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SUMMARY 

A comprehension of the genetics of host resistance to malaria is essential to understanding 
the complexity of the host immune response and its interaction with the parasite infection. Current 
research is directed towards dissection of host genetic factors involved in both the host immune 
response and the malaria disease outcome. 

First, a possible association between Fc gamma receptor IIa-R/H131 (FcγRIIa-R/H131) 
polymorphism and anti-malarial antibody responses was investigated in Sudanese patients in 
relation to clinical outcome of Plasmodium falciparum malaria. The frequency of the R/R131 
genotype was significantly higher in patients with severe malaria as compared to those with mild 
malaria, while the H/H131 genotype showed a significant association with mild malaria. Anti-
malarial IgG3 antibodies were shown to be associated with reduced risk of clinical malaria in 
individuals carrying the H/H131 genotype. Low levels of IgG2 antibodies reactive with the Pf332-
C231 antigen were also associated with lower risk of severe malaria in individuals carrying the 
H131 allele. The levels of anti-malarial IgG1 and IgG3 antibodies were significantly higher in 
patients with mild malaria compared with those with severe malaria. Our data suggest the 
importance of cytophilic antibodies, since IgG2 can act as such in the combination with FcγRIIa-
H/H131 genotype. However, the role of IgG2 antibodies in malarial immunity is still a subject of 
controversy, with different levels being suggested to underlie protective properties. 

Fulani and Masaleit, two sympatric ethnic groups in eastern Sudan, are characterized by 
marked differences in susceptibility to P. falciparum malaria. We investigated whether the two 
populations differ in the frequency of immunoglobulin GM/KM allotypes, which are known to 
influence both humoral and cellular immune responses and to be associated the with susceptibility to 
and outcome of several infections. The distribution of GM and KM phenotypes differed 
significantly among the two ethnic groups, with Gm 6 being significantly lower among the Fulani, 
and the combined frequency of Km 1,3 and Gm 1,17 5,6,13,14 phenotypes was found to be  higher 
among Masaleit.  
            Previously, it has been suggested that sickle cell trait carriage (HbAS) may protect against 
the most severe forms of malaria. In the present study we investigated whether the two ethnic groups 
differ in the frequency of FcγRIIa and HbAS genotypes. The frequency of the FcγRIIa- H/H131 
genotype and the H131allele was found to be higher in the Fulani, whereas the R/R131 genotype 
was significantly higher in the Masaleit group. On the other hand, the HbAS genotype was less 
frequent in the Fulani as compared to Masaleit. Moreover, the Fulani showed higher levels of anti-
malarial IgG2 and lower IgG1 and IgG3 antibodies when compared to their sympatric non-Fulani 
neighbours.  

The complement-reactive protein (CRP) shows a differential binding to the FcγRIIa-R/H131 
receptors. A tri-allelic SNP (C/T/A) in the CRP gene was investigated for possible ethnic 
associations. The A allele, which is associated with higher basal CRP levels, was found to be less 
frequent in the Fulani compared with non-Fulani ethnic groups both in Sudan and Mali. Our data 
thus indicate that CRP could be a contributing factor to the relative resistance to malaria seen in the 
Fulani as compared to other sympatric ethnic groups. 

In conclusion, our results suggest possible associations between FcγRIIa-R/H131 and CRP 
genotypes, GM/KM allotypes, and anti-malarial antibody responses and the clinical outcome of P. 
falciparum malaria. 
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INTRODUCTION 

The Immune System 
Historically, immunity meant protection from disease, and more specifically, against 

infectious diseases. The cells and molecules responsible for immunity constitute the 

immune system, and their collective and coordinated response after the introduction of 

foreign substance is the immune response. We now know that many of the mechanisms of 

resistance to infections also involve the individual’s response to non-infectious foreign 

substances 1. However, mechanisms that normally protect individuals from infections and 

eliminate foreign substances are themselves capable of causing tissue injury and disease in 

some situations. Therefore, a more inclusive and modern definition of immunity is a 

reaction to foreign substances, including microbes, as well as macromolecules, such as 

proteins and polysaccharides, without implying a physiologic or pathologic consequence of 

such a reaction 2. Immunology is the study of immunity in this broader sense, and of the 

cellular and molecular events that occur after an organism encounters microbes or other 

foreign macromolecules. The immune system is branched into two arms, governing the 

innate (natural or nonspecific) and the acquired (adaptive or specific) immune responses 1.  

Innate immunity 
Most encounters with microorganisms do not result in disease. The few microbes 

that manage to cross the barriers of skin, mucus, cilia, and pH are usually eliminated by 

innate immune mechanisms, which commence immediately upon pathogen entry 2. If 

phagocytosis cannot rapidly eliminate the pathogen, inflammation is induced with the 

production of cytokines and acute phase proteins. This early induced response is not 

antigen-specific and does not generate immune memory 2. Only if the inflammatory process 

is unsuccessful at eliminating the pathogen will the adaptive immune system be activated, a 

process which requires several days to produce armed effector cells. 

Pathogens infect at specific locations in the host and damage the host by several 

mechanisms. Extracellular pathogens and their exotoxins are susceptible to destruction by 

phagocytes, either directly or in cooperation with antibodies elicited by the acquired 

immune system, so called opsonization. Intracellular pathogens may be eliminated by lysis 

of the infected cell by natural-killer (NK) cells 3 or dendritic cells. Pathogens within 

macrophages may be killed by the activation of these cells by IFN-γ derived from Th1 cells. 
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The immune response can also damage the body by means of inflammation and 

cytotoxicity4. 

Innate immunity covers many areas of the host defence against pathogenic microbes, 

including the recognition of pathogen-associated molecular patterns (PAMPs) present on 

the microbes5. In vertebrates, which are the only phylum that possesses an adaptive immune 

system, there are also mechanisms that inhibit the activation of the innate immunity. One 

example is the inhibition of killing by NK cells, which are known to receive an inhibitory 

stimulus from major histocompatibility complex (MHC) class I molecules. 

The immune system uses a variety of pattern-recognition receptors (PRRs) that can 

be expressed on the cell surface, in intracellular compartments, or secreted into the 

bloodstream and tissue fluids2. The principal functions of PRRs include opsonisation, 

activation of complement, coagulation cascades, phagocytosis, activation of pro-

inflammatory signalling pathways, and induction of apoptosis. 

In brief, the classical complement pathway of activation is initiated by complement 

protein 1 (C1) binding to antigen-antibody complexes, while the alternative pathway is 

initiated by C3b binding to various activating surfaces, such as microbial cell walls. The 

C3b involved in the alternative pathway initiation may be generated in several ways, 

including spontaneously, by the classical pathway, or by the alternative pathway itself. Both 

pathways converge and lead to the formation of the membrane attack complex.  

C-reactive protein (CRP, for further details see section under Related Background), 

mannan-binding lectin (MBL), and serum amyloid protein (SAP) are secreted pattern 

recognition molecules, produced by the liver during the acute phase response at early stages 

of infection 6-8.  

 Toll-receptors are important components of the innate immunity. They are 

evolutionarily conserved and homologous receptors found in plants, insects, worms and 

vertebrates. The first member of this family, named Toll, was initially identified in the fruit 

fly Drosophila melanogaster 9. This receptor has been shown to play an important role in 

protection against fungi in the fruit fly 10. In humans, 11 Toll-like receptors (TLRs) have 

been identified until now. Based on the cellular localization, TLRs are classified into two 

groups. TLR 3, 7, 8 and 9 are expressed in endosomes, while the second group, including 

TLR1, 2, 4, 5 and 6, are present on the surface of many different cells 11, 12. Upon 

recognition of their cognate ligands, TLRs dimerize and initiate a signalling cascade that 

leads to activation of a proinflammatory response 13, 14. Ligand binding induces two 
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signalling pathways, one is MyD88-dependent and the other is MyD88-independent, 

inducing the production of proinflammatory cytokines and type I interferons 13, 14.    

Cells involved in innate immunity 
 
Monocytes/Macrophages and Neutrophils 
 
  Macrophages are generally a population of ubiquitously distributed mononuclear 

phagocytes responsible for numerous homeostatic, immunological, and inflammatory 

processes. Their wide tissue distribution makes these cells well suited to provide an 

immediate defence against foreign elements prior to lymphocyte immigration. Because 

macrophages participate in both the specific immunity via antigen presentation, and in the 

non-specific immunity against bacterial, viral, fungal, and neoplastic pathogens, it is not 

surprising that macrophages display a range of functional and morphological phenotypes 15. 

Macrophages have an innate capacity to recognize pathogen-expressed surface structures 

and play an important role in immunity to infections. The macrophages are  phagocytic 

cells, and the phagocytosis is facilitated by Fc receptors for IgG and IgE present on their 

cell surface 16. They process and present antigens to T cells in association with MHC 

antigens, initiating the immune response. In addition, macrophages are also involved in the 

secretion of many products, some of which are toxic. The macrophage activity is enhanced 

by cytokines, notably IFN-γ, secreted by T- helper (Th) cells. Activated macrophages are 

more effective than resting ones in eliminating potential pathogens, and they also express 

higher levels of MHC class II molecules, allowing them to function more effectively as 

antigen-presenting cells (APCs). Activated macrophages are producing a number of reactive 

oxygen intermediates and reactive nitrogen intermediates that have potent antimicrobial 

activities. When macrophages are activated by LPS together with IFN-γ, they begin to 

express high levels of nitric oxide synthase (NOS), an enzyme that oxidizes L-arginine to 

yield nitric oxide (NO). Recent evidence suggests that much of the antimicrobial activity of 

macrophages is due to NO 17. 

 Neutrophils can phagocyte foreign substances, and they also use both oxygen 

dependent and independent pathways to generate antimicrobial substances. 
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NK cells and Dendritic cells (DCs) 

NK cells have cytolytic activity against tumours or pathogen-infected cells. They 

can also release cytokines, including IFN-γ, TNF, granulocyte-macrophage colony 

stimulating factor (GM-CSF) and chemokines 18, 19. The functions of NK cells are regulated 

by a complex balance between inhibitory and activating signals, that are generated by an 

array of different cell-surface receptors after engagement by their specific cellular ligands18.   

Two major subsets of NK cells are distinguished by their low or high expression of 

CD56 (CD56bright and CD56dim respectively). CD56dim NK cells constitute the majority of 

NK cells among PBMCs and excel in cytotoxicity. CD56bright NK cells are less effective in 

cytotoxicity but are very potent cytokine producers 20, 21. 

DCs and their precursors are considered to be sentinels of the immune system; they 

can circulate through the blood and non-lymphoid peripheral tissues, where they eventually 

become resident cells 22. DCs are well known as professional APC, able to activate naïve T 

cells, and are thus critical for the development of adaptive immune responses 23. DCs also 

have important effector functions during the innate immune response, such as pathogen 

recognition and cytokine production. In fact, various subsets of DCs have been described, 

that are associated with specific pathogen recognition mechanisms, locations, phenotypes, 

and types of Ag presentation and cytokine production 24. The DCs also up-regulate the co-

stimulatory molecules that are required for an effective interaction with T cells24.  

Both NK cells and DCs are specialised cells of the innate immune system, which 

play a crucial role during the early phase of the inflammatory reaction. The reciprocal 

interaction of these cells results in a potent, activating cross-talk 18, 22. DCs can prime 

resting NK cells, which, in turn after activation, might induce DC maturation 25. However, 

NK cells negatively regulate the function of DCs also by killing immature DCs in peripheral 

tissues 21. Thus, NK cells  have a role in the editing of mature DCs, based on the selective 

killing of mature DCs that do not express optimal surface densities of MHC class I 

molecules 21.  

