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ABSTRACT 

Plasmodium falciparum (P. falciparum) malaria is a major cause of childhood morbidity and 

mortality in Sub-Saharan Africa despite the integrated approaches put in place to control the 

disease. Most of the mortality in holoendemic transmission areas occurs due to severe P. 

falciparum disease complication of severe malarial anaemia (SMA), a condition which largely 

presents in children below five years. Molecular determinants have been implicated in the 

pathogenesis of SMA (Hb<6.0 g/dl with any density parasitemia). Toll-like receptors (TLRs) 

induce production of pro-inflammatory cytokines such as interferon gamma (IFN-) and 

possesses promoter polymorphisms that could contribute to the development of SMA by 

influencing the circulating levels of IFN-γ, a major cytokine that activates phagocytes in malaria 

infection.TLR 4 is a well-established receptor for the toxigenic glycosylphosphatidylinositol 

(GPI) of P. falciparum. However, the contribution of these receptor polymorphisms in the 

pathogenesis of SMA and circulating levels of IFN-γ remains largely unknown in peadriatic 

populations resident in P. falciparum holoendemic areas of western Kenya. Identifying genes 

that naturally condition susceptibility to SMA in children population is important in designing a 

long lasting malaria vaccine. The purpose of the current study was to assess the associations 

between TLR-4 polymorphisms and IFN-γ levels in children (aged 3-36 months) that presented 

with clinical symptoms of falciparum malaria in Siaya County Referral Hospital (SCRH), 

western Kenya. Specifically, it determined the associations between TLR-4 (-8984C/G and 

299Asp/Gly) polymorphic variants and susceptibility to SMA and functional differences in IFN-

γ production. In addition, the study determined the functional differences in IFN-γ levels 

between the clinical groups. In this case-control study, 414 children with SMA and their age- and 

sex-matched with non-SMA (Hb ≥6.0g/dl with any density parasitemia) controls were targeted. 

Parasite genomic DNA was extracted from stored blood spot samples and genotyped for TLR-4 

(-8984C/G and 299Asp/Gly) polymorphisms using TaqMan real-time polymerase chain reaction 

technique. Circulating IFN-γ levels was quantified from 50µl of stored plasma using Human 

Cytokine 25-plex Antibody Bead Assay. Haematological and parasitological parameters were 

determined in all study participants prior to administration of medication. Multivariate logistic 

regression analysis (controlling for confounders), demonstrated that none of the genotypes TLR-

4 -8984C/G (GG vs. GC, OR, 0.78, 95% CI, 0.55-1.67, P=0.89 and GG vs. CC, OR, 0.62, 95% 

CI, 0.20-1.89,P=0.740) and TLR-4 +299Asp/Gly (Asp/Asp vs. Gly/Asp, OR, 1.67, 95% CI, 

0.24-11.62, P =0.60 and Asp/Asp vs. Gly/Gly, OR, 2.06, 95% CI, 0.330-12.99, P=0.44) or 

haplotypes TLR-4 -8984G and +299Gly(OR, 0.89; 95% CI, 0.46-1.47; P= 0.51), TLR-4 -8984G 

and +299Asp (OR, 0.79; 95% CI, 0.35-1.76; P= 0.56) and TLR-4 -8984C and +299Asp (OR, 

0.84; 95% CI, 0.52-1.36; P=0.486) showed any significant associations with susceptibility to 

SMA. Further analyses revealed that there were no differences between individual genotypes and 

circulating IFN-γ levels. However, carriers of C/Asp (-8984C and +299Asp) haplotype showed 

significantly lower levels of circulating IFN-γ (P=0.041 ) relative to non-carriers. The circulating 

levels of IFN-γ were similar between the clinical groups (P=0.224).These results demonstrate 

thatTLR-4 (-8984C/G and 299Asp/Gly) variants are not associated with SMA in this population, 

but co-inheritance of functional variations in TLR-4 condition changes in circulating IFN-γ 

levels. The findings are important in further enhancing knowledge on the immune genes that 

may alter pathogenesis of malaria, thus making more informed decisions in designing rational 

novel interventions in the control against malaria. Therefore, the pathological role of lower IFN-  

should be investigated as it may act peadriatric as a basis of vaccine development against 

malaria. 
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CHAPTER ONE 

                                                          INTRODUCTION 

1.1 Background Information 

Malaria is a disease caused by protozoan parasites of the genus Plasmodium and is 

transmitted by the bites of infective female Anopheline mosquitoes. Of the five species of 

human malaria parasites, Plasmodium falciparum (P. falciparum) is the most virulent and 

accounts for an estimated 300,000 deaths per year, predominantly in children under the age of 

5 years living in sub-Saharan Africa (WHO, 2016). Plasmodium falciparum malaria is a 

complex clinical syndrome comprising a number of life-threatening conditions including 

severe malarial anaemia (SMA), cerebral malaria (CM), metabolic acidosis, respiratory 

distress, hypoglycaemia and other, less frequent complications such as hypotension (systolic 

blood pressure <50 mmHg in children aged <5 years) (Giha et al., 2005; Marsh et al., 1995). 

Of these pathologies, severe malaria anaemia (Hb<6.0 g/dL) immunopathogenesis remains 

the least understood, although it is a major health problem in endemic areas for children and 

pregnant women and a main cause of the infant mortality associated with malaria (Ekvall, 

2003). It accounts for the greatest degree of global malaria-related morbidity and mortality 

(WHO, 2016). 

 

The mortality rate in children with SMA is about 8.6% compared with 3.6% in children with 

severe anaemia due to other causes (Newton et al., 2007). The majority of this mortality 

occurs in children under 5 years of age due to their lack of naturally acquired immunity 

against malaria (Breman et al., 2004). Despite efforts aimed at ameliorating the anaemia 

burden, SMA remains an important childhood health burden in sub-Saharan Africa (Brabin et 

al., 2001). Severe anaemia may develop rapidly in the course of malaria illness, especially in 
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the presence of high parasite densities and co-pathogens such as bacteria and HIV-1(Newton 

et al., 2007; Otieno et al., 2006; Were et al., 2011). Higher levels of Plasmodium falciparum 

parasitemia mainly in non-immune individuals can result into massive lysis and clearance of 

erythrocytes leading to profound anaemia (Phillips et al., 2000). Additional studies illustrate 

that SMA risk peaks at 1 year of age in holoendemic transmission regions and at 

approximately 2 years of age in areas with moderate and low transmission intensities, such 

that the overall risk of SMA decreases with increasing age (Reyburn et al., 2005). 

 

Severe malarial anaemia susceptibility is also associated with polymorphic variability in 

genes that condition functional changes in levels of circulating inflammatory and 

hematopoietic mediators such as IFN-, IL-10, IL-1β and stem cell growth factors (SCGF) 

(Ouma et al., 2008; Were, et al., 2008; Ouma et al., 2010). Toll like receptors (TLRs) are cell 

surface receptors whose activation leads to induction of anti-microbial genes and 

inflammatory cytokines that link innate and adaptive immunity (Akira et al., 2003). 

Variations in Toll-like receptors have been associated with susceptibility to infectious disease 

in several studies (Agnese et al., 2002; Lorenzet al., 2002; Ouma et al., 2011; Ouma et al., 

2006). Toll like receptor 4 is a well-established receptor for the glycosylphosphatidylinositol 

(GPI) of P. falciparum (Coban et al., 2007; Ferwerda et al., 2007; Lofgren,et al., 2010). 

Asp299Gly rs4986790 was selected based on amino acid change from aspartate to glycine 

that affects receptor binding which could eventually affect the efficiency of the immune 

response. Toll like receptor 4 Asp299Gly has been shown in northern Ghana to increase the 

risk of severe peadriatic malaria by1.5-fold but had no impact on the risk of infection 

(Mockenhaupt et al., 2006b). No data is available regarding association of TLR-4 rs2770150 

(-8984C/G) SNP with different diseases. However, the (-8984C/G) SNP was selected because 

it occur in the promoter region and thus regulate TLR-4 gene expression by influencing the 
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binding of transcription factors (Esposito et al., 2012).However, none of these studies 

investigated the association between these TLR 4 polymorphic variants and susceptibility to 

SMA in peadriatic populations residing in P. falciparum holoendemic transmission regions of 

western Kenya. The present study investigated the association between TLR-4 (-8984C/G 

and 299Asp/Gly) genotypes/haplotypes and susceptibility to SMA in peadriatic populations 

less than 3 years living in P. falciparum malaria holoendemic transmission area of Siaya 

County, western Kenya. 

