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Summary 
Till date, there are no effective control strategies against the deadly disease of malaria, 

and millions of children across Africa, Oceania, Asia, and Latin America are at the mercy 

of this long term enemy of man every second that passes by. Other control measures 

combined with vaccination might help improve control strategy against malaria, but the 

development of vaccines face various challenges as well, due to the complexity of the 

parasites’ life cycle and other host factors. The asexual blood stage antigen Pf332 of 

Plasmodium falciparum, is expressed during the trophozoite stage, and transported from 

the parasitophorous membrane to the outer erythrocyte membrane during schizogony. 

Previous studies have suggested this antigen as a potential vaccine candidate, because 

Pf332-reactive human monoclonal antibody (mAb 33G2) inhibits parasite growth and 

cytoadherence in vitro. Elucidating and understanding the immunological capabilities of 

antigen Pf332, as a vaccine candidate was the aim of the studies presented in this thesis. 

 

In our first study we identified and characterized the immunogenicity of a non-repeat 

fragment of antigen Pf332, termed Pf332-C231, a 231 amino acids long fragment 

corresponding to 13 percent of the total protein.  Various analyses carried out with this 

fragment reveal that recombinant C231 was immunogenic in rabbits. In addition, anti-

C231 antibodies have in vitro inhibitory capabilities. In immunoflourescence and 

immunoblot assays, rabbit anti-C231 antibodies were able to recognize the native protein. 

In the other study, we examined the distribution of antibodies regarding recombinant 

C231 and crude P. falciparum extract in a malaria endemic area of Senegal.  IgG 

antibody reactivity with crude P. falciparum antigen was detected in the sera of all the 

donors while many of the children lacked or had low levels of such antibodies against 

C231. The distribution of the anti-C231 antibodies in the different IgG subclasses 

differed from that shown by crude P. falciparum antigen. The crude P. falciparum 

antigen gives a higher IgG3 response than IgG2 for all age-groups, while C231 gave 

similar levels of IgG2 and IgG3. Correlation studies showed that the levels of anti-C231 

antibodies were associated with protection from clinical malaria, but this only reached 

significance with IgE. These findings further emphasize the inclusion of antigen Pf332 as 

a subunit vaccine candidate against P.  falciparum malaria. 
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INTRODUCTION 
 

Infectious diseases, among which Plasmodium falciparum malaria is one, has been 

ravaging the lives of its victims across Africa, Oceania, Asia, and Latin America, among 

whom are mainly children under the age of 5 and pregnant women. An estimated 2.2 

billion people worldwide are exposed to P. falciparum malaria, resulting in about 500 

million episodes yearly 1 and in reality, the actual figure could be greater than this. The 

malaria situation has aggravated since time immemorial, due to insecticide resistance of 

the vector, the anopheline mosquito, which transmits the parasite, and as well because of 

resistance of the parasites to antimalarial drugs. Thus, the focus of research on the 

development of malaria vaccines is highly important, as it is one of the potential control 

measures to curb this long term enemy of man.  

 

The Parasite and life cycle 
 

P. falciparum, the most severe and life threating form of this mosquito borne 

hemoparasitic disease, belongs to the Kingdom Protista, phylum Apicomplexa, class 

Sporozoa, order Eucoccidia and genus Plasmodium. There are 172 species of 

Plasmodium that infect birds, reptiles, and mammals, but only four cause malaria in 

humans, P. falciparum, P. vivax, P. ovale and P. malariae. Infection by P. falciparum is 

complex as shown by the life cycle, including asexual reproduction in the human host, 

and sexual reproduction in the mosquito host. During a blood meal, a malaria-infected 

female Anopheles mosquito inoculates sporozoites into the human host. Sporozoites 

infect hepatocytes and mature into schizonts, which rupture and release merozoites. Of 

note, in P. vivax and P. ovale a dormant stage hypnozoites can persist in the liver and 

cause relapses by invading the bloodstream weeks, or even years later. After this initial 

replication in the liver (exo-erythrocytic schizogony), merozoites infect red blood cells 

and the parasites undergo asexual multiplication in the erythrocytes (erythrocytic 

schizogony) (Fig. 1). The ring stage trophozoites mature into schizonts, which rupture, 

releasing merozoites. The asexual blood stage parasites are responsible for the clinical 
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manifestations of the disease. Some parasites differentiate into sexual erythrocytic stages 

(gametocytes). The gametocytes, male (microgametocytes) and female 

(macrogametocytes) are ingested by an Anopheles mosquito during a blood meal. The 

parasites’ multiplication in the mosquito is known as the sporogonic cycle. While in the 

mosquito's stomach, the microgametes penetrate the macrogametes generating zygotes. 

The zygotes in turn become motile and elongated (ookinetes), which invade the midgut 

wall of the mosquito where they develop into oocysts. The oocysts grow, rupture, and 

release sporozoites, which make their way to the mosquito's salivary glands. Inoculation 

of the sporozoites into a new human host perpetuates the malaria life cycle.  

  

Figure 1. Denotes the erythrocytic cycle of P. falciparum malaria and the location of 

antigens of interest involved in parasite neutralizing immune responses 2. 
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The Disease and symptoms 
 
The pathogenic process in malaria occurs only during the erythrocytic stage. Cyclical 

fever is the hallmark of malaria, and typically occurs shortly before or at the time of red 

blood cell lysis as schizonts rupture to release new infective merozoites. In humans, the 

manifestations of severe and complicated malaria vary geographically, but are associated 

mainly with P. falciparum infection. Intense fever is accompanied by nausea, headaches 

and muscular pain, metabolic acidosis, hypoglycemia, anemia. These malaria associated 

symptoms are believed to be caused by a parasite released toxin, glycosyl-phosphatidyl 

inositol (GPI) 3, that induces macrophages to secrete cytokines such as TNF-α and IL 1 4. 

Cerebral malaria, a syndrome of unarguable coma, is often associated with fits and other 

neurological abnormalities, such as seizures, increased intramuscular muscle tone, and 

elevated intracranial pressure 5. It is commonly found in low endemicity areas, and has 

been attributed in part to the unique ability of the parasites to alter the surface of the 

infected red blood cells, so that they bind to endothelial surfaces, using various adhesion 

molecules in the host, such as: CD36, ICAM-1, thrombospondin and E-selectin 6. Parasite 

induced TNF-α may be involved in the up regulation of ICAM-1 in cerebral vessels, 

which also leads to increased cytoadherence of infected erythrocytes 7, hence, causing 

obstruction of the cerebral blood flow. Recent observations suggest that pro-

inflammatory cytokines and nitric oxide, induced by parasite material, also contribute to 

the pathogenesis of cerebral malaria. 

 

Control of Malaria 
 
Strategies against malaria infection and disease require an integrated approach, including 

control of the mosquito vector, use of chemotherapeutic and chemoprophylaxis agents 

and prompt, appropriate case management 8-10. The use of chemicals has not been 

successful across Africa and Latin America 11, due to the emergence of mosquito strains 

resistant to the commonly used insecticides. One of the greatest challenges facing the 

fight against malaria today is drug resistance. In most malaria endemic areas, the disease 

is treated using anti-malarial drugs as additional control measure, and the administration 

of these drugs has either a prophylactic or curative effect. Increasing resistance of P. 
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falciparum malaria to antimalarial drugs poses a major threat to the global effort to Roll 

Back Malaria. Chloroquine and sulfadoxine-pyrimethamine (SP) are being rendered 

increasingly ineffective, resulting in increasing morbidity, mortality, economic and social 

costs. One strategy, advocated for delaying the development of resistance to the 

remaining armory of effective drugs, is the wide-scale deployment of artemisinin-based 

combination therapy in most malaria endemic countries 12. However, resistance to most 

of these drugs has been documented, also with the new artemisinin based drugs. In a 

recent study carried out in Tanzania, it was shown that in an area of high drug resistance, 

there was evidence that in using Arthemether Lumefantrin and Amodiaquine+Artesunate 

combination therapy rather than monotherapy, were the most cost-effective drugs 13. 