Adaptive Immunity 

 The adaptive immune responses are mediated by lymphocytes. These cells recognize 

individual pathogens specifically and they possess memory. Lymphocytes fall into two 

major categories: T and B lymphocytes. These two types of cells recognize particular 

structures via their receptors that are responsible for the enormous diversity seen in the 
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adaptive immune system. B cells recognize antigens through the surface immunoglobulins 

(Ig), B-cell receptors (BCR), and the T cells through the T-cell receptors (TCR), these 

receptors have unique specificities. The recognition of antigen by the TCR is dependent of a 

their presentation in the context of MHC molecules. T and B-cells are mainly responsible 

for cell-mediated and humoral immunity, respectively. The differentiation of the cells of the 

adaptive immune system is dependent on a cross talk with cells of the innate immune 

system, and cytokines constitute important mediators in this context.  

MHC 
 The MHC codes for glycoproteins, which are highly specialised molecules with the 

ability to form unusually stable complexes with peptide antigens, to be presented on the cell 

surface of APCs, required for the activation of  T cells system 26. There are two classes of 

MHC molecules, class I and class II, which present antigenic peptides that are processed by 

the proteasomal pathway and the lysosomal pathway, respectively 26. The MHC alleles are 

highly polymorphic, different hosts usually having different MHC genotypes, and they 

therefore recognize different spectrums of antigen epitopes 27. MHC plays an important role 

in immune regulation. Hosts vary genetically in many of the factors controlling the immune 

responses. Many studies have shown associations between MHC polymorphism and disease 

susceptibility 28-31.  

Cytokines 

 Interactions between cells in the immune system can be mediated by soluble 

proteins, cytokines. All cytokines are produced in small amounts in response to external 

stimuli, such as microbes, and generally have a short half-life. Cytokines bind to high-

affinity receptors on target cells. Most cytokines act on the cells that produce them (called 

autocrine actions) or on adjacent cells (paracrine actions). A minority of cytokines enters 

the circulation and acts on distant tissues (endocrine hormonal actions).   

 Cytokines are involved in the regulation of the innate and adaptive immunity. They 

play an important role in activating macrophages to produce large amounts of cytokines 32-

34, also activating and regulating lymphocytes 35.  Depending on the effect of the immune 

response, some cytokines may be referred to Th1 or Th2-associated cytokines. 

 

 



__________________________________________________________________________
6 
 

T Lymphocytes 
 

Early T cell precursors do not express the CD4 or CD8 co-receptors (double-

negative) and begin the recombination of the TCR gene segments, of which there are 4: α, 

β, γ, and δ. Recombination begins at the δ, γ, and β loci, and if expression of the γδ TCR is 

successful, commitment to the γδ T cell lineage results 36. Most γδ T cells remain double-

negative and leave the thymus, populating lymphoid tissues and epithelia. Antigen 

recognition by γδ TCR expressing T cells does not require processing and is not MHC 

restricted 37. The γδ T cells represent a relatively rare type of T cells in humans, and their 

function appears to be distinct from that αβ T cells 38. Alternatively, a successful β locus 

recombination results in β TCR expression, which pairs with the surrogate α receptor (pre-

Tα) and forms the pre-TCR. With the immunotyrosine-based activation motif (ITAM)  rich 

CD3-signaling machinery, the pre-TCR provides ligand-independent signals, enabling 

commitment to the αβ T-cell lineage and CD4/CD8 coexpression (double-positive; DP). T 

cells are further classified by the type of TCR they express on their surface, having either 

the αβ or γδ combination 39. The αβ+  TCR expressing T cells have evolved primarily to 

recognize antigens as peptide fragments in association with MHC antigens present on 

antigen-presenting cells (APCs) 40. The αβ+ T cells may differentiate into several subsets, all 

with the accessory marker CD3, in the TCR/CD3 complex, combining with MCH class I 

(CD8+) or MHC class II (CD4+)41, 42. The CD4+ T cells, designated T helper (Th) cells, 

recognize peptides, which are bound to MHC class II molecules. Th cells are polarized 

towards either Th1 or Th2 subsets, depending on the nature of the cytokines they produce at 

the site of activation 43. CD8+ T cells, referred as CTLs, recognize antigens bound to MHC 

class I molecules. CD8+ T cells produce cytotoxic proteins, including perforin and 

granzymes, and secrete them at the point of contact with the target cell, the immunologic 

synapse, which results in specific killing without bystander-cell damage. Perforin is a 

membrane-disrupting protein that facilitates the ability of granzymes to induce apoptosis in 

the target cell. In addition to cytolysis, CD8+ effectors produce IFN-γ and TNF 44.     

Classically, CD4+ effectors were viewed in the context of the Th1-Th2 paradigm, 

but other subsets have emerged, including IL-17–producing T cells (Th17) and T cells with 

regulatory function (Treg) 45. The factors that determine the differentiation of these subsets 

in vivo are not completely understood, although it seems that the cytokine milieu may be a 

major factor. 
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Th1/ Th2 responses 

 Both Th1 and Th2 subsets are generated from a naïve T cells 46. The Th1/Th2 

concept rests largely on a dichotomy in their cytokine profiles, reviewed in recent research 

involving human subjects 47. 

Th1 cells specialize in macrophage activation by IFN-γ production and contact-

dependent stimulation by using a variety of cell-surface co-stimulatory ligands and, thus 

playing a major role in intracellular pathogen clearance and delayed-type hypersensitivity. 

Reactions of Th1 differentiation is directed by IFNs generated by the innate response to 

infection, which ultimately leads to up-regulation of T-bet, the master regulator of Th1 

differentiation. T-bet directs IFN-γ production and IL-12 receptor expression. The presence 

of IL-12 results in STAT4 activation, further enhancing IFN-γ production and Th1-effector 

formation.  

Th2 cells produce IL-4, IL-5, and IL-13, and specialize in regulating B-cell antibody 

responses. They drive B-cell proliferation by IL-4 and contact-dependent CD40 ligand: 

CD40 binding, augmenting humoral defences against extracellular pathogens. Furthermore, 

IL-4 and IL-5 enable IgE production and eosinophilic inflammation, important for the 

clearance of helminthic infections, but also highly relevant in the allergic response. Th2 

differentiation is initiated by weak TCR signals coupled with IL-4 receptor signaling and 

signal transducer and activator of transcription-6 (STAT-6) activation. This results in up-

regulation of the transcription factor GATA-3, the master regulator of Th2 differentiation. 

GATA-3 enhances Th2-cytokine production and inhibits Th1 pathways.  

B cells 

B cells provide the humoral immunity against extracellular pathogens through 

antibody production. Antibodies neutralize pathogens and toxins, facilitate opsonization, 

and activate complement. In addition to binding soluble peptides, the BCRs are capable of 

binding conformational epitopes, including protein epitopes discontinuous in the primary 

structure, as well as non-peptide antigens, such as polysaccharides and nucleic acids. In 

most cases, primary infection or vaccinations result in a prolonged production of high-

affinity specific antibodies, the basis of the adaptive humoral immunity. So-called natural 

IgM antibodies, produced in the absence of infection, are of lower affinity, often poly-

reactive and weakly auto-reactive, and bind to many conserved pathogen-associated 

polysaccharides. These antibodies play a role in the first-line defence against bacterial 

infections and assist in the clearance of endogenous cellular debris. 
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Naïve follicular B cells reside in the follicles of secondary lymphoid tissues. 

Antigen arrives in lymphoid organs as soluble molecules or as immune complexes, or is 

transported there by DCs 48. BCR cross-linking initiates receptor-mediated endocytosis and 

antigen processing. Antigen-engaged follicular B cells migrate to the T-B interface, the 

border between the T-cell zone and B-cell follicle, increasing the probability of encounter 

with primed helper T cells of cognate specificity. On such an encounter, signals from T-

cell–derived cytokines and CD40L:CD40 binding sustain B-cell activation and promote 

immunoglobulin class switch recombination (CSR).  

Immunoglobulins 
Immunoglobulins (Ig) generally assume one of two roles: Ig may act as plasma 

membrane bound antigen receptors on the surface of B cells or as antibodies free in cellular 

fluids functioning to intercept and eliminate antigenic determinants or pathogens. In either 

role, antibody function is intimately related to its structure. When bound on the surface, the 

Ig functions as a receptor involved in differentiation, activation and apoptosis, while the 

secreted form can neutralize foreign antigens and recruit other effector components 49. Ig 

are composed of four polypeptide chains: two "light" chains (lambda or kappa), and two 

"heavy" chains (alpha, delta, gamma, epsilon or mu). The type of heavy chain determines 

the Ig isotype (IgA, IgD, IgG, IgE, IgM, respectively). Light chains are composed of 220 

amino acid residues, while heavy chains are composed of 440-550 amino acids. Each chain 

has "constant" and "variable" regions as shown in the (Figure 1).  

                            
Figure 1: A simplified structure of the Ig molecule 

*Modified from Ollila and Vihinen 50 
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Structural differences between Ig are used for their classification. Several different 

types of heavy chain exist that define the class or "isotype" of an antibody. These heavy 

chain types vary between different animals. More specifically, the isotype is determined by 

the primary sequence of amino acids in the constant region of the heavy chain, which in 

turn determines the three-dimensional structure of the molecule. Since Igs are proteins, they 

can act as antigens, eliciting an immune response that generates anti-Ig antibodies. 

However, the structural (three-dimensional) features that define isotypes are not 

immunogenic in an animal of the same species, since they are not seen as "foreign". For 

example, the five human isotypes, IgM, IgD, IgG, IgE and IgA are normally found in all 

humans. 

Another means of classifying Ig is defined by the term "allotype". Like isotypes, 

allotypes are determined by the amino acid sequence and corresponding three-dimensional 

structure of the constant region of the Ig molecule. Unlike isotypes, allotypes reflect genetic 

differences between members of the same species. This means that not all members of the 

same species will possess any particular allotype. Therefore, injection of any specific 

human allotype into another human could possibly generate antibodies directed against the 

structural features that define that particular allotypic variation. 

A third means of classifying Ig is defined by the term "idiotype". Unlike isotypes 

and allotypes, idiotypes are determined by the amino acid sequence and corresponding 

three-dimensional structure of the variable region of the Ig molecule. In this regard, 

idiotypes reflect the antigen-binding specificity of any particular antibody molecule. 

Idiotypes are so unique that an individual person is probably capable of generating 

antibodies directed against their own idiotypic determinants.  

Ig classes 

 Upon antigen activation naïve B cells secrete antibodies of the IgM class. 

Subsequent to primary IgM production, the B cells may terminally differentiate into IgM 

producing plasma cells, or switch to production of other isotypes than IgM. In the complex 

process of Ig synthesis, rearrangements in gene segments (VHDJH in heavy chain and VLJL 

in light chain) and somatic mutations produce variations in amino acid sequences in the 

amino-terminal portions of the chain. The concentrations of the five isotypes in serum vary 

widely, reflecting both different numbers of B cells producing each isotype and different 

intrinsic half-lives of the Ig classes. 
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IgM antibodies are the largest Ig (900 kilodaltons), which can exist as a monomeric 

form on the membrane of B cells, but is normally secreted by plasma cells as a pentamer 

together with a J-chain 51. IgM is found in blood and lymph fluid and is the first type of 

antibody made in response to an infection. Furthermore, IgM may cause other cells of 

immune system to destroy foreign substances 52. During an immune response, B 

lymphocytes can switch expression of Ig class (isotype) from IgM to IgG, IgE, or IgA 51. 

IgM appears to have a role in the defence against parasitic infections 53.  

 

IgD is a monomer and presented on B cells during early stages of differentiation. 

