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ABSTRACT 54 

Understanding the immunogenetic basis of naturally acquired immunity to 55 

Plasmodium falciparum infection would aid in designing a rationally-based malaria 56 

vaccine. Variants within the Fc gamma receptors (FcγRs) mediate immunity through 57 

engagement of immunoglobulin (Ig)G and other immune mediators such as 58 

interferon gamma (IFN-γ), resulting in erythro-phagocytosis and production of 59 

inflammatory cytokines in severe malarial anemia (SMA). The toll-like receptors 60 

(TLRs) trigger transcription of pro-inflammatory cytokines and induce adaptive 61 

immune responses. Therefore, these receptors may condition malaria disease 62 

pathogenesis through alteration in adaptive and innate immune responses. To 63 

further delineate the impacts of FcγRIIIA and TLR9 in SMA pathogenesis, the 64 

association between FcγRIIIA -176 F/V, TLR9 (-1237 T/C) variants, SMA 65 

(Hb<6.0g/dL) and circulating IFN-γ levels were investigated in children (n=301) with 66 

acute malaria from western Kenya. Multivariate logistic regression analysis 67 

(controlling for potential confounders) revealed that children with FcγRIIIA -68 

176V/TLR9 -1237C (VC) variant combination had a 64% reduced odds of developing 69 

SMA (OR, 0.36, 95% CI 0.20-0.64, p=0.001) while carriers of FcγRIIIA -176V/TLR9 -70 

1237T (VT) variant combination were twice more susceptible to SMA (OR, 2.04, 95% 71 

CI 1.19-3.50, p=0.009). Children with SMA had higher circulating IFN-γ levels 72 

compared to non-SMA (p=0.008). Hemoglobin levels were negatively correlated with 73 

IFN-γ levels (r=-0.207, p=0.022). Consistently, the FcγRIIIA -176V/TLR9 -1237T (VT) 74 

carriers had higher levels of circulating IFN-γ (p=0.011) relative to non-carriers 75 

supporting the observation that higher IFN-γ levels are associated with SMA.  These 76 

results demonstrate that FcγRIIIA-176 F/V and TLR9 (-1237 T/C) variants condition 77 

susceptibility to SMA and functional changes in circulating IFN-γ levels. 78 
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 79 
 80 

INTRODUCTION 81 

Plasmodium falciparum malaria is a complex clinical syndrome comprising a milieu 82 

of life-threatening conditions including severe malarial anaemia (SMA), cerebral 83 

malaria (CM), metabolic acidosis, high density parasitemia (≥10,000parasites/µL), 84 

respiratory distress, hypoglycaemia and other less frequent complications such as 85 

hypotension (32).  Globally, falciparum malaria accounts for the greatest degree of 86 

malaria-related morbidity and mortality (63).  The majority of this morbidity and 87 

mortality occurs in immune-naïve African children under five years of age  (11).  In 88 

western Kenya, SMA (Hb<6.0g/dL with any density parasitemia) is the most common 89 

clinical manifestations of severe falciparum malaria in pediatric populations resident 90 

in holoendemic transmission regions (9, 43). 91 

Changes in human genome has been influenced by pressure due to malaria 92 

endemicity, for example, the observed increase in sickle cell allele (HbAS) in 93 

malaria-exposed populations despite its fatal consequences (58).  Even though not 94 

completely understood, the pathological mechanisms that underlie SMA may include 95 

lysis of infected and uninfected erythrocytes (20, 51), erythrocyte sequestration in 96 

the spleen (12, 21), imbalanced cytokine production in bone marrow suppression 97 

(26) and consequently, dyserythropoiesis (1, 49).       98 

Fc gamma receptors (FcγR) are a heterogeneous group of hematopoietic cell 99 

surface glyco-proteins that facilitate the efficiency of antibody-antigen interactions 100 

with effector cells of the immune system (18, 27, 52).  FcγR genes are mapped to 101 

chromosome 1q on 1q21-q23 (18, 27, 52).  These receptors regulate a variety of 102 

humoral and cellular immune responses including phagocytosis, degranulation, 103 

antibody-dependent cellular cytotoxicity (ADCC), regulation of cytokine expression, 104 
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activation of B cells and clearance of immune complexes (23).  FcγR family consist 105 

of FcγRI, FcγRII and FcγRIII (61).   106 

The FcγRs have functional allelic polymorphisms that influence their effector 107 

capabilities (61).   The FcγRIIIA is expressed predominantly on macrophages 108 

monocytes, natural killer (NK) cells and gamma/delta (γ/δ) T cells where they function 109 

as phagocytic and cytotoxic trigger to antigens (15).  It has two co-dominantly 110 

expressed alleles, the -176V and -176F that differ in amino acid at position -176 in 111 

the extracellular domain (valine or phenylalanine, respectively).  The existence of 112 

dimorphism in the amino acid position -176(F/V) of the FcγRIIIA has been shown to 113 

influence the binding of IgG subtypes, with the -176V variant displaying a higher 114 

binding affinity for IgG1 and IgG3 compared to the -176F (29).  In P. falciparum 115 

infections, IgG1 and IgG3 antibodies have been shown to be associated with low 116 

parasitemia and low risk of malaria infection (6). Despite these investigations, the 117 

functional role of FcγR variants in the regulating IFN-γ during malaria disease 118 

pathogenesis still remains elusive. 119 

Toll-like receptors (TLRs) are type 1 trans-membrane proteins differentially 120 

expressed among immune cells (4, 28).  TLRs recognize and bind to conserved 121 

pathogen-associated molecular patterns (PAMPs), triggering activation of signal 122 

transduction pathways that induce cytokine production (5).  TLR9 occupies 5kb on 123 

chromosome 3p21.3 and consists of two exons and encodes 1,028 amino acids (22).  124 