Despite being the most expensive, these combinations are significantly more effective 

than other options and therefore reduces the need for further treatment 13. Due to 

increased mosquito resistance to insecticides, the global malaria control strategy adopted 

by governments and W.H.O. 14 emphasized the need for early diagnosis, appropriate 

treatment with anti-malarial drugs, and selected use of preventive measures, including 

mosquito control where it is effective can lead to sustainable impact. In respect to the 

existing hindrances in these control measures, combination with vaccination might help 

improve control strategies against malaria. 
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Malaria and the human immune system 
 

Unlike many acute viral diseases, which produce long lasting immunity to re-infection, 

immunity to malaria is a function of age, transmission intensity and continuity to 

exposure to parasite. Adults residing in malaria endemic areas are semi-immune, 

implying that individuals harbour parasites without experiencing acute illness 15. 

Newborns do not contract the disease during the first months of life, probably due to the 

maternal antibodies that crossed the placenta. However, the role of maternal antibodies in 

this context has been questioned 16. As the level of the passively acquired antibodies 

wane around 6-9 months of age, infants in malaria endemic areas experience their first 

clinical episode 17. 
 

Innate immunity 
 

The innate immune mechanisms involved in parasite growth inhibition in the human host, 

are probably the reason for the low parasitemia seen during acute P. falciparum infection 
18. Within the last years, the family of toll-like receptors (TLRs) has been identified as 

comprising key host molecules in the induction of innate immune responses to microbial 

ligands 19, 20. The TLRs can recognize and orchestrate an early defense, largely dependent 

on activation of nuclear factor kappa β (NF-κ β), which often leads to the production of 

pro-inflammatory cytokines. In protozoans, TLR-2 has been shown to recognize GPI of 

Trypanosoma cruzi 21. The GPI anchor of P. falciparum is thought to function as a 

critical toxin, which contributes to severe malarial pathogenesis by eliciting the 

production of pro-inflammatory responses by the innate immune system of mammalian 

hosts. Analysis of the fine structure of P. falciparum GPI, suggests a requirement for the 

presence of both core glycan and lipid moieties in the recognition and signaling of 

parasite glycolipids by host immune cells. Recently, P. falciparum GPI was reported to 

induce signaling via both TLR-2 and -4 22.  However, a recent study on TLRs and malaria 

in humans, indicated that common TLR-4 mutations in African children increase the risk 

of severe malaria. 23. 

 



 

 6

Malaria parasites within red blood cells digest host hemoglobin into a hydrophobic heme 

polymer, known as hemozoin (HZ), which is subsequently released into the blood stream 

and then captured by and concentrated in the reticulo-endothelial system. Accumulating 

evidence suggests that HZ is immunologically active, but the molecular mechanism(s) 

through which HZ modulates the innate immune system has not been elucidated. 

However, studies have demonstrated that HZ purified from P.  falciparum is a novel non-

DNA ligand for TLR-9 24, 25. 

 

Cells of the innate immune system, as well as host genetic factors, contribute to innate 

immunity against malaria. These cells include NK, gamma delta (γδ) and NK T cells. 

Polymorphonuclear cells such as neutrophils and eosinophils, soluble factors, such as 

interferons and complement factors, are also involved in the innate immune response 

against malaria 26. The innate immune mechanisms have been shown to operate when 

parasite density crosses a predefined threshold 27. NK cells have been shown to be the 

first cells to respond to P. falciparum infection by increasing in number and the ability to 

lyse infected RBC in vitro 28. In P. falciparum infection, direct contact between 

parasitized RBCs and NK cells  leads to IL-12 and 18 production, which further leads to 

IFN-γ production 29. Thus, the IFN-γ produced by the NK cells activates macrophages to 

eliminate parasitized RBCs. Evidence for the role of macrophages in the innate immunity 

is their ability to phagocytose infected erythrocytes in the absence of cytophilic or 

opsonizing malaria-specific antibodies 30, 31, and thereby contributing to the reduction of 

initial parasitemia. The role of NKT cells in malaria infection could be speculated from 

their simultaneous production of high levels of both IFN-γ and IL-4 upon primary TCR 

stimulation, as shown in other systems 32. Plasmacytoid dendritic cells (PDC) have been 

investigated in malaria, and it has been shown that soluble products of the late stages of 

the parasite can activate PDC in a TLR 9-dependent manner 25. During malaria infection, 

γδ T cells are more expanded in the circulation than other T cell subsets, and they have 

been shown to directly inhibit the growth of blood-stage parasites 33. 

 

The influence of the genetic make-up of the host on susceptibility to malaria infection 

endemic areas has been established, especially in the genetic red cell disorders, including 
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sickle cell trait, thalassemia, enzyme deficiencies, ovalocytosis and ABO blood groups. 

These host factors may confer natural protection against malaria infection. Other innate 

factors, such as polymorphisms in ICAM-1, a putative receptor for erythrocyte binding to 

the brain endothelium, and a polymorphism in the promoter region of TNF-α, appear 

related to the frequency of severe disease 34, 35. 

Adaptive Immunity 

Humoral responses to malaria 
During P. falciparum infection, the functional role of antibodies regarding protective 

immunity is unclear. However, a number of evidence has shown that antibodies are 

important for clearance of parasite loads in both animal and human blood stage infections 
36. In most malaria endemic countries, malaria infection induces humoral immune 

responses, involving production of predominantly IgM and IgG but also of other 

immunoglobulin isotypes. While a majority of this immunoglobulin is a result of 

polyclonal B-cell activation, up to 5% or more represent species as well as stage-specific 

antibodies, reacting with a wide variety of parasite antigens. The level of total 

antimalarial antibodies increases with age, and is usually taken as a measure of the length 

and intensity of exposure, and sometimes may indicate protection against malaria. 

Meanwhile, the efficiency of antibody-mediated inhibition is usually insufficient to 

confer complete protection. Some protective mechanisms do not involve antibodies, for 

example, protection against sporozoite infection of liver cells is primarily mediated by T-

cells 37. Antibodies against merozoite surface-associated proteins may block RBC 

invasion 38, or may block merozoite release from schizonts, either by binding to surface 

exposed antigens or by entering the infected RBC through leaky membrane at the time of 

rupture39. In conjunction with effector cells, parasite antigen specific antibodies act via a 

mechanism named antibody-dependent cellular inhibition (ADCI), whereby binding of 

antibodies to monocytes through Fc receptors leads to inhibition of parasite growth 40, 41.  

 

Antibodies produced against malaria parasites are of different isotypes and subclasses, 

with different functional capabilities regarding being protective or otherwise. In most 

cases, the IgG isotype has been shown to be protective against malaria, as well its 

subclasses IgG1and IgG3, and mainly these antibodies are found to prevail in most 
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malaria infected individuals from endemic areas, supporting the functional role of these 

antibody subclasses 42-44. The other subclasses, IgG2 and IgG4, have been speculated to 

be non-protective, although in some malaria endemic areas, elevated levels of IgG2 have 

been related to decreased risk of infection, 45. Elevated levels of IgE appear to be 

associated with pathogenesis, as indicated in patients with severe and cerebral malaria 46, 

47. Regarding IgM, elevated levels as compared to controls have been observed in several 

studies performed in relation to malaria specific antigens, but its functional role till date 

has not been properly elucidated. 