 

Studies have shown that plasma levels of the pro-inflammatory cytokines, for instance tumor 

necrosis factor (TNF-α), Interferon gamma (IFN-γ) and Interleukin -10 (IL-10) are 

significantly higher in children with severe malaria than uncomplicated malaria (Perkinset 

al., 2000), implying that the balance between these inflammatory mediators may play a 

significant role in the pathogenesis of SMA. The production of these cytokine depends on the 

interaction between pathogen associated molecular patterns (PAMPs) and cell surface 

receptors hence linking the innate and adaptive immune systems (Janeway et al., 2002). 

Severe malarial anaemia susceptibility is also associated with polymorphic variability in 

genes that condition functional changes in levels of circulating inflammatory and 

hematopoietic mediators such as IFN-, IL-10, IL-1β and stem cell growth factors (SCGF) 

(Ouma,  et al., 2008;; Ouma et al., 2010). Interferon gamma (IFN-γ) is the only form of type 

II IFN. It regulates several components of the immune system such as antigen presentation, 

antimicrobial mechanism, leukocyte development and immune cells trafficking (Gil et al., 

2001). It is the most widely studied interferon in malaria infection since it is primarily 

involved in host defense against intracellular pathogens. Its protective role as an immune 

mediator emerges as early as at the liver stage (Miller et al., 2014; Perlaza et al., 2011). 

Recent longitudinal study in children population of western Kenya has shown that high levels 
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of circulating IFN-γ are associated with enhanced SMA severity (Ouma et al., 2011). 

However, none of these studies have investigated the association between TLR 4 

polymorphic variants and circulating IFN- levels in children populations residing in P. 

falciparum holoendemic transmission regions of western Kenya. As such the present study 

investigated the association between TLR-4 (-8984C/G and 299Asp/Gly) 

genotypes/haplotypes and circulating IFN- levels in peadriatic populations less than 3 years 

living in P. falciparum malaria holoendemic transmission area of Siaya County, western 

Kenya. In addition, differences in circulating IFN-γ plasma levels between SMA and non-

SMA patients were also examined in children naturally exposed to P. falciparum infection. 

1.2 Statement of the Problem 

Severe malarial anaemia (SMA) is one of the most severe complications of P. falciparum 

malaria and an important cause of childhood mortality and morbidity in children population 

residing in P. falciparum holoendemic transmission areas such as western Kenya. However, 

the host-related genetic factors that modulate such pathogenesis and complication associated 

with P. falciparum malaria remains unclear. A better understanding of the factors involved in 

the pathogenesis of SMA is essential for the identification of candidate genes to be 

manipulated in the design of a vaccine against this disease sequeleae.  

Previous studies have indicated the role of toll-like receptors (TLRs) in immunity against 

inflammatory and infectious diseases. The TLR4 Asp299Gly polymorphism has been shown 

in northern Ghana to increase the risk of severe peadriatic malaria but had no impact on the 

risk of infection. The variant also has been shown to predispose children to cerebral malaria 

(CM) and increases production of IFN- in severe P. falciparum infection. Production of 

IFN-γ as triggered by different sets of stimuli has also been shown to be involved in malaria 
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pathogenesis. However, it is not clear what influence polymorphic variants on TLR-4 have on 

the production of IFN-γ during SMA pathogenesis in children below 3 years of age. 

Therefore the variants within the promoter of TLR 4 rs2770150 (-8984C/G) and exon 

rs4986790 (299Asp/Gly) (HapMap, 2003) were targeted in the current study to establish 

whether these variants alter functional susceptibility to SMA (Hb<6.0 g/dl with any density 

parasitemia) through differential production of IFN-γ. These polymorphisms were selected 

based on allelic frequencies of the mutant allele >10% in the African reference population. 

The study was conducted using samples obtained from patients aged below 3 years (since 

majority in this age group suffer more from malaria related morbidity and mortality) and 

presenting with clinical symptoms of malaria at Siaya County Referral Hospital (SCRH), 

western Kenya. 

1.3 Objectives 

1.3.1. General objective 

To assess association between TLR 4 polymorphisms and susceptibility to SMA and 

functional changes in IFN-γ levels in children (<3years) with severe Plasmodium falciparum 

malaria at Siaya County Referral Hospital (SCRH), western Kenya. 

1.3.2. Specific objectives 

1. To determine associations between TLR-4 (-8984C/G and 299Asp/Gly) 

genotypes/haplotype and SMA in children presenting at SCRH in western Kenya. 

2. To establish differences between TLR-4 (-8984C/G and 299Asp/Gly)     

genotype/haplotypes and IFN-γ production in children presenting at SCRH in western 

Kenya. 
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3. To compare differences in circulating IFN-γ levels between children with SMA and 

non-SMA presenting at SCRH in western Kenya. 

1.3.3. Null hypotheses 

1. There are no associations between TLR-4(-8984C/G and 299Asp/Gly) 

genotypes/haplotypes and SMA in children presenting at SCRH in western Kenya. 

2. There are no differences between TLR-4(-8984C/G and 299Asp/Gly) 

genotypes/haplotypes and IFN-γ level production in children presenting at SCRH in 

western Kenya. 

3. There are no differences in interferon gamma (IFN-γ) levels between children with 

SMA and non-SMA presenting at SCRH in western Kenya. 

1.4 Significance of the Study 

The results of this study have provided important information that TLR-4 (-8984C/G and 

299Asp/Gly) variants are not associated with SMA in this population, but co-inheritance of 

these variants condition functional changes in circulating IFN-γ levels. Since the role of these 

receptors is to interact with pathogen associated molecular patterns and immune complexes, 

the findings of this study are important in further enhancing knowledge on the immune genes 

that may alter pathogenesis of malaria, thus making more informed decisions in designing 

rational novel interventions in the control against malaria in children living in P. falciparum 

holoendemic transmission areas, such as western Kenya. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Mechanisms of Severe P. falciparum Malaria 

The primary complications of P. falciparum malaria include cerebral malaria (CM), 

pulmonary oedema, acute renal failure, severe anaemia, and/or bleeding, which rapidly 

progress to death within hours or days (WHO, 2016). Clinical outcome of SMA in children 

living in holoendemic P. falciparum transmission region is characterized by a younger age, 

monocytosis, thrombocytopenia, reticulocytosis, dyserythropoiesis, elevated pigment-

containing monocytes (PCM), respiratory distress, conjunctival and palmar pallor, 

splenomegaly, signs of malnutrition, and protracted fever and emesis (Novelli et al., 2010). 

Some of the mechanisms that have been implicated in the pathogenesis of severe anaemia in 

malaria include reduced erythropoietin activity, pro-inflammatory cytokines and increased 

erythrocyte destruction mediated by parasites, eythrophagocytosis, antibody and complement 

lysis (el Hassan et al., 2001; Stoute et al., 2003) and repeated cycles of invasion, replication, 

and bursting of erythrocytes due to infection by P. falciparum parasites (Wickramasinghe et 

al., 2000).  

 

Studies in mice models suggest that anti-erythrocyte auto-antibodies may be involved in the 

destruction of uninfected erythrocytes (Helegbe et al., 2009). In addition, it has been 

documented that released P. falciparum glycosylphosphatidylinositol (GPI) can insert into 

unparasitized erythrocyte membranes and cause its recognition by circulating anti-GPI 

antibodies leading to subsequent elimination (Brattig et al., 2008).Induction of phagocytosis 

and complement activation by ring surface protein 2 (RSP-2) tagged to normal erythrocytes 

and erythroid precursor cells in the bone marrow of anemic malaria patients has also been 

identified as a mechanism of destruction of normal erythrocytes and dyserythropoiesis (Layez 
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et al., 2005). Reduced regulated upon activation normal T-cell expressed and secreted 

(RANTES) levels  as a result  of naturally-acquired hemozoin by monocytes may also 

contribute, in part, to suppression of erythropoiesis in children with malarial anaemia (Were 

et al., 2006). Hemozoin acquisition by phagocytes has been shown to suppress cellular 

immunity and enhance malaria disease severity (Casals-Pascual et al., 2006; Lyke et al., 

2003). Moreover, SMA has been characterized by a shortened life span of circulating 

erythrocytes (Looareesuwan et al., 2000) which is enhanced in the presence of other co-

pathogens, such as HIV-1, hookworm and bacteria (Bassat et al., 2009; Davenport et al., 

2010; Otieno et al., 2006; Were et al., 2011). 