Very little is found in the serum. IgD antibodies have a role in B cell signalling, but no other 

apparent effector role in the host defence is known 54. 

 

IgG antibodies are monomeric, found in all body fluids, and are the dominating 

isotype in humoral immune responses, constituting 75% to 80%) of all antibodies in the 

serum. Human IgG is divided into four subclasses, IgG1- IgG4, where IgG1 is the most 

common (66%), followed by IgG2 (24%), IgG3 (7%) and IgG4 (3%) 55. IgG1 and IgG3 

antibodies are predominantly produced in response to protein antigens, 56 but chronic 

stimulation may result in an increased proportion of IgG4 
57 . In contrast, carbohydrate 

antigens most often induce IgG2 responses 56. The different subclasses differ in their ability 

to activate complement, IgG1 and IgG3 being the most effective ones, and IgG2 is a weak 

activator, whereas IgG4 does not activate complement. IgG2 antibodies are very important 

in targeting encapsulated bacteria. IgG antibodies are the only isotype that can cross the 

placenta in the pregnant woman to help protecting the fetus.  

 

IgA provides mucosal immune protection as a result of its ability to interact with the 

polymeric Ig receptor (pIgR), an antibody transporter expressed on the basolateral surface 

of epithelial cells 58. IgA antibodies protect mucosal surfaces that are exposed to outside 

foreign substances. In humans there are two heavy chain subclasses of IgA: IgA1 and IgA2. 

IgA1 is monomeric primarily found in the serum. IgA2 can polymerize into multimers 

linked by a J piece. IgA2 is transported into the secretions by the cooperative effort of 

epithelial cells and lymphocytes 59. Dimeric IgA, produced by sub-mucosal B cells, binds to 

an epithelial cell-membrane protein called secretary IgA (SIgA) 59. 

One important role of IgA is to bind food antigens in the intestinal tract and prevent 

the triggering of pro-inflammatory responses. The relative inability of IgA to initiate 
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inflammatory responses allows food antigens to sequester without deleterious consequences 
60. 

IgE antibodies are found in the lungs, skin, and mucous membranes. Very low 

amounts of IgE are present in the serum. Mast cells have high affinity Fc-epsilon receptors 

(FcεR) that scavenges IgE so quickly that its serum half-life is only 2 days 61. IgE displayed 

on the mast cell surface mediates immediate hypersensitivity or allergic reactions 62. IgE 

appears also to have a role in defence against parasitic infections 63.  

Ig allotypes 
 

The Ig GM and KM allotypes are hereditary antigenic determinants of the Ig heavy 

chains (γ) and the κ-type light chains, respectively 64. The striking qualitative and 

quantitative differences in the distribution of these determinants among different races, raise 

questions concerning the nature of the evolutionary selective mechanism that maintains this 

variation. Associations between Ig allotypes and specific antibody responses could be a 

selective force for the maintenance of various haplotypes and their frequencies. Significant 

associations between certain GM and KM allotypes and immune responsiveness to 

particular infectious pathogens and to polysaccharide vaccines were reported 62. The 

importance of GM and KM allotypes will be discussed under the “Related Background” 

section.    

Fc receptors 

Cell surface receptors for the Ig Fc domain of immunoglobulin (Ig) are known to be 

expressed on all cells of the immune system. Fc receptors (FcR) play an important role in 

immune regulation, as they serve to link antibody-mediated immune responses with cellular 

effector functions. Specific FcRs exist for all Ig classes, including IgA (FcαR), IgD (FcδR), 

IgE (FcεR), IgG (FcγR), and IgM (FcμR). 

As the work in this thesis deals with IgG isotypes, allotypes and Fc receptors 

particular Fc gamma RIIa, there are more details on each of them in the following sections.   

The FcγR family  
The cell-surface receptors for Fc portion of IgG molecules are now known to 

consist of three sub-families of related molecules, designated FcγRI, II and III 65. FcγRI 

(CD64), which includes FcγRIa FcγRIb FcγRIc, is derived from a single gene in humans. 

The functional receptor consists of a single trans-membrane polypeptide of about 40 KD, 
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FcγRI is the only high- affinity receptor for the Fc domain of IgG molecules, and binds 

human IgG1 or IgG3 antibodies with a Kd of 10-8 to 10-9 M 66. The affinity for IgG2 or 

IgG4 antibodies is much lower.  

In the case of the FcγRII (CD32) gene subfamily, which includes FcγRIIa and 

FcγRIIb, it is encoded by at least three separate genes in humans. The affinity of FcγRII for 

human IgG1 or IgG3 is relatively weak, for example Kd greater than 10-7 M, and is 

essentially nonexistent for IgG2 and IgG4.   

Members of the FcγRIII (CD16) subfamily, including FcγRIIIa and FcγRIIIb, are 

encoded by two genes in humans. The affinity of FcγRIII for IgG molecules is similar to 

that FcγRII65. 

The Structure of FcγRIIa 
 

FcγRII identifies a family of type I (cytoplasmic carboxyl terminus) membrane 

glycoprotein isoforms of 40 kDa. At least nine human FcγRII isoforms may be produced, 

deriving from three genes, FcγRIIa, FcγRIIb and FcγRIIc, located at chromosome 1q23. 

The major differences between the isoforms are in the cytoplasmic sequences, although 

there are also differences in the extracellular regions, so that some antibodies distinguish 

FcyRIIa from FcyRIIb isoforms (Figure 2). In the intracellular region, the FcγRIIb isoforms 

have an immunoreceptor tyrosine-based inhibitory motif (ITIM) 67, while FcγRIIa has an 

immune-receptor tyrosine-based activation motif (ITAM) 68.  

 

 
Figure 2:  The family of Fc receptors for human IgG* 

*Modified from Falk Nimmerjahn and Jeffrey V.  Ravetch, 2008 69. 

Function of FcγRIIa 

 FcγRII is expressed strongly on B cells, monocytes, macrophages, granulocytes 

mast cells and platelets. A proportion of T cells express lower levels of CD32 70. There are 

characteristic, and functionally significant, differences in isoform expression between 
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different cell types. Interestingly, B and T lymphocytes express the ITIM isoforms, while in 

the other haematopoietic cells the ITAM form is expressed almost exclusively. 

 It is a heterogeneous family of molecules (Figure 2) that plays a critical role in 

immunity, by linking the humoral and the cellular responses 65. Depending on their 

cytoplasmic region and/or their associated chains, FcγR display coordinate and opposing 

roles in the immune system. The activating FcγR contains an ITAM in their cytoplasmic 

region or in their associated signal transducing units 65, which may initiate inflammatory, 

cytolytic and phagocytic activities of immune effector cells 71, 72. The inhibitory FcγR 

contain an ITIM in their cytoplasmic tail 73, which upon cross-linking with ITAM-

containing receptors, down regulate immunological responses. 

Allelic variants of FcγRIIa   

Functional consequences of FcγRIIa, and implications for the host defence and host 

susceptibility to disease, have both acquired and inherited components. FcγRIIa gene has 

two single-nucleated polymorphisms (SNPs) at position 27 and 131 on the amino acid 

sequence 74. The SNP in the FcγRIIa gene (G494A) (rs1801274) is of particular interest as it 

has functional consequences.    

FcγRIIa, expressed on mononuclear phagocytes, neutrophils, and platelets, has two 

co-dominantly expressed alleles, H131 and R131, which differ at amino acid position 131, 

in the extracellular domain (histidine or arginine, respectively), an area which strongly 

influences ligand binding. The allelic variants differ substantially in their ability to bind 

human IgG2 
49, 75. H 131 is a high-binding allele and R131 is low binding. Because IgG2 is 

a poor activator of the classical complement pathway, FcγRIIa-H131 is essential for 

handling IgG2 immune complexes. The genotype distribution of FcγRIIa in Caucasian and 

African American populations is ~ 25% homozygous for H131 ~ 50% heterozygous, and ~ 

25% homozygous for R131. Among Asians, the frequency of the R131 allele is much 

lower, and <10% of the population are homozygous for R131 76. 
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MALARIA 
Malaria remains a devastating global health problem. Worldwide, an estimated 300–

500 million people contract malaria each year, resulting in 1.5–2.7 million deaths 

annually77, 78. Malaria has a broad distribution in both the subtropics and tropics, with many 

areas of the tropics endemic for the disease 79. Malaria is estimated to cost Africa more than 

$12 billion annually and it accounts for about 25% of all deaths in children under the age of 

five on that continent 80. Because of the increase in global travel to, and immigration of 

people from areas endemic for malaria, the incidence of imported cases of malaria in 

developed countries has risen. In addition, drug-resistant P. falciparum malaria continues to 

spread and at present involves almost all areas of the world. An increasing number of 

travellers are exposed to drug-resistant plasmodia. 

Malaria is caused by obligate intra-erythrocytic protozoa of the genus Plasmodium. 

Humans can be infected with one (or more) of the following five species: Plasmodium 

falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. Plasmodia are primarily 

transmitted by the bite of an infected female Anopheles mosquito, but infections can also 

occur through exposure to infected blood products (transfusion malaria) and by congenital 

transmission. Among the five species, P. falciparum is the predominant one, and 

responsible of most of malaria-related morbidity and mortality. 

Characteristics of malaria 

Life cycle and morphology 
When the infected anopheline mosquito takes a blood meal, sporozoites are 

inoculated into the bloodstream (Figure 3). Within 2-30 minutes sporozoites enter 

hepatocytes and begin to divide into exo-erythrocytic merozoites (tissue schizogony). For P. 

vivax and P. ovale, dormant forms called hypnozoites may typically remain quiescent in the 

liver until a later time; P. falciparum does not produce hypnozoites. Once merozoites leave 

the liver, they invade erythrocytes and develop into early trophozoites, which are ring 

shaped, vacuolated and uninucleated. Once the parasite begins to divide, the trophozoites 

are called schizonts, consisting of many daughter merozoites (blood schizogony). 

Eventually, the infected erythrocytes are ruptured, releasing merozoites, which subsequently 

invade other erythrocytes, starting a new cycle of schizogony. The duration of each cycle in 

P. falciparum is about 48 hours. In non-immune humans, the infection is amplified about 

20-fold each cycle. After several cycles, some of the merozoites develop into gametocytes, 

the sexual stages of malaria, which cause no symptoms, but are infective for mosquitoes 81. 
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Within the mosquito gut, zygotes are formed, which develop further and eventually become 

sporozoites that reside in the salivary glands. These sporozoites are released into the blood 

stream of a new human victim when the female mosquito takes a blood meal.   

Pre-patient and incubation periods 
 

In non/semi-immune individuals with P. falciparum infection, the median pre-

patient period (time from sporozoite inoculation to detectable parasitaemia) is 10 days 

(range 5–10 days), and the median incubation period (time from sporozoite inoculation to 

development of symptoms) is 11 days (range 6–14 days). The incubation period may be 

significantly prolonged by the level of immunity acquired through previous exposures, by 

anti-malarial prophylaxis, or by prior partial treatment, which may mitigate, but not prevent 

the disease 82. For non-falciparum malaria, the incubation period is usually longer (median 

15–16 days), and both P. vivax and P. ovale malaria may relapse months or years after 

exposure, due to the presence of hypnozoites in the liver. The longest reported incubation 

period for P. vivax is 30 years 83.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

Figure 3: The life cycle of P. falciparum in the human (host) and mosquito (vector)*. 

 *Adopted from Struik and Riley, 2004 89 
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Signs and symptoms of malaria 
 

The clinical symptoms of malaria are primarily due to schizont rupture and 

destruction of erythrocytes. Malaria can have a gradual or a fulminate course with 

nonspecific symptoms. The presentation of malaria often resembles those of common viral 

infections; this may lead to a delay in diagnosis 84. The majority of patients experience fever 

(>92% of cases), chills (79%), headaches (70%), and diaphoresis (64%) 85. Additional 

common symptoms include dizziness, malaise, myalgia, abdominal pain, nausea, vomiting, 

mild diarrhea, and dry cough. Physical signs include fever, tachycardia, jaundice, pallor, 

orthostatic hypotension, hepatomegaly, and splenomegaly. Clinical examination in non-

immune persons may be completely unremarkable, even without fever.  

Severe malaria 

Almost all severe forms and deaths from malaria are caused by P. falciparum. 

Rarely, P. vivax or P. ovale produce serious complications, debilitating relapses, and even 

death 86. In 1990, the World Health Organization (WHO) established criteria for severe 

malaria in order to assist future clinical and epidemiological studies 87. In 2000, the WHO 

revised these criteria to include other clinical manifestations and laboratory values that 

portend a poor prognosis based on clinical experience in semi-immune patients (Table 1) 88.      

The major complications of severe malaria include cerebral malaria, pulmonary 

edema, acute renal failure, severe anaemia, and/or bleeding. Acidosis and hypoglycemia are 

the most common metabolic complications. Any of these complications can develop rapidly 

and progress to death within hours or days 88. In tropical countries with a high transmission 

of malaria (hyperendemic areas), severe malaria is predominantly a disease of young 

children (1 month to 5 years of age). Severe malaria accounts for approximately 5% of 

imported malaria cases (range 1–38%) 85.  

Diagnosis of malaria 

 Conventional microscopy 

Light microscopy of thick and thin stained blood smears remains the standard 

method for diagnosing malaria 90. Thick smears are 20–40 times more sensitive than thin 

smears for screening of Plasmodium parasites, with a detection limit of 10–50 trophozoites/ 

μl. Thin smears allow one to identify malaria species (including the diagnosis of mixed 

infections), quantify parasitaemia, and assess for the presence of schizonts, gametocytes, 
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and malarial pigment in neutrophils and monocytes. The diagnostic accuracy relies on the 

quality of the blood smear and experience of laboratory personnel. The level of parasitaemia 

may be expressed either as a percentage of parasitized erythrocytes or as the number of 

parasites per micro-liter of blood. In non-falciparum malaria, parasitaemia rarely exceeds 

2%, whereas it can be considerably higher (>50%) in falciparum malaria. In non-immune 

individuals, hyper-parasitaemia (>5% parasitaemia or >250 000 parasites/μl) is generally 

associated with severe disease 91. 

Alternative diagnostic methods 

Although examination of the thick and thin blood smear is the 'gold standard' for 

diagnosing malaria, important advances have been made in diagnostic testing, including 

fluorescence microscopy of parasite nuclei stained with acridine orange, rapid dipstick 

immunoassay, and polymerase chain reaction assays (PCR). Sensitivity and specificity of 

some of these methods approach or even exceed those of the thin and thick smear 92. Rapid 

dipstick immunoassays detect species-specific circulating parasite antigens targeting either 

the histidine-rich protein-2 of P. falciparum or a parasite-specific lactate dehydrogenase. 

Although the dipstick tests may enhance diagnostic speed, microscopic examination 

remains mandatory in patients with suspected malaria, because occasionally these dipstick 

tests are negative in patients with high parasitaemia, and their sensitivity below 100 

parasites/μl is low 90. Tests based on PCR for species-specific Plasmodium genome are 

more sensitive and specific than other tests, detecting as few as 10 parasites/μl blood 93. 

Antibody detection has no value in the diagnosis of acute malaria. It is mainly used for 

epidemiologic studies. 
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Table 1 Indicators of severe malaria and poor prognosis 

Manifestation Features 

Initial World Health Organization criteria from 1990 87 

Cerebral malaria 
Unrousable coma not attributable to any other cause, with a Glasgow 
Coma Scale score ≤ 9. Coma should persist for at least 30 min after a 
generalized convulsion 

Severe anemia 
Hematocrit <15% or hemoglobin < 50 g/l in the presence of parasite 
count >10 000/μl 

Renal failure 
Urine output <400 ml/24 hours in adults (<12 ml/kg/24 hours in 
children) and a serum creatinine>265 μmol/l (> 3.0 mg/dl) despite 
adequate volume repletion 

Pulmonary edema and acute 
respiratory distress syndrome 

The acute lung injury score is calculated on the basis of radiographic 
densities, severity of hypoxemia, and positive end-expiratory 
pressure 94 

Hypoglycemia Whole blood glucose concentration <2.2 mmol/l (<40 mg/dl) 

Circulatory collapse 
 (algid malaria) 

Systolic blood pressure <70 mmHg in patients > 5 years of age (< 50 
mmHg in children aged 1–5 years), with cold clammy skin or a core-
skin temperature difference >10°C 

Abnormal bleeding and/or 
disseminated intravascular 

coagulation 

Spontaneous bleeding from gums, nose, gastrointestinal tract, or 
laboratory evidence of disseminated intravascular coagulation 

Repeated generalized convulsions ≥ 3 convulsions observed within 24 hours 

Acidemia/acidosis Arterial pH <7.25 or acidosis (plasma bicarbonate <15 mmol/l) 

Macroscopic hemoglobinuria 
Hemolysis not secondary to glucose-6-phosphate dehydrogenase 
deficiency 

Added World Health Organization criteria from 2000 88 

Impaired consciousness Reusable mental condition 

Prostration or weakness  

Hyper- parasitaemia > 5% parasitized erythrocytes or > 250 000 parasites/μl                   
(in non-immune individuals) 

Hyperpyrexia Core body temperature >40°C 

Hyperbilirubinemia Total bilirubin >43 μmol/l (> 2.5 mg/dl) 

*Modified from W.H.O  88, 95, 96  
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IMMUNITY TO MALARIA 
Immunity to malaria infection is complex, mainly due to the complicated life cycle, 

that involves different parasitic stages in two different cell types, hepatocytes and 

erythrocytes, which result in a large number of antigens. Despite extensive research, the 

exact mechanism of immunity related to malaria is not fully understood. It is clear, 

however, that it includes both specific and non-specific mechanisms, and that both cellular 

and humoral immune responses are involved 97.                                               

  Innate resistance 

 Many intrinsic factors govern the ability of malaria parasites to enter and multiply 

within the erythrocytes, some of which are determined genetically. Individuals that lack the 

Duffy blood group antigens on their erythrocytes (i.e. Duffy genotype Fya-Fyb-) are resistant 

to P .vivax infection, because the receptor for the P. vivax merozoites is associated with 

antigens of the Duffy blood group 98-104. A similar type of resistance  has also previously 

described in P. knowlesi malaria 105, 106. Heterozygotes for haemoglobinopathies and other 

disorders of the RBCs (thalassemia, sickle cell anaemia and glucose-6-phosphate 

dehydrogenase deficiency) promote innate resistance to P. falciparum 107. Such protection 

may be triggered by modification of parasite development within the erythrocytes of these 

individuals. However, it has been proposed that these effects may foster processes that lead 

to enhancement in the intensity and/or specificity of the adaptive immune response, 

enabling individuals carrying these genes to acquire clinical immunity to malaria faster than 

others 108.    

Haemoglobin variants 

Haemoglobin S 

Haemoglobin S (HbS) was the first of the structural haemoglobin variants to be 

associated with malaria protection, and in the last 60 years it has received more attention 

than any since described hamoglobinopathy. HbAS is >90% protective against severe and 

lethal malaria 109, 110 and 50% protective against even mild clinical attacks 110. Furthermore, 

when children with HbAS do develop clinical malaria, the parasite densities achieved 

during such episodes are significantly lower than those in their non-HbAS counterparts 110. 

Innate mechanisms are almost certainly major determinants of this protection, of which 

perhaps the most plausible relates to the premature removal of iRBCs through a process 
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resembling that seen in glucose-6-phosphate dehydrogenase (G6PD) deficiency 111. 

However, for some years, it has been suggested that the protection might also involve an 

immunological component. Recent studies provide strong support for this conclusion. First, 

in a cohort study of mild clinical malaria, conducted on the coast of Kenya, the protection 

attributable to HbAS was shown to increase with age 112, consistent with the conclusion that 

HbAS might accelerate the acquisition of malaria-specific immunity. In a second study 

conducted in Gabon, Cabrera et al. used a FACS-based assay to show that, compared to 

normal children, HbAS subjects had significantly higher titers of IgG antibodies to the P. 

falciparum erythrocytes membrane protein 1  (PfEMP1) 113, 114. Similarly, HbAS may 

contribute to a range of immunological responses to other antigens in the same population 
115-118. The mechanisms, by which HbAS exerts such an important degree of protection, 

therefore have still to be fully resolved.  

Haemoglobin C 

The malaria-protective effect of many of the structural haemoglobin variants is well 

supported by population-genetic data, although clinical evidence has been slow to 

accumulate. Early studies of haemoglobin C (HbC) were not particularly convincing 119-123, 

but more recent observations support a marked effect, particularly against rigorously 

defined severe disease 124-126. In contrast to HbS, in which selection for the carrier state has 

occurred at the cost of the loss of homozygotes from sickle cell disease, it now appears that 

the selective advantage of HbC is greatest in homozygotes (HbCC). In a large study 

conducted in Burkina Faso, Modiano et al. found that, although significant, the protective 

effect of HbAC was only 30% as compared to >90% in HbCC 126. A homozygous 

advantage for HbC is consistent with observations from two smaller studies that reported no 

episodes of severe malaria in HbCC subjects, although both lacked the power to draw 

definitive conclusions 124, 125. These observations square with in vitro studies in which, on 

balance, effects have been limited to experiments conducted in HbCC RBCs.  

For many years, the favoured hypothesis regarding the protective mechanism of 

HbC was that it reduces the ability of P. falciparum parasites to grow and multiply in 

variant RBCs 127-130. However, this mechanism is not strongly supported by in vivo data, 

where in most studies, HbC has not been found to exert an effect on parasite densities 125, 

126, 131. A plausible alternative mechanism has now been provided by in vitro studies, which 

show that the expression of the major parasite-encoded RBC adhesion protein PfEMP1 is 

reduced in HbC-containing RBCs, an effect that is most marked in homozygotes 127, 132. As 
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iRBC cytoadherence has been associated with the pathogenesis of severe malaria, this 

observation could explain how HbC might influence the incidence of severe disease, yet no 

discernible impact on less severe outcomes. Nevertheless, like many other abnormal RBCs, 

HbC RBCs are particularly prone to oxidant stress and it is still possible that these 

observations might represent some form of in vitro artefact 133. Further studies are awaited 

with considerable interest.  

Haemoglobin E 

Like most of the other malaria-protective polymorphisms, Haemoglobin E (HbE) 

was first identified as a candidate on the basis of its distribution in malaria-endemic 

populations. A recent genetic analysis now suggests that in one Thai population, HbE 

β26 Glu → Lys, the most frequent variant in Southeast Asia, has reached its current 

frequency in less than 5000 years, a rate that is compatible with the conclusion that this 

gene expanded under positive selection 134. Further support for the conclusion, that malaria 

was responsible for this selection, has been provided by a hospital-based study conducted in 

Thailand, which found that the presence of HbE trait (HbAE) was associated with reduced 

disease severity in adults admitted with acute P. falciparum malaria 135. Like HbC, the 

homozygous state of HbE is relatively benign, and it therefore remains possible that 

selection might favour both heterozygotes and homozygotes. An intriguing in vitro study 

suggests that this is unlikely. Chotivanich et al. 136 cultured P. falciparum parasites in media 

containing various mixtures of normal and variant RBCs to show that in subjects with 

HbAE, only 25% of RBCs are susceptible to invasion, suggesting that the presence of an 

unidentified membrane defect renders the majority of RBCs relatively resistant to infection. 

This effect was specific for HbAE and was not seen in cells from subjects with HbEE or 

various forms of α-thalassaemia. This raises the possibility that HbAE might protect against 

severe malaria by limiting the ability of infections to achieve high parasite densities.  

Thalassaemias 

Despite compelling population-genetic evidence for malaria-protection by the α-

thalassaemias (summarised in ref. 137), all clinical studies conducted to date have proved 

confusing. There is now consistent evidence from a number of population studies, showing 

that α-thalassaemia is associated with protection from severe and fatal malaria 138-141;  

however, it does not protect against symptom less parasitaemia 140, 142-144, and few data 

suggest that it even protects against mild episodes of malaria disease 140, 142, 144. In fact, 
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paradoxically, in two studies conducted in the Pacifics, the incidence of mild malaria was 

higher in young children with α-thalassaemia than in normal children 143, 144. Interestingly, 

however, unlike HbAS 110, α-thalassaemia has no effect on parasite densities 138-140, 143-145. 

Moreover, while HbAS protects against all forms of clinical malaria, the effect of α-

thalassaemia appears to be relatively specific to severe malaria anaemia 141, 144. Therefore, 

on the basis of the clinical data available to date, it seems unlikely that α-thalassaemia 

protects through a similar mechanism as HbAS, but rather protects against the progression 

of individual malaria infections to the point at which they succumb to severe anaemia.  

Complement receptors 
 

Parasite sequestration is not due only to endothelial binding. Some P. falciparum 

isolates show a phenomenon known as rosetting, where a parasitized erythrocyte binds to 

other erythrocytes. One mechanism for rosetting is through PfEMP-1 binding to erythrocyte 

CR1, encoded by the CR1 gene 146. Up to 80% of the population in a malarious region of 

Papua New Guinea have an erythrocyte CR1 deficiency, which has been associated both 

with polymorphisms in the CR1 gene and with α+ thalassaemia, also common in this 

population 147. In the same study, it was found that both CR1 polymorphisms and α 

thalassaemia were independently associated with resistance to severe malaria. However, 

studies of CR1 polymorphisms in the Gambia found no evidence of association with disease 

severity 148, 149. In Thailand, an restriction fragment length polymorphism (RFLP) of the 

CR1 gene, that is associated with reduced expression of CR1 on erythrocytes, has been 

associated (in homozygotes) with susceptibility to severe malaria 150.                                                                

 Acquired immunity                                                                                                              

The slow development of acquired immunity to malaria may be explained by poor 

immunogenicity of the parasite and/or that immune responses are strain-specific. A large 

number of infections would then be required to encounter the whole repertoire of different 

antigens. The presence of high proportions of asymptomatic infections in highly endemic 

areas may also be due to strain specific immunity.               

Early studies of malaria indicated that malaria immunity is specific to the particular 

strain inducing the host immune response, enabling an individual to resist infection by that 

particular strain only, but not against heterologous strains 151, 152. Strain diversity in malaria 

parasites thus apparently delays development of protective immunity in endemic areas. This 
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idea is strongly supported by the finding that the malaria parasite species are polymorphic 

for a number of specific genetic markers 153, 154.                                                                                                

Immune mechanisms against the pre-erythrocytic stage 
 

Pre-erythrocytic stage immunity was thought to be directed against the sporozoites 

in the circulation and mediated by antibodies, which neutralized the sporozoite infectivity 

for hepatocytes 155, 156. However, since the extracellular sporozoites invade the hepatocyte 

within 2-30 minutes of inoculation, anti-sporozoite antibodies must be present in the 

circulation at high titters and exert their activity within minutes of infection. Hence, 

antibody-mediated protective immunity is unlikely to be completely effective 157. It is now 

generally accepted that the P. falciparum parasite developing within the host hepatocyte is 

the major target of protective immunity directed against the pre-erythrocytic stage. Both 

CD8+ and CD4+
 T-cells recognize parasite-derived peptides presented by MHC class І or 

class ІІ molecules, respectively, on the surface of infected hepatocytes. Nevertheless, 

protection against the pre-erythrocytic stage is mediated primarily by CD8+ T cells 158 and 

involves cytokines and other factors, such as nitric oxide. In vitro treatment of Plasmodium 

sp, infected hepatocytes with IFN-γ eliminate P. falciparum or P. berghei parasites from the 

cultures 159, 160. 

In mice, it has been shown that  IL-12 and natural killer cells have an additional role 

in the protection induced by immunization with either irradiation attenuated sporozoites or 

plasmid DNA 161.                                                             

An interest in effector CD4+ T cells in anti-malarial immunity has increased in 

recent years. Initial adoptive transfer experiments demonstrated that CD4+ T cells of the 

Th1 phenotype could protect against Plasmodium sp. challenge in vivo, in the absence of 

any detectable cytotoxicity 162. It has been demonstrated that active immunization with 

linear synthetic peptides, derived from P. yoelii proteins, confers solid protective immunity, 

which is mediated by CD4+ T-cells and is absolutely dependent on IFN- γ 163, 164.                                

Immune mechanisms against the erythrocytic stage 

Experiments conducted several years ago in animal models identified the importance 

of mainly Th2 responses, including both antibody-dependent 165, 166 and cell mediated 

mechanisms of immunity to the erythrocytic stages 167, 168. B cells and antibodies were 

found to play an important role in immunity against malaria parasites, and mice lacking B 
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cells are unable to clear infections with the P. chabaudi parasite, rather such mice 

developed a chronic parasitaemia 169, 170. However, others have shown that the effector 

functions of both Th1 and Th2  cells are necessary for parasite clearance in animals models 
171, 172.                                                            

In humans, although several immune mechanisms have been identified in vitro as 

potentially parasite-neutralizing, and several antigens have been identified as targets for the 

antibodies involved, knowledge about their relative importance in vivo during natural 

infections is still limited.  

Different mechanisms maybe involved in the protective effects against malaria 

parasite of anti-malarial antibodies that have. These antibodies may mediate their effector 

functions against the parasite on their own or in collaboration with effector cells.  

IgG obtained from the sera of African adults (malaria-immuned), used for passive 

immunization of P. falciparum-infected non-immune Thai patients, demonstrated a 

reproducible reduction in parasitaemia and clinical symptoms 173. On their own, antibodies 

against merozoite surface-associated proteins may block RBC invasion 174 or block 

merozoite release from schizonts, either by binding to surface exposed antigens, or by 

entering iRBC through leaky membrane at the time of rupture 175. Moreover, antibodies can 

block sequestration of iRBC in internal organs, allowing the parasite to be cleared by the 

spleen 176. Anti-malarial antibodies may also inhibit rosetting of RBC to iRBC 177 and may 

therefore protect against severe malaria complications (cerebral malaria).     

However, in collaboration with other effector immune cells, parasite antigen-

specific antibodies may play an important role via a mechanism called antibody-dependent 

cellular inhibition (ADCI)  178, 179. Anti-malarial IgG can inhibit parasite growth efficiently 

in co-operation with normal human monocytes. The parasite-neutralizing effect obtained in 

the ADCI assay appeared to mainly be mediated by soluble factors released by the 

monocytes upon their uptake of opsonized merozoites 179. These factors, possibly TNF-α 

and nitric oxide, block the division of surrounding intra-erythrocytic parasites. Other studies 

have shown that monocytes may also kill parasites by phagocytosis of opsonized whole 

infected erythrocytes 180. A study conducted in Senegal, using crude parasite extracts, 

reported that high-avidity cytophilic IgG1 antibodies and IgG3 were predominant in 

immune subjects 181. A study from Burkina-Faso showed that specific IgG2 antibody levels 

increased with the age of the subjects, in parallel with the development of protection against 

infection and malaria disease 182. These antibodies might mediate phagocytosis or lysis of 

iRBCs by monocytes. The mechanism responsible for this type of parasite killing was 
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suggested to involve capturing of merozoite- or schizont-bound antibodies by FcRs on the 

surface of monocytes  173 183. In general, cytophilic antibodies may allow opsonisation and 

clearance of merozoites or iRBCs by monocytes/macrophages and neutrophils 184, 185.  

Naturally acquired protection against malaria in adults has been linked to immune 

responses to particular malaria parasite antigens 186, 187. Many targets of humoral immune 

response are polymorphic or clonally variant antigens exposed on the surface of merozoites 

or iRBCs, respectively 188, 189. During the acute natural infection, individuals develop 

specific antibody responses to antigens of the parasite variant to which they are exposed 190, 

191. These antibody responses are often, but not always, highly specific 192, 193. Therefore, 

clinical immunity to blood-stage malaria is correlated with the acquisition of a repertoire of 

antibodies to different variants of parasite antigens, and is related to exposure and age of the 

host 194, 195. Several target antigens for antibody-mediated inhibition of parasite growth or 

invasion have been identified 196, 197. Antibodies to merozoite-surface antigens (especially 

MSP-1 and MSP-2), the apical complex organelles of merozoites (EBA-175, Rhop-1–3, 

RAP-1–3 and AMA-1) and the dense granule antigen Pf155/RESA, show the capacity to 

inhibit merozoite invasion 196. Two other antigens, SERA and ABRA, which are associated 

with the merozoite surface at the time of schizont rupture, are found in the immune clusters 

formed by antibodies inhibiting merozoite dispersal in parasite cultures 198. In addition, 

antibodies to SERA have been shown to inhibit P. falciparum growth in vitro and 

antibodies to ABRA are efficient inhibitors of merozoite invasion 199. Of the parasite-

derived antigens expressed on the surface of infected erythrocytes, only Pf332 has been 

demonstrated to induce parasite-neutralizing antibodies, inhibiting the intra-erythrocytic 

growth of the parasite 200.  

In addition, lymphocytes and neutrophils have been demonstrated to exert antibody-

mediated killing of P. falciparum in vitro 201, 202. The monocyte-derived macrophages 203, 

polymorphonuclear leukocytes 204, 205, NK cells 206 and γδT cells 56 are able to kill late 

stages of the intra-erythrocytic parasite in the absence of antibodies. iRBCs directly interact 

with leucocytes such as NK cells, macrophages and DCs. These interactions may depend on 

the infecting parasite phenotype and host genetic factor(s) and, together with previous 

exposure and age, influence the balance of immune responses. Pro-inflammatory cytokines, 

especially TNF-α, IFN-γ and lymphotoxin (LT), have been associated with severe malaria 

disease, still are crucial for the initial control of parasitaemia in human. The mechanisms are 

not yet well understood, but secretion of IFN-γ by NK cells, and γδT cells may have 

cytotoxic effects on parasite growth as well as activate monocytes and macrophages and 
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enhance non-opsonic phagocytosis of iRBCs. The concentrations of anti-inflammatory 

cytokines, such as IL-10 and transforming growth factors (TGF)-β, concurrent with those of 

pro-inflammatory cytokines appear to have a balancing effect. Such cytokines are also 

important growth factors for B cells responses.  

 

RELATED BACKGROUND 

The Complex Genetic Basis of Resistance to Malaria 
The host genetic basis for resistance to malaria is complex at several levels. It is 

likely that many different genes are involved, and that they interact with environmental 

variables and with parasite genetic factors. A number of further complexities can be 

considered when studying genetic resistance to malaria, namely the range of phenotypes 

involved, the practical difficulties of studying families, and the remarkable geographic and 

ethnic heterogeneity of malaria-resistance factors. 

Susceptibility and/or resistance to malaria can be measured in several ways. Usually, 

they are studied in regions with high levels of malaria transmission. When everyone is 

repeatedly bitten by infected mosquitoes, many children and adults are likely to have 

parasites in the blood. Children may have two or three episodes of malarial fever each year, 

and a small minority (e.g. 1%) of the malaria-fever episodes lead to severe malaria. 

Different genetic factors may determine the risk of an exposed person to developing 

parasitaemia, the risk of a parasitaemia person to becoming ill with malaria fever, and the 

risk of a person with malaria fever for develop severe malaria. Parasitaemia and fever can 

be regarded as quantitative phenotypes that are ascertained by repeated measurements 

within the community, whereas severe malaria is a qualitative phenotype that is typically 

ascertained in hospital-based studies. In principle, studies of severe malaria would be 

expected to detect genetic factors at each stage in the causal chain of disease progression.  

Severe malaria is the phenotype that matters most to vaccine developers and to those 

interested in evolutionary selection. Severe malaria is composed of a number of sub-

phenotypes that may occur alone or in combination. In African children, these are cerebral 

malaria, severe malarial anaemia, and respiratory distress 207. Several factors may associate 

with reduced or increased the risk of severe malaria, some such factors will be discussed 

below.  
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The role of IgG in protection against malarial infection and disease 

  There is accumulating evidence for a role of IgG antibodies in protection against 

malarial infection and susceptibility to disease. Kinyanjui et al. 208 described long term 

antibody responses to malaria in Kenyan children. These responses are very brief. The 

brevity of the response has been traditionally attributed to a skew in the response towards 

IgG3. Human IgG3 antibodies have a half life of 8 days, whereas the half-lives of IgG1, 

IgG2, and IgG4 are up to 23 days. That study found that children have variable kinetics of 

antibody production and that IgG1 responses increased with age. Although an antibody 

response was generated to the infection and peaked after 7 days, the antibody response only 

lasted for approximately 6 weeks. This loss of specific antibody production occurred 

regardless of the isotype of the antibody measured, and this raised the question as to 

whether antibody decay was faster in children, or if there was a failure to produce long-

lived plasma cells capable of to secreting antibodies for extended periods of time. IgM 

responses were minimal in the children, suggesting that the measured antibodies mainly 

reflected a secondary antibody response. However, re-infection did not boost antibody 

responses. This intriguing observation could have several explanations. It could suggest that 

memory-B cells were deleted; alternatively it could be that high levels of serum antibodies 

give negative signals to B cells, or that Treg cells block re-activation of memory responses. 

Finally, the splenic architecture is disrupted following infection, and this could prevent 

activation of memory-B cells. 

FcγRIIa in Malaria 

  As mentioned previously, FcγRIIa exhibits a genetic polymorphism, FcγRIIa-

R/H131 coded for different capacities of IgG binding and phagocytosis 49, 209. A defence 

mechanism requiring the association of antigen bound IgG antibodies with FcγRs on 

monocytes has been proposed to play an important role in protecting immune African adults 

from malaria 210. FcγRIIa is an important receptor mediating the phagocytic function of 

monocytes, macrophages, and neutrophils 37. Thus, different FcγRIIa alleles affect the 

ability of phagocytes to internalize IgG-opsonized micro-organisms, indicating that the 

clearance of parasites opsonized with different IgG subclasses, may vary according to host’s 

genotype. Considerable differences in the distribution of FcγRIIa alleles among different 

ethnic groups have been reported 211. Human IgG2 is the only IgG subclass that binds 

efficiently to FcγRIIa-H/H131, but not to FcγRIIa-R/R131, while both alleles bind IgG1 and 

IgG3 with similar efficiency 
49. 
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A study conducted in Kenya, showed that the polymorphism FcγRIIa-R/R131  may 

have an influence on protection against the disease 212. Another study showed an association 

between the polymorphism FcγRIIa-H/H131 and susceptibility to cerebral malaria 213. 

Follow-up studies in Thailand and the Gambia found that homozygotes for the 131H allele 

are susceptible to cerebral malaria 213, 214. In the Thai study, the FcγRIIa association 

involved interaction with an FcγRIIIb gene polymorphism with cerebral malaria 213. 

Ethnic Differences 

Differences in susceptibility to malaria between ethnic groups suggest host genetic 

factors have a role in determining host susceptibility to malaria 215-218. In that addition, the 

patterns of extent ethnic variation in Africa are important for understanding how genetic 

variation affects infectious diseases. Studies in West Africa showed that there are ethnic 

groups living in sympatry under the same malaria transmission and exposure, but, 

surprisingly, one of these groups, the Fulani, is less susceptible to malaria infection 

compared to the other ethnic groups 219, 220. These findings offer an important approach to 

studying the immune genes behind the susceptibility/resistance to malaria.     

The Fulani people are traditionally nomadic pastoral people, who are found across 

West Africa, often settled in close proximity to other ethnic groups. Studies in Burkina Faso 
221, and more recently in Mali 219, have documented a significantly lower prevalence of 

malaria parasitaemia and fewer clinical attacks of malaria among the Fulani than among 

other ethnic groups who live in neighbouring villages. The Fulani have a distinctive culture, 

but detailed epidemiological investigations indicate that their resistance to malaria arises 

primarily from genetic factors 221. Importantly, it has also been observed that the Fulani 

have high levels of anti-malarial antibodies 222, 223 and a low frequency of protective globin 

variants and other classic malaria-resistance factors 224. There is therefore much interest in 

discovering the genetic factors that determine the reduced risk to malaria infection 

IgG allotypes   
Immunoglobulin GM and KM allotypes, are associated with humoral and cellular 

immunological properties, and are thus ideal candidate genetic systems for investigations to 

identify risk-conferring factors in malaria pathogenesis. GM and KM allotypes are 

associated with the susceptibility to and outcome of several infectious agents 55, 225. GM 

allotypes are strongly associated with IgG subclass concentrations 226, making them relevant 

to malarial immunity, as the protective anti-P. falciparum antibodies are predominantly of 
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IgG1 and IgG3 subclasses 227. Furthermore, several population genetic properties of the GM 

system – the marked differences in the frequencies of GM allotypes among races, strong 

linkage disequilibrium within a race, and racially restricted occurrence of GM haplotypes – 

suggest that differential selection, caused by major selective forces like malaria, may have 

played an important role in the maintenance of polymorphism at these loci 228. 

GM/KM markers could directly affect susceptibility to malaria infection and disease 

outcomes by influencing the titre and affinity of anti-malarial antibodies. Although GM and 

KM markers are located on the constant region, there is a growing body of evidence for the 

involvement of these regions in antibody specificity, which usually are associated with the 

variable (V) region of the Ig molecule. Possible mechanisms include direct contribution to 

the formation of idiotypic determinants, effect on V-region protein conformation, 

modulation of antibody-binding affinity, and linkage disequilibrium with alleles coding for 

the V-region epitopes 55, 229, 230. Additionally, GM/KM allotypes may influence antibody-

dependent cellular inhibition and phagocytosis of malarial parasites by their differential 

interaction with FcγR. Evidence for such GM allotypic restriction in the binding affinity of 

the IgG molecules has been presented for certain virally encoded FcγRs 231. It has been 

suggested that GM and KM allotypes themselves may not directly influence disease 

susceptibility, but that the associations may reflect linkage disequilibrium with other 

polymorphisms in the constant region genes or with specific variable region genes 12.  

C- reactive protein (CRP)  

C-reactive protein (CRP) is an acute phase protein that increases rapidly during 

infections and/or inflammations. CRP has the ability to activate various immune cells and 

has the capacity to bind to certain FcγRs; and both CRP and IgG share a sequence 

homology that is important for FcγR binding 232. The binding of CRP may compete and 

interfere with the binding of protective malaria-specific IgG antibodies. The R131 allele of 

FcγRIIa was shown to bind CRP with high affinity 233. CRP can indirectly mediate 

activation of the complement and complement receptors, or direct, through receptors for the 

FcγRs or even a putative CRP-specific receptor activation of immune cells. Interestingly, 

high levels of CRP were shown to be associated with severity of P. falciparum infection 234, 

235, while asymptomatic malaria infections were shown to be associated with low levels of 

CRP 236, 237, these findings suggest that the levels of CRP are not merely an acute phase 

response related to the presence of the parasite in the body. Although the role of CRP is not 

well defined in P. falciparum malaria, studies showed that it can be associated with 
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complement mediated haemolysis of iRBC and subsequent anaemia 238, as well as in 

defence against pre-erythroctic stage of malaria 239. In addition, CRP can induce the anti-

inflammatory cytokine IL-10 during early stages of malaria infections 240. 

Current evidence suggests that serum CRP level is a complex trait, influenced by 

both clinical and genetic factors 241. The genetic influence of circulating CRP levels is 

estimated to be 40-60% 242-244.  There are several SNPs identified, in the CRP promoter 

region, and the -286 C<T<A (rs3091244) has been strongly associated with CRP levels 241. 

However, the extent to which clinical and genetic variables together account for the total 

variation in serum CRP level is unclear.  
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THE PRESENT STUDY 

Objectives of the study  

This study aims at addressing possible associations of FcγRIIa, IgG allotypes, IgG 

subclasses, HbAS and CRP in relation to malaria by investigating: 

 
1. Whether FcγRIIa (CD32) polymorphism, in association with anti-malarial IgG 

subclass distribution, is associated with susceptibility/resistance to either mild or 

severe P. falciparum malaria among Sudanese patients. 

2. The distribution of GM and KM allotypes in two sympatric ethnic groups; the 

Fulani, who are relatively resistant to develop malaria, and the Masaleit, who are 

relatively susceptible to the malaria infection. 

3. Whether FcγRIIa (CD32) and HbAS genotypes differ among the two sympatric ethnic 

groups, the Fulani and the Masaleit. 

4. The distribution of FcγRIIa (CD32) genotypes, anti-malaria IgG subclass levels and 

their associations among sympatric Fulani and non-Fulani groups. 

5. Whether a polymorphism in the CRP gene could be associated to the differences in 

relative resistance/susceptibility to malaria in sympatric ethnic groups in Mali and 

Sudan.  

 

Material and Methods used in the Study 

The methodologies, study areas and study populations of the included studies are 

described in detail in the corresponding papers. 

Results and Discussion 

This study was performed in eastern Sudan, an area characterized by seasonal and 

unstable malaria transmission. The predominant malaria parasite species in the area is P. 

falciparum. The study has two components: Hospital- and village-based investigations. The 

hospital study was done in New Halfa teaching hospital and it investigated the possible 

association between FcγRIIa polymorphisms and the outcome of clinical malaria i.e. severe 

versus mild malaria, while the second part was performed at the Daraweesh village (Fulani 

ethnic group) and a neighbouring village (non-Fulani, including the Masaleit), as well as in 

a village south of Gedarif (Tabarak Allah), where also the Fulani and the Masaleit live 
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together in the same area. The people living in Daraweesh belong to the Fulani ethnic group 
245, 246, which were reported to be less susceptible to develop malaria 219, 220.  

FcγRIIa polymorphism in relation to malaria (Papers I, III and IV) 

In this study we investigated whether FcγRIIa (CD32) polymorphism, is associated 

with P. falciparum malaria outcome in eastern Sudan. Our results (Paper I) provide 

evidence for a SNP in the FcγRIIa (CD32) gene being associated with susceptibility to 

severe P. falciparum malaria in the Sudanese study population. Our data demonstrated that 

the R/R131 genotype and R131 allele were statistically significantly associated with severe 

malarial disease as compared to mild malaria. Furthermore, the H/H131 genotype was 

statistically significantly associated with mild malaria, suggesting that the H/H131 genotype 

might be associated with reduced risk of succumbing to severe malaria. In support for this, a 

recent study in Ghana, in an area characterized by seasonal malarial transmission, observed 

similar findings, with the R/R131 genotype being more frequent in patients with severe 

malarial anaemia and cerebral malaria 247. Although there are other reports suggesting that 

the H/H131 genotype is related to protection against malaria 248, our data are in contrast 

with earlier studies performed in areas with higher malaria endemicity. In these studies, a 

correlation between the R/R131 genotype and relative protection from malaria was shown 
212-214. The reasons for these discrepant results are most likely due to genetic differences in 

the populations studied, as well as differences in gene-environment interactions and in 

patterns of malaria transmission in the different study areas. In addition, the haplotype 

structure of the gene might differ, so that a possibly linked causal disease association would 

be tagged differently by the SNP typed here. Therefore, an in-depth analysis of 

polymorphisms, flanking this gene and the haplotype structure is required in future larger 

disease association studies. 

When comparing Fulani to non-Fulani individuals in the village-based study (Papers 

III, IV) for the distribution of FcγRIIa genotypes and allele frequencies, there was a 

significant difference between the two ethnic groups regarding the frequency of 

homozygotes (H/H131 and R/R131 genotypes). The H/H131 genotype and H131 allele 

were significantly more frequent in the Fulani, who are considered to be less parasitized, as 

compared to the non-Fulani ethnic group (including the Masaleit). In contrast, the R/R131 

genotype and R131 allele were significantly more frequent in the Masaleit. Thus, the 

findings show pronounced interethnic differences in allele and genotype frequencies of this 

FcγRIIa SNP, suggesting distinct genetic backgrounds of the sympatric Fulani and non-
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Fulani ethnic groups. Thus, our study population setting is similar to that previously 

described in Burkina Faso, where the Fulani were shown to be genetically distant from the 

sympatric Mossi and Rimaibé ethnic groups, on the basis of HLA class I markers 249.  

While the impact of the FcγRIIa polymorphism on the susceptibility to protection 

against malaria remains unclear, this polymorphism has been shown to play an important 

role in many other infections. For example, the R/R131 genotype has been found to be a 

risk factor for recurrent bacterial respiratory infections, while the H131 allele appears to 

play an important role in protection from other infections, in particular those caused by 

encapsulated bacteria 250. However, the pattern of the functional activity of FcγRIIa 

genotype in a population may be concurrent with the pattern of the IgG subclass responses 

within the respective population. The importance of FcγRIIa in parasite-neutralizing events 

mediated by monocytes was indicated by Tebo et al., using THP-1 cells transfected with the 

131H or 131R allele of the receptor 251. While cells expressing the 131R allele of the 

receptor showed enhanced phagocytosis of P. falciparum-infected erythrocytes, with sera 

dominated by IgG1 antibodies, the phagocytosis by cells expressing the 131H receptor 

showed a preference for sera containing high IgG3 antibody levels. Furthermore, in a recent 

study on antibody-dependent cell-mediated inhibition of P. falciparum growth in vitro, the 

optimal parasite-neutralizing activity by human monocytes was dependent on the 

cooperation between FcγRIIa and FcγRIII receptors 252. 

Taken together, our study revealed that the FcγRIIa-R/R131 genotype is associated 

with increased susceptibility to develop severe malaria in a Sudanese study population, and 

that the H/H131 genotype, is more likely to be associated with mild malaria in this 

population. In addition, the Fulani, who appear to be less susceptible to malaria as 

compared to their sympatric tribes, the H/H131 genotype and H131 allele, are more 

common. Thus, it is obvious that genetic polymorphisms in FcγRIIa (CD32) might affect 

the outcome of malaria disease differently in different ethnic groups. 

IgG GM/KM allotypes in relation to malaria (Paper II) 

This part of the study was performed in an area South of Gedarif region (Tabarak 

Allah), eastern Sudan, where Fulani and Masaleit ethnic groups live in sympatry.  Studying 

different malariometric indices (parasite rate, parasite density, and splenomegaly), showed 

that, the two ethnic groups differed significantly in various malariometric parameters, the 

Fulani being less parasitized than the Masaleit subjects. This study aimed at investigating 
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GM/KM allotypes as possible markers of humoral immunity/immunoglobulins that might 

reflect differences in the susceptibility to develop malaria between Fulani and Masaleit.  

 GM allotypes are strongly associated with IgG concentrations 226, making them 

relevant to malaria immunity. These observations led us to hypothesize that the distribution 

of GM/KM allotypes in Fulani are significantly different from their sympatric ethnic 

neighbours.   

Our results showed that the distribution of GM and KM phenotypes is statistically 

significantly different between the two ethnic groups. The frequency of GM 6 was 

significantly lower in the Fulani than that in the Masaleit subjects while the distribution of 

KM phenotypes by itself was not significantly different between the two ethnic groups. In 

addition, the prevalence of a particular combination of KM and GM phenotypes, however, 

was significantly different: the combined frequency of KM 1,3 and GM 1,17 5,6,13,14 

phenotypes was significantly more frequent in the Masaleit ethnic group than in the Fulani. 

It is interesting to note that GM 6 is extremely rare or absent in populations other than 

Negroes, and this marker is commonly present in the Masaleit ethnic group. Furthermore, 

GM 6 has the most variable frequency (8–62%), possibly a result of differential selection 

caused by infectious diseases like malaria 228. GM/KM markers could directly affect the 

susceptibility to malaria infection and disease outcomes by influencing the titre and affinity 

of anti-malarial antibodies 226. As mentioned previously, the GM and KM markers may 

influence ADCI and phagocytosis of malarial parasites by their differential interaction with 

FcγRs especially FcγRIIa, which has been implicated in malaria infection and pathogenesis 
212-214.  

Taken together, our results showed differences in frequencies of GM/KM allotypes 

in two sympatric ethnic groups, which might contribute to the relative resistance of Fulani 

to P. falciparum malaria. 

IgG subclasses in relation to malaria (papers I and IV) 

In this part of the study the levels of anti-malarial IgG subclasses were compared 

among patients with different clinical presentation (mild versus severe malaria) from the 

hospital-based study (Paper I), as well as in the Fulani from Daraweesh and their non-Fulani 

neighbours (Paper IV).  

In the study (Paper IV), antibody responses to four P. falciparum blood-stage 

antigens, the AMA1, two alleles of MSP2 (3D7 and FC27) and the Pf332-C231 antigen, 

were analysed in the Fulani and non-Fulani ethnic groups. In general, the serum levels of 
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IgG1 and IgG3 subclass antibodies were found to be at higher levels than IgG2 and IgG4 

antibodies in both ethnic groups. However, the antibody levels varied between the different 

antigens. When comparing the antibody levels between the two ethnic groups, the non-

Fulani showed significantly higher levels of IgG1 antibodies reactive with AMA1. The 

responses of IgG2 antibodies reactive with AMA1 were, however, significantly higher in 

the Fulani than in the non-Fulani ethnic group. Although antibodies reactive with MSP2-

3D7 showed a similar pattern of interethnic differences in IgG subclass levels as those 

reactive with AMA1, IgG1 antibodies reactive with MSP2-FC27 were higher in the Fulani 

as compared to the non-Fulani. Regarding anti-Pf332-C231 antibodies, IgG3 and IgG4 

subclasses were at significantly higher levels in the non-Fulani as compared to the Fulani. 

In paper I, which was a hospital based study, the levels of anti-malarial IgG1 and 

IgG3 antibodies were statistically significantly higher in the mild malaria patients when 

compared with the severe malaria patients. Our results are in line with previous data 173, 210, 

251, 253 regarding the association between cytophilic antibodies and protection in individuals 

naturally exposed to P. falciparum malaria. Several studies in Burkina Faso and Mali have 

shown that the Fulani have significantly higher levels of anti-malarial antibodies than other 

sympatric ethnic groups 221-223, including all the IgG subclasses, except IgG4 227.  In 

contrast, in the present study, the non-Fulani had significantly higher levels anti-malarial 

IgG1 and IgG3 antibodies for all the malarial antigens studied, except for MSP2-FC27, than 

the Fulani. The Fulani, however, tended to have significantly higher levels of anti-malarial 

IgG2 antibodies than the non Fulani group. These discrepant results can most likely be 

explained by differences in patterns of malaria transmission in the different study areas 245, 

254. In Daraweesh an entomological inoculation rate (EIR) of one infective bite/year has 

been estimated based on surveys in drought-free years 255. Almost all malaria cases in 

Daraweesh are clinically uncomplicated, probably because of the continuous monitoring by 

health team, who visits the village on daily basis and provided free drug treatment 245, 254.  It 

should be recalled that Sudan is a country characterised by hypo/meso-endemicity, with 

seasonal and unstable malarial transmission, unlike Burkina Faso and Mali, which are 

hyper/holo endemic 227.  

Anti-malarial antibodies against a crude P. falciparum extract (F32) and the 

recombinant Pf332-C231 antigens were assessed in different patient categories. The levels 

of anti-malarial antibodies of the different Ig isotypes differed between the study groups; 

being higher in individuals with mild malaria than in those with severe malaria. Thus, the 

levels of IgG1 and IgG3 antibodies against crude F32 were significantly higher in the mild 
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malaria patients compared with those seen in the severe malaria patients. High levels of 

malaria-specific IgG1 and IgG3 antibodies against crude F32 were associated with reduced 

risk of clinical episodes of malaria. Malaria-specific IgG subclasses against the recombinant 

Pf332-C231 showed a biased response towards IgG1, IgG2 and IgG3. The levels of anti-

C231 IgG1 antibodies were found to be significantly higher in patients with mild malaria 

than in those with severe malaria. The independent effect before and after adjustment for 

sex, age and ethnicity also showed that higher levels of anti-Pf332-C231 IgG1 antibodies 

were statistically associated with reduced risk of severe malaria. Low levels of IgG4 

antibodies reactive with to the crude malarial antigen (F32) were found to be associated 

with lower risk of clinical malaria. 

  Taken together, our results revealed that natural acquisition of immunity against 

clinical malaria appeared to be more associated with IgG1 and IgG3 antibodies, signifying 

their roles in parasite-neutralizing immune mechanisms. 

IgG subclasses in relation to FcγRIIa polymorphism (Papers I and IV) 

In the hospital-based part of the study (Paper I), the allele distribution FcγRIIa 

polymorphisms and IgG subclass profiles were analysed and our results showed that anti-

malarial IgG3 antibodies reactive with the crude malarial antigen, in combination with the 

H/H131 genotype, were associated with a reduced risk of severe malaria. In addition, a 

correlation between low levels of IgG2 antibodies specific to Pf332-C231 antigen were 

found to be associated with lower risk of severe malaria in individuals carrying the H131 

allele. 

The village-based study (Paper II) showed that the non-Fulani had significantly 

higher levels of anti-malarial IgG1 and IgG3 antibodies for all the studied malaria antigens, 

except for MSP2-FC27, than the Fulani. The Fulani, however, tended to have significantly 

higher levels of anti-malarial IgG2 antibodies than the non-Fulani group. The levels of IgG2 

and IgG3 antibodies were associated with the H/H genotype, while higher levels of IgG1 

antibodies were associated with the R/R131 genotype. Similarly, the Fulani showed a higher 

frequency of the FcγRIIa-H131 allele and higher levels of anti-malarial IgG2 antibodies 

than the sympatric non-Fulani ethnic groups. A similar higher frequency of the FcγRIIa-

H131 allele and a higher proportion of IgG2 among anti-malarial antibodies, were recently 

observed in the Fulani in Mali compared to a sympatric non-Fulani ethnic group (Israelsson 

et al. in press).  There is accumulating evidence for IgG1 and IgG3 antibodies playing an 

important role in protection against malarial disease 178. However, the contribution of 
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parasite-reactive IgG2 antibodies in protection against clinical malaria 182  and/or in 

susceptibility to disease 210, 256 has been indicated in some epidemiological settings. In 

Burkina Faso, the association between anti-malarial IgG2 antibodies and protection against 

malaria, was suggested to be due to the relatively high prevalence of the IgG2 binding 

H/H131 genotype in that study population 182.  Whether the higher levels of anti-malarial 

IgG2 antibodies and the higher frequency of the FcγRIIa-H131 allele in the Fulani may 

contribute to the lower susceptibility to malaria in this ethnic group as compared to 

sympatric non-Fulani ethnic groups, remains to be investigated in extended epidemiological 

studies.  