Cell mediated responses  
As human erythrocytes do not express MHC antigens, lysis of infected erythrocytes by 

CD8+ T cells has no role in defence against blood-stage parasites. However, during the 

preerythrocytic liver stage, effector functions of the CD8+ T cells are important 48, and 

contribute to protection against severe malaria 49, 50. In the case of asexual blood-stage 

parasites, CD4+ T cells are pivotal in the development and regulation of both humoral 

and cell mediated immune responses. Depending on the cytokine produced, both murine 

and human T helper cells can be divided into Th1 and Th2 cells 51. The Th1 are thought 

to be involved in the initial resolution of acute parasitaemia through cell mediated 

effector mechanisms, including clearance of parasitized red cells by phagocytes and 

production of Th1 cytokines 52-54. The Th2 cells are believed to contribute to eventual 

clearance of parasites via T-B cell co-operation and the subsequent antibody response 52, 

53. It was however shown that CD4+ T cells from malaria exposed individuals naturally 

exposed to malaria, respond to blood stage antigens of P. falciparum by proliferation, 

production of IFNγ and / or IL-4 secretion in vitro. Such IL-4 production was neither 

associated with proliferation nor with IFNγ production, but was well correlated to serum 

antibodies to the peptides used to activate the T cells 55. γδ T cells, whose activation is 

initiated by IL-2, IL-4 and IL-15, have been shown to expand both in mice and humans 

during malaria infection 56. They also recognize schizont derived–phosphorylated 

molecules 57 and produce proinflammatory cytokines. The T regulatory cells of the 

immune system which are thought to be involved in immunosuppression, are still under 

investigation regarding immunity to malaria infection 58.  



 

 9

Vaccine development 
 
The development of vaccines as a tool to protect man against infectious diseases was 

initiated more than 200 years ago, when Edward Jenner used cow pox to achieve 

immunity against fatal small pox 59. Since then, vaccines have been the mainstay of fight 

against pathogenic organisms, and success has been achieved with diseases such as polio, 

diphtheria and tetanus. Achievements have also been seen concerning smallpox, and 39% 

decrease in deaths caused by measles. New effective vaccines against Haemophilus 

influenza type B, Hepatitis B virus and Neisseria meningitis have been introduced, and 

are now being incorporated in vaccine programmes in developing countries. The majority 

of effective vaccines today are based on inactivated or live attenuated virulent organisms, 

which are being referred to as first generation vaccines. Despite the successful records for 

these types of vaccines, there are sill disadvantages encountered with them. For 

inactivated vaccines, it is cumbersome to prepare sufficient amounts of material from 

organisms which can not be cultured efficiently in vitro, and efficient killing of the 

organisms must be guaranteed without loss of their immunogenic properties. Setbacks 

associated with attenuated vaccines include the presence of contaminations derived from 

the cultures of the organisms and the hazard of reversion to virulence. The second 

generation vaccines (subunit vaccines), which originate from defined antigens from the 

pathogens, may be composed of recombinant proteins or synthetic peptides, and these 

types of vaccines have no risk of pathogenicity, since they can not replicate in the host. 

Moreover, there is a recent approach to vaccine development, which is based on nucleic 

acids encoding defined antigens from the pathogen. 
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Immune response to vaccines  

  

The aim of vaccination is to generate an immune response with capacity to protect the 

recipient against the natural infection. Furthermore, it must be able to induce a long-lived 

immunological memory through the adaptive immune system, which is initiated by 

antigen uptake by an antigen presenting cell (APC), proteolytic processing, and 

presentation on the surface of the APC in association with either major histocompatibility 

complex (MHC I or MHC II). For an endogeneuos antigen, the peptide derived antigen 

will be processed through the cytosolic pathway and presented through MHC I, thereby 

CD8+ T cells are activated. However, for an exogeneuos antigen, processing will be via 

the endocytic pathway, followed by activation and presentation on APCs (dendritic cells, 

B cells, macrophages) associated with MHC II, and in this case the CD4+ T cell subset 

will be activated. Since the different APCs differ in their mechanism of antigen uptake, 

expression levels of MHC and co-stimulatory molecules, a vaccine should be delivered 

and presented to the immune system in a selective way, which facilitates the association 

with uptake by the appropriate APCs. 

 

After antigen encounter, the CD4+ T cells develop in to T helper (Th) 1 or Th 2 effector 

cells depending on the cytokine milieu. The Th1 effector cells produce proinflammatory 

cytokines, such as IFN-γ and TNF-α, and these lead to further activation of the CD8+ T 

cells and their cytotoxic effector function. The Th2 cells, on the other hand, produce 

interleukins, such as IL-4, 5, 10 and 13, which further stimulate B cells to undergo 

activation into effector B cell: (plasma cells), which secrete antibodies (IgD, IgM, IgE, 

IgA or IgG). The immune response induced by vaccination should be of long duration 

and should have the capacity to be effectively reactivated by a natural infection. Memory 

cells, which are only about 5-10 % of the lymphocyte population, are phenotypically 

different from the naïve cells, and they proliferate and produce cytokines faster. Whether 

the persistence of antigen on follicular dendritic cells is needed or not for maintenance of 

immunological memory, is not clear. Several studies have indicated that memory B and T 

cells can survive without antigen, while others have suggested otherwise 60. However, 

cytokines such as IL-15 is crucial for the longevity of memory T cells. 
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Recombinant Vaccines 
 

The advent of recombinant DNA technology and protein engineering enabled the 

expression of immunogenic proteins in bacterial, yeast or mammalian cells, after being 

cloned in a suitable expression vector, and such expressed antigens are used for vaccine 

development 61-64. The first such recombinant protein vaccine approved for human use, is 

the hepatitis B vaccine, which was developed by cloning the gene for the major surface 

antigen of hepatitis B virus (HbsAg) and expressing it in yeast cells 65. The basics of this 

technology is to transfer a gene encoding an antigen, responsible for inducing good 

humoral reponses sufficient for protection, to a non-pathogenic expression vehicles 64, 

thereby making the production of the antigen safer and generally more efficient. There 

are several limitations with recombinant proteins; they are generally poor immunogens 

when administered alone and are unable to induce effector T–cell responses, such a 

CD8+ CTLs, that are necessary for elimination of the intracellular pathogens.  

 

Malaria vaccine development 
 
Considering the fact that traditional methods of controlling malaria have neither been 

practical nor cost effective in most malaria endemic areas, there is the dire need for an 

affordable and effective malaria vaccine. Attempts to develop a malaria vaccine began in 

the early twentieth century 66, and in spite of advances in biomedical technology and 

periodic bouts of unsubstantiated optimism in the field, no effective vaccine is available 

for widespread use till date. Plasmodium species have evolved multiple mechanisms of 

immune evasion at the individual and population levels, including stage specific antigen 

expression, allelic diversity, variability within T cell epitope sequences and antigenic 

variation. During the course of its complex life cycle, the Plasmodium parasite expresses 

different, complex mixtures of antigens. Therefore, a vaccine against a single stage in the 

parasite life cycle may need to be 100% effective, because parasites which progress to the 

next stage may express a new set of antigens, that may be unaffected by the vaccine 

induced response. 
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The rationale behind the development of a malaria vaccine is supported by previous 

studies, which have shown that antisporozoite vaccines based on irradiated sporozoites 

elicited sterile immunity in humans 67, and also that passive transfer of IgG from semi-

immune individuals can provide some protection against malaria 68. Most malaria 

antigens are stage-specific and therefore there are distinct immune mechanisms operating 

against the different stages of the complex life cycle.  