 

2.2 Role of Toll-like Receptors in Severe Malaria Pathogenesis 

Toll-like receptors (TLRs) are type 1 transmembrane proteins differentially expressed among 

immune cells (Akira, 2003; Janeway et al., 2002). They bind to pathogen-associated 

molecular patterns (PAMPs) and trigger the activation of signal transduction pathways that in 

turn induce dendritic cell maturation and cytokine production (Akira et  al., 2006).Toll-like 

receptor 4, a major pathogen recognition receptor (PRR) expressed on membrane surface of 

innate immune cells is genetically encoded by the TLR4 gene (Gene ID = 7099; 9q33.1), 

which spans a genomic region of ~13.3 kb with three exons (Takeda et  al., 2003).  

 

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

inflammatory diseases have been identified in TLRs (Papadopoulos et al., 2010; Ricci et al., 

2010; Schroder et al., 2005). In vitro and animal model have shown that two most-studied 

non-synonymous SNPs of TLR4: an A to G transition (SNP ID = rs4986790), resulting in 

Aspartate-Glycine substitution at position 299 (TLR4 Asp299Gly) and C to T transition (SNP 

ID = rs4986791), resulting in threonine-isoleucine substitution at position 399 
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(TLR4Thr399Ile). These changes altered GPI binding, 50 % reduction in TLR4 expression on 

the membrane surface of innate immune cells, induce Lipopolysaccharides (LPS) 

hyporesponsiveness and excessive production of pro-inflammatory cytokines such as IFN-

γ(Ferwerda et al., 2007; Prohinaret al., 2010). Subsequent case–control studies then 

established associations  of TLR4 Asp299Gly or Thr399Ile polymorphism with death from 

septic shock and susceptibility to typhoid fever, tuberculosis, meningitis, chagas disease and 

respiratory syncytial virus infection in infected infants, children below 5 years and adults 

(Lofgren et al., 2010; Prohinar et al., 2010).  

 

Toll like receptor 4 Asp299Gly has also been shown in northern Ghana to increase the risk of 

severe peadriatic malaria by 1.5- fold but had no impact on the risk of infection 

(Mockenhaupt et al., 2006b). Taken together, these studies demonstrate that TLRs have the 

capacity to mount acute inflammatory responses against invading pathogens through 

induction of antimicrobial genes and inflammatory cytokines (Takeda et al., 2003). In 

addition there is no data available regarding functional relationships between TLR-4 

rs2770150 (-8984C/G) SNP with different diseases including SMA. However, the (-

8984C/G) SNP was selected because it occurs in the promoter region and thus regulate TLR-

4 gene expression by influencing the binding of transcription factors. However, the functional 

associations between the TLR-4 (-8984 C/G and 299A/G) polymorphisms and susceptibility 

to SMA in peadriatic populations from western Kenya remains unknown. As such, the 

current study investigated the association of the functional polymorphisms between TLR-4 (-

8984 C/G and 299Asp/Gly) and susceptibility to SMA in peadriatic populations resident in 

western Kenya. 
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2.3 Interferon gamma (IFN-γ): Pathology and Protection in Malaria 

Interferon gamma is multifunctional cytokine produced by T lymphocytes, macrophages, 

dendritic cells and natural killer cells (NKs) (Hensmann et al.,  2001;  Miller et al., 2009). It 

is the most widely studied interferon in malaria infection since it is primarily involved in host 

defense against intracellular pathogens. Its protective role as an immune mediator emerges as 

early as in the liver stage (Miller et al., 2014; Perlaza et al., 2011). It plays an important role 

in inflammatory responses and is often associated with the development of overt Th1-like 

cell-mediated responses (Gajewski et al., 2002), and hence forms an important part of the 

immune system (Chehimi et al.,  2004). The production of IFN-γ depends on the interaction 

between pathogen associated molecular patterns (PAMPs) and cell surface receptors (TLRs) 

hence linking the innate and adaptive immune systems (Janeway et al.,  2002). Toll Like 

receptor 4 Asp299Gly polymorphism has been shown in northern Ghana to increase the 

production of IFN- in severe P. falciparum infection (Mockenhaupt et al., 2006b). However, 

there is no data to show what influence TLR-4 -8984 C/G has on circulating IFN-γ levels. A 

study in Papua New Guinean children indicated that early production of malaria-specific 

IFN-γ leads to immunity against clinical malaria (D'Ombrain et al., 2007). Moreover, 

elevated levels of IFN-γ at the acute phase of uncomplicated P. falciparum malaria has been 

shown to limit progression to clinical malaria (Torre et al., 2002). Rapid IFN-γ production 

inhibits intra-erythrocytic replication of malaria parasite preventing the onset of clinical 

malaria (Horowitz et al., 2010) further demonstrating the critical role of IFN-γ in malaria 

pathogenesis.  A study in Thai adults demonstrated elevated IFN-γ levels in patients with 

complicated malaria at the initial stage of the disease than uncomplicated malaria 

(Tangteerawatana et al., 2007). Recent longitudinal study in peadriatic population in western 

Kenya has shown that high levels of circulating IFN-γ are associated with enhanced SMA 
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severity in peadriatic populations (Ouma et al., 2011) indicating the role of this cytokine in 

malaria pathogenesis. However, the functional associations between the TLR-4 (-8984 C/G 

and 299A/G) polymorphisms and IFN-γ production in peadriatic populations from western 

Kenya remains unknown. As such, the current study investigated the relationship between 

circulating IFN-γ levels and TLR-4 (-8984 C/G and 299A/G) polymorphisms in children 

populations resident in western Kenya. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study Area 

The study was carried out in Siaya County Referral Hospital (SCRH), western Kenya, and the 

surrounding community (Figure 1). This is a major government hospital for the population 

living in the P. falciparum holoendemic transmission region of Siaya County in western 

Kenya (Ong'echa et al., 2006). It is bordered by Busia, Vihiga, Kakamega and Kisumu 

Counties. It is approximately 2530 sq. km in size and lies between Latitude 0
o
 26 to 0

 o
 18 

North and Longitude 33
o
 58 East and 34

o 
33 West. It has 3 main geo-morphological areas: 

dissected uplands, moderate lowlands and the Yala swamp. Severe malaria anaemia and 

hyperparasitemia are the most common clinical outcome of severe malaria and primary cause 

of peadriatic morbidity and mortality (Bloland et al., 1999; Ong'echa et al., 2006). The 

annual population growth rate is 1% and the mortality rate for infants is 11.3%, while under 

five mortality rates is 10.2% (Kenya National Bureau of Statistics, 2010). The mosquito 

vectors in this area are commonly Anopheles gambiaes.s. Anopheles arabiensis, and 

Anopheles funestus (Beach et al., 1993). The average temperature lies between 15
o
C and 

30
o
C.The County population is 500,000 (Kenya census, 2009). The intensity of malaria 

transmission in this holoendemic is experienced during the seasonal rainfalls in April to 

August and November to January (Beier et al., 1994). Residents are predominantly of the 

Luo ethnic group (>99%) thus the study area had a homogenous population that is suitable 

for genetic based studies (Bloland et al., 1999; Ong'echa et al., 2006). The main economic 

activities in the County are subsistence farming, fishing and small scale business (MOFaP, 

2002-2008). 
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Figure 1. Map of study area and relative position of Siaya County Referral Hospital and 

Maseno University Genetics Laboratory in western Kenya, adopted from (Ong'echa et al., 

2006). 
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3.2 Study Design and Patient Population 

3.2.1. Recruitment of study participants 

This was a case control study of children with severe malarial anaemia (positive smear for 

asexual P. falciparum, parasitemia and haemoglobin <6.0 g/dl). Controls were non-severe 

anaemia children of similar age and same gender with P. falciparum, parasitemia (of any 

density) and Hb≥6.0 g/dL. Children of both sexes were recruited in SCRH in western Kenya 

during their initial hospitalization for treatment of malaria using a questionnaire and existing 

medical records.  Enrolment was confined to children less than 3 years. 