While the FcγRIIa-R131 molecule shows a similar binding of the cytophilic 

subclasses IgG1 and IgG3 210, 251, the H131 receptor binds IgG3 more efficiently, and is also 

the only FcγR that binds IgG2 efficiently 49, 209, 257-259. We showed that IgG3 antibodies 

specific to crude malarial antigen were more associated with reduced risk of clinical malaria 

in individuals with H/H131 than in individuals with R/R131 genotype. In individuals 

carrying the H131 receptor, IgG2 antibodies should be considered as cytophilic as it binds 

FcγR more efficiently. Others have shown that lower levels of IgG2 subclass antibodies to 

several merozoite surface proteins are independently associated with the FcγRIIa-R131 

allele and with the carriage of haemoglobin AS in Gabonese children 116. In addition, the 

association between IgG2 antibodies and malaria protection in Burkina Faso may be due to 

the relatively high titre of the IgG2 binding H/H131 genotype in that study population 182.  

Taken together, our study revealed that the FcγRIIa-R/R131 genotype is associated 

with higher levels of anti-malarial IgG1 antibodies and that the FcγRIIa-H/H131 genotype is 

associated with higher levels of IgG2 and IgG3. Thus, the higher IgG2 antibody levels seen 

in the Fulani may be due to the relatively high prevalence for the H/H131 genotype in this 

group. However, further studies are needed to elucidate if the FcγRIIa-R/H131 

polymorphism may be a contributing factor to the differential susceptibility to malaria seen 

in different ethnic groups.  

HbAS in relation to malaria (Paper II) 

This study was village-based, involving the Fulani living in the Daraweesh village 

and neighbouring sympatric non-Fulani ethnic groups, where the prevalence of HbAS was 

analysed. Of the children, 108 carried haemoglobin AA and 32 carried haemoglobin AS. 

The frequency of the HbAS genotype was lower in the Fulani compared to the Masaleit. For 



__________________________________________________________________________
38 
 

the Hb A/S allele frequencies, there was a trend between the Fulani and Masaleit, the S 

allele being more frequent than A allele in the latter ethnic group.  

A similar finding was reported from Burkina Faso, where the HbAS genotype was 

less frequent in the Fulani, compared to other sympatric ethnic groups, indicating that this 

polymorphism is not the reason for the lower susceptibility to malaria seen in the Fulani  224.  

Indeed, the protection provided by HbAS carriage mainly concerns the severe complications 

of the malaria disease, such as cerebral malaria and/or severe anaemia, and not, or to a much 

lesser extent, the frequency of infection or the incidence of uncomplicated forms 28, 224, 

which are unequivocally reduced among Fulani 220, 221, 224, 249. Thus, our findings are in line 

with the previous observation, that the lower susceptibility to malaria seen in the Fulani 

does not involve the classical malaria resistance gene HbAS. This suggests that other still 

unknown genetic factor(s) or other contributing factor(s) are involved in the differential 

susceptibility to malaria seen between the Fulani and other sympatric ethnic groups living in 

Sudan. 

In our study of the FcγRIIa complex in the individuals of the two ethnic groups 

carrying the HbAS genotype (sickle cell trait patients), the frequency of the FcγRIIa-

H/H131 genotype was higher, as compared to that of the R/R131 genotype. In a study from 

USA, an association between FcγRIIa and HbAS has previously been observed, with the 

H/H131 genotype being overrepresented in black children with sickle cell disease and a 

history of H. influenzae type b infection 260. These findings indicate that the FcγRIIa-

H/H131 genotype is more likely to be associated with the HbAS genotype, suggesting a 

selection for the AS and H/H131 genotypes as a result of protection against severe malaria. 

CRP in malaria in relation to ethnicity (Paper V) 

In an attempt to define the role of CRP in susceptibility to malaria, as well as to 

further define potential immunological factors contributing to the ethnic difference in 

malaria susceptibility, we analyzed the -286 C>T>A CRP genotypes and the circulating 

CRP levels in relation to malariometric data in sympatric individuals from two countries, 

Sudan and Mali, with marked different malaria endemicity.  

For the Fulani groups in both countries, the AA, AT and TT genotypes were the 

least common and the AC, CT and CC genotypes were the most common. The Malian non-

Fulani had the highest frequency of AA, AT and AC, while the Sudanese non-Fulani had 

the highest frequency for AA, CC and AC genotypes. Post-hoc analyses showed that the 

AA, AT and CC frequencies in Mali and the AA, AT, CT and TT frequencies in Sudan, 
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differed significantly between the two ethnic groups. As mentioned previously, the 

influence of genetic variations on the levels of circulating CRP is estimated to be 40-60% of  

the concentrations of  CRP 242, and a functional polymorphism in the promoter region of the 

CRP gene (-286 C>T>A) has been strongly associated with the circulating concentrations of 

CRP 261. Previous studies on this CRP polymorphism has revealed that the A allele is more 

common in African American than in Caucasian populations, and this difference in 

genotypes is associated with higher CRP levels in the former population 241. This suggests 

that CRP could have been selected for in the African ancestors as a factor beneficial for the 

survival from infectious diseases.  

Our study showed that the allele frequencies were different between the two ethnic 

groups in both Mali and Sudan. The A allele frequency (high producer allele for CRP 

levels) was higher in the non-Fulani groups from both countries. In both Mali and Sudan, 

the, the frequency of non-A allele carriers dominated (low producer alleles for CRP levels) 

in the Fulani groups, while the A-allele carriers were pre-dominantly found in the non-

Fulani groups. The non-Fulani group presented a high frequency of A allele carriers, and in 

line with this, there was a tendency for higher CRP levels in the non-Fulani group than in 

the Fulani of Mali. All individuals in the Sudanese study populations had undetectable CRP 

levels, most likely because all blood samples were collected before the rainy season and all 

individuals were negative for malaria parasites. 

In conclusion, we suggest that the levels of CRP seen in asymptomatic individuals 

could influence the malaria infection. Also, our data suggest that the ethnic differences seen 

in the functional -286 CRP genotypes could be a contributing factor for the lower 

susceptibility to malaria seen in the Fulani from both Sudan and Mali. 
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Considerable efforts have been made to identify effector and host genetic factors 

that contribute to protection and/or pathogenesis of malaria. The very wide range of such 

factors involved and their diversity present an arduous task in malaria research. 

Nevertheless, some factors have been identified as “host genetic factors” and therefore 

worth pursuing to investigate.  

 The data presented in this thesis lend support to earlier suggestions that human 

monocytes are important effector cells in the innate and adaptive immune responses. In the 

case of malaria, we have identified that the FcγRIIa-R/H131 polymorphisms may play a 

role in regulating the clinical outcome of the disease. In the case of severe malaria, the 

R/R131 genotype was significantly associated with susceptibility to severe, while the 

presence of H131 allele and H/H131 genotype appeared to be an important factor protecting 

from severe malarial disease. Binding of antibodies to the merozoites or infected red blood 

cells results in their opsonization, usually involving the cytophilic IgG1 and IgG3 

subclasses. However, in individuals carrying the FcγRIIa-H131 allele, high levels of IgG2 

antibodies have been positively associated with protection from malarial infection and 

disease. The FcγRIIa-H/H131 and high level for IgG2 might be involved in better parasite 

clearance and also reduce the risk of severe malaria outcome. These results suggest that a 

protective role of IgG3 and IgG2, which may activate effector cells through FcγRIIa in 

malarial infection and disease. 

 The distribution of GM phenotypes as a whole, as well as a particular combination 

of KM and GM phenotypes, differed significantly between the two ethnic groups. The data 

suggest that GM allotypes may contribute to the genetic aetiology of malaria. The results 

presented here provide an impetus for large-scale studies to explore the role of GM and KM 

allotypes with IgG subclass concentrations in the pathogenesis of malaria with differential 

prevalence in the Fulani as compared with sympatric ethnic groups. It would be interesting 

to investigate any possible associations between GM and KM allotypes and FcγRIIa in the 

Fulani as compared with their sympatric non-Fulani neighbours.  

 Our data showed that the Fulani had lower parasite rates, lower malaria 

susceptibility, lower frequency of the sickle cell trait (HbAS) and higher frequency of the 

FcγRIIa-H/H131 genotype and H131allele carriers. The results also indicate that the relative 

resistance to malaria infection seen in the Fulani does not rely mainly on the HbAS trait. 

Rather, other factor(s), such as FcγRIIa-H/H131 genotype, may play an important role in 
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the immune responses, which can control the infection and consequently avoid development 

of clinical malaria.  

 Our data showed that the Fulani ethnic group had lower levels of anti-malarial 

antibodies (both IgG1 and IgG3) and higher IgG2 antibody levels compared to their non-

Fulani neighbours. The higher IgG2 antibody levels seen in the Fulani were shown to be 

associated with relatively a high prevalence of the H/H131 genotype in this ethnic group. 

Unexpectedly, the results of the present study suggest that the magnitude and the quality of 

the anti-malarial humoral response is not the key element for relative resistance to malaria 

infection observed in the Fulani. Rather, the results suggest that IgG2 when acting as a 

cytophilic isotype may contribute to parasite clearance.  

The influence of genetic variations on the levels of circulating CRP is expected to be 

associated with mutations in the promoter region of the CRP gene. Our data showed that, in 

the Fulani ethnic group, from both Sudan and Mali, a significantly higher frequency of the 

low producer alleles (non-A alleles) was observed, while the high producer allele carriers 

(A allele) were predominantly found in the non-Fulani. Based on these results, we suggest 

that the lower susceptibility to malaria seen in the Fulani group could be influenced by this 

polymorphism. A previous study indicated that CRP can induce an anti-inflammatory IL-10 

response 240. However, further studies are needed to investigate the role of IL-10 and other 

cytokines in relation to protection against malaria in different endemic settings in Africa.    

 Finally, our data provide evidence that the Fulani and the Masaleit/other sympatric 

non-Fulani ethnic groups are genetically different. Furthermore, the FcγRIIa polymorphism, 

the GM/KM allotypes and CRP genotype may be involved or contribute as host genetic 

factor(s), which could be the real determinant of resistance/protection against malaria 

infection in the Fulani ethnic groups.  

To address the actual association of FcγRs polymorphism, especially with malaria 

out-come, analysis of haplotype studies are required. Sequencing of FcγRs genes in 

individuals who differ significantly in susceptibility/resistance to malaria would improve 

our knowledge. It will be of interest to study the associations and interactions of FcγRs 

polymorphisms, GM/KM allotypes and anti-malarial IgG subclasses in the Fulani as 

compared to the non-Fulani and also among Fulanis with differential susceptibility to 

develop malaria infection (intra-Fulani differences). In addition, the impact of IL-4, IL-10 

and TGF-β polymorphisms on anti-malarial IgG subclasses and susceptibility to develop 

malaria infection is of importance to investigate.    
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