 

 

Pre-erythrocytic vaccines 
Most malaria vaccine studies have been focusing on the pre-erythrocytic stages of the life 

cycle. This is the clinically silent stage of the parasite’s life cycle. A vaccine targeted at 

these stages would need to elicit sustained high antibody responses as well as an efficient 

CD8+ T cell memory. It will possibly prevent sporozoite invasion of hepatocytes, or the 

development of the exo-erythrocytic stages within the hepatocytes. Such a vaccine would 

eliminate disease manifestation and further transmission, but most importantly, it would 

benefit individuals who have previously not been exposed to the parasite, but might later 

be at risk of high morbidity and mortality. For the pre-erythtrocytic stages, several 

vaccine candidates have been studied and have been evaluated in clinical trials. They 

have been based on repeat sequences from the circumsporozoite protein (CSP), which 

have been tested in various adjuvant formulations, but the immunogenicity of these was 

low in trials carried out in humans 69. 

 

Another vaccine candidate from sporozoites 70 which has progressed to field studies, is 

thrombospondin related anonymous protein (TRAP). This antigen is not crucial for 

sporozoite formation, but it ensures sporozoite motility and thereby successful invasion 

of the mosquito salivary glands and human hepatocytes 71. Antibodies against TRAP 

inhibit the invasion of hepatocytes by sporozoites, and this was shown to correlate with 

control of parasite densities in vivo 72, 73. TRAP attached to a multi-epitope string, 

consisting of CD8+, CD4+ and B cells epitopes derived from six other pre-erythrocytic 

antigens, provided in various heterologous prime boost regimes, entailing DNA or pox 
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viral particles, has been tested in a series of  phase IIa and phase IIb clinical trials 74, 75.  

In a recent clinical trial, it was indicated that the hepatic burden of the parasites was 

reduced by 92%, and circulatory memory T cells elicited sterile immunity for as long as 

20 months in some volunteers 76, 77.  Recently, another phase IIb efficacy trial has been 

initiated in Kenya, in order to assess protection against febrile malaria in children 75. 

 

The presently most advanced vaccine candidate is RTS,S/ASO2A comprising of a fusion 

between half of the CS protein and the hepatitis B surface antigen (RTS,S), which is 

expressed in yeast cells and used with the oil-in-water adjuvant AS02 78. Recently, two 

field trials were carried out in The Gambia and Mozambique. A vaccine efficacy trial was 

conducted in Gambian semi immune adults during a period of low transmission season, 

and followed up on occurrence of new infections during 16 weeks of active malaria 

transmission, 79. While efficacy during the first 9 weeks of follow up was 71%, it was 

zero at later time points. The RTS,S vaccine was also evaluated in children aged 1-4 in 

Mozambique, this vaccine imparted 30% reduction in clinical malaria incidence, a 

delayed time to first infection by 45%, and reduced incidence of severe malaria by 58% 

at a 6 month follow up 80. 

 

Asexual blood-stage vaccines 
A vaccine targeted against antigens expressed on the asexual blood stages of the 

parasites’ life cycle is aimed at preventing the complications of the disease, such as 

cerebral malaria or anemia. Since these are the stages responsible for pathology caused 

by the disease, antibodies to the target antigens should be able to inhibit parasite 

sequestration, to induce neutralizing antibodies against parasite derived materials, or to 

eliminate/reduce the parasite load, which might further reduce mortality. Despite 

encouraging progress, the lack of immune correlates of protection, and insufficient 

predictive animal models, as well as polymorphism and strain variability of most asexual 

blood-stage antigens, constitute major challenges to the development effort of asexual 

stage vaccines. Inhibition of parasite invasion, as often measured in in vitro assays, is not 

always predictive of immune status in endemic areas. 
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The first asexual blood-stage malaria vaccine submitted to clinical trial was SPf66, a 

synthetic, multi-stage peptide vaccine, mixed with alum as an adjuvant 81. The vaccine 

was tested in several Phase III field trials involving thousands of volunteers, but these 

trials showed mixed results. Thus, it was difficult it difficult to justify for further trials, 

although one may suspect that the vaccine would have fared better with more potent 

adjuvants. The most advanced asexual blood-stage vaccines at this time are based on the 

use of different merozoite associated antigens, such as merozoite surface protein 1 (MSP-

1), MSP-2 and MSP-3, the apical membrane antigen 1 (AMA-1) and the glutamate-rich 

protein (GLURP). Antibodies to MSP-1 have been shown to block parasite invasion of 

RBCs in vitro 82. AMA-1 is a natural target of protective responses in vivo. Both AMA-1 

and MSP-1 have their 3D conformation stabilized by intramolecular disulphide bonds, 

which are critical for optimal immunogenicity of the molecule. MSP-1 contains two 

cysteine-rich epidermal growth factor (EGF)-like, domains that generate protective 

antibody responses, and are conserved across all species of Plasmodium. 

 

The MSP/RESA vaccine (combination B) is one of the most advanced in asexual vaccine 

development. It is a mixture of three recombinant asexual blood stage antigens: block 3 

and 4 of MSP-1, the 3D7 form of the polymorphic MSP-2, and the last 70% of RESA in a 

Montanide adjuvant formulation 83. In a Phase I/IIb trial in Papua New Guinea, there was 

62% reduction in parasite density in vaccinees. However, the vaccine contained the 3D7 

allelic form of MSP-2, which made the vaccine ineffective against the FC27 allele 

genotype of parasites. A new formulation is being developed using both variants of MSP-

2 in order to target both genotypes.  

 

Much work has concentrated on the entire MSP-1 molecule, its 42 kDa C-terminal 

moiety, or a further processed 19 kDa fragment. These were expressed either as such or 

as parts of fusion molecules, using baculovirus, Escherichia coli, or yeast 

(Saccharomyces or Pichia). Experimental vaccinations with recombinant MSP-1 42 kDa 

and 19 kDa fragments have been shown to protect both mice and Aotus monkeys against 

lethal parasite challenge 84, but a Phase I trial of the 19 kDa fragment, carried out at 
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Baylor University (USA), demonstrated that it was poorly immunogenic and had 

unacceptable side-effects 84. The MSP-1 42 kDa fragment formulated in AS02 adjuvant 

was found to be safe and very immunogenic in human volunteers in the USA, Kenya and 

Mali 78, 85. The vaccine is currently being tested in pediatric efficacy trials in Kenya. 

Another vaccine studied is based on the AMA-1 protein formulated in the AS02 adjuvant. 

Like MSP-1, the vaccine potential of AMA-1 is supported by the observation that 

antibodies to the protein inhibit invasion of RBCs in vitro. The high polymorphism of the 

AMA-1 antigen is however a matter of concern 84. A MSP-1/AMA-1 fusion antigen, 

made of the C terminal region of AMA-1 and the 19 kDa fragment of MSP-1 86, was 

produced using Pichia pastoris. The vaccine (PfCP-2.9), which was formulated with 

Montanide ISA 720 as an adjuvant, showed good immunogenicity in rabbits and non-

human primates. The vaccine was found to be safe and immunogenic, and plans are 

underway for further clinical development. The combination of the PfCP-2.9 vaccine with 

a fragment of the PfEBA-175 antigen, expressed in P. pastoris yeast, elicited in both 

rabbits and monkeys, antibodies that inhibited parasite growth in vitro 87. 