The PAMPs for TLR9 are hemozoin and unmethylated CpG-DNA (8, 50).   125 

Hemozoin, a heme metabolite secreted during malaria infection, activates the innate 126 

immune system via a TLR9-mediated MyD88-dependent pathway, resulting into 127 

signals that up-regulate tumor necrosis factor-alpha (TNF-α), interleukin (IL)-12p40, 128 

monocyte chemo-attractant protein 1 (MCP-1), and IL-6 production by dendritic cells 129 
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(16).  Hemozoin is also a carrier that facilitates entry of unmethylated CpG-DNA of 130 

plasmodial into the host cell, where the latter can bind to, and stimulate TLR9 (48). 131 

Several single-nucleotide polymorphisms (SNPs) that alter susceptibility to 132 

infectious and inflammatory diseases have been identified in TLRs.  For instance, a 133 

study carried out in Ugandan children (aged 3-12 years) showed that carriers of a C 134 

allele at TLR9 −1237CC or the G allele at TLR9 1174GG was associated with an 135 

increased risk to cerebral malaria (CM) since these alleles enhanced production of 136 

IFN-γ following severe P. falciparum infection (53).  Studies in pregnant Ghanaian 137 

women with P. falciparum infection showed that variants in the TLR9 -1486CC 138 

increased the risk of maternal malaria (35).  Other studies investigating the 139 

development of premalignant gastric changes induced by Helicobacter pylori have 140 

identified the TLR9 (-1237 T/C) polymorphism as a risk factor (37).  Taken together, 141 

these studies demonstrate that TLRs have the capacity to mount acute inflammatory 142 

responses against invading pathogens through induction of inflammation.  143 

The IFN-γ is a multi-functional cytokine produced by T lymphocytes, B cells 144 

and natural killer cells (NKs).  It plays an important role in inflammatory responses 145 

and is often associated with the development of overt Th1-like cell-mediated immune 146 

responses (25), and hence forms an important part of the immune system.  Previous 147 

studies in animal models indicated that early production of IFN-γ is necessary for 148 

parasitemia resolution and stimulation of phagocytic cells, leading to clearance of 149 

infected erythrocytes (54).  Moreover, elevated levels of IFN-γ at the acute phase of 150 

uncomplicated P. falciparum malaria has been shown to limit progression to clinical 151 

malaria (59).  Studies in Thai adults demonstrated significantly higher IFN-γ levels in 152 

uncomplicated malaria than in individuals presenting with complicated malaria (56).  153 

In addition, a previous longitudinal study in pediatric population in western Kenya 154 
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demonstrated that high levels of circulating IFN-γ were associated with enhanced 155 

SMA severity in pediatric population (46).  Furthermore, studies in animal models 156 

have shown that long-term immunity to malaria infection may be affected by an IFN-157 

γ-mediated depletion of parasite-specific CD4+ T cells during infection (64), further 158 

demonstrating the critical role of  IFN-γ in malaria pathogenesis.   159 

Although FcγRIIIA -176 F/V and TLR9 -1237 T/C polymorphisms have been 160 

implicated in inflammatory diseases (31, 35, 37), to date, no studies have examined 161 

the associations between these variants and malaria disease outcomes, specifically 162 

in pediatric population resident in Siaya District, a P. falciparum holoendemic 163 

transmission area of western Kenya.  Since previous genetic-based studies have 164 

thoroughly investigated SNPs (41, 47) and haplotypes (40, 46), we investigated the 165 

effect of cross SNP combinations in conditioning SMA.  We examined the 166 

associations between FcγRIIIA (-176 F/V) and TLR9(-1237 T/C) promoter variant 167 

combinations and susceptibility to SMA (Hb<6.0g/dL) in children (aged 3-36 months) 168 

residing in this holoendemic P. falciparum transmission area of western Kenya. In 169 

addition, we investigated the functional role of these variants in mediating circulating 170 

IFN-γ concentrations in children with malaria.  The results presented here show that 171 

co-inheritance of FcγRIIIA -176 F/V and TLR9 -1237 T/C is associated with 172 

susceptibility to SMA and functional changes in circulating IFN-γ levels. 173 

174 
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MATERIALS AND METHODS 175 

 176 

Study site. The study was conducted in Siaya District Hospital, western Kenya, and 177 

the surrounding community, a P. falciparum holoendemic transmission region (43). 178 

The region is inhabited by the Luo ethnic tribe (>96%), hence a homogenous 179 

population for genetic-based studies.  Falciparum malaria prevalence is ∼83% in 180 

children aged <4 years, with severe disease manifesting as SMA and/or high density 181 

parasitemia (HDP) (39, 43). 182 

 183 

Study participants. Children [n=301] of both sexes were recruited in Siaya District 184 

Hospital (SDH) in western Kenya during their initial hospitalization for treatment of 185 

malaria using questionnaires and existing medical records.  Recruitment followed a 186 

two-phase tier of screening and enrolment.  The parent/guardian of the child 187 

received detailed explanation of the study.  Enrolment decision was made after initial 188 

HIV-1 screening of the child and obtaining informed consent.  Questionnaires and 189 

written informed consent were administered in the language of choice (i.e. English, 190 

Kiswahili or Dholuo).  The children with acute malaria were stratified into two 191 

categories: non-severe malarial anemia (non-SMA) group: Children with a positive 192 

smear for asexual P. falciparum, parasitemia (of any density) and Hb≥6.0 g/dL and 193 

SMA group: Children with a positive smear for asexual P. falciparum, parasitemia (of 194 

any density) and Hb<6.0 g/dL (33).  Venous blood samples (<3.0 mL) were collected 195 

in EDTA-containing vacutainer tubes at the time of enrollment, prior to provision of 196 

treatment or any supportive care.  Blood samples were used for malaria diagnosis, 197 

hematological measurements, HIV testing, bacterial culture and genetic analyses.  198 

Children were excluded from the study for any one of the following reasons; children 199 
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with CM (rare in this holoendemic area); history of any HIV-1 related symptoms such 200 

as oral thrush; clinical evidence of acute respiratory infection; prior hospitalization; 201 

intent to relocate during the study period; and unwillingness to enroll child in the 202 

study.  Participants were treated according to the Ministry of Health (MOH)-Kenya 203 

guidelines, which included the use of oral artemether/lumefantrine (Coartem®) for 204 

uncomplicated malaria and intravenous quinine (and in rare occasion, blood 205 

transfusion) for severe malaria.  The study approval was obtained from the Ethics 206 

Review Committee of the Kenya Medical Research Institute (KEMRI).  207 

 208 

Laboratory procedures.  Hemoglobin levels and complete blood counts were 209 

determined using the Beckman Coulter ACT diff2™ (Beckman-Counter Corporation, 210 

Miami, FL, USA).  To determine parasitemia, 10% Giemsa-stained thick blood 211 

smears were prepared and examined under a microscope on high power 212 

magnification.  P. falciparum parasites per 300 white blood cells (WBC) were 213 

determined and parasitemia (/µL) estimated using total WBC count.  In order to 214 

delineate severe anemia caused by malaria versus other anemia-promoting 215 

conditions, human immunodeficiency virus (HIV)-1, bacteremia, sickle-cell trait 216 

(HbAS) status and glucose-6-phosphate dehydrogenase (G6PD) deficiency were 217 

determined.  Pre- and post-test HIV counseling was provided for all participants.  218 

HIV-1 exposure and infection were determined serologically (i.e., Unigold™ and 219 

Determine™) and through HIV-1 proviral DNA PCR testing, respectively, according 220 

to previously published methods (45).  Bacteremia was determined using the 221 

Wampole Isostat Pediatric 1.5 system (Wampole Laboratories), and blood was 222 

processed according to the manufacturer’s instructions.  API biochemical galleries 223 

(bioMerieux, Inc.) and/or serology were used for identification of blood-borne 224 
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bacterial isolates.   The presence of the sickle cell trait (HbAS) was determined by 225 

cellulose acetate electrophoresis, while Glucose-6-Phosphate Dehydrogenase 226 

(G6PD) deficiency as previously described (47). 227 

 228 

Genotyping. Blood spots were made on FTA Classic® cards (Whatman Inc., Clifton, 229 

NJ, USA), air dried, and stored at room temperature until use.  DNA was extracted 230 

using the Gentra System (Gentra System Inc., Minneapolis, MN, USA) according to 231 

the manufacturer's recommendations.  The FcγRIIIA-176 F/V (rs396991, assay ID: 232 

C__25815666_10) and TLR9-1237C/T (rs5743836, assay ID: C__32645383_10) 233 

promoter polymorphism were genotyped using the high-throughput TaqMan® 5' 234 

allelic discrimination Assay-By-Design method based on the manufacturer's 235 

instructions (Applied Biosystems, Foster City, CA, USA). 236 

Quantification of IFN-γ levels.   Plasma samples were obtained from venous blood 237 

and stored at -80°C.  Batch analysis was performed to restrict experimental 238 

variability between assays.  Circulating IFN-γ concentrations were determined using 239 

human cytokine 25-plex Ab Bead Kit, (BioSource™ International) according to the 240 

manufacturer's instructions.  Plates were read on Luminex 100™ system (Luminex 241 

Corporation) and analyzed using the Bio-plex Manager Software (Biorad 242 

Laboratories).  The detection limit for IFN-γ was 2.0pg/mL. 243 

 244 
Data analyses. SPSS® statistical software package version 19.0 (IBM SPSS Inc., 245 

Chicago, IL, USA) was used for all statistical analyses.  Chi-square analysis was 246 

used to examine differences between proportions.  Across group comparisons was 247 

determined by Kruskal-Wallis test, while Mann-Whitney U test was used for 248 

comparisons of demographic, clinical characteristics and circulating IFN-γ levels 249 
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between the two clinical groups and SNP combinations.  FcγRIIIA (-176 F/V) and 250 

TLR9 (-1237C/T) SNP combinations were constructed using HPlus software 251 

program (Version 2.5).  The relationship between genotypes, SNP combinations and 252 

SMA was determined by multivariate logistic regression, controlling for the 253 

confounding effects of age, gender, HIV-1 status [including HIV-1 exposed and 254 

definitively HIV-1(+) results], Glucose-6-Phosphate Dehydrogenase (G6PD) 255 

deficiency, sickle cell trait (HbAS) and bacteremia.  Correlation between IFN-γ 256 

concentrations and Hb levels in parasitemic children was determined by Spearman’s 257 

correlation coefficient.  Statistical significance was set at p≤0.05.   258 

 259 
 260 

 261 

262 
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RESULTS 263 

Clinical, demographic and laboratory characteristics of the study participants:  264 

A cross-sectional analysis in children (n=301, aged 3-36 months) presenting with 265 

acute P. falciparum malaria (any density parasitemia) was performed. Clinical 266 

stratification of the study groups was done based on previous age- and 267 

geographically-defined reference population from western Kenya (33), i.e. non-268 

severe malaria (non-SMA; Hb≥6.0g/dL; n=163) and severe malaria anemia (SMA; 269 

Hb<6.0g/dL; n=138).  The distribution of gender, parasitemia (parasites/µL), 270 

proportions of those with high density parasitemia (HDP≥10,000 parasites/µL) and 271 

axillary temperature (ºC) were not significantly different between the groups 272 

(p=0.668, p=0.508, p=0.456 and p=0.109, respectively; Table 1).  Children 273 

presenting at hospital with SMA were younger than those with non-SMA (p=0.010). 274 

With reference to previous grouping, Hb (g/dL) concentration and erythrocyte counts 275 

(x1012/L) were lower in SMA group (p<0.001) for the two clinical parameters (Table 276 

1). 277 

 278 

Distribution of FcγRIIIA (-176 F/V) and TLR9 (-1237 T/C) genotypes and alleles 279 

in the clinical groups: To investigate the role played by the polymorphic variation in 280 

FcγRIIIA (-176 F/V) and TLR9 (-1237 T/C) promoters in conditioning susceptibility to 281 

SMA, their allelic distributions were compared between the clinical groups (Table 2).  282 

FcγRIIIA -176 F/V genotypes in the overall population were 54.5% FF, 36.5% FV and 283 

9.0% VV, with overall allele frequency of 0.72 for F and 0.28 for V.  However, the 284 

overall allele frequency for FcγRIIIA -176 F/V did not deviate from the Hardy-285 

Weinberg Equilibrium (HWE) (χ2=1.83, p=0.180).  The prevalence of FcγRIIIA -176 286 

F/V genotypes in non-SMA was 52.2% FF, 36.8% FV and 11.0% VV with allele 287 
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frequency of 0.71 for F and 0.29 for V while the genotypic distribution of the FcγRIIIA 288 

-176 F/V in SMA group was 57.3% FF, 36.2% FV and 6.5% VV with an allele 289 

frequency of 0.75 for F and 0.25 for V.  The allele frequencies in non-SMA (χ2=2.20, 290 

p=0.140) and SMA group (χ2=0.07, p=0.800) for the FcγRIIIA -176 F/V did not 291 

significantly deviate from HWE.  292 

 293 

The distribution of TLR9 (-1237 T/C) genotype in the overall study population was 294 

40.9% TT, 49.8% TC and 9.3% CC (Table 2), with an overall allele frequency of 0.70 295 

for T and 0.30 for C.  There was no significant departure from the HWE in the overall 296 

study group (χ2=0.60, p=0.350).  The genotypic distribution in non-SMA group was 297 

36.8% TT, 54.4% TC and 9.8% CC (Table 2) with allele frequency of 0.63 for T and 298 

0.36 for C.  The allele frequency in the non-SMA group demonstrated a significant 299 

departure from the HWE (χ2=4.00, p=0.040). The genotypic prevalence in SMA 300 

group was 45.7% TT, 45.7% TC and 8.6% CC (Table 2) and allele frequency of 0.69 301 

for T and 0.31 for C.  However, there was no departure from HWE in the SMA group 302 

(χ2=0.60, p=0.400).   303 

 304 

Additional χ2 analysis showed that the distribution of the individual FcγRIIIA -176 F/V 305 

and TLR9 (-1237 T/C) genotypes were comparable between the SMA and non-SMA 306 

groups (p=0.356 and p=0.297, respectively). 307 

 308 

Influence of polymorphic variability in FcγRIIIA -176 F/V and TLR9 (-1237 T/C) 309 

on SMA. The investigation on the association between individual genotypes of 310 

FcγRIIIA -176 F/V and TLR9 (-1237 T/C) and susceptibility to SMA was determined 311 

using multivariate logistic regression analyses while controlling for the confounding 312 
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effects of age, gender, HIV-1 status, sickle cell trait (HbAS), bacteremia and G6PD 313 

deficiency (3, 45, 62). No significant associations were observed between the 314 

variations at individual loci of FcγRIIIA (-176 F/V), TLR9 (-1237 T/C) and 315 

susceptibility to SMA (Table 3).  316 

 317 
Distribution of FcγRIIIA -176 F/V and TLR9 (-1237 T/C) SNPs combinations in 318 

the clinical groups. As shown in Table 4, cross-gene SNP combination for the 319 

receptor polymorphisms yielded the following overall prevalence in the non-SMA and 320 

SMA group (33); FcγRIIIA -176F/ TLR9 -1237T (FT), 80.1% (241/301); FcγRIIIA -176 321 

F/ TLR9 -1237C (FC), 38.2% (115/301); FcγRIIIA -176V/ TLR9 -1237T (VT), 26.6% 322 

(80/301) and FcγRIIIA -176V/ TLR9 -1237C (VC), 24.0% (74/301).  Additional 323 

comparison showed a higher proportion of carriers of the -176V/ -1237T (VT) SNP 324 

combination in SMA group (33.3%) compared to the non-SMA (20.9%; p=0.015).  325 

Consistent with this observation, the VT carriers presented with significantly lower 326 

Hb levels [median (IQR); 5.70g/dL (3)], relative to the non-VT carriers [median (IQR); 327 

6.70g/dL (3)], (p=0.014).  Further analysis revealed a significantly lower proportion of 328 

the -176V/ -1237C (VC) SNPs in SMA group (15.2%) compared to non-SMA (32.5%; 329 

p=0.001).  In agreement with this finding, carriers of this SNP combination also had 330 

significantly higher Hb levels [median (IQR); 6.70g/dL (3)] compared to non-carriers 331 

[median (IQR); 5.60g/dL (3)], p=0.002). Further analysis revealed comparable 332 

proportions and Hb levels for the -176F/ -1237T (p=0.887 and p=0.588), -176F/ -333 

1237C (p=0.209 and p=0.064) (Table 4).  These results show that carriage of 334 

FcγRIIIA -176 F/V and TLR9 (-1237 T/C) SNP combinations may condition 335 

susceptibility to SMA in children with acute malaria. 336 

 337 
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 338 

Associations between FcγRIIIA -176 F/V and TLR9 -1237 T/C gene SNP 339 

combinations and SMA. Prior to determining the influence of the SNP combinations 340 

on circulating IFN-γ plasma levels, multivariate logistic regression analysis controlling 341 

for covariates (3, 45, 62) was performed.  The analysis demonstrated that carriers of 342 

-176V/ -1237T (VT) SNPs combination were at an increased risk of developing SMA 343 

(OR, 2.04, 95%CI 1.19-3.50, p=0.009) relative to non-carriers while carriers of -344 

176V/ -1237C (VC) were at reduced risk of SMA (OR, 0.36, 95%CI 0.20-0.64, 345 

p=0.001; Table 5).  Further analysis did not reveal any association between the -346 

176F/ -1237T (OR, 0.94, 95%CI 0.52-1.68, p=0.830) and the -176F/ -1237C (OR, 347 

1.30, 95%CI, 0.80-2.10, p=0.288) SNP combinations and SMA (Table 5). Given a 348 

possible diluting effect of each SNP combination in heterozygous individuals, 349 

additional construction of SNPs was carried out based on the carriage of F/V (at -176 350 

F/V) and T/C (at -1237 T/C) i.e. FV/TC and associations with SMA. Results revealed 351 

that heterozygous individuals were peripherally at an increased risk to the 352 

development of SMA (OR, 1.89, 95%CI, 0.99-3.64, p=0.055).  However, low 353 

numbers could not allow determination of associations between the dominant 354 

(FF/TT) and recessive (VV/CC) SNP combination models and SMA. 355 

 356 

Relationship between circulating IFN-γ and SMA. To determine whether the 357 

changes in the circulating levels of IFN-γ are associated with severity of acute 358 

malaria, the levels were compared between the SMA (n=69) and non-SMA (n=70) 359 

groups.  It is critical to note that after the first screening (to determine Hb levels), we 360 

were unable to collect additional blood samples to carry out measurements of IFN-γ 361 

levels in some study participants due to the fact that either the children were too 362 
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anemic or were too sick to ethically allow collection of additional blood sample, 363 

hence the reduction in numbers in this analysis.  As presented in Figure 1, the 364 

results demonstrates that children with SMA had significantly higher levels of 365 

circulating IFN-γ plasma concentrations [median (IQR); 21.5(34.9) pg/mL] compared 366 

to non-SMA [14.8(27.1) pg/mL] (p=0.008). Additional analyses demonstrated that 367 

IFN-γ levels was negatively correlated with Hb levels (r=-0.207, P=0.022). 368 

 369 

Association between circulating IFN-γ and FcγRIIIA (-176 F/V) and TLR9 (-1237 370 

T/C) promoter polymorphisms.  To determine whether these genotypes were 371 

associated with functional changes in concentrations of IFN-γ levels, plasma levels of 372 

IFN-γ were compared across the genotypic groups.  As presented in Figure 2 (A) and 373 

(B), there were no significant differences in the concentrations of plasma IFN-γ 374 

across genotypes for both FcγRIIIA (-176 F/V; FF=77, FV=53 and VV=9) (p=0.480) 375 

and TLR9 (-1237 T/C; TT=65, TC=65 and CC=9) (p=0.559).  The distribution of  IFN-376 

γ in the FcγRIIIA -176 F/V genotype were; FF [median (IQR); 19.6 (30.6)], FV 377 

[median (IQR); 15.9 (28.1) and VV [median (IQR); 19.6 (27.3) while the distribution 378 

of IFN-γ  in TLR9 (-1237 T/C) genotype were; TT [median (IQR); 16.2(34.6), TC 379 

[median (IQR); 19.6(33.6) and CC [median (IQR); 14.0(27.5)]. 380 

 381 

Functional associations between FcγRIIIA -176 F/V and TLR9 -1237 T/C SNPs 382 

combinations and circulating IFN-γ levels. To determine whether co-inheritance of 383 

these receptor polymorphisms were associated with changes in concentrations of 384 

IFN-γ levels, circulating concentrations of IFN-γ were compared within SNP 385 

combinations in the FcγRIIIA -176 F/V and TLR9 -1237 T/C.  As shown in Figure 3, 386 
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the individuals with FcγRIIIA -176V/TLR9 -1237T SNPs combination had significantly 387 

higher levels of IFN-γ [median (IQR); 19.6pg/mL (32.1)] relative to those without this 388 

combination [median (IQR); 13.4 pg/mL (16.9)], (p=0.011).  However, the 389 

concentration of IFN-γ was comparable between those with FcγRIIIA -176F/ TLR9 -390 

1237T (p=0.450), FcγRIIIA -176F/ TLR9 -1237C (p=0.775) and FcγRIIIA -176V/ 391 

TLR9 -1237C (p=0.188) SNP combinations.   392 

393 
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DISCUSSION 394 

To describe the role of receptors in susceptibility to child severe malarial anemia, we 395 

performed a cross-sectional analysis of the impacts of FcγRIIIA -176 F/V and TLR9 (-396 

1237 T/C) promoter variants in a phenotypically well-defined cohort of children aged 397 

3-36 months resident in a P. falciparum holoendemic transmission region.  The 398 

results presented here demonstrate that carriage of the FcγRIIIA -176V and TLR9 -399 

1237C (VC) confers protection against SMA (Hb<6.0 g/dL) (33), and is associated 400 

with significantly higher Hb levels in this population whereas the carriage of FcγRIIIA 401 

-176V and TLR9 -1237T (VT) increases susceptibility to SMA and produces 402 

significantly higher levels of circulating IFN-γ. Consistent with previous observations, 403 

children with SMA had significantly high levels of circulating IFN-γ (46).   404 

Since FcγRIIIA is mainly expressed on the macrophages and monocytes, they 405 

play a primary role in phagocytosis of unparasitized erythrocytes and induction of 406 

pro-inflammatory cytokines, which play a role in SMA pathogenesis (10).  On 407 

macrophages, FcγRIIIA is also involved in the clearance of immune complex (15). 408 

Consistent with a previous study in Thai adults (41), individual FcγRIIIA -176 F/V 409 

polymorphism failed to show any association with SMA.  However, it is important to 410 

note that this polymorphism influences preferential binding of immunoglobulins (Ig)G 411 

in which the FcγRIIIA (-176V/V) has higher binding affinity to IgG1 and IgG3 which 412 

are associated with low parasitemia and low risk of malaria (6, 57).  We are currently 413 

exploring this model to test whether carriage of this variant is associated with higher 414 

IgG binding in children naturally exposed to P. falciparum malaria in holoendemic 415 

region of western Kenya, in which the primary clinical outcome of severe malaria is 416 

SMA.  417 
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There is accumulating evidence on the potential role of TLR9 polymorphisms 418 

in clinical malaria (13, 30, 65). Consistent with our study, two separate studies, 419 

carried out in Brazil and Iran, have recently revealed no impact of individual TLR9 (-420 

1237 T/C) promoter polymorphism on susceptibility to mild malaria in their respective 421 

populations (30, 65).   Moreover, the TLR9 (-1237TT) genotype has only been 422 

associated with low parasitemia but not increased susceptibility to clinical malaria in 423 

Ghanaian children aged 3-11 years (40).  Investigations in the Gambian and 424 

Malawian children less than 5 years characterized by mixed clinical phenotypes 425 

(cerebral and/or severe malaria anemia) did not show any association between the 426 

TLR9 (-1237 T/C) polymorphisms and severe malaria (13).  However, a study in 427 

Ugandan children (aged 4-12 years), showed that TLR9 (-1237CC) genotype was 428 

associated with elevated levels of plasma IFN-γ and enhanced cerebral malaria (53) 429 

emphasizing the fact that these variants may individually be associated with CM 430 

rather than SMA.  Moreover, other studies have revealed that individuals infected by 431 

malaria have up-regulated TLR9 and elevated IFN-γ, and that mouse with TLR9 432 

gene knockout produce low IFN-γ levels in response to Plasmodium chabaudi AS 433 

(24).  The discrepancies observed between our study and others may in part be 434 

explained by the difference in clinical phenotypes since in our study population, the 435 

main clinical manifestation is SMA in pediatric populations while the earlier studies 436 

focused on heterogeneous populations in which the most severe clinical 437 

manifestation was CM.  In addition, pathways of TLR9 signalling involve 438 

polymorphisms in the downstream molecules, for instance NF-кB and MyD88 that 439 

were not investigated in the current study.  Furthermore, due to high prevalence of 440 

malaria in our population and that TLRs only act in recognition and induction of 441 

immune response, we assume that polymorphisms in the TLRs are not the primary 442 
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determinants of clinical malaria.  We are currently investigating additional genes that 443 

may significantly alter TLR pathways and alter malaria disease susceptibility. 444 

Since susceptibility to infectious disease occurs through multi-factorial, 445 

complex and even contradictory selective pressures (7), our laboratory constructed 446 

cross SNP combination between FcγRIIIA (-176 F/V) and TLR9 (-1237 T/C), in an 447 

attempt to determine whether co-inheritance of these receptor SNPs combinations 448 

could influence susceptibility to SMA.  Based on results from this study, carriage of 449 

the -176V/ -1237C (VC) SNP combination were associated with reduced 450 

susceptibility in the development of SMA relative to non-carriers.  Consistent with 451 

this observation, carriers of VC had concomitant higher levels of haemoglobin, 452 

suggesting a potential protective role against SMA pathogenesis through increased 453 

erythropoietic responses.  In addition, the carriers of the -176V/ -1237T (VT) SNPs 454 

combination were almost twice at risk of developing SMA and had relatively lower 455 

haemoglobin levels.  In the current study, we demonstrated that SMA in this 456 

population is characterised in part by elevated circulating IFN-γ levels as previously 457 

shown (46).  Furthermore, the -176V/-1237T SNP combination which was associated 458 

with an increased risk to SMA was also associated with higher circulating IFN-γ 459 

levels. This is not surprising given that elevated circulating IFN-γ levels is associated 460 

with SMA in this population.  As such, any gene combination that may be associated 461 

with higher circulating IFN-γ levels may promote SMA. It would be plausible to 462 

explore how different cytokine milieu in relationship to IFN-γ levels and IgG 463 

production promote the development of SMA over time in this pediatric population 464 

resident in western Kenya.  This approach will address the inherent limitation in 465 

examining cytokine production at a single time point (time of admission) and in 466 

circulation rather than in the local microenvironments which in essence complicates 467 
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the clear understanding of the exact role of immune mediators such as IFN-γ in SMA 468 

(34).  This study underscores the importance of the use of cross-SNP combinations 469 

in genetic association studies of infectious diseases such as malaria because it 470 

reveals associations that are not identifiable with just single gene polymorphisms 471 

since such disease outcome(s) are dictated by genes functioning in concert (2).  472 

It is worth noting that substitution of a T to a C in the TLR9 -1237 in the SNP 473 

combination (VC vs. VT) significantly determined whether individuals were 474 

increasingly susceptible or had reduced risk to SMA in children who presented with 475 

acute malaria.  Activation of gene transcription depends upon the binding of 476 

regulatory and transcription factors to specific recognition sequences in the 477 

promoter.  As such, variation in the TLR9 -1237 T/C promoter sequences likely alters 478 

specific transcription factor recognition sites and consequently affects transcriptional 479 

activation of IFN-γ and other effector production during acute disease.  For example, 480 

the presence of a T at the TLR9 -1237 locus (VT in the SNP combination) may favor 481 

enhanced binding of transcriptional factors (or cause disruption of repressor binding 482 

sites) that lead to higher IFN-γ production, whereas, the presence of the C in the 483 

promoter (VC in the SNP combination) may create sites for enhanced binding of 484 

repressors that favor reduced IFN-γ production.  Although the impact of the surface 485 

receptor SNP combinations examined here on promoter binding elements is largely 486 

unknown, our laboratory is currently investigating the mechanism(s) by which these 487 

across SNP combinations may alter IFN-γ production.   488 

Despite continued investigations, the exact role of IFN-γ in the pathogenesis of SMA 489 

continues to be baffling.  For example, high early IFN-γ production has been shown 490 

to confer protection against symptomatic malaria episodes in children aged 5-14 491 

years from malaria endemic region of Papua New Guinea (17).   An additional study 492 
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in holoendemic perennial falciparum malaria transmission area in southern Ghana 493 

reported that malaria-specific production of IFN-γ was associated with reduced 494 

clinical malaria and fever (19).  Collectively, these studies implicate increased IFN-γ 495 

production in clinical malaria.  However, certain studies have reported association 496 

between higher levels of IFN-γ with severe malaria. For instance, a study in Uganda 497 

reported positive association between increased IFN-γ levels and CM (53).  498 

Furthermore, a previous report in children population resident in western Kenya 499 

demonstrated that IFN-γ was a positive predictor of SMA (42).  Results presented in 500 

the current versus previous study (42) likely differ due to differences in the 501 

stratification of the cohort groups.  In the current study, we stratified our study 502 

population into SMA (Hb<6.0 g/dL, and any density parasitemia) and non-SMA 503 

groups (Hb≥6.0g/dL, and any density parasitemia), while the previous study (42), 504 

further stratified the overall non-SMA (Hb>6.0 g/dL, and any density parasitemia) 505 

group into uncomplicated malaria (UM; Hb levels of >11.0 g/dL; n = 31) and Non-506 

SMA (Hb levels of 6.0 to 10.9 g/dL; n = 37) for the Least-Angle Regression (LAR) 507 

analyses.  In addition, potential underlying genetic variation that may potentially 508 

contribute to differences in functional changes (e.g. IFN-γ) during disease in the 509 

population were never controlled for as a variable in the LAR analyses.  In the 510 

current study, we demonstrate that children with SMA had significantly higher IFN-γ 511 

concentrations, a finding consistent with a previous study in the same population 512 

(46).  Even though not explicitly explored, the pathogenic mechanisms of elevated 513 

IFN-γ in SMA may in part be as a consequence of over-stimulation of monocytes by 514 

IFN-γ to secret TNF-α (44).  This stimulation would lead to the formation of toxic 515 

oxides and free radicals, such as reactive oxygen species (H2O2 and iNOS) by liver 516 

cells against intra-hepatic parasites and erythrocytic-stage parasite (38, 55, 60), as 517 
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well as enhanced phagocytic activities of monocytes/macrophages against 518 

parasitized and non-parasitized erythrocytes (36). Moreover, overproduction of IFN-519 

γ, also promote enhanced malarial anemia pathogenesis through bone marrow 520 

suppression, dyserythropoiesis, and erythro-phagocytosis (14).  However, for 521 

enhanced immunity to be accomplished, milieus of both pro-inflammatory and anti-522 

inflammatory cytokines balance are involved (19) and should be considered in future 523 

study designs. 524 

In summary, our results demonstrate that SMA in this pediatric population is 525 

conditioned by functional variations in FcγRIIIA (-176 F/V) and TLR9 (-1237 T/C) 526 

promoter polymorphisms. To exhaustively describe the impacts of surface receptors 527 

in development of naturally acquired immunity against malaria, further longitudinal 528 

studies aimed at examination of an all inclusive panel of receptor polymorphisms that 529 

influence innate immune response and disease outcome are required as this may 530 

provide an immunogenetic basis for the development of vaccines that modulate 531 

receptor functions. 532 

 533 

 534 

535 
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Tables 786 
Table 1: Clinical, demographic and laboratory characteristics of the study 787 
participants 788 

Characteristics non-SMA 

(Hb≥6.0g/dL) 

SMA 

(Hb<6.0g/dL) 

P value 

No. of participants (n=301) 163 138  

Gender, n (%)    

     Male 82 (50.3) 66 (47.8) 0.668a 

     Female 81 (49.7) 72 (52.2) 

Age, months  11.0 (10.0) 8.0 (8.0) 0.010b 

Hemoglobin level, g/dL 7.9 (3.0) 4.9 (1.0) <0.001b 

Parasite density, parasite/µL 18957.0 

(43921.5) 

17261.55 

(36272.0) 

0.508b

HDP (≥10,000 parasites/µL no. %)   106/163 (65.0) 84/138 (60.9) 0.456a

Red Blood Counts, x1012/L 3.65 (1.2) 2.13 (0.8) <0.001b 

Axillary temperature, ºC 37.6 (2.0) 37.4 (2.0) 0.109b 

 789 
Data are the median (interquartile range; IQR) unless otherwise noted. Children with 790 

parasitemia (n=301) were stratified according to a modified definition of SMA based 791 

on age- and geographically-matched Hb concentrations (i.e., Hb<6.0g/dL, with any 792 

density parasitemia) (33), into non-SMA (n=163) and SMA (n=138).  HDP, (high 793 

density parasitemia). 794 

a Statistical significance determined by the χ2 analysis. 795 

b Statistical significance determined by the Mann-Whitney U  test. 796 

 797 

 798 
799 
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Table 2: Distribution of FcγRIIIA (-176 F/V) and TLR9 (-1237 T/C) genotypes in 800 
the clinical groups  801 
 802 
 Genotype Non-SMA 

(Hb≥6.0g/dL) 
SMA 

(Hb<6.0g/dL) 
p-value 

No. of participants  163 138 N/A 
FcγRIIIA-176 F/V FF, n (%) 85 (52.2) 79 (57.3)  
 FV, n (%) 60 (36.8) 50 (36.2) 0.356a 
 VV, n (%) 18 (11.0) 9 (6.5)  
TLR9 (-1237 T/C)    N/A 
 TT, n (%) 60 (36.8) 63 (45.7)  
 TC, n (%) 87 (53.4) 63 (45.7) 0.297a 
 CC, n (%) 16 (9.8) 12 (8.6)  

 803 
Data are presented as n (%) of children. Children with parasitemia were categorized 804 

on the basis of presence or absence of severe malarial anemia SMA based (defined 805 

as Hb<6.0g/dL, with any density parasitemia) (33).  806 

a Statistical significance determined by the χ2 analysis. 807 

808 
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Table 3: Association between individual FcγRIIIA -176 F/V and TLR9 (-1237 T/C) 809 
genotypes and severe malarial anemia (SMA) 810 
 811 
 SMA 

(Hb level ≤6.0g/dL) 

Genotypes  OR 

 

95%CI p-value 

 

FcγRIIIA -176 F/V    

FF 1.00 (reference)   

FV 0.88 0.53-1.45 0.163 

VV 0.58 0.24-1.40 0.235 

TLR9 -1237 T/C    

TT 1.00 (reference)    

TC 0.67 0.41-1.10 0.110 

CC 0.72 0.31-1.68 0.450 

 812 
Children with acute malaria (n=301) were stratified according to the modified 813 

definition of SMA based on age- and geographically matched Hb concentration (i.e., 814 

Hb<6.0g/dL, with any density parasitemia) (33). Odds ratios(OR) and 95% 815 

confidence intervals (CI) were determined using multivariate logistic regression 816 

controlling for age, gender, HIV-1 infection, sickle cell trait (HbAS), bacteremia,  and 817 

G6PD deficiency. The reference groups in the multivariate logistic regression 818 

analysis were the homozygous wild-type genotypes. 819 

 820 
 821 
 822 
 823 
 824 

825 
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Table 4: Distribution of FcγRIIIA -176 F/V and TLR9 (-1237 T/C) SNPs 826 
combinations in the clinical groups 827 
 828 
FcγRIIIA/TLR9 -1237 T/C  Hb (g/dL)  non-SMA SMA  

  Median(IQR) p   p 

    163 138  

-176F/-1237T (n=241) 1 6.20(3.00) 0.588b 131(80.6) 110(79.7) 0.887a

0 6.25(3.00) 32(19.6) 28(20.3)  

-176F/-1237C (n=115) 1 5.90(3.00) 0.064b 57(35.0) 58(42.0) 0.209a

0 6.30(3.00) 106(65.0) 80(58.0)  

-176V/-1237T (n=80) 1 5.70(3.00) 0.014b 34(20.9) 46(33.3) 0.015a

0 6.30(3.00) 129(79.1) 92(66.7)  

-176V/-1237C (n=74) 1 6.70(3.00) 0.002b 53(32.5) 21(15.2) 0.001a

0 5.60(3.00) 110(67.5) 117(84.8)  

Data are presented as proportions (n, %), the Hb levels are medians (IQR) and the 829 

comparisons between carriers and non-carriers of the SNPs combinations were 830 

computed using Mann-Whitney U test. SMA (Hb<6.0g/dL with any density 831 

parasitemia), (33).  Non-SMA, (Hb≥6.0g/dL with any density parasitemia). 1=carrier 832 

of SNPs combination, 0=non-carrier. 833 

a Statistical significance determined by the χ2 analysis. 834 

b Statistical significance determined by the Mann-Whitney U  test. 835 

Values in bold are statistically significant at p≤0.005. 836 

 837 
838 
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Table 5: Relationship between FcγRIIIA -176 F/V and TLR9 -1237 T/C SNP 839 
combinations and severe malarial anemia (SMA) 840 
 841 
SNP Combination SMA(Hb<6.0g/dL) 

 OR 95% CI p-value 

FcγRIIIA-176F/TLR9-1237T 0.94 0.52-1.68 0.830 

FcγRIIIA-176F/TLR9-1237C 1.30 0.80-2.10 0.288 

FcγRIIIA-176V/TLR9-1237T 2.04 1.19-3.50 0.009 

FcγRIIIA-176V/TLR9-1237C 0.36 0.20-0.64 0.001 

 842 

Children with acute malaria (n=301) were stratified according to the modified 843 

definition of SMA based on age- and geographically matched Hb concentration (i.e., 844 

Hb<6.0g/dL, with any density parasitemia) (33).  Odds ratios (OR) and 95% 845 

confidence intervals (CI) were determined using multivariate logistic regression 846 

controlling for age, gender, sickle cell trait (HbAS), bacteremia,  and G6PD 847 

deficiency.  The reference groups in this multivariate logistic regression analysis 848 

were those without the respective SNPs combinations. 849 

850 
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FIGURE LEGENDS 851 
 852 
Figure 1. Relationship between circulating IFN-γ levels and SMA (Hb<6.0g/dL). 853 

Data are represented in box-plots for non-SMA (n=70) and SMA (n=69) groups. The 854 

boxes represent interquartile range; the line through boxes is the median while the 855 

whiskers show the 10th and the 90th percentiles. Shaded boxes show children with 856 

SMA while open boxes are non-SMA. Non-SMA children had significantly lower 857 

circulating IFN-γ levels relative to SMA (p=0.008; Mann-Whitney U test).     858 

    859 

 860 

Figure 2 (A) and (B): Association between circulating IFN-γ and FcγRIIIA -176 861 

F/V and TLR9 (-1237 T/C). Data are represented in box-plots for FcγRIIIA -176 F/V 862 

(FF=77, FV=53 and VV=9) and TLR9 -1237 T/C (TT=65, TC=65 and CC=9). The 863 

boxes represent interquartile range; the line through boxes is the median while the 864 

whiskers show the 10th and the 90th percentiles.  Across group comparisons were 865 

determined using Kruskal-Wallis test. The circulating IFN-γ levels were comparable 866 

across the FcγRIIIA -176 F/V (p=0.480) and TLR9 -1237 T/C (p=0.559) genotypic 867 

groups.  868 

 869 

Figure 3. Association between circulating IFN-γ levels and FcγRIIIA -176 F/V 870 

and TLR9 (-1237 T/C) SNPs combinations. Data are represented in box-plots for 871 

FcγRIIIA -176F and TLR9 -1237T (FT=121), FcγRIIIA -176F and TLR9 -1237C 872 

(FC=45), FcγRIIIA -176V and TLR9 -1237T (VT=104) and FcγRIIIA -176V and TLR9 873 

-1237C (VC=106). The boxes represent interquartile range; the line through boxes is 874 

the median while the whiskers show the 10th and the 90th percentiles. Pair-wise 875 
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comparisons in those with combination and those without the combination was done 876 

using Mann-Whitney U test.  Shaded boxes show children with the indicated SNPs 877 

combination while open boxes show those without the combination. Carriage of 878 

FcγRIIIA-176V/TLR9 -1237T (VT) SNP combination was associated with significantly 879 

higher levels of circulating IFN-γ levels relative to non-carriers (p=0.011). 880 

 881 

882 
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FIGURE 1 883 
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FIGURE 2 886 
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FIGURE 3 890 
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