3.2.2. Screening and enrolment 

The following screening process was used to target selected groups of children with SMA 

and non-SMA. Recruitment followed a two phase tier of screening and enrolment. It was 

made clear that enrolment decision was made after initial HIV-1 screening of the child and 

obtaining informed consent.  The questionnaires were used to collect relevant demographic 

and clinical information. 

Venous blood samples (<3.0 mL) was collected in ethylene diatetra acetic acid (EDTA)-

containing tubes at the time of enrollment, prior to provision of treatment or any supportive 

care. Blood samples were used for malaria diagnosis, haematological measurements, HIV 

testing, and bacterial culture. Based on the HIV-1 test results, malaria parasitemia, and 

haemoglobin (Hb) status, children that satisfied all inclusion criteria were enrolled into the 

study.   

3.3 Eligibility Criteria 

Upon enrolment into the study, HIV-1 status, parasitemia and haematological measurements 

of the child were determined. Based on a previous longitudinal study examining the 
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distribution of >10,000 Hb measurements in an age- and geographically-matched reference 

population in western Kenya, SMA was defined as Hb<6.0 g/dL with any density parasitemia 

(McElroy et al., 1999). This definition of SMA is appropriately defined by Hb distributions 

according to age, gender, and geographic context. Since previous studies demonstrated that 

HIV-1 and bacterial co-infection impact on the development and severity of malarial anaemia 

(Otieno et al., 2006), and all children were tested for these co-pathogens. Children with acute 

malaria were stratified into two categories: Non-severe malarial anaemia (non-SMA) group: 

Children with a positive smear for asexual P. falciparum, parasitemia (of any density) and 

Hb≥6.0 g/dL and severe malarial anaemia (SMA): Children with a positive smear for asexual 

P. falciparum, parasitemia (of any density) and Hb< 6.0 g/dL (McElroy et al., 1999). 

3.3.1. Inclusion criteria 

i. Age between ≥3 months and≤36 months of both sexes. 

ii. Malaria parasitemia (any density) and Hb<11.0g/dL. 

iii. Parent/guardian was willing and able to sign consent form. 

iv. Parent/guardian able to keep schedule and study appointments. 

v. Distance to the hospital ≤15km. 

vi. Parent/guardian able to provide two contacts familiar with the child’s where about 

during the study period. 

3.3.2. Exclusion criteria 

i. Children with cerebral malaria. 

ii. Children with malaria from non-falciparum species. 

iii. History of any HIV-1related symptoms such as oral thrush. 

iv. Clinical evidence of acute respiratory infection. 

v. Prior hospitalization or had reported antimalarial use within the previous two weeks. 
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vi. Intent to relocate during the study period. 

vii. Unwillingness to enroll the child in the study. 

3.3.3. Sample size determination 

 The study was carried out in a total of 414 malaria naive infected patients (aged 3-36 months) 

who presented with clinical symptoms of P. falciparum malaria at SCRH.  This sample size 

was based on the actual number of children below 3 years that presented with clinical 

symptoms of malaria at SCRH within the 24 months of the study (average 16 patients per 

month).   

 

According to Dupont et al., (1990), the Bonferroni correction for 2 different loci required a 

per-comparison alpha of 0.004 for sample size calculations. However, given the increased 

power provided by the procedure, it is estimated that sample sizes based on a α≤0.05 

provided a balance between Type I and Type II errors.  Based on this rationale, to achieve a 

power of 0.8 with a Type I error rate of α≤0.05, allele frequency difference of 0.25(HapMap, 

2003) between cases (SMA) and controls (Non-SMA) was required. The following formula 

was used to determine sample size (Whitley & Ball, 2002). 

 

 

 

 

Where; 

n is the sample size of the case-control group. 

r is the ratio of controls to cases (assumed to be 1 when using equal proportions) 

p is a measure of variability (similar to the standard deviation) 

(p1-p2) is the effect size (difference in proportion) 

Zβ represents the desired power (typically 0.84 for 80% power) 

Zα represents confidence interval (typically 1.96 for 95% CI) 
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Based on previous studies (Ouma, Davenport, Were, et al., 2008), to detect an odds ratio 

(OR) of 2, equal number of cases and controls were used.  Therefore r=1. The proportion ( p ) 

of children with malaria and had the genotypes understudy was determined, OR: 

 

 

 

 

 

 

The average proportion of children exposed to P. falciparum malaria and who possess the 

genotypes was given by (0.4+0.25)/2=0.375.  Therefore p =0.375 

 

 

 

Therefore the minimum number of cases or controls that was needed to achieve an 80% 

power was 163. However in this current study, 193 SMA (cases) and 221 non-SMA 

(controls) children were recruited over a two year in the mother study. 

3.4 Laboratory Procedures 

3.4.1. Malaria diagnosis 

Thick and thin blood films were prepared from finger prick blood and stained with10% 

Giemsa for 15 minutes. To determine parasitemia, 10% Giemsa-stained thick blood smears 

were prepared and examined under a microscope at high-power magnification. The number of 

P. falciparum parasites per 300 white blood cells (WBC) was determined, and number of 

parasites per microliter of blood estimated using the following formula; parasite density/ µL= 

WBC count/ µL x trophozoites/300. Following microscopic confirmation of the diagnosis of 
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P. falciparum parasitaemia, venous blood was collected into EDTA vacutainers (Becton 

Dickinson, USA) and blood spots made on free to air (FTA) Classic
®
 cards (Whatman Inc., 

Clifton, NJ, USA), air dried and stored with desiccants at room temperature until use. 

 

3.4.2. Haematological, sickle cell trait (HbAS), G6PD, HIV and bacteremia 

determinations 

Haemoglobin levels and complete blood counts were determined using the Beckman Coulter 

ACT diff2™ (Beckman-Counter Corporation, Miami, FL, USA). The presence  of sickle cell 

trait (HbAS), bacteremia, HIV-1 and G6PD deficiency were determined and positive results 

excluded from the data analyses since these confounding factors have previously been 

demonstrated to individually alter susceptibility to SMA (Aidoo et al., 2002; Otieno et al., 

2006; Were et al., 2011).  

The presence of the HbAS was determined by cellulose acetate electrophoresis with Titan III 

plates according to the manufacturer’s protocols (Helena Biosciences, Oxford, United 

Kingdom). Briefly, heamolysates prepared from blood samples and Hemo AFSC controls 

were dispensed onto acetate paper and haemoglobin variants were separated by 

electrophoresis with an alkaline buffer at PH 8.6. The plates were then stained using Ponceau 

S stain and Haemoglobin types scored using the Hemo AFSC control. 

Glucose-6-phosphate dehydrogenase (G6PD) deficiency was determined by a fluorescent 

spot test (Trinity Biotech PIc., Bray, Ireland). Briefly, blood was heamolyized and spotted 

onto filter paper. Assay solutions containing glucose-6-phosphate and oxidized NADP 

(NADP
+
) was added and samples excited with Ultraviolet (UV) light at 340nm. Based on the 

presence or absence of fluorescence emissions, the samples were scored as normal (high 

emission), intermediate (moderate emission), or deficient (no emission). Human 
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immunodeficiency virus (HIV) status was determined using two serological methods; 

Unigold (Trinity Biotech PIc., Bray, Ireland) and determine (Abbot Laboratories, Tokyo, 

Japan), and positive serological tests were confirmed to previously published methods 

(Otieno et al., 2006). Bacteremia was determined using the Wampole Isostat Peadriatric 1.5 

system (Wampole Laboratories), and blood was processed according to the manufacturer’s 

instructions. API biochemical galleries (BioMérieux Inc.) and/or serology were used for 

identification of blood-borne bacterial isolates. 

3.4.3. Deoxyribonucleic acid (DNA) extraction 

Genomic DNA was extracted from FTA Classic cards using the Gentra System DNA 

extraction protocol (Gentra System Inc., Minneapolis, MN, USA) according to the 

manufacturer's recommendation. In brief, three millimeters of the disc was punched from 

sample collection filter paper (FTA) and placed into 0.2mL tube. To the tube, 50µL of DNA 

purification solution 1 was added and incubated at room temperature (25
o
C) for 15 minutes. 

The solution wasp petted up and down twice then discarded. DNA solution 1 was added 

again and incubated at room temperature for 15 minutes.  The solution was then pipetted up 

and down. For elution, 70µL of DNA elution solution 2 was added and incubated in a 

preheated thermal cycler at 99
o
C for 15 minutes to release DNA and then cooled at room 

temperature.  The eluted DNA was transferred into a clean 1.5mL eppendorf tube and then 

stored at -20
o
C until use. 

 

To confirm the presence of DNA, a house-keeping gene, the human 3 phosphate 

dehydrogenase (hG3PDH), was amplified using the PTC 100 programmable thermal 

controller (MJ Research Inc.). The master mix per 20µL reaction contained 200µM of 

dNTPs, 10x buffer, 50mM MgCl, 100µM of each primer (forward and reverse), 1U/µL of 
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Taq polymerase and 1µLof the test sample. The thermocycling conditions were as follows:  

Initial denaturation 94º C for 2minutes: Denaturation 94ºC for 45 seconds: Annealing 62ºC 

for 45 seconds: Extension 72ºC for 2minutes: These were repeated for 40 cycles: Final 

extension 72ºC for 7minutes.Once amplification was completed; gel electrophoresis was 

performed for visualization of the amplified gene. A 2% agarose gel was prepared by heating 

2 grams of agarose powder in 100mL of 1xTBE buffer, with 5µL of Ethidium bromide for 

staining of double stranded DNA in the gel. Once the gel had polymerized, the samples were 

loaded into the wells alongside DNA molecular weight marker. This was run for 2 hours at 

80 volts, and results viewed under an ultraviolet (UV) source, and stored on a flash drive or 

printed out for documentation. 

3.4.4. Genotyping of TLR-4 (-8984C/G and 299A/G) variants 

Briefly, the TLR-4 variants-8984C/G (rs2770150, assay ID no.C_1844486_20) and299A/G 

(rs4986790, assay ID no.C_11722238_20) were genotyped using allele-specific PCR 

amplification. This was performed using predesigned  custom made high-throughput 

TaqMan
®
SNP genotyping assays technology which accurately discriminated alleles using 

allele-specific fluorochrome labeled probes based on the manufacturer’s instructions 

(Applied Biosystems, Foster City, CA). For genotyping of TLR-4 variant-8984C/G, a 

master mix containing 5.0µL of TaqMan
®

 genotyping mix, 0.5µL of SNP assay mix, 3.5µL 

of PCR grade water and 1.0µL of DNA were added into each micro-well and genotyped 

using the following cycling parameters; pre-PCR hold stage was done at 60ºC for 30 

seconds, hold stage at 90ºC for 10 minutes, cycling stage at 95ºC for 15 seconds and 

annealing at 60ºC for 1 minute. The hold stage to the annealing stage was repeated 45 

times. For genotyping of TLR-4 299Asp/Gly, the same reaction volumes and cycling 

parameters was used. The results were then stored for further analyses. 
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3.4.5. Quantification of circulating IFN-γ levels 

Plasma samples obtained from venous blood and stored at -80°Cwere used. Circulating IFN-γ 

concentrations were determined using the Human Cytokine 25-plex Antibody (Ab) Bead kit 

(BioSource International) according to the manufacturer’s instructions. Briefly, the wells 

were pre-wetted by adding 200 µL of working wash solution into designated wells then 

incubated for 30 seconds at room temperature. The working wash solution was aspirated from 

the wells using the vacuum manifold. The bead solution was vortexed for 30 seconds, then 

sonicated again for 30 seconds.  About 25µL of the bead solution was added into each well 

and the plate immediately protected from light to prevent photo-bleaching.  

To the wells, 200µL working wash solution was added and beads allowed to soak for 20 

seconds. The wells were washed by aspirating the working wash solution from the wells with 

the vacuum manifold.  The washing step was repeated once and the bottoms of the filter plate 

blotted on clean paper towels to remove any residual liquid. To each of the wells 50 µL of 

incubation buffer was added. To the wells designated for standard curves 100µL of each 

standard dilution was added while to the wells designated for sample, 50µL of assay diluent 

was added followed by 50µL plasma sample. The filter plates were covered with aluminum 

foil and incubated for 2 hours at room temperature on orbital shaker at 500 revolutions per 

minute (rpm). After incubation, the plate was washed twice using 200µL of wash solution. To 

the washed plates, 100µL of biotinylated antibody was added to each well and then incubated 

for 1 hour at room temperature on an orbital shaker at 500 rpm to keep the beads suspended 

during incubation.  After incubation 200µL of wash solution was added to each well to soak 

the beads then aspirated using vacuum manifold. To each of the wells, 100µL of streptavidin-

rpe was added and plate incubated for 30 minutes at room temperature on an orbital shaker 

500 rpm. The liquid in the wells were removed by vacuum aspiration manifold and then 
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200µL working wash solution added to the wells, beads allowed to soak for 10 seconds, and 

then aspirated using the vacuum manifold. Washing step was repeated twice. Plates were read 

on the Luminex 100™ system (Luminex Corporation) and analyzed using the Bio-plex 

Manager software (Bio-Rad Laboratories).The detection limit for IFN-γ was2.0 pg/ml. Batch 

analysis was performed to re-strict experimental variability between assays. 

3.5 Data Management and Analysis 

Data was managed using Statistical Package for Social Sciences (SPSS) (Version 19.0). Chi-

square analyses were used to examine differences between proportions of gender, high 

parasite density (≥10000 parasites/µl) and genotypes/haplotypes distributions in the clinical 

groups. A quantitative comparison involving unpaired data such as age, auxiliary temperature 

and hematological parameters was made using Mann–Whitney U test. Circulating IFN-γ levels 

were log-transformed to normal distribution. Student t-test was used to determine differences 

between TLR-4 (-8984C/G and 299A/G) genotypes/haplotypes and means of circulating IFN-

γ levels. Across-group comparisons between three independent groups was determined using 

one way Analysis of variance (ANOVA). TLR-4 (-8984C/G and 299A/G) haplotypes were 

constructed using HPlus software program (Version 2.5). The associations between 

genotypes/haplotypes and SMA were determined by multivariate logistic regression, 

controlling for the confounding effects of age, gender, HIV-1 status (including HIV-1 exposed 

and definitively HIV-1positive results), sickle cell trait, G6PD and bacteremia. Critical 

significance levels were set at p≤0.05. 

 

3.6 Ethical Considerations 

Study approval was initially provided by the School of Graduate Studies of Maseno 

University (SGS) (Appendix I). Ethical approval was obtained from the Kenya Medical 
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Research Institute National Ethical Review (Appendix II).The study used stored blood 

samples that were collected after written informed consent was obtained from parents or 

guardians of study participants. Written informed consent was administered in the language 

of choice (i.e. English, Kiswahili or Dholuo). Blood collection was carried out by trained and 

qualified phlebotomists, to reduce risks of bleeding incidents. Sterile disposable lancets were 

used and all sharps stored in biohazard sharps’ containers before disposal at the Kenya 

Medical Research Institute (KEMRI) incinerator in Kisian, Kisumu. Study participation was 

voluntary; participants were allowed to withdraw at any time during the study. To ensure 

confidentiality, all the samples collected were coded for identification using the study 

identification number and investigators controlled access to the data. No samples were 

labelled with the participant’s name. All participants promptly received appropriate 

antimalarial treatment and required supportive therapy as per the Kenya Ministry of Health 

(MoH) guidelines, which included the use of an artemether and Lumefantrin combination 

drug (Coartem) for non-severe malaria, intravenous quinine for severe malaria, and broad 

spectrum antibiotics for bacterial infections. 
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CHAPTER FOUR 

RESULTS 

4.1 Demographic, Clinical, and Laboratory Characteristics of Study Participants 

To determine the role of TLR-4 (-8984C/G and +299A/G) promoter variants in conditioning 

susceptibility to SMA children (N=414, aged 3 to 36 months) presenting with acute P. 

falciparum malaria were first categorized into two groups according to haemoglobin levels 

based on a previous age- and geographically defined reference population from western 

Kenya (McElroy et al., 1999), i.e., non-severe malaria (non-SMA) (Hb ≥6.0g/dl; N=221) and 

severe malaria anaemia (SMA) (Hb<6.0 g/dl; N=193) with any density of parasitemia. The 

demographic, clinical and laboratory characteristics of the study participants are summarized 

in Table 1. Proportions of male vs. females (P=0.653) and those with high density 

parasitemia (HDP≥10000 parasites/µl) (P=0.213) were similar between the clinical groups. In 

addition the median parasite density (P=0.125) and axillary temperature (P=0.161) were 

similar between the SMA and non-SMA. Haematological parameters, among them 

haemoglobin (Hb), red blood cells (RBC) count, red cell distribution width (RDW), mean 

corpuscular haemoglobin concentration (MCHC) which are indicators for erythropoiesis were 

all significantly different between the clinical groups (P<0.001). In addition, participants in 

non-SMA group were significantly older than those in SMA (P <0.001), Table 1. 
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Table 1: Demographic, Clinical and Laboratory Characteristics of Study Participants 

 

  

 

    

Characteristics 

non SMA (Hb≥6.0 

g/dl )n=221 

SMA (Hb<6.0 

g/dl )n=193 P-value 

Gender, n (%) 

                 Male 121 (54.8) 98 (50.8) 0.653
.a 

               Female 100 (45.2) 95 (49.2) 

Age in Months 11 (7.0) 8.0 (5.0) <0.001
b
 

Parasites/µl 21360(6074.3) 17622(4498.9) 0.125
b
 

HPD (≥10000 parasites/µl no. %) 137/205(66.8) 90/149(60.4) 0.213
.a
 

    Haemoglobin g/dL 8.0 (7.0) 5.0(4.2) <0.001
b
 

RBCs, × 10
12

/μL 3.7 (3.2) 2.2 (1.8) <0.001
b
 

RDW, % 20.6 (18.4) 23.2 (21.1) <0.001
b
 

MCHC g/dL 32.3 (31.1) 31.4 (29.9) <0.001
b
 

Axillary temperature,
o
C 37.5(36.8) 37.4(36.8) 0.161

b
 

 
Data are shown as the median (with interquartile range [IQR] in parentheses) unless otherwise noted. 

Children with parasitemia (n=414) were stratified according to a modified definition of SMA based 

on age- and geographically matched Hb concentrations in children in western Kenya (i.e., Hb<6.0 

g/dl with any density of parasitemia) ((McElroy et al., 1999)) into non-SMA (n=221) and SMA 

(n=193). 
a
Statistical significance determined by Chi-square tests. 

b
Statistical significance determined 

by the Mann-Whitney U test. Abbreviations RBCs=Red blood cells: RDW=Red cell distribution 

width: MCHC=Mean corpuscular haemoglobin concentration.
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4.2 Association between Individual TLR-4 (-8984C/G and +299Asp/Gly) Genotypes and 

SMA 

To determine the role of individual genotypes of TLR-4 (-8984C/G and +299Asp/Gly) 

(independent variables) promoters in conditioning susceptibility to SMA (dependent 

variables), their distributions were compared between the clinical groups. The distribution of 

-8984C/G variant in the non-SMA (n = 221) and SMA (n = 193) and the genotype 

prevalences within the clinical groups were GG (non-SMA, n = 173, 54.4%; SMA, n = 145, 

45.6%), GC (non-SMA, n =37, 48.1%; SMA, n = 40, 51.9%) and CC (non-SMA, n = 11, 

57.9% ; SMA, n = 8, 42.1%). These distributions were similar in the SMA and non-SMA 

groups (P = 0.558). The distribution of +299Asp/Gly variant were Asp/Asp (non-SMA, n = 

196, 54.0%; SMA, n = 157, 46.0%), Asp/Gly (non-SMA, n =22, 48.9%; SMA, n = 23, 

51.1%) and Gly/Gly (non-SMA, n = 3, 50.0%; SMA, n = 3, 50.0%). These distributions were 

similar between the SMA and non-SMA groups (P = 0.800), Table 2. 

Multivariate logistic regression analyses was carried out while controlling for the 

confounding effects of age, gender, HIV-1 status, sickle cell trait (HbAS), bacteremia, and 

G6PD deficiency since these factors have previously been demonstrated to individually alter 

susceptibility to SMA (Aidoo et al., 2002; Otieno et al., 2006; Were et al., 2011). As shown 

in Table 2, the results demonstrated no significant statistical associations between variations 

at individual promoter loci of TLR-4 (-8984C/G and +299Asp/Gly) and susceptibility to 

SMA.
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Table 2: Association between TLR-4 (-8984C/G and +299Asp/Gly) genotypes and SMA 

 
 

 Non-SMA 

(Hb≥6.0 g/dL) 

SMA 

(Hb<6.0 g/dL) 

 

 

Association with  SMA (Hb<6.0 g/dl )   

  

Genotypes n, (%)                                   n, (%) P- value
a
  OR 95% CI P-value

b
 

TLR-4 (-8984C/G)  

   GG 173 (54.4) 145 (45.6) 

0.558 

1.00 reference 

  GC 37 (48.1) 40 (51.9) 0.78 0.46-1.31 0.37 

CC 11 (57.9) 8 (42.1)  0.62 0.42-3.20 0.78 

TLR-4 (+299Asp/Gly)  

   Asp/Asp 196 (54.0) 157 (46.0)  1.00 reference 

  Asp/Gly 22 (48.9) 23 (51.1) 0.800 1.67 0.24-11.62 0.60 

Gly/Gly 3  (50.0) 3 (50.0)  2.06 0.33-12.99 0.44 

 

 
Children with acute malaria (n=414) were stratified according to the modified definition of severe malarial anaemia (SMA) based on age- and 

geographically matched Hb concentration (i.e., Hb<6.0g/dl with any density of parasitemia) ((McElroy et al., 1999). Data are presented as [n, 

(%)] for proportions of  TLR 4 promoter variants -8984 C > T and (+299 Asp >Gly within the SMA (n = 193) and non-SMA (n = 221) 

groups 
a
Statistical significance determined by Chi-square tests. 

b
Statistical significance, odds ratios (OR) and 95% confidence intervals (CI)  

determined using multivariate logistic regression, controlling for age, gender, HIV-1 infection, sickle cell trait (HbAS), bacteremia, and G6PD 

deficiency. The reference groups in the multivariate logistic regression analyses were the homozygous wild-type genotypes. 
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4.3 Association between TLR-4 (-8984C/G and +299Asp/Gly) Haplotypes and SMA 

Construction of haplotypes was done using HPlus software (Version 2.5). Haplotypes were 

constructed based on combinations of individual alleles of the two genotypes (e.g.-8984/G 

and +299/Gly forms a G/Gly haplotype). Prior to determining the associations between the 

haplotypes and SMA, the overall distributions of the different haplotypes were determined. 

The distribution of the haplotype carriers in the clinical groups were as follows; TLR-4 (-

8984G and +299Gly)  (non-SMA, n = 25/221, 49.0%; SMA, n = 26/193, 51.0%; P=0.505); 

TLR-4 (-8984G and +299Asp) (non-SMA, n = 204/221, 53.0%; SMA, n = 181/193, 47.0%; 

P=0.558) and TLR-4 (-8984C and +299Asp), (non-SMA, n = 48/221, 50.0%; SMA, n = 

48/193, 50.0%; P=0.449). These distributions were not significantly different in the SMA 

and non-SMA groups (Table 3). 

Multivariate logistic regression model, controlling for potential confounders was used to 

determine the association between TLR-4 (-8984C/G and +299Asp/Gly) haplotypes 

(independent variables) and SMA (dependent variables). The analyses (Table 3) revealed that 

none of the haplotypes TLR-4 -8984G and +299Gly (OR, 0.89; 95% CI, 0.46-1.47; P=0.51), 

TLR-4 -8984G and +299Asp (OR, 0.79; 95% CI, 0.35-1.76; P=0.58) and TLR-4 -8984C and 

+299Asp (OR, 0.84; 95% CI, 0.52-1.36; P=0.49) showed significant association with SMA. 

The CG haplotype, which was constructed from the minor alleles for both SNPs, was 

excluded from these analyses due to its low frequency<0.005 in this population. 
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Table 3: Association between TLR-4 (-8984C/G and +299Asp/Gly) haplotypes and SMA 

  

Non-SMA 

(Hb≥6.0 g/dL) 

SMA 

(Hb<6.0 g/dL)  

Association with  SMA (Hb< 6.0 g/dl )  

  

Haplotype 

 

n, (%) 

 

n, (%) P-value
a
 OR 95% CI P-value

b
 

TLR-4 (-8984G and +299Gly)  
25 (49.0) 26 (51.0) 

0.505 

0.89 0.46-1.47 0.51 

Non- TLR-4 (-8984G and +299Gly) 196 (54.0) 157 (46.0) 

   TLR-4 (-8984G and +299Asp)  204 (53.0) 181 (47.0) 

0.558 

0.79 0.35-1.76 0.56 

Non-TLR-4 (-8984G and +299Asp) 17 (58.6) 12 (41.4) 

   TLR-4 (-8984C and +299Asp)  48 (50.0) 48 (50.0) 

0.449 

0.84 0.52-1.36 0.49 

 Non-TLR-4 (-8984C and +299Asp) 173 (54.4) 145 (45.6) 

    

Children with acute malaria (n=414) were stratified according to the modified definition of severe malarial anaemia (SMA) based on age- and geographically 

matched Hb concentration (i.e., Hb< 6.0g/dl with any density of parasitemia) ((McElroy et al., 1999)).Data are presented as [n, (%)] for proportions of TLR 4 

haplotype carriers and non-carriers within the SMA (n = 193) and non-SMA (n = 221) groups 
a
Statistical significance determined by Chi-square tests. 

b
Statistical significance, odds ratios (OR) and 95% confidence intervals (CI) were determined using multivariate logistic regression, controlling for age, 

gender, HIV-1 infection, sickle cell trait (HbAS), bacteremia and G6PD deficiency. The reference groups in this multivariate logistic regression analysis were 

those without the respective haplotypes. 
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4.4 Differences between individual TLR-4 (-8984C/G and +299Asp/Gly) genotypes and 

circulating IFN-γ levels 

To determine whether these genotypes were associated with functional changes in 

concentrations of IFN-γ levels, plasma levels of IFN-γ were compared across the genotypic 

groups. As presented in Fig.2A and B, there were no significant differences in the 

concentrations of plasma IFN-γ across genotypes for both TLR-4 -8984C/G (GG; CG and 

CC; P=0.154) and TLR-4 +299Asp/Gly (Asp/Asp and Asp/Gly; P=0.453). These results 

show that the individual polymorphisms in TLR-4 (-8984C/G and +299Asp/Gly) are not 

associated with the production of IFN-γ in this malaria holoendemic population. 
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Figure 2. Differences between TLR-4 (-8984C/G and +299A/G) genotypes and circulating IFN-γ 

levels. Data are represented in column bar chart TLR-4 -8984C/G (GG; CG and CC; P=0.154) and 

TLR-4 +299Asp/Gly (Asp/Asp and Asp/Gly; P=0.453). Across-group comparisons were determined 

using one way ANOVA and Student t- test for figures 2a and 2b respectively. The levels of IFN-γ 
were log-transformed to normal distribution. 
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4.5 Differences between TLR-4 (-8984C/G and +299Asp/Gly) Haplotypes and IFN-γ 

levels 

To determine whether co-inheritance of these receptor polymorphisms were associated 

with changes in concentrations of IFN-γ levels, circulating concentrations of IFN-γ were 

compared with SNP combinations’ in TLR-4 -8984C/G and +299Asp/Gly. As shown in 

Figure 3A, haplotype carriers of C/Asp (N=51; P=0.041) was associated significantly with 

lower levels of IFN-γ than the non-carriers. However, haplotype carriers of TLR-4 (-

8984G and +299Asp Figure 3B) (N=174; P=0.342), and TLR-4 (-8984G and +299Gly 

Figure 3C) (N=20; P=0.43) demonstrated similar levels of IFN-γ with the non-carriers. 

Haplotype TLR-4 (-8984G and +299Gly) was not present in this population. 



34 

 

NON-C/Asp C/Asp
0.0

0.5

1.0

1.5 P=0.041

Figure 3 (a)

TLR4(-8984C)+299Asp/Gly haplotypes

L
o
g

1
0

IF
N

-

 l
e
v
e
ls

 (
p
g
/m

L
)

NON-G/Asp G/Asp
0.0

0.5

1.0

1.5
P=0.342

Figure 3 (b)

TLR4(-8984G)/+299Asp haplotypes

L
o
g

1
0

IF
N

-

 l
e
v
e
ls

 (
p
g
/m

L
)

NON-G/Gly G/Gly
0.0

0.5

1.0

1.5 P=0.453

Figure 3 (c)

TLR4(-8984G)/+299Gly haplotypes

L
o
g

1
0

IF
N

-

 l
e
v
e
ls

 (
p
g
/m

L
)

 

Figure 3. Difference between TLR-4 (-8984C/G and +299Asp/Gly) haplotypes and circulating 

IFN-γ levels: Data are represented in column bar chart for TLR-4 (-8984C and +299Asp) (C/Asp, 

51), TLR-4 (-8984G and +299Asp) (G/Asp, 174) and TLR-4 (-8984G and +299Gly) (G/Gly, 20). 

Pairwise comparisons in those with and without the combination/haplotype were done using the 

Student t-test. The levels of IFN-γ were log-transformed to normal distribution. 
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4.6 Differences in Circulating IFN-γ levels between Children with SMA and Non-SMA 

To determine whether the changes in the circulating levels of IFN-γ are associated with 

severity of acute malaria, the circulating levels were compared between the SMA (n=96) 

and non-SMA (n=83) groups. It is critical to note that after the first screening (to determine 

Hb levels), it was not possible to collect additional blood samples to carryout measurements 

of IFN-γ levels in some study participants due to the fact that the children either were too 

anemic or were too sick to ethically allow collection of additional blood samples, hence the 

reduction in numbers in this analysis. As presented in Figure 4, the results demonstrated 

that SMA and non-SMA children had similar levels of circulating plasma IFN-γ levels 

(P=0.224). 
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Figure 4. Differences in circulating IFN-γ levels between children with SMA and non-

SMA. Data are represented in Column bar chart for the non-SMA (Mean ± SEM 1.145 ± 

0.06679:n=83) and SMA(Mean ± SEM 1.145 ± 0.06679: n=96) groups. There were no 

significant differences in circulating IFN-γ levels between SMA and non-SMA children 

(P=0.224, Student T-test). 
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CHAPTER FIVE 

DISCUSSION 

This is so far the first study that has been conducted to determine the association between 

these TLR-4 (-8984C/G and +299Asp/Gly) promoter polymorphisms and susceptibility to 

severe malaria disease outcome (SMA) and functional changes in IFN-γ levels in a 

peadriatic population resident in a P. falciparum holoendemic transmission area of western 

Kenya. Results obtained from this study of parasitemic children (n=414) aged 3-36months, 

demonstrated that none of the individual genotypes or haplotypes showed any association 

with SMA (Hb<6.0g/dL). However, carriage of TLR-4 (-8984C and +299Asp) (C/Asp) 

haplotype was significantly associated with lower IFN-γ levels. In addition, there were no 

significant differences in circulating IFN-γ levels between SMA and non-SMA children in 

this population. 

5.1 Association between TLR-4 -8984C/G and 299Asp/Gly genotypes/haplotype and 

SMA in children presenting at SCRH in western Kenya 

Results obtained from this study of parasitemic children (n=414) aged 3-36 months, 

demonstrated that none of the individual genotypes or haplotypes TLR-4 (-8984C/G and 

+299Asp/Gly) showed any association with SMA (Hb<6.0g/dL). Data on TLR4 Asp299Gly 

are quite different from those reported by other authors who, on the other hand, obtained 

results largely conflicting with each other. Mockenhaupt et al. reported that this 

polymorphism was associated with an increased risk of severe peadriatric malaria in 

northern Ghana but had no impact on the risk of infection (Mockenhaupt et al., 2006b). On 

the contrary, Basu et al. demonstrated that TLR 4 Asp299Gly was more common in patients 

with low parasitaemia and concluded that TLR 4 could have a genetic role in controlling the 
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blood infection level in mild malaria and could indirectly suggest a protective effect of 

TLR4 Asp299Gly against severe disease (Basu et al., 2010). Consistent with the current 

study, two separate studies, carried out in Brazil and Iran, have recently revealed no impact 

of individual TLR-4 +299Asp/Gly promoter polymorphism on susceptibility to mild malaria 

in their respective populations (Leoratti et al., 2008; Zakeri et al., 2011). Investigations with 

Burundian children less than 10 years old characterized by mixed clinical phenotypes 

(cerebral and/or severe malaria anaemia) did not show any association between the TLR-4 

(Asp299Gly) polymorphisms and severe malaria (Esposito et al., 2012). In general, findings 

from case–control studies in malaria endemic countries regarding association of TLR-4 

Asp299Gly polymorphisms with susceptibility to clinical and severe malaria have been 

contradictory (Basu et al., 2010; Agudu et al., 2010; Zakeri et al., 2011; Apinjoh et al., 2013 

). These discrepancies may be attributed to clinical definitions of malaria, different genetic 

backgrounds from ethnic diversity and overall sample (population) size in previous studies. 

 

Since susceptibility to infectious disease occurs through multifactorial, complex, and even 

contradictory selective pressures (Balaresque et al., 2007), haplotypes between TLR-4 (-

8984C/G and +299Asp/Gly) were constructed, in an attempt to determine whether co-

inheritance of these receptor-SNP combinations could influence susceptibility to SMA. 

Haplotypes are important markers for identifying associations with disease outcome that are 

unidentifiable with SNPs (Ouma et al., 2008). In the current study, none of the haplotypes 

was associated with susceptibility to SMA. It might be possible that the association of TLR 

4 polymorphisms with the ability to control parasitaemia and the lack of association with 

disease severity actually reflect differences in the molecular mechanisms underlying 

protective/ pathological immune responses at different stages of infection. 
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5.2 Differences between TLR-4 (-8984C/G and 299Asp/Gly) genotype/haplotypes and 

IFN-γ production in children presenting at SCRH in western Kenya 

The present study demonstrated that none of the individual TLR-4 (-8984C/G and 

+299Asp/Gly) genotypes conditioned changes in IFN-γ levels in this population. However, a 

study of Ugandan children (aged 4 to 12 years) showed that the TLR-4 (Asp299Gly) genotype 

was associated with elevated levels of plasma IFN-γ and enhanced cerebral malaria (Sam-

Agudu et al., 2010), emphasizing the fact that these variants may individually be associated 

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

malaria have down regulated TLR4 and decreased IFN-γ and that mice with TLR-4 gene 

knockout produce low IFN-γ levels in response to Plasmodium chabaudi AS (Franklin et al., 

2009). The discrepancies observed between the current study and others may in part be 

explained by the difference in clinical phenotypes since in the current study population, the 

main clinical manifestation is SMA in peadriatic populations, while the earlier studies focused 

on heterogeneous populations in which the most severe clinical manifestation was CM. In 

addition, pathways of TLR-4 signaling involve polymorphisms in the downstream molecules 

(for instance, NF-κ B and MyD88) that were not investigated in the present study. Haplotypes 

between TLR-4 (-8984C/G and +299Asp/Gly) were constructed, in an attempt to determine 

whether co-inheritance of these receptor-SNP combinations could influence IFN-γ levels in 

this population. The results revealed that carriage of TLR-4 (-8984C and +299Asp) (C/Asp) 

haplotype was significantly associated with lower IFN-γ levels (although the impact of these 

haplotypes on promoter binding elements is currently unknown), demonstrating that variation 

in  promoter sequences, such as the TLR-4 promoter, likely alter specific transcription factor 

recognition sites and consequently affecting cytokine production. For example, presence of the 
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C/Asp haplotype may create sites for enhanced binding of repressors that favor reduced IFN-γ 

levels production. 

 

5.3 Differences in IFN-γ levels between children with SMA and non-SMA 

presenting at SCRH, western Kenya 

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

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

protection against symptomatic malaria episodes in children aged 5 to 14 years from a region 

of malaria endemicity of Papua New Guinea (D'Ombrain et al., 2007). An additional study in 

an area of holoendemic perennial P. falciparum malaria transmission in southern Ghana 

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

malaria and fever (Dodoo et al., 2002). Collectively, these studies implicate increased IFN-γ 

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

higher levels of IFN-γ and severe malaria. For instance, a previous report on a population of 

children resident in western Kenya demonstrated that IFN-γ was a positive predictor of SMA 

(Ong'echa, et al., 2011). The present study, demonstrated that children with SMA and non 

SMA had similar IFN-γ concentrations, a finding not consistent with a previous study of the 

same population (Ouma et al., 2011). The results presented here versus those from the 

previous study (Ong'echa et al., 2011) likely differ due to differences in the stratification of 

the cohort groups. In the present study, the population was stratified into the SMA group 

(Hb< 6.0 g/dl with any density of parasitemia) and non-SMA groups (Hb≥6.0g/dl with any 

density of parasitemia), while the previous study (Ong'echa et al., 2011) further stratified the 

overall non-SMA group (Hb≥ 6.0 g/dl with any density of parasitemia) into uncomplicated 

malaria (UM) (Hb levels of >11.0 g/dl n=31) and non-SMA (Hb levels of 6.0 to 10.9 g/dl; 
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n=37) for the least-angle regression (LAR) analyses. In addition, potential underlying genetic 

variations that may potentially contribute to differences in functional changes (e.g., IFN-γ) 

during disease in the population were never controlled for as a variable in the LAR analyses. 

This continues to highlight the complexity associated with the determination of host immune 

responses against severe malaria. It has been demonstrated that IFN-γ is involved in 

alternative activation of macrophages which are specialized for defense against extracellular 

pathogens (Martinez et al., 2009). However, P. falciparum is an obligatory intracellular 

pathogen (Breman et al., 2004) thus the mechanism provided by alternative activation of 

macrophages may not aid in the defense against it. Furthermore, differences could be due to 

geographical and demographic differences which may concomitantly be accompanied by 

various selective pressures. For example, the current pediatric population is naturally exposed 

to additional conditions such as other parasitic infections, which may independently alter 

IFN-γ production.  

5.4 Study limitations 

The current study had limitation in that the population does not have clinical manifestations 

of different P. falciparum malaria (asymptomatic malaria, mild and severe) to perform an 

intergroup comparison between the levels of cytokines and genotypes/haplotypes studied.  
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CHAPTER SIX 

SUMMARY OF FINDINGS, CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of Findings 

In summary, the results of this study showed that none of the individual promoter loci 

(genotype) and haplotypes of TLR-4 -8984C/G and TLR-4 +299Asp/Gly had significant 

association with susceptibility to SMA. Similarly, there was no significant difference 

between individual TLR-4 -8984C/G genotypes and circulating IFN-γ levels. However, 

haplotype carriers of TLR-4 (-8984G and +299Asp), and TLR-4 (-8984G and +299Gly) 

demonstrated similar levels of IFN-γ with the non-carriers. Further analysis revealed that 

C/Asp haplotype carriers were significantly associated with lower levels of circulating IFN-γ 

than the non-carriers of C/Asp. In addition, there were no significant differences in 

circulating IFN-γ levels between SMA and non-SMA groups. 

6.2 Conclusions 

1. The results demonstrate that SMA in this paediatric population of western Kenya is 

not associated with individual promoter variants (genotype) and co-inheritance of 

functional variations in TLR-4 (-8984C/G and +299Asp/Gly) polymorphisms. 

2. In this peadriatic population of western Kenya, co-inheritance of variations in TLR-4 

(-8984C/G and +299Asp/Gly) polymorphisms conditioned changes in levels of 

circulating IFN-. 

3. In this peadriatic population of western Kenya, circulating IFN-γ levels were similar 

between the clinical (SMA and non SMA) groups. 
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6.3  Recommendations from Current Study 

1. In this population more studies on additional TLR-4 variants are necessary to identify 

the genotypic/haplotypic characteristics that predispose children to SMA. 

2. The pathological role of lower IFN- as a result of co-inheritance of functional 

variations in TLR-4 (-8984C/G and +299Asp/Gly) polymorphisms should be 

investigated as it may act in peadriatric population as a basis of vaccine development 

against malaria. 

3. More studies with larger sample sizes are necessary to confirm discrepancies a rising 

from the current and previous studies regarding the levels of IFN- in SMA and non-

SMA in this population of western Kenya. 

6.4  Recommendations for Future Studies 

1. Immunogenetics study on basis of SMA development should involve inclusive panel of 

receptor polymorphisms that influence innate immune response and disease outcome 

are required as this may provide an immune-genetic basis for the development of 

vaccines that modulate receptor functions. 

2. To further understand the molecular basis of SMA in children, cytokine milieu 

including IFN-γ should be investigated to enable determination of the role of cytokine 

balance in susceptibility to SMA. 
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