 

The merozoite surface protein 3 (MSP-3), has been proposed to be a target of protective 

antibodies from immune adults, and a vaccine has been developed as a long synthetic 

peptide. The vaccine construct contains B and T cell epitopes, that were selected based on 

their targeting by cytophilic antibodies, which interact with monocytes in the antibody-

dependent cellular inhibition (ADCI) assay 40, 84. A Phase I study of the vaccine was 

carried out in Burkina Faso, and the vaccine was shown to be safe and to induce long-

lasting antibodies that display ADCI activity in vitro, as well as in vivo in a new mouse 

model of P. falciparum malaria 88, 89. Another long synthetic peptide vaccine, the 

rationale of which is based on the induction of antibodies with ADCI activity, is based on 

the glutamate-rich protein (GLURP), also suggested to be a target of protective antibodies 

from immune adults 90, 91. The GLURP vaccine was formulated either in alum or 

Montanide ISA 720 and tested in a Phase I clinical trial 92. Yet another candidate being 

developed in Asian–African collaboration is based on the serine repeat antigen (SERA), 

also known as P126 antigen. The antigen accumulates in the parasitophorous vacuole of 

trophozoites and schizonts and is processed into three fragments (18 kDa, 47 kDa, 50 
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kDa) 93. Cross-sectional studies, conducted in the Solomon Islands, Brazil and Uganda 94 

have shown a significant association between responses to SERA and lower parasitemia 
84. Various SERA-based constructs have been tested and shown to induce in vitro parasite 

killing activity in a dose dependent manner through both complement-mediated inhibition 

and ADCI 84. Furthermore, protective efficacy of a subunit SERA vaccine against 

challenge in Aotus and squirrel monkeys has also been demonstrated 84. A candidate 

SERA-based vaccine currently is in Phase I studies in Japan. 

 

In addition to the above mentioned malaria vaccines, transmission-blocking vaccines 

against the sexual stage antigens, would interfere with parasite development within the 

mosquito. They are intended to protect communities from infection, the leading vaccine 

candidate in this field contain P. falciparum ookinete surface antigens Pfs25 and Pfs28 95. 

However, to ensure perfect protection from malaria disease, a malaria vaccine should 

consist of antigens from different stages of the parasite’s life cycle. Importantly, 

induction of an efficient transmission blocking by such a vaccine would prevent the 

transmission of parasites which may have mutated due to the immune pressure elicited by 

the vaccine against the asexual blood stages. 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 



 

 17

THE PRESENT STUDY 

Background  
 

The P. falciparum antigen 332 (Pf332)  is a megadalton protein of schizont-infected red 

blood cells, and is a member of a family of glutamic acid rich proteins, also including 

antigen Pf11.1, a megadalton protein of gametocytes, and Pf155-RESA, a 155-kDa 

protein of ring-infected red blood cells. These antigens have been reported to share 

related amino acid repeat sequences, which are antigenically cross-reactive 96. Pf332, 

identified by Mattei et al 97, consists of 5508 amino acids, with an overrepresentation of 

glutamic acids (30%) and valine (13%) 98. It is expressed during the trophozoite stage, 

and transported from the parasitophorous membrane to the outer erythrocyte membrane 

during schizogony 99. The Pf332 gene is located in the subtelomeric region on 

chromosome 11. Genes located in this region are prone to frequent breakage and healing. 

Although the Pf332 gene appears to be subject to some degree of breakage induced 

variation 100, irreversible loss has never been detected in any of the parasite strains 

analysed so far 101, 102. In a colocalization study, it was shown that Pf332 is being 

transported in vesicles together with RIFIN and PfEMP-1 103. 

 

The initial rationale to consider Pf332 as a blood stage malaria vaccine candidate, was 

based on that a Pf332-reactive human monoclonal antibody (mAb 33G2) inhibits parasite 

growth and cytoadherence in vitro 104. Furthermore, various rabbit polyclonal antibodies 

specific for Pf332 105, 106, and human polyclonal IgG antibodies, affinity-purified on 

Pf332 repeats, also display similar parasite growth inhibitory capacity 107. In addition, 

increased titers of Pf332-reactive IgG antibodies in humans are associated with decreased 

number of malaria incidents 108. Experimental animal vaccinations with Pf332 have 

mainly been conducted with a central fragment of the antigen, denoted EB200 109. This 

fragment has been identified as a target of opsonizing antibodies in hyperimmune sera 

from P. falciparum-exposed squirrel monkeys 110. In conducting further studies, it was 

observed that the presence of these antibodies correlated with protection against disease 
111. 
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Objectives  
 

Despite efforts made towards vaccine development, malaria remains uncontrolled due to 

the little understanding of the natural protective immunity against this disease. The earlier 

studies carried out regarding Pf332, mainly focused on the central part of the antigen, 

denoted EB200. This fragment is quite overrepresented with glutamic acid repeats and 

there have been difficulties in defining the actual target for parasite growth inhibitory 

antibodies due to its antigenic cross reactivity with other malaria antigens. In order to 

address this problem, it was proposed that a less repetitive fragment of the antigen Pf332-

C231 should be studied. The C231 fragment is located in the C-terminal region of the 

antigen Pf332 and consists of 231 amino acids. It is well represented with various amino 

acids and most importantly has a cysteine, which might be involved in the folding of the 

protein. The specific aims of the research work carried out in this thesis were: 
 

• To study the immunological capabilities of the fragment  Pf332-C231  in an 

experimental model (Paper I) 

 

• To study the profile of the antibody response to C231 in naturally exposed 

individuals (Paper II) 

 

RESULTS AND DISCUSSION 
 
The majority of all functional studies on malarial proteins has been initiated by 

introducing genes downstream of promoters ported by plasmids, and transfection into E. 

coli for recombinant expression. There are however other expression systems such as 

baculovirus, yeast, mammalian and insect cells, but the approach which we have used in 

our study (paper I), poses some advantages such as; simplicity and low cost, availability 

of compatible molecular tools, absent of post translational modifications, higher yield per 

unit biomass. In our study (Paper I), we were able to clone our recombinant protein, using 

the plasmid vector and expression was carried out in E. coli. In molecular biology, 
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expression in E. coli has been debarred by the formation of insoluble aggregrates of the 

recombinant protein being expressed, and to circumvent this problem, we enhanced the 

purification of our protein, using a solubility enhancing fusion tag. The 6xHis tag is a 

small, poorly immunogenic tag, which does not interfere with the structure or function of 

the purified protein. Regarding immunogenicity of this protein, high antibody levels were 

obtained in rabbits, and antibodies raised against C231 could recognize the native protein 

expressed in infected erythrocytes. Malaria vaccine candidates of the asexual blood 

stages of P. falciparum are evaluated on the basis of their ability to induce antibodies 

with anti-parasite activity. Such antibodies may have different effector functions e.g., 

inhibition of invasion or inhibition of parasite growth/development, depending on the 

target antigen. In in vitro experiments carried out with anti-C231 antibodies (Paper I), we 

observed inhibition of merozoite invasion, as reflected by inhibition of parasite 

development with infected RBCs.  

 

Antibodies are thought to be the primary immune effectors in the defense against 

erythrocytic stage P. falciparum. The level of total antimalarial antibodies increases with 

age and is usually taken as a measure of the length and intensity of exposure, and 

sometimes may indicate protection against malaria. We performed analysis with 

recombinant C231 as antigen in comparison to crude malaria extract, and looked at the 

profile of isotypes and IgG subclasses of antibodies in malaria exposed individuals from 

Senegal. In general, we detected anti-C231 response in all sera tested regarding all 

isotypes (IgG, IgM, IgE) investigated, and the levels increased significantly with age. 

 

The polarization of antibody responses towards IgG1 and IgG3 subclasses, which bind to 

Fcγ receptors on the surface of monocytes, macrophages, and neutrophils, is believed to 

play a key role in immunity to blood-stage P. falciparum infection. These cytophilic 

antibodies (IgG1 and IgG3) mediate parasite-killing responses, such as opsonization and 

phagocytosis of extracellular parasites or parasitized red blood cells, and antibody-

dependent cellular inhibition of intracellular parasites. However, there are studies 

suggesting a protective role of non-cytophilic IgG2 in vivo 112, 113, which may be 

explained by a 131 R/H polymorphism in the Fcγ receptor IIa. As a result, IgG2 is 
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cytophilic in individuals carrying the H131 allele positive FcγIIa gene 114. When 

analyzing the subclasses of C231 specific IgG antibodies in sera from individuals 

naturally primed to P. falciparum (Paper II), we observed a bias towards IgG2 and IgG3 

relative to IgG1. We conclude that the IgG subclass distribution of naturally acquired 

antibodies to Pf332-C231 in malaria exposed individuals in Senegal may be epitope 

driven. Since polarization towards IgG2 was more evident for anti-C231, this may be 

affected by cumulative or current exposure to malaria by the subject's age and FcγRIIa 

genotype. These findings have clear implications for the rational design and evaluation of 

antimalarial vaccines that induce antibody-mediated protection. However, further studies 

and analysis should be carried out for possible correlation of IgG2 and H131 allele of 

FcγIIa. 
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Concluding remarks and future perspectives 
 
The development of an effective malaria vaccine encompasses a whole array of setbacks. 

The complexity of the parasite cycle offers various candidates there have doubts whether 

these candidates will induce the right type of immunological response, even if it does in 

experimental models and some clinical trials, it may not be able to induce the long term 

immunological memory essential for long term protection. Antigenic diversity as 

reflected by allelic polymorphisms and antigenic variation are also factors that limit the 

efficacy of a malaria vaccine development, particularly in the asexual blood stage, an 

area in which this study is based on. Although, there are suggestions of combining 

antigens from various developmental stages of the parasite, but this might lead to 

selective pressure.  

 

The natural immunity to malaria consists of a complex mixture of diverse immune 

responses, some non-protective and some protective or inhibitory. However a subunit 

vaccine which is aimed for in our study, is needed to evoke additive responses that are 

more beneficial and advantageous than those generated due to natural exposure. In 

concluding the studies presented in this thesis, we have shown that the C-terminal 

fragment of antigen Pf332 is immunogenic and anti-C231 antibodies have parasite 

inhibitory capacities. Also it was well recognized by sera from individuals in various age 

groups from various malaria endemic areas. Anti-C231 antibodies may also be associated 

to protection from clinical malaria, which further confirms previous studies carried out 

with EB200, a fragment of Pf332 108. This study further emphasizes the inclusion of 

antigen Pf332 as a subunit vaccine against P. falciparum malaria. 

 

Amidst all findings mentioned above, further studies will be carried out addressing the 

following;  

Antibodies induced by protein are commonly directed against surface exposed regions of 

the protein and certain epitopes may be immunodominant. One strategy for the selection 

of antigenic sequences to be included in a subunit vaccine against P. falciparum malaria, 
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is to define epitopes seen by antibodies which have the ability to interfere with parasite 

development. As it was earlier revealed, mAb 33G2, which was shown to inhibit 

merozoite invasion of RBCs, harbours an epitope of five amino acids long sequence, 

VTEEI 96. In line with this, the elucidation of specific B-cell epitopes by analyzing the 

ability of peptides to induce antibodies may reveal different epitope specificities 

regarding Pf332-C231. 

 

As mentioned earlier, malaria vaccine candidates directed to blood stages of infection are 

evaluated based on their ability to induce antibodies with anti-parasite activity. We intend 

to carry out more studies regarding the parasite inhibitory capacity of affinity purified 

human anti-C231 antibodies from Liberians, as in our earlier study (Paper I) we only 

used total rabbit antibodies. The parasite neutralizing capacity of these human antibodies 

will also be tested with human monocytes as this mimics the immunological situation in 

vivo. 



 

 23

Acknowledgements 
 

I sincerely, express my profound gratitude to all who have in one way or the other 

contributed to my study.  

 

These studies were supported by grants from Swedish International Development Co-

operation agency (SIDA, SAREC), the Swedish Medical Research Council (VR) and 

grants from the Biomalpar European Network of Excellence (LSMP-CT-2004-503578) 

 

Most especially, my supervisor, Prof. Klavs Berzins, for your kind heartedness.  

All former and present seniors at the department of Immunology. 

 

Ann Sjölund (I enjoyed the times we spent during our work both day and night), and the 

cheerful Margretha Hagstedt, for the nice helps rendered both in the lab and also outside 

lab issues.  

Gelana and Elisabeth Bergner; for having your doors open always. 

 

All former students at the department of Immunology and most especially Ben Gyan and 

Alice Nyakeriga, for being so accommodating. And NMV, all assistance rendered is 

highly appreciated.  

The present students (Allergy girls, and the MTB guys) and not forgetting the Malaria 

folks, you guys have been wonderful. The 567 girls, thanks for always providing your 

shoulders to cry on, and especially my Swedish and Italian tutor ´´Gracias `` 

 

The malaria group at MTC, KI, you guys have been so helpful and welcoming, especially 

Quijin Chen, Kirsten Moll and Malin Haegstrom. 

 

My Family, I really do not know how to express my immeasurable gratitude, and as well 

as my friends and family in Sverige, you have all been of immense support. 

And finally, my One and only S, thanks for being more than a better half. 



 

 24

References 

 

1. Snow RW, Guerra CA, Noor AM, Myint HY, Hay SI. The global distribution of 
clinical episodes of Plasmodium falciparum malaria. Nature. 2005; 434(7030):214-
217. 
 

2. Bolad A, Berzins K. Antigenic diversity of Plasmodium falciparum and antibody-
mediated parasite neutralization. Scand J Immunol. 2000; 52(3):233-239. 
 

3. Schofield L, Vivas L, Hackett F, Gerold P, Schwarz RT, Tachado S. Neutralizing 
monoclonal antibodies to glycosylphosphatidylinositol, the dominant TNF-alpha-
inducing toxin of Plasmodium falciparum: Prospects for the immunotherapy of 
severe malaria. Ann Trop Med Parasitol. 1993; 87(6):617-626. 
 

4. Playfair JH, Taverne J, Bate CA, de Souza JB. The malaria vaccine: Anti-parasite or 
anti-disease? Immunol Today. 1990; 11(1):25-27. 
 

5. Kwiatkowski D. Prospects of an anti-disease vaccine. In M. F. Good, and A. J Saul 
(Eds): Molecular and Immunological Considerations in Malaria Vaccine 
Development. 1994; 132-143. 
 

6. Roberts DJ, Craig AG, Berendt AR, et al. Rapid switching to multiple antigenic and 
adhesive phenotypes in malaria. Nature. 1992; 357(6380):689-692. 
 

7. Bate CA, Taverne J, Playfair JH. Malarial parasites induce TNF production by 
macrophages. Immunology. 1988; 64(2):227-231. 
 

8. Jones G, Steketee RW, Black RE, Bhutta ZA, Morris SS, Bellagio Child Survival 
Study Group. How many child deaths can we prevent this year? Lancet. 2003; 
362(9377):65-71. 
 

9. Wyler DJ. Malaria--resurgence, resistance, and research (second of two parts). N 
Engl J Med. 1983a; 308:934-40. 
 

10. Wyler DJ. Malaria--resurgence, resistance, and research. (first of two parts). N Engl 
J Med. 1983b; 308:875-8. 
 



 

 25

11. Bloland PB. Drug resistance in malaria. WHO/CDS/CSR/DRS/2001.4. Geneva. 
2001;  

12. Whitty CJ, Allan R, Wiseman V, et al. Averting a malaria disaster in Africa--where 
does the buck stop? Bull World Health Organ. 2004; 82(5):381-384. 
 

13. Wiseman V, Kim M, Mutabingwa TK, Whitty CJ. Cost-effectiveness study of three 
antimalarial drug combinations in Tanzania. PLoS Med. 2006; 3(10) 

14. World Health Organization. Antimalarial drug combination therapy. Report of a 
technical consultation Geneva: WHO. 2001; 33p. 
 

15. Daubersies P, Sallenave-Sales S, Magne S, et al. Rapid turnover of Plasmodium 
falciparum populations in asymptomatic individuals living in a high transmission 
area. Am J Trop Med Hyg. 1996; 54(1):18-26. 
 

16. Riley EM, Wagner GE, Ofori MF, et al. Lack of association between maternal 
antibody and protection of african infants from malaria infection. Infect Immun. 
2000; 68(10):5856-5863. 
 

17. Bruce-Chwatt LJ. Malaria in African infants and children in southern Nigeria. Ann 
Trop Med Parasitol. 1952; 46(2):173-200. 
 

18. Mohan K, Stevenson MM. Acquired immunity to asexual blood stages; in Sherman 
IW (ed). Malaria Parasite Biology, Pathogenesis and Protection. 1998; 467-493. 
 

19. Janeway CA,Jr, Medzhitov R. Innate immune recognition. Annu Rev Immunol. 
2002; 20:197-216. 
 

20. Beutler B. Innate immunity: An overview. Mol Immunol. 2004; 40(12):845-859. 
 

21. Campos MA, Almeida IC, Takeuchi O, et al. Activation of toll-like receptor-2 by 
glycosylphosphatidylinositol anchors from a protozoan parasite. J Immunol. 2001; 
167(1):416-423. 
 

22. Krishnegowda G, Hajjar AM, Zhu J, et al. Induction of proinflammatory responses 
in macrophages by the glycosylphosphatidylinositols of Plasmodium falciparum: 
Cell signaling receptors, glycosylphosphatidylinositol (GPI) structural requirement, 
and regulation of GPI activity. J Biol Chem. 2005; 280(9):8606-8616. 



 

 26

23. Mockenhaupt FP, Cramer JP, Hamann L, et al. Toll-like receptor (TLR) 
polymorphisms in African children: Common TLR-4 variants predispose to severe 
malaria. Proc Natl Acad Sci U S A. 2006; 103(1):177-182. 
 

24. Coban C, Ishii KJ, Kawai T, et al. Toll-like receptor 9 mediates innate immune 
activation by the malaria pigment hemozoin. J Exp Med. 2005; 201(1):19-25. 
 

25. Pichyangkul S, Yongvanitchit K, Kum-arb U, et al. Malaria blood stage parasites 
activate human plasmacytoid dendritic cells and murine dendritic cells through a toll-
like receptor 9-dependent pathway. J Immunol. 2004; 172(8):4926-4933. 
 

26. Perlmann P., and Troye-Blomberg M. Malaria and the immune system in humans. 
Malaria Immunology. 2002; :229-237. 
 

27. Kwiatkowski D, Nowak M. Periodic and chaotic host-parasite interactions in human 
malaria. Proc Natl Acad Sci U S A. 1991; 88(12):5111-5113. 
 

28. Orago AS, Facer CA. Cytotoxicity of human natural killer (NK) cell subsets for 
Plasmodium falciparum erythrocytic schizonts: Stimulation by cytokines and 
inhibition by neomycin. Clin Exp Immunol. 1991; 86(1):22-29. 
 

29. Artavanis-Tsakonas K, Eleme K, McQueen KL, et al. Activation of a subset of 
human NK cells upon contact with Plasmodium falciparum-infected erythrocytes. J 
Immunol. 2003; 171(10):5396-5405. 
 

30. Gyan B, Troye-Blomberg M, Perlmann P, Bjorkman A. Human monocytes cultured 
with and without interferon-gamma inhibit Plasmodium falciparum parasite growth 
in vitro via secretion of reactive nitrogen intermediates. Parasite Immunol. 1994; 
16(7):371-375. 
 

31. Serghides L, Smith TG, Patel SN, Kain KC. CD36 and malaria: Friends or foes? 
Trends Parasitol. 2003; 19(10):461-469. 
 

32. Hansen DS, Siomos MA, De Koning-Ward T, Buckingham L, Crabb BS, Schofield 
L. CD1d-restricted NKT cells contribute to malarial splenomegaly and enhance 
parasite-specific antibody responses. Eur J Immunol. 2003; 33(9):2588-2598. 
 

 



 

 27

33. Farouk SE, Mincheva-Nilsson L, Krensky AM, Dieli F, Troye-Blomberg M. Gamma 
delta T cells inhibit in vitro growth of the asexual blood stages of Plasmodium 
falciparum by a granule exocytosis-dependent cytotoxic pathway that requires 
granulysin. Eur J Immunol. 2004; 34(8):2248-2256. 
 

34. Fernandez-Reyes D, Craig AG, Kyes SA, et al. A high frequency African coding 
polymorphism in the N-terminal domain of ICAM-1 predisposing to cerebral malaria 
in Kenya. Hum Mol Genet. 1997; 6(8):1357-1360. 
 

35. McGuire W, Hill AV, Allsopp CE, Greenwood BM, Kwiatkowski D. Variation in 
the TNF-alpha promoter region associated with susceptibility to cerebral malaria. 
Nature. 1994; 371(6497):508-510. 
 

36. Berzins K, Perlmann H, Wahlin B, et al. Passive immunization of Aotus monkeys 
with human antibodies to the Plasmodium falciparum antigen Pf155/RESA. Infect 
Immun. 1991; 59(4):1500-1506. 
 

37. Troye-Blomberg, M., and Perlmann, P. Malaria immunity: An overview with 
emphasis on T cells function. Malaria Vaccine development A multi-immune 
response. 1994; pp1-46. 
 

38. Wåhlin B, Wahlgren M, Perlmann H, et al. Human antibodies to a mr 155,000 
Plasmodium falciparum antigen efficiently inhibit merozoite invasion. Proc Natl 
Acad Sci U S A. 1984; 81(24):7912-7916. 
 

39. Green TJ, Morhardt M, Brackett RG, Jacobs RL. Serum inhibition of merozoite 
dispersal from Plasmodium falciparum schizonts: Indicator of immune status. Infect 
Immun. 1981; 31(3):1203-1208. 
 

40. Bouharoun-Tayoun H, Attanath P, Sabchareon A, Chongsuphajaisiddhi T, Druilhe P. 
Antibodies that protect humans against Plasmodium falciparum blood stages do not 
on their own inhibit parasite growth and invasion in vitro, but act in cooperation with 
monocytes. J Exp Med. 1990; 172(6):1633-1641. 
 

41. Bouharoun-Tayoun H, Oeuvray C, Lunel F, Druilhe P. Mechanisms underlying the 
monocyte-mediated antibody-dependent killing of Plasmodium falciparum asexual 
blood stages. J Exp Med. 1995; 182(2):409-418. 
 

 



 

 28

42. Bouharoun-Tayoun H, Druilhe P. Plasmodium falciparum malaria: Evidence for an 
isotype imbalance which may be responsible for delayed acquisition of protective 
immunity. Infect Immun. 1992; 60(4):1473-1481. 
 

43. Sarthou JL, Angel G, Aribot G, et al. Prognostic value of anti-Plasmodium 
falciparum-specific immunoglobulin G3, cytokines, and their soluble receptors in 
west African patients with severe malaria. Infect Immun. 1997; 65(8):3271-3276. 
 

44. Shi YP, Udhayakumar V, Oloo AJ, Nahlen BL, Lal AA. Differential effect and 
interaction of monocytes, hyperimmune sera, and immunoglobulin G on the growth 
of asexual stage Plasmodium falciparum parasites. Am J Trop Med Hyg. 1999; 
60(1):135-141. 
 

45. Garraud O, Perraut R, Riveau G, Nutman TB. Class and subclass selection in 
parasite-specific antibody responses. Trends Parasitol. 2003; 19(7):300-304. 
 

46. Perlmann H, Helmby H, Hagstedt M, et al. IgE elevation and IgE anti-malarial 
antibodies in Plasmodium falciparum malaria: Association of high IgE levels with 
cerebral malaria. Clin Exp Immunol. 1994; 97(2):284-292. 
 

47. Perlmann P, Perlmann H, Looareesuwan S, et al. Contrasting functions of IgG and 
IgE antimalarial antibodies in uncomplicated and severe Plasmodium falciparum 
malaria. Am J Trop Med Hyg. 2000; 62(3):373-377. 
 

48. Nardin EH, Nussenzweig RS. T cell responses to pre-erythrocytic stages of malaria: 
Role in protection and vaccine development against pre-erythrocytic stages. Annu 
Rev Immunol. 1993; 11:687-727. 
 

49. Hill AV, Allsopp CE, Kwiatkowski D, et al. Common West African HLA antigens 
are associated with protection from severe malaria. Nature. 1991; 352(6336):595-
600. 
 

50. Aidoo M, Udhayakumar V. Field studies of cytotoxic T lymphocytes in malaria 
infections: Implications for malaria vaccine development. Parasitol Today. 2000; 
16(2):50-56. 
 

51. Suss G, Pink JR. A recombinant malaria protein that can induce Th1 and CD8+ T 
cell responses without antibody formation. J Immunol. 1992; 149(4):1334-1339. 
 



 

 29

52. Langhorne J, Gillard S, Simon B, Slade S, Eichmann K. Frequencies of CD4+ T 
cells reactive with Plasmodium chabaudi chabaudi: Distinct response kinetics for 
cells with Th1 and Th2 characteristics during infection. Int Immunol. 1989; 
1(4):416-424. 
 

53. Langhorne J, Meding SJ, Eichmann K, Gillard SS. The response of CD4+ T cells to 
Plasmodium chabaudi chabaudi. Immunol Rev. 1989; 112:71-94. 
 

54. Stevenson MM, Huang DY, Podoba JE, Nowotarski ME. Macrophage activation 
during Plasmodium chabaudi AS infection in resistant C57BL/6 and susceptible A/J 
mice. Infect Immun. 1992; 60(3):1193-1201. 
 

55. Troye-Blomberg M, Riley EM, Kabilan L, et al. Production by activated human T 
cells of interleukin 4 but not interferon-gamma is associated with elevated levels of 
serum antibodies to activating malaria antigens. Proc Natl Acad Sci U S A. 1990; 
87(14):5484-5488. 
 

56. Rzepczyk CM, Anderson K, Stamatiou S, et al. Gamma delta T cells: Their 
immunobiology and role in malaria infections. Int J Parasitol. 1997; 27(2):191-200. 
 

57. Pichyangkul S, Saengkrai P, Yongvanitchit K, Stewart A, Heppner DG. Activation 
of gammadelta T cells in malaria: Interaction of cytokines and a schizont-associated 
Plasmodium falciparum antigen. J Infect Dis. 1997; 176(1):233-241. 
 

58. Riley EM, Wahl S, Perkins DJ, Schofield L. Regulating immunity to malaria. 
Parasite Immunol. 2006; 28(1-2):35-49. 
 

59. Jenner E. An inquiry into the causes and effects of the variolae vacciniae. 1798. 

60. Haberman AM, Shlomchik MJ. Reassessing the function of immune-complex 
retention by follicular dendritic cells. Nat Rev Immunol. 2003; 3(9):757-764. 
 

61. Dertzbaugh MT. Genetically engineered vaccines: An overview. Plasmid. 1998; 
39(2):100-113. 

62. Liu MA. Vaccine developments. Nat Med. 1998; 4(5 Suppl):515-519. 
 

63. Babiuk LA. Broadening the approaches to developing more effective vaccines. 
Vaccine. 1999; 17(13-14):1587-1595. 



 

 30

64. Liljeqvist S, Stahl S. Production of recombinant subunit vaccines: Protein 
immunogens, live delivery systems and nucleic acid vaccines. J Biotechnol. 1999; 
73(1):1-33. 
 

65. Valenzuela P, Medina A, Rutter WJ, Ammerer G, Hall BD. Synthesis and assembly 
of hepatitis B virus surface antigen particles in yeast. Nature. 1982; 298(5872):347-
350. 

66. Desowitz RS. The malaria capers. 1991;  

67. Nussenzweig RS, Vanderberg J, Most H, Orton C. Protective immunity produced by 
the injection of x-irradiated sporozoites of Plasmodium berghei. Nature. 1967; 
216(5111):160-162. 
 

68. Sabchareon A, Burnouf T, Ouattara D, et al. Parasitologic and clinical human 
response to immunoglobulin administration in falciparum malaria. Am J Trop Med 
Hyg. 1991; 45(3):297-308. 
 

69. Kester KE, McKinney DA, Tornieporth N, et al. Efficacy of recombinant 
circumsporozoite protein vaccine regimens against experimental Plasmodium 
falciparum malaria. J Infect Dis. 2001; 183(4):640-647. 
 

70. Robson KJ, Hall JR, Jennings MW, et al. A highly conserved amino-acid sequence 
in thrombospondin, properdin and in proteins from sporozoites and blood stages of a 
human malaria parasite. Nature. 1988; 335(6185):79-82. 
 

71. Sultan AA, Thathy V, Frevert U, et al. TRAP is necessary for gliding motility and 
infectivity of plasmodium sporozoites. Cell. 1997; 90(3):511-522. 

72. Rogers WO, Malik A, Mellouk S, et al. Characterization of Plasmodium falciparum 
sporozoite surface protein 2. Proc Natl Acad Sci U S A. 1992; 89(19):9176-9180. 
 

73. Scarselli E, Tolle R, Koita O, et al. Analysis of the human antibody response to 
thrombospondin-related anonymous protein of Plasmodium falciparum. Infect 
Immun. 1993; 61(8):3490-3495. 
 

74. McConkey SJ, Reece WH, Moorthy VS, et al. Enhanced T-cell immunogenicity of 
plasmid DNA vaccines boosted by recombinant modified vaccinia virus Ankara in 
humans. Nat Med. 2003; 9(6):729-735. 
 



 

 31

75. Hill AV. Pre-erythrocytic malaria vaccines: Towards greater efficacy. Nat Rev 
Immunol. 2006; 6(1):21-32. 
 

76. Keating SM, Bejon P, Berthoud T, et al. Durable human memory T cells quantifiable 
by cultured enzyme-linked immunospot assays are induced by heterologous prime 
boost immunization and correlate with protection against malaria. J Immunol. 2005; 
175(9):5675-5680. 
 

77. Webster DP, Dunachie S, Vuola JM, et al. Enhanced T cell-mediated protection 
against malaria in human challenges by using the recombinant poxviruses FP9 and 
modified vaccinia virus Ankara. Proc Natl Acad Sci U S A. 2005; 102(13):4836-
4841. 
 

78. Stoute JA, Gombe J, Withers MR, et al. Phase 1 randomized double-blind safety and 
immunogenicity trial of Plasmodium falciparum malaria merozoite surface protein 
FMP1 vