR2 first untranslated exon, associated with susceptibility to infections of various etiologies [START_REF] Nischalke | Toll-like receptor (TLR) 2 promoter and intron 2 polymorphisms are associated with increased risk for spontaneous bacterial peritonitis in liver cirrhosis[END_REF][START_REF] Nischalke | The toll-like receptor 2 (TLR2)-196 to-174 del/ins polymorphism affects viral loads and susceptibility to hepatocellular carcinoma in chronic hepatitis C[END_REF][START_REF] Velez | Variants in toll-like receptors 2 and 9 influence susceptibility to pulmonary tuberculosis in Caucasians, African-Americans, and West Africans[END_REF][START_REF] Greene | Toll-like receptor polymorphisms and cerebral malaria: TLR2 Δ22 polymorphism is associated with protection from cerebral malaria in a case control study[END_REF].

(ii)

The single nucleotide polymorphism (SNP) rs4696480, c.-16934A>T (g.153685974T>A), localized in the TLR2promoter, in a preliminary study associated to susceptibility to pulmonary bacterial infections in sickle cell disease [START_REF] Rostane | Le risque d'infections bactériennes sévères au cours de la maladie drépanocytaire est influencé par un polymorphisme du promoteur du gène TLR-2[END_REF].

(iii)

The microsatellite, short tandem repeat (STR),(GT)n polymorphism in the TLR2intron 2 (12 ≤ n ≤ 28), described as highly variable between populations [START_REF] Yim | A microsatellite polymorphism in intron 2 of human Toll-like receptor 2 gene: functional implications and racial differences[END_REF] and associated with different susceptibilities to tuberculosis in distinct populations [START_REF] Yim | The association between microsatellite polymorphisms in intron II of the human Toll-like receptor 2 gene and tuberculosis among Koreans[END_REF], as well as being implicated in other infections [START_REF] Folwaczny | Microsatellite GT polymorphism in intron 2 of human Toll-like receptor (TLR) 2 gene and susceptibility to periodontitis[END_REF].

Sickle cell anemia (SCA) is a life threatening clinically heterogeneous monogenic autosomal recessive chronic anemia [START_REF] Driss | Sickle cell disease in the post genomic era: a monogenic disease with a polygenic phenotype[END_REF]. The disease is characterized by recurrent episodes of severe vasoocclusion, chronic hemolysis and recurrent often severe infection. It is caused by the homozygosity for a single nucleotide substitution in the human beta-globin gene (HBB) (located on chromosome 11p15.5). This mutation (HBB:c.20A>T)

gives rise to a hemoglobin structural variant (HbS), that under low oxygen partial pressure polymerizes, leading to red blood cell sickling and a clinically heterogeneous pathophysiological cascade.

Development and validation of early predictors of disease severity is a strategy oriented towards lowering morbidity and mortality in the affected patients. In this context, it has been our purpose to investigate the association of the above mentioned noncoding genetic variation in TLR2 on the infection phenotype of SCA pediatric patients.

Methods

Study population

Ninety-five unrelated patients with SCA were recruited on the basis of the criterion of having more than three and under 20 years. This 95 patient subgroup was part of a total of 99 SCA patients, attending the pediatric wards of two general hospitals in Greater Lisbon, enrolled in a previous longitudinal study with a total follow-up of 557 person*years [START_REF] Coelho | Genetic variation in CD36, HBA, NOS3 and VCAM1 is associated with chronic haemolysis level in sickle cell anaemia: a longitudinal study[END_REF]. Patient information relative to gender, alpha-thalassemia, HBB*S haplotypes and fetal hemoglobin level was available from this study, and as previously described, Sub-Saharan African ancestry accounted for the majority of the subjects (97%). The study procedures were approved by INSA's ethics committee and are in accordance with the Helsinki Declaration of 1975. Written informed consent, was given by the patients' legal representatives.

Genotyping

Three TLR2 variants having been associated with infection susceptibility were selected for genotyping. These included the -196 to -174 a 22 bp nucleotide indel in the first untranslated exon, promoter SNP rs4696480, c.-16934A>T (g.153685974T>A), and the (GT)n STR polymorphism in the second intron. Genotyping of these loci was performed for all 95 patients.

All PCR reactions were carried out in a total reaction volume of 25 µL, containing 22,5 µL in house PCR Buffer (Table S1); 0.25 µL of each primer (working solution 25 µM); 0,1 µL Taq DNA polymerase (5 U/µL, GoTaq, Promega, Madison, WI, USA); 0.9 µL dH 2 O; 1 µL DNA (100 ng/µL).

The genotyping of the TLR2 c.-196 to -174 indel was carried out using the forward 5'-CACGGAGGCAGCGAGAAA-3' and reverse 5'-CTGGGCCGTGCAAAGAAG-3' primers [START_REF] Tahara | Toll-like receptor 2-196 to 174del polymorphism influences the susceptibility of Japanese people to gastric cancer[END_REF] For genotyping of the STR polymorphism, the surrounding region in intron 2 was amplified using the FAM (fluorescein marker 6-carboxyfluorescein) labeled forward primer 5'-FAM-GCATTGCTGAATGTATCAGGGA-3', and the reverse primer 5'-CTTGAGAAATGTTTTCTAGGC-3' [START_REF] Folwaczny | Microsatellite GT polymorphism in intron 2 of human Toll-like receptor (TLR) 2 gene and susceptibility to periodontitis[END_REF]. The PCR program consisted in an initial denaturation step at 95 ºC for 5 min, 35 cycles of 95 ºC for 30 s, 56 ºC for 30 s, and 72 ºC for 30 s, and a final extension step at 72 ºC for 10 min. The number of (GT)n repeats was identified by sizing the PCR products with the ABI 310 sequencer and the Genescan Analysis 2.1 software (Applied Biosystems, Foster City, CA, USA). The following subdivision based on the number of repeats (n) was used: Allele S, n ≤ 16; Allele M, 17 ≤ n ≤ 22, and Allele L, n ≥23, which was further simplified as a binary variable S versus others (M or L) [START_REF] Yim | The association between microsatellite polymorphisms in intron II of the human Toll-like receptor 2 gene and tuberculosis among Koreans[END_REF].

Hardy Weinberg equilibrium was verified using the standard asymptotic (1 df genotypic chisquared test) in all instances. For the STR the Hardy-Weinberg Equilibrium was verified considering the S allele relative to the others (M or L).

Haplotype reconstruction from the genotyping data was carried out using the PHASE, version 2.1, program [START_REF] Stephens | A new statistical method for haplotype reconstruction from population data[END_REF][START_REF] Stephens | A comparison of bayesian methods for haplotype reconstruction from population genotype data[END_REF] and is summarized in Table 1. The distances between the variants (relative to the arbitrary position c.-18619, 5' -indel (untranslated exon 1) -SNP (promoter) -microsatellite (exon 2) -3': 66/1685/18475 bp respectively), and the binary subdivision of the TLR2 (GT)n locus allowed for their approximation as single loci by the PHASE program.

Derivation of a hemolytic component

The derivation of a hemolytic component followed the strategy described by Nouraie and collaborators (2013). These authors derived a hemolytic component using principal component analysis (PCA) with 4 degrees of freedom from data on the reticulocyte count (%), and serum lactate dehydrogenase (U/L), aspartate aminotransferase (U/L) and total bilirubin concentrations (mg/dL). Levels of aspartate aminotransferase were not available in our patient database, but as this is a more distal marker of hemolysis and the other three are more direct markers, we worked with these remaining three degrees of freedom. For the PCA only steady state values were used. The association of this component with clinical phenotypes was assessed.

Genotype-to-phenotype association studies

A stepwise approach in the statistical analysis of genotype-to-phenotype association was used (Fig. S1). In this manner the open-source whole genome association analysis toolset PLINK v1.07 program [START_REF] Purcell | PLINK: a tool set for whole-genome association and population-based linkage analyses[END_REF], particularly adapted to cross-sectional association analysis of SNPs, was applied to the analysis of SNP rs4696480, c.-16934A>T, in exploratory preliminary association testing for the selection between various possible infectious disease subphenotypes. This preliminary analysis was followed by other crosssectional analytical methods, for association testing of the variants and haplotypes of the all the different TLR2 polymorphic loci under consideration (indel, SNP and STR). These informative tests included descriptive statistics for the comparison of rates or the chi-square test applied dichotomous traits. Lastly, a quasipoisson regression model was applied in the association studies between the different TLR2 polymorphic loci and the selected quantitative or rare event (dichotomous) disease subphenotypes. This allowed for analysis of the time based cohort and the prediction of correlated dependent variables.

For analysis using the PLINK program, genotype-to-phenotype association was carried out redefining the infectious status as a binary trait, considering the number of infections/ time at risk in person*years and "time at risk" equal to the time under observation during the follow-up. A positive relationship was obtained when "the average rates of the phenotype per patient (number of infections/ time at risk)/ the average rates of the phenotype for all the patients (number of infections/ time at risk) (n = 95)" >1. The allelic, recessive and dominant inheritance models were tested and the Cochran-Armitage trend test performed. No correction for multiple comparisons was conducted at this level of analysis.

For descriptive statistics, the binary variables were expressed as proportions and the continuous variables as means ± standard deviation. For the comparison of means, the two-sample t-test was used.

Descriptive statistics was carried out on the phenotypes showing a statistically significant result in the preliminary PLINK analysis. For the quantitative infectious phenotype variables, we compared the average rates of the phenotype for all the patients (number of infections/ time at risk), in the presence and in the absence of the TLR2variants or their haplotypes. If the presence of the genotype was associated with an increase in the incidence of respiratory infections (positive statistical effect), this indicated a deleterious genotype with a potentially unfavorable clinical effect. On the contrary, if the presence of the variant was associated with a decrease in the incidence of respiratory infections (negative statistical effect), this indicated a protective genotype with a potentially favorable clinical effect. For the dichotomous infectious phenotype variables (presence vs. absence), the differences in allele frequencies and genotype distributions between the 2 groups was evaluated using the Fisher's exact test (two sided) and the odds ratio (OR) was calculated under different genetic models to measure the risk of infection.

The inheritance models for the TLR2 variants and their haplotypes were tested using a generalized linear model assuming a quasipoisson regression model for the SCD patients (n = 95): Phenotype ~ Genotype + steady state hemoglobin level + steady state leukocyte count + fetal hemoglobin (prior to hydroxyurea treatment) + haemolytic component + alphathalassemia. The allelic and genotypic inheritance models were tested for each variant.

This statistical analysis was carried out in R [START_REF] Team | R: A language and environment for statistical computing[END_REF]. The quasipoisson regression model adjusts for possible deviations from the poisson assumptions (Ver Hoef and Boveng, 2007). Risk estimates were obtained using incidence rate ratio calculations for those inheritance models showing statistically significant associations to infection after forward optimization.

The haplotypes defined by the three TLR2 loci were analyzed for association by considering each haplotype as an allele.

Genotype-to-phenotype associations were considered statistically significant when the p ≤ 0.05. However, to control type I errors, the Bonferroni correction for multiple comparisons [START_REF] Bland | Multiple significance tests: the Bonferroni method[END_REF], was performed for the genetic models tested. For subphenotype (A) the adjusted alpha was 0.001667, for a number of tests performed per allele n = 30 (six covariables for two inheritance models, allelic and genotypic, with 2 tests for the allelic and 3 for the genotypic) and for subphenotype (B) the adjusted alpha was 0.001471, for n = 34

(adding to the above four Fisher's exact tests).

Results

Study population

In this study, genetic association studies for various infectious disease phenotypes were performed for 95pediatric SCA patients(mostly of Sub-Saharan origin) and infectious episodes occurring within an age range of over three and under 20 years (Fig. 1). The total observation period for the cohort (longitudinal study) was 433.4 person*year. The distribution of the observations per age group is represented in Fig. 1 and the average age at observation was 7.7 ±3.7 years. The mean follow-up per patient was 4.6 ± 1.5 years. The male/ female (M/F) sex ratio was 1.21.Values for the other population data included: the average steady state levels of hemoglobin 7.9 ± 0.8 (g/dL), fetal hemoglobin levels prior to eventual hydroxyurea treatment 11.0± 7.6 (%) and alpha-thalassemia (-α3.7-kb deletion alleles) 43.6% (41/94) (data unavailable for one patient). (steady-state) (IC) (Fig. 2 to 3). The majority of the patients, 76% (72/95), were regularly under prophylactic antibiotic treatment and virtually all of them completed an extended vaccination program. In a total of 1351observations (484 during crisis and 867in steadystate), 527 infectious episodes, 722observations without infection and 102 observations without reference to infection were reported (Fig. 2). Reference to the etiologic agent of infection was limited to the clinically more severe episodes. From the available clinical data however, viral infections appeared characteristic of the inter-crisis period whereas during vassoclusive crisis (VOC) the distribution between infections caused by viruses and those by bacteria was more equitable. Moreover, a viral etiology also appeared characteristic of the respiratory infections (Fig. 3).

Hemolytic component

A hemolytic component derived by principal component analysis (PCA) with 3 degrees of freedom from steady-state serum lactate dehydrogenase and total bilirubin, and peripheral blood reticulocyte count in the 95 SCA patients had a mean of 0 (SD=1.23) and predicted 51% of the variation among all three variables (Eigenvalue=1.51). These results are comparable to those obtained by Nouraie and collaborators (2013)using a PCA with 4 degrees of freedom in 415 SCA patients, predicting 55% of the variation among all four variables (Eigenvalue=2.20), having a mean of 0 (SD=1.50).

The mean hemolytic component value was significantly lower with the alpha-thalassemia genotype (p = 0.023) as has been previously reported by Nouraie and collaborators (2013).

However, we neither observed a significant association with gender (p = 0.922), with a mainly pre puberty aged population, nor a positive correlation with increasing percentage of fetal hemoglobin, prior to hydroxyurea treatment, or hydroxyurea treatment (Fig. S2A). This may possibly be due to the fact that we did not study the fetal hemoglobin levels posterior to hydroxyurea treatment but used the administration of hydroxyurea, in 18% (17/95) of the patients as a gross, approximation for higher fetal hemoglobin levels. However, a significant negative correlation with increasing percentage of steady state hemoglobin was observed (p = 0.001) (Fig. S2B).

TLR2 genotype and haplotype analysis

Allele frequencies in the study population, included, for the TLR2 haplotype reconstruction data is summarized in Table 1. Of the eight haplotypes identified, three had frequencies ≥ 5%, namely Hap3 (49%), Hap5 (18%) and Hap1 (17%).

These three haplotypes have in common a number of GT repeats ≥ 17 (Alleles M or L), a characteristic also shared by Hap7.

Genotype-to-phenotype association studies

Data analysis strategy

Genotype-to-phenotype association studies followed a data analysis strategy (Fig. S1). The stepwise approach included an extensive exploratory method used for subphenotype selection based on SNP analysis using the Open-source whole genome association v1.07

program [START_REF] Purcell | PLINK: a tool set for whole-genome association and population-based linkage analyses[END_REF], followed by exploratory methods to detect statistical tendencies based on descriptive statistics, in the analysis of means of proportions, or the Fisher's exact test, in the analysis of dichotomous traits. Finally, a longitudinal analysis of dichotomous and quantitative traits using a quasipoisson regression model offered higher statistical power and allowed the prediction of correlated dependent variables.

Phenotype selection

Six subphenotypes of the patients' infectious status, were originally defined for statistical 2). Statistically significant results (without corrections for multiple comparisons) were only obtained for the SNP's association with the subphenotype (A)"number of respiratory infections during the patient's follow-up".

Statistical analysis of subphenotype (A) "number of respiratory infections during the patient's follow-up"

Descriptive statistics, carried out on the single infectious subphenotype, showed a statistically significant result in the preliminary analysis, i.e. subphenotype (A) "number of respiratory infections during the patient's follow-up" (Table S2). For this we compared the average rates of respiratory infections for all the patients (number of respiratory infections/ fetal hemoglobin levels (prior to hydroxyurea treatment) were also observed, whereas the steady state hemoglobin level was protective. The Bonferroni correction for multiple comparisons of these results however did not confirm the statistical significance of the increase of the incidence rate ratio in the number of respiratory infections in the presence of allele T (adjusted α = 0.001667).

Using the quasipoisson regression analyses, no statistically significant associations were obtained for this phenotype in relation to haplotypes.

Statistical analysis of subphenotype (B) "severe bacterial infections at least once during the patient's follow-up"

Although the PLINK analysis did not reveal a statistically significant association of the SNP rs4696480, c.-16934A>T, with the subphenotype (B), "severe bacterial infections at least once during the patient's follow-up", we considered it relevant to perform the Fisher's exact test and quasipoisson regression model on the TLR2 variants and their haplotypes for this rare phenotype (frequency < 0.10) (Tables4 to 7), since this SNP has been reported associated with severe bacterial infections [START_REF] Rostane | Le risque d'infections bactériennes sévères au cours de la maladie drépanocytaire est influencé par un polymorphisme du promoteur du gène TLR-2[END_REF].

For the individualTLR2 variants, no statistically significant results were detected with the quasipoisson regression univariable model, Phenotype ~ Genotype. With the multivariable model (see methods), statistically significant results were obtained for the SNP rs4696480, c.-16934A>T (Table 4), and the -196 to -174 indel (Table 5). A deleterious effect of the A/T genotype (p = 0.00311) was observed along with that of the covariable steady state leukocyte count, whereas the covariables hemolytic component and fetal hemoglobin levels (prior to hydroxyurea treatment) were protective. A protective effect for the -196 to -174 Ins allele (p= 0.0308) and a deleterious effect of the Del/Del (p = 0.0381) genotype was also observed, along with the protective effects of the covariables hemolytic component and fetal hemoglobin levels (prior to hydroxyurea treatment).These results however did not resist the Bonferroni correction for multiple comparisons (adjusted α = 0.001471).

Considering haplotype analysis, the Fisher's exact test revealed a deleterious effect of Hap7 (OR = 24.29; 95%CI 1.95-302.20; p = 0.023) (Table S3). However, the result did not resist the correction for multiple comparisons. Moreover, the risk estimates obtained With the quasipoisson regression model, a statistically significant association independent of genotype was also obtained for the phenotype (B), "severe bacterial infections at least once during the patient's follow-up", relative to the hemolytic component (Table 7).An increase in one hemolytic component unit caused a decrease of 82% in the incidence rate ratio (p = 0.000366). This result was positively influenced by the covariables fetal hemoglobin levels (prior to hydroxyurea treatment) and 3.7-kb alpha-thalassemia.

Discussion

The clinical course of SCA is an alternation of periods of steady state and painful VOCs.

VOCs ultimately result from the reduced solubility of deoxygenated HbS, its subsequent polymerization and the formation of the characteristic sickled red blood cells resulting in life threatening pathophysiological changes [START_REF] Kaul | The pathophysiology of vascular obstruction in the sickle syndromes[END_REF]. These changes contribute toa predisposition to infections, which constitute the major cause of morbidity and mortality in these patients. Moreover, infective factors may in themselves trigger VOCs [START_REF] Ahmed | The role of infection in the pathogenesis of vaso-occlusive crisis in patients with sickle cell disease[END_REF].

In developed countries, particular care is taken to reduce the infectious episodes through extensive immunization and the use of prophylactic or therapeutic antimicrobial agents. The pediatric patients in our cohort were under close and regular medical supervision and subject to comprehensive preventive or curative measures. Nevertheless, severe and recurrent infectious episodes were reported.

Both environmental and genetic factors appear to accrete in the determination of sickle cell disease phenotypes [START_REF] Driss | Sickle cell disease in the post genomic era: a monogenic disease with a polygenic phenotype[END_REF]. Genotype-phenotype association studies have been conducted to identify genetic modulators of SCA phenotypes [START_REF] Steinberg | Sickle cell anemia, the first molecular disease: overview of molecular etiology, pathophysiology, and therapeutic approaches[END_REF][START_REF] Steinberg | Genetic modifiers of sickle cell disease[END_REF], helping to understand the environmental and physiological interactions at play in the onset, course and outcome of the disease.

The role of TLRs against invading organisms has been the subject of several literature reviews [START_REF] O'neill | Therapeutic targeting of Toll-like receptors for infectious and inflammatory diseases and cancer[END_REF][START_REF] Lin | Toll-like receptors and human disease: lessons from single nucleotide polymorphisms[END_REF][START_REF] De Oliviera Nascimento | The role of TLR2 in infection and immunity[END_REF][START_REF] Medvedev | Toll-like receptor polymorphisms, inflammatory and infectious diseases, allergies, and cancer[END_REF]. These type I transmembrane glycoproteins belong to the so-called pattern recognition receptors (PRRs) of the innate immune system. They are expressed by macrophages, neutrophils, dendritic cells (DCs), natural killer (NK) cells, and epithelial and endothelial cells [START_REF] Kawai | Toll-like receptors and their crosstalk with other innate receptors in infection and immunity[END_REF][START_REF] Hippenstiel | Lung epithelium as a sentinel and effector system in pneumonia-molecular mechanisms of pathogen recognition and signal transduction[END_REF] and recognize evolutionarily conserved molecular structures essential to pathogen survival. Amongst the ten members of the human TLR family, TLR2 is a particularly pluripotent receptor due to dimer formation with TLR1 and TLR6 in addition to interaction with non-TLR receptors [START_REF] Kawai | Pathogen recognition with Toll-like receptors[END_REF]. It is therefore not surprising that susceptibility to infections of diverse etiologies has been associated toTLR2and its genetic variants.

In this work, a longitudinal study on a cohort of 95 SCA pediatric patients, was the background for analyzing the genetic association of six infectious subphenotypes and three loci in the noncoding regions of the TLR2 gene, namely the -196 to -174,22 bp deletion in the first untranslated exon, the promoter SNP rs4696480, c.-16934A>T (g.153685974T>A), and the (GT)n STR polymorphism in the second intron.

A stepwise approach to the genotype-to-phenotype association statistical analysis allowed firstly, in preliminary analysis of the TLR2 SNP c.-16934A>T variants, the identification of a relevant infectious subphenotype. This was followed by the observation of deleterious or protective tendencies of the SNP, indel and STR variants and their haplotypes in cross sectional analyses relative to the selected subphenotype. Finally, the use of a quasipoisson regression model optimized the statistical analysis through the incorporation of covariable effects.

In the preliminary genotype-to-phenotype association analysis using the PLINK program a potential association of the average rates per patient of the subphenotype "number of respiratory infections during the patient's follow-up"withTLR2SNP c.-16934A>T was identified. This analysis was followed by descriptive statistics on this subphenotype, comparing the average rates of respiratory infections for all the patients (number of respiratory infections/ time at risk in person*year) with the variants and their haplotypes.

The trends observed in the preliminary and descriptive analyses were statistically confirmed in a quasipoisson regression model for the locus variants. The deleterious effect of the T allele as opposed to a protective effect of the A/A genotype in relation to respiratory infections was thus statistically confirmed.

In our cohort, virus infections appear to be more frequent than bacterial in the episodes of respiratory infections. In an extensive review [START_REF] Wu | Role of infections in the induction and development of asthma: genetic and inflammatory drivers[END_REF] document on how the host's capability to recognize microbes can influence susceptibility to asthma. Certain viral infections including those affecting the respiratory tract, such as RSV are strongly associated with asthma prevalence in children. Moreover, as reviewed by Klaassen and collaborators (2013), the minor allele T of TLR2c.-16934A>T was related to childhood asthma and current asthma symptoms in 3 out of 5 studies (Eder et al., 2004;[START_REF] Kormann | Toll-like receptor heterodimer variants protect from childhood asthma[END_REF][START_REF] Bottema | Gene-gene interaction in regulatory T-cell function in atopy and asthma development in childhood[END_REF][START_REF] Kerkhof | Toll-like receptor 2 and 4 genes influence susceptibility to adverse effects of traffic-related air pollution on childhood asthma[END_REF][START_REF] Miedema | Polymorphisms in the TLR6 gene associated with the inverse association between childhood acute lymphoblastic leukemia and atopic disease[END_REF]. Therefore, our results concerning the possible implication of this variant in the susceptibility to infections of the respiratory tract, mainly of viral etiology, do not appear to contradict these previous reports.

The analysis of the occurrence of at least one severe bacterial infection during the patient's follow-up, was also tested relative to TLR2 SNP c.-16934A>T, prompted by a previous study showing that the homozygous genotypes A/A and T/T were associated with severe bacterial infections in sickle cell patients whereas the heterozygous A/T genotype was more frequent in patients without infections (p < 0.001) [START_REF] Rostane | Le risque d'infections bactériennes sévères au cours de la maladie drépanocytaire est influencé par un polymorphisme du promoteur du gène TLR-2[END_REF]. However, contrary to the reported results [START_REF] Rostane | Le risque d'infections bactériennes sévères au cours de la maladie drépanocytaire est influencé par un polymorphisme du promoteur du gène TLR-2[END_REF], we observed a deleterious effect of the heterozygous A/T genotype in patients with severe bacterial infections.

The descriptive analyses in relation to the number of respiratory infections suggested a deleterious effect of the -196 to -174 Del/Del homozygote. Using the quasipoisson regression model, this was not statistically confirmed for respiratory infections. As concerns the subphenotype of a severe bacterial infection at least once during the patient's follow-up, the quasipoisson regression revealed the tendencies for a protective effect of the Ins allele and a deleterious effect of the Del/Del genotype. The Del allele has been implicated in the occurrence of infections of various etiologies [START_REF] Nischalke | Toll-like receptor (TLR) 2 promoter and intron 2 polymorphisms are associated with increased risk for spontaneous bacterial peritonitis in liver cirrhosis[END_REF][START_REF] Nischalke | The toll-like receptor 2 (TLR2)-196 to-174 del/ins polymorphism affects viral loads and susceptibility to hepatocellular carcinoma in chronic hepatitis C[END_REF][START_REF] Velez | Variants in toll-like receptors 2 and 9 influence susceptibility to pulmonary tuberculosis in Caucasians, African-Americans, and West Africans[END_REF][START_REF] Greene | Toll-like receptor polymorphisms and cerebral malaria: TLR2 Δ22 polymorphism is associated with protection from cerebral malaria in a case control study[END_REF][START_REF] Hishida | No associations of Toll-like receptor 2 (TLR2)-196 to-174del polymorphism with the risk of Helicobacter pylori seropositivity, gastric atrophy, and gastric cancer in Japanese[END_REF]Zeng et al., 2011). Functionally, the -196 to -174 Del/Del genotype has been reported to show decreased transcriptional activity of the TLR2 gene [START_REF] Nischalke | The toll-like receptor 2 (TLR2)-196 to-174 del/ins polymorphism affects viral loads and susceptibility to hepatocellular carcinoma in chronic hepatitis C[END_REF][START_REF] Noguchi | An association study of asthma and total serum immunoglobin E levels for Toll-like receptor polymorphisms in a Japanese population[END_REF].

Concerning the (GT)n STR polymorphism in the TLR2 intron 2, the three major TLR2

haplotypes with frequencies ≥ 5% (Hap1, Hap3, Hap5) have in common a number of repeats n ≥ 17 (Alleles M or L). This characteristic was also shared by Hap7, a less frequent haplotype in our study population (3%). The sub-classification of the alleles of this polymorphic marker into three subclasses (Alleles S, M and L) has unveiled a probable functional impact since lower expression of TLR2 due to weaker promoter activity was reported in individuals with smaller repeat numbers (S allele) [START_REF] Yim | A microsatellite polymorphism in intron 2 of human Toll-like receptor 2 gene: functional implications and racial differences[END_REF], 2006[START_REF] Steinberg | Sickle cell anemia, the first molecular disease: overview of molecular etiology, pathophysiology, and therapeutic approaches[END_REF], Lee et al., 2006;[START_REF] Folwaczny | Microsatellite GT polymorphism in intron 2 of human Toll-like receptor (TLR) 2 gene and susceptibility to periodontitis[END_REF].

The Hap7 haplotype ([Del]-T-[M or L]

) was relevant to the infectious subphenotypes in SCA considered in this study. The deleterious effect of Hap7 was observed through a statistically significant increase in the incidence rate in severe bacterial infections in SCA, resisting the Bonferroni correction for multiple testing, with no influence of the covariables on the risk estimates. This haplotype presents both the -196 to -174 22 bp deletion, localized in the TLR2 first untranslated exon, that was been associated with susceptibility to infections of various etiologies [START_REF] Nischalke | Toll-like receptor (TLR) 2 promoter and intron 2 polymorphisms are associated with increased risk for spontaneous bacterial peritonitis in liver cirrhosis[END_REF][START_REF] Nischalke | The toll-like receptor 2 (TLR2)-196 to-174 del/ins polymorphism affects viral loads and susceptibility to hepatocellular carcinoma in chronic hepatitis C[END_REF][START_REF] Velez | Variants in toll-like receptors 2 and 9 influence susceptibility to pulmonary tuberculosis in Caucasians, African-Americans, and West Africans[END_REF][START_REF] Greene | Toll-like receptor polymorphisms and cerebral malaria: TLR2 Δ22 polymorphism is associated with protection from cerebral malaria in a case control study[END_REF], and the SNP rs4696480 T allele, in the TLR2 promoter, associated in a preliminary study to susceptibility to pulmonary bacterial infections in sickle cell disease [START_REF] Rostane | Le risque d'infections bactériennes sévères au cours de la maladie drépanocytaire est influencé par un polymorphisme du promoteur du gène TLR-2[END_REF].

Relative to the (GT)n STR polymorphism in the TLR2 intron 2, it would appear to have a 'normal' promoter activity. The observed effect of Hap7 was independent of statistically significant effects of the covariables.

The high statistical effects observed in our association studies were accompanied by wide confidence intervals. This lack of precision attests to the low number of cases in our study that could be resolved in future studies by contemplating a higher number of cases.

In earlier studies, TLR2 signaling was believed to have a role in mediating proinflammatory cytokines in a type I IFN independent inflammatory response rather than a specific type I IFN antiviral response as is the case for TLR3, TLR4, TLR7, and TLR9 stimulation [START_REF] Akira | Pathogen recognition and innate immunity[END_REF][START_REF] Thompson | Toll-like receptors regulation of viral infection and disease[END_REF]. However, in more recent investigations, a type I IFN response to viral infection, not requiring nucleic acids as ligands, has been reported (Kawai and Akira, 2008;[START_REF] Barbalat | Toll-like receptor 2 on inflammatory monocytes induces type I interferon in response to viral but not bacterial ligands[END_REF][START_REF] Takeuchi | Pattern recognition receptors and inflammation[END_REF]. In response to viral ligands but not bacterial ligands, and depending on the cell type, TLR2 was shown to induce either the production of type I IFN (in inflammatory monocytes) or of inflammatory cytokines, but not type I IFN (in macrophages and other types of DCs). Vaccinia virus stimulation of inflammatory monocytes induced TLR2 localization to endosomal compartments and type I IFN production [START_REF] Barbalat | Toll-like receptor 2 on inflammatory monocytes induces type I interferon in response to viral but not bacterial ligands[END_REF]. As most of the nucleic acid sensing TLRs (TLR3, TLR7, TLR8 and TLR9) are localized to the endosome, this model is consistent with the paradigm that the endosomal system plays a pivotal role in virus recognition and signaling [START_REF] Liu | New developments in the induction and antiviral effectors of type I interferon[END_REF].

Differences between the TLR2 variants implicated in susceptibility/resistance to viral versus bacterial infections could be expected from genetic variants located in the coding region of the gene, due to the differences in the PAMPs between these two classes of pathogens. This is predictable by the existing dichotomy between type I IFN mediation of antiviral responses, i.e. whereas type I IFNs are crucial to survival from acute viral infection, the toxicity of type I IFN alters innate and adaptive immune defenses against other opportunistic infections including of bacterial origin [START_REF] Trinchieri | Type I interferon: friend or foe?[END_REF]. As such, the protection against viral infections through this innate defense mechanism may increase the risk of bacterial opportunistic infections. Likewise, the genetic variants or haplotypes of the genetic determinants of the innate immune system that protect against one class of pathogens may be deleterious in relation to another. In our study however, the variants analyzed were in non coding regions and most likely implicated in transcriptional activity.

The phenotype-to-genotype association results from our study indicated that these variants worked in the same manner relative to susceptibility/resistance whether the infections analyzed were of bacterial origin or primarily viral. Viral etiology was assigned to most of the respiratory infections in our study. In pediatric ages, viral infections are frequent and almost always benignant. However, from these results their frequency may be an indicator of susceptibility to more severe bacterial infections. It would be pertinent to evaluate the IFN responses in the presence of theTLR2variants and haplotypes in our study, for example in a human relevant cell/tissue ex vivo model. This result is particularly pertinent in the light of considerations on TLRs as a class of targets for therapies against infectious diseases [START_REF] O'neill | Therapeutic targeting of Toll-like receptors for infectious and inflammatory diseases and cancer[END_REF].

The hemolytic component reflects direct markers of intravascular hemolysis in patients and allows for adjusted analysis of associations between hemolytic severity and clinical phenotypes [START_REF] Nouraie | The relationship between the severity of hemolysis, clinical manifestations and risk of death in 415 patients with sickle cell anemia in the US and Europe[END_REF]. The levels of cell-free hemoglobin concentrations, a direct marker of hemolysis, not being available to us we worked with a hemolytic component derived by PCA from three proximal hemolytic markers namely steady state serum lactate dehydrogenase and total bilirubin, and reticulocyte count. A statistically significant association of the subphenotype "severe bacterial infections at least once during the patient's follow-up" was obtained with the hemolytic component, regardless of the patient TLR2genotype. An increase in the hemolytic component unit caused a decrease in the incidence rate of these infections. This is an unexpected observation. SCA is a hemolytic disease in which there is premature destruction of red blood cells. In a recent review [START_REF] Orf | Infection-related hemolysis and susceptibility to Gram-negative bacterial co-infection[END_REF] discussed how hemolysis, by liberating the heme moiety of hemoglobin and its iron, an essential element for both the host and the pathogen, induces pathophysiological changes that increase the risk of bacterial infection. The mechanisms by which this occurs are not fully understood and appear to differ amongst the different causes of hemolysis. However, these authors suggested that a general mechanism may be the impairment of neutrophil oxidative burst that has also been observed in sickle cell disease. The covariable effects as revealed in the quasipoisson regression model also need discussion. The covariables positively influencing this outcome were fetal hemoglobin levels (prior to hydroxyurea treatment) and 3.7-kb alphathalassemia. Fetal hemoglobin is a well known modulator of sickle cell disease severity, the protective effect being due to a higher oxygen binding capacity than that of adult hemoglobin A [START_REF] Bridges | A multiparameter analysis of sickle erythrocytes in patients undergoing hydroxyurea therapy[END_REF]. Alpha-thalassemia, another modulator reduces the formation of dense and irreversibly deoxyHbS sickled cells through the reduction in overall hemoglobin concentration, as a consequence of the absent alpha genes [START_REF] Embury | Concurrent sickle cell anemia and alpha-thalassemia. Effect on pathological properties of sickle erythrocytes[END_REF]. Moreover, alpha-thalassemia has been associated with reduced hemolysis as measured by total steady state bilirubin and reticulocyte count [START_REF] Coelho | Genetic variation in CD36, HBA, NOS3 and VCAM1 is associated with chronic haemolysis level in sickle cell anaemia: a longitudinal study[END_REF].

Supporting the hemolytic component's relationship with the intensity of total hemolysis as previously reported [START_REF] Driss | Sickle cell disease in the post genomic era: a monogenic disease with a polygenic phenotype[END_REF], in our study the mean hemolytic component value was significantly lower with the 3.7-kb alpha-thalassemia genotypes. Moreover, a statistically significant negative association between the hemolytic component and steady state hemolglobin levels was observed. Therefore although hemolysis and 3.7-kb alphathalassemia are two factors generally working in opposition in SCA, in relation to the risk of infection they appear to contribute jointly towards its reduction. These results once more denote the complex genetic architecture in the SCA hemolytic process.

In our study, the hemolytic component was shown to be an important modulator of severe bacterial infection predisposition along with other more commonly investigated modulators of SCA. Our results showed a positive influence of the covariables hemolytic component and fetal hemoglobin levels (prior to hydroxyureia treatment)to the protective effect of the TLR2 SNP c.-16934A>T allele A as well as the -196 to -174 indel Ins/Del genotype against severe bacterial infection.

The hemolytic component had no TLR2 genotype independent effect on the advent of respiratory infections as a whole, which in our study are more frequently of viral origin. A statistical tendency that pointed to the deleterious effect of TLR2 SNP c.-16934A>T allele T was observed, resulting in an increase in the incidence rate of respiratory infections.

Contrary to what was observed with steady state hemoglobin levels, both covariables fetal hemoglobin levels (prior to hydroxyureia treatment) and 3.7-kb alpha-thalassemia acted to increase the incidence rate of these infections. The differences observed between the protective effects of 3.7-kb alpha-thalassemia against severe bacterial infection contrasts with its deleterious effect against respiratory infections where it appears to favor an increase in the incidence rate. Although this latter result is unexpected, negative epistasis between sickle hemoglobin and 3.7-kb alpha-thalassemia or between sickle hemoglobin and fetal hemoglobin levels resulting in an increased risk of malaria infection have been reported in epidemiologic studies in Kenya [START_REF] Mmbando | Negative Epistasis between sickle and foetal haemoglobin suggests a reduction in protection against malaria[END_REF].

Conclusion

This genotype-to-phenotype association study revealed important aspects relative to statistical methodology and the pathophysiology of infection in pediatric SCA.

Methodologically, our study revealed the usefulness of time based cohorts in genotype-tophenotype association studies of infectious diseases at a time when whole genome crosssectional analysis is in vogue.

Our results evidenced the deleterious effect of the Hap7 haplotype ([Del]-T-[M or L]) in the incidence rate in severe bacterial infections in pediatric SCA. This haplotype presents both the -196 to -174 22 bp deletion, localized in the TLR2 first untranslated exon, and the SNP rs4696480 T allele, in the TLR2 promoter, that have previously been associated with susceptibility to infections of various etiologies.

Another interesting aspect was the analysis of a hemolytic component. Hemolysis is a major pathophysiological feature of SCA. Our results show its relevance in relation to severe bacterial infections in a positive epistasis with -α 3.7 thalassemia. An unexpected dichotomous relationship with-α 3.7 thalassemia, suggested that a role in the protection against severe bacterial might favor recurrent viral infections, highlighting the complexity of the SCA hemolytic process in relation to infection.

These results should be further explored by replicating the findings in other cohorts to obtain definite conclusions; conducting prospective studies to prove the usefulness of TLR2 information; applying detailed analysis of TLR2 loci to pick-up the most useful markers to be used in future clinical practice.

As we further and more deeply understand the genetic basis and the pathophysiological mechanisms involved, targeted and personalized interventions may come to reduce the morbidity and mortality attributable to infection in these particularly vulnerable SCA patients.

Table 1

Haplotype (B) "severe bacterial infections at least once during the patient's follow-up"; (C) "number of all infectious episodes during the patient's follow-up"; (D) "number of infectious episodes without hospitalization during the patient's follow-up"; (E) "number of infectious episodes with hospitalization during the patient's follow-up"; (F) "number of infections other than respiratory during the patient's follow-up". For the analysis the quantitative variables were transformed into binary traits; a positive relationship was obtained when "the average rates of the phenotype per patient (number of infections/ time at risk)/ the average rates of the 

  . The PCR program consisted in an initial denaturation step at 95 ºC for 5 min, 35 cycles of 95 ºC for 30 s, 60 ºC for 40 s, and 72 ºC for 40 s, and a final extension step at 72 ºC for 7 min. The PCR products were visualized on a 4% agarose gel stained with ethidium bromide and interpreted as follows: wild type, a single 286 bp band (Insertion/Insertion, Ins/Ins); homozygous for the deletion, one 264 bp band (Deletion/Deletion, Del/Del); heterozygous, two bands of 286 bp (Ins) and 264 bp (Del).The genotyping of the rs4696480 SNP was carried out using restriction fragment length polymorphism (RFLP) analysis. Digestion with the restriction enzyme HphI (NEB® New England Biolabs, Ipswich, MA, USA) was carried out after PCR amplification of a 329 bp fragment around the SNP. For the PCR the forward 5'-CCCCCAAATTTAAAAGAGGGC-3' and reverse 5'-TGTTATCACCAAGGGAGCAG-3' primers were used. The PCR program consisted in an initial denaturation step at 95 ºC for 5 min, 30 cycles of 95 ºC for 30 s, 60 ºC for 40 s, and 72 ºC for 40 s, and a final extension step at 72 ºC for 7 min. HphI enzymatic restriction of the PCR products was carried out at 37 ºC for 3hours. The digested products were visualized on a 2% agarose gel stained with ethidium bromide and interpreted as follows: homozygous T/T three bands of 212 bp, 68 bp and 47pb; heterozygous T/A four bands of 260 bp, 212 bp, 47 bp, 68 pb; homozygous A/A two bands of 260 bp and 68 pb.

  testing: (A) "number of respiratory infections during the patient's follow-up"; (B) "severe bacterial infections at least once during the patient's follow-up"; (C) "number of all infectious episodes during the patient's follow-up"; (D) "number of infectious episodes without hospitalization during the patient's follow-up"; (E) "number of infectious episodes with hospitalization during the patient's follow-up"; (F) "number of infections other than respiratory during the patient's follow-up". The number of infections per time at risk was measured in person*years considering the "time at risk" equal to the time under observation during the follow-up. The phenotypic group (B) was the only originally constructed as a binary trait. The following bacterial infections, affecting a total of nine patients in spite of antibiotic prophylaxis, were observed for the phenotypic group (B): Buruli ulcer and salmonellosis (observed in the same patient), pneumococcal meningitis, pyodermitis, bacteremia and osteomyelitis. Preliminary subphenotype selection was carried out using the PLINK v1.07 program for genotype to phenotype association analysis of the TLR2SNP rs4696480, c.-16934A>T. The allelic, recessive and dominant inheritance models were tested and the Cochran-Armitage trend test performed (Table

  time at risk), in the presence and in the absence of the TLR2 variants or their haplotypes. If the presence of the genotype was associated with an increase in the incidence of respiratory infections (positive statistical effect), this indicated a deleterious genotype with a potentially unfavorable clinical effect. The descriptive statistics suggested a number of deleterious tendencies, including for SNP rs4696480, c.-16934, T allele and the -196 to -174 Del allele.The association, of the subphenotype (A) "number of respiratory infections during the patient's follow-up" with the TLR2 variants and their haplotypes, was then statistically tested using a quasipoisson regression model. No statistically significant results were detected with the univariable model, Phenotype ~ Genotype. With the multivariable model (see methods), statistical confirmation of the suggestive results from the descriptive statistics was obtained only for TLR2 SNP rs4696480, c.-16934A>T (Table3). Risk estimates obtained as a result of the allelic test showed that, in relation to the reference group (allele A), the presence of allele T caused a deleterious effect resulting in an increase of the incidence rate ratio (p= 0.00903). A protective effect of allele A was observed in homozygosity (p = 0.01328). For allele T (allelic model) and allele A in homozygosity (genotypic model) the deleterious effects of the covariables 3.7-kb alpha-thalassemia and

  assuming a univariable quasipoisson regression model (Phenotype ~ Genotype) (p = 0.0060) did not resist the Bonferroni correction (adjusted α = 0.001471). However, the risk estimates obtained using the multivariable model (see methods) (Table 6)resisted the Bonferroni correction for multiple comparisons. Results showed that, in relation to the reference group [Other than Hap7], the presence of Hap7 in the allelic model caused an increase of the incidence rate ratio (p = 0.00145). On the contrary, in relation to Hap7/[Other than Hap7] (no individuals presented the Hap7/Hap7 genotype), the absence of Hap7 in the homozygous genotype [Other than Hap7]/[Other than Hap7]caused a reduction of the incidence rate ratio (p = 0.00145).

1

  distribution of the three TLR2 loci observed in the SCA pediatric patients (n Haplotypes were defined for all three loci detected in the TLR2 using the PHASE, version 2.1, program [64,65]. Relative to the arbitrary position c.-18619, the genetic distance in bp of the three loci was 5' --196 to -174 22 bp nucleotide indel (untranslated exon 1) -SNP rs4696480, c.-16934A>T (promoter) -the (GT)n STR polymorphism (intron 2) -3': 66/1685/18475 bp respectively. Using the PHASE program eight haplotypes were identified: Hap1, 101 ([Ins]-A-[M or L]); Hap2, 100 ([Ins]-A-[S]); Hap3, 111 ([Ins]-T-[M or L]); Hap4, 110 ([Ins]-T-[S]); Hap5, 001 ([Del]-A-[M or L]); Hap6, 000 ([Del]-A-[S]); Hap7, 011 ([Del]-T-[M or L]); Hap8, 010 ([Del]-T-[S]). For the TLR2 STR, the following subdivision based on the number of repeats (n) was used: Allele S, n ≤ 16; Allele M, 17 ≤ n ≤ 22, andAllele L, n ≥23, which was further simplified as a binary variable S versus others (M or L)[START_REF] Yim | The association between microsatellite polymorphisms in intron II of the human Toll-like receptor 2 gene and tuberculosis among Koreans[END_REF]. 2 Haplotype frequency from the present study Note: For the indel: 1 (Ins) = insertion; 0 (Del) = deletion; for the SNP: 1 = T allele (major); 0 = A allele (minor); for the microsatellite (STR): 0 = S allele [(GT) ≤16], 1 = M or L alleles ([17 ≤ (GT) ≤ 22] and [(GT) ≥ 23], respectively)

  Figure 2

Table 2

 2 Results of the preliminary genotype-to-phenotype association study of TLR2 SNP rs4696480 in SCA pediatric patients(n = 95) 

	Phenotype 1	TEST 2	p-value
	A	ALLELIC	0.007167
	A	TREND	0.009488
	A	ADD	0.01152
	B	ALLELIC	0.1805
	B	TREND	0.1964
	B	ADD	0.2056
	C	ALLELIC	0.2226
	C	TREND	0.2393
	C	ADD	0.2416
	D	ALLELIC	0.3874
	D	TREND	0.4044
	D	ADD	0.4056
	E	REC	0.6686
	F	ALLELIC	0.7261
	F	TREND	0.7355
	F	ADD	0.7356
	E	ALLELIC	0.762
	E	TREND	0.7702
	E	ADD	0.7703
	E	GEN	0.9098
	E	DOM	0.9321

1 Infectious phenotype: (A) "number of respiratory infections during the patient's follow-up";

Table 3

 3 Quasi-poisson regression analysis 1 for the phenotype (A) "number of respiratory infections during the patient's follow-up", in SCA pediatric patients (n = 95) Statistical model: generalized linear model,Phenotype ~ Genotype + steady state hemoglobin level + steady state leukocyte count + fetal hemoglobin (prior to hydroxyurea treatment) + haemolytic component + alpha-thalassemia. The Phenotype = "number of respiratory infections during the patient's follow-up".

	relative to TLR2 variants for rs4696480							
		Estimate	S.E.	Z value	p-value 4	Incidence	CI	CI	Incidence rate ratio
						rate ratio	Lower Limit	Upper Limit	reduction/increase (%)
	Allelic model								
	T	2.98	1.06	2.80	0.00903 ** 19.6128131 2.452477460 156.8464717	1861
	Fetal hemoglobin 2	0.11	0.05	2.38	0.02451 *	1.1146879	1.019245354 1.2190677	11
	-α 3.7 thalassemia alleles	1.30	0.40	3.22	0.00321 ** 3.6534094	1.661834046 8.0317288	265
	Steady state hemoglobin 3	-0.65	0.29	-2.26	0.03169 *	0.5200436	0.295078447 0.9165201	-48
	Genotypic model								
	A/A	-2.84	1.07	-2.65	0.01328 *	0.05815951	0.0070963	0.4766610	-94
	Fetal hemoglobin 2	0.11	0.05	2.43	0.02226 *	1.11546060	1.0211839	1.2184410	12
	-α 3.7 thalassemia alleles	1.40	0.42	3.38	0.00224 ** 4.07171727	1.8024320	9.1980620	307
	Steady state hemoglobin 3	-0.68	0.28	-2.39	0.02392 *	0.50816920	0.2919040	0.8846606	-49
	1								

Table 4

 4 Significant results of the quasi-poisson regression analysis 1 for the phenotype (B) "severe bacterial infections at least once during the patient's follow-up", in SCA pediatric patients (n = 95) relative to TLR2 variants for rs4696480 The Phenotype = "respiratory infections during the patient's follow-up". The reference group for the allelic model was T. For the hemolytic component there was no reference group. For the fetal hemoglobin there was no reference group. The reference group for -α 3.7 thalessemia was the absence of -α 3.7 thalassemia. The reference group for the HBB*S haplotype [Bantu/Bantu] was [Other than Bantu]/ [Other than Bantu]. For the steady state leukocyte count there was no reference group.

		Estimate	S.E.	Z value	p-value 5	Incidence rate	CI	CI	Incidence rate ratio
						ratio	Lower Limit	Upper Limit	reduction/increase (%)
	Genotypic model							
	A/T	2.7173	0.8397	3.236	0.00311 **	1.513988e+01 2.920059e+00 78.49705859	1413
	Hemolytic component 2	-1.4491	0.4238	-3.420	0.00194 **	2.347796e-01 1.023152e-01	0.53874169	-77
	Fetal hemoglobin 3	-0.7724	0.2350	-3.287	0.00273 **	4.619032e-01 2.914266e-01	0.73210412	-54
	Steady state leukocyte count 4	0.5257	0.1545	3.404	0.00202 **	1.691717e+00 1.249840e+00 2.28981750	69

1 Statistical model: generalized linear model, Phenotype ~ Genotype + steady state hemoglobin level + steady state leukocyte count + fetal hemoglobin (prior to hydroxyurea treatment) + haemolytic component + alpha-thalassemia.

Table 5

 5 Significant results of the quasi-poisson regression analysis 1 for the phenotype "severe bacterial infections at least once during the patient's follow-up", in SCA pediatric patients (n = 95) relative to TLR2 variants for the -196 to 174 indel Statistical model: generalized linear model, Phenotype ~ Genotype + steady state hemoglobin level + steady state leukocyte count + fetal hemoglobin (prior to hydroxyurea treatment) + haemolytic component + alpha-thalassemia. The Phenotype = "severe bacterial infections at least once during the patient's follow-up". The reference group for the genotypic model was Ins/Ins. For the hemolytic component there was no reference group. For the fetal hemoglobin

		Estimate	S.E.	Z value	p-value 4	Incidence rate	CI	CI	Incidence rate ratio
						ratio	Lower Limit	Upper Limit	reduction/increase (%)
	Allelic model								
	Ins	-1.7843	0.7897	-2.260	0.0308 *	0.1679149	0.03572185	0.7893046	-83
	Hemolytic component 2	-0.7306	0.3117	-2.344	0.0255 *	0.4816236	0.26144550	0.8872261	-52
	Fetal hemoglobin 3	-0.4591	0.1989	-2.307	0.0277 *	0.6318783	0.42784553	0.9332111	-37
	Genotypic model								
	Del/Del	1.9527	0.8972	2.176	0.0381 *	7.04802251	1.2143868794 40.9051038	605
	Hemolytic component 2	-1.2606	0.4914	-2.566	0.0159 *	0.28347897	0.1082098581 0.7426341	-72
	Fetal hemoglobin 3	-0.5551	0.2365	-2.347	0.0262 *	0.57402478	0.3610729097 0.9125704	-43
	1								

Hemolytic component per score unit.

Fetal hemoglobin (%).

Steady state leukocyte count (10 9 /L).

The Bonferroni adjusted α = 0.001471, where the number of tests performed per inheritance model per locus n = 34.Note 1: The interactions between factors were tested but because they were not statistically significant they were not included in the final model.Note 2: The statistical analysis was carried out in R[START_REF] Team | R: A language and environment for statistical computing[END_REF]. Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 Abreviations: SCA, sickle cell anemia; S.E., Standard Error; CI, Confidence interval.

Note 2: The statistical analysis was carried out in R[START_REF] Team | R: A language and environment for statistical computing[END_REF]. Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 Abbreviations: SCA, sickle cell anemia; S.E., standard error; CI, Confidence interval.
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2 Using the open-source whole genome association analysis toolset PLINK v1.07 program [START_REF] Purcell | PLINK: a tool set for whole-genome association and population-based linkage analyses[END_REF] Only those results for which the chi-squared test was applicable are shown.

Abbreviations: SCA, sickle cell anemia.

The reference group for the allelic model was allele A. The reference group for -α 3.7 thalessemia was the absence of -α 3.7 thalassemia. For the fetal hemoglobin there was no reference group. For steady state hemoglobin there was no reference group.

2 Fetal hemoglobin (%).

3 Steady state hemoglobin (g/dL). 4 The Bonferroni adjusted α = 0.001667, where the number of tests performed per inheritance model per locus n = 30.

Note 1: The interactions between factors were tested but because they were not statistically significant they were not included in the final model.

Note 2: The statistical analysis was carried out in R [START_REF] Team | R: A language and environment for statistical computing[END_REF]. Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 Abreviations: SCA, sickle cell anemia; S.E., Standard Error; CI, Confidence interval. there was no reference group. The reference group for -α 3.7 thalessemia was the absence of -α 3.7 thalassemia. The reference group for the HBB*S haplotype [Bantu/Bantu] was [Other than Bantu]/ [Other than Bantu]. The reference group for male gender was female gender.

2 Hemolytic component per score unit.

3 Fetal hemoglobin (%). 4 The Bonferroni adjusted α = 0.001471, where the number of tests performed per inheritance model per locus n = 34.

Note 1: The interactions between factors were tested but because they were not statistically significant they were not included in the final model.

Note 2: The statistical analysis was carried out in R [START_REF] Team | R: A language and environment for statistical computing[END_REF]. Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 Abreviations: SCA, sickle cell anemia; S.E., Standard Error; CI, Confidence interval; Indel, insertion or deletion variation; Del, deletion; Ins, insertion. Note 1:The interactions between factors were tested but because they were not statistically significant they were not included in the final model.

Note 2: The statistical analysis was carried out in R [START_REF] Team | R: A language and environment for statistical computing[END_REF]. Significance codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

Abbreviations: SCA, sickle cell anemia; S.E., standard error; Hap, haplotype; CI, Confidence interval. 2 Hemolytic component per score unit 3 Fetal hemoglobin (%).

Note 1:The interactions between factors were tested but because they were not statistically significant they were not included in the final model.

Legends to Figures

Fig. 1.Age distribution curve of the study cohort consisting of a total of 99 unrelated pediatric patients with SCA enrolled in a previous longitudinal study [START_REF] Coelho | Genetic variation in CD36, HBA, NOS3 and VCAM1 is associated with chronic haemolysis level in sickle cell anaemia: a longitudinal study[END_REF]. A sub-group of 95 patients was selected for the genotype-to-phenotype association studies based on the criterion of infectious episodes occurring within a range of over three and under 20 years of age. In the figure, the cutoff is illustrated by a vertical grey line. The total observation period for the cohort was 433.4 person*years, the average age at observation was 7.7 ± 3.7 years and the mean follow-up per patient was 4.6 ± 1.5 years. The M/F sex ratio was 1.21. Each bar represents one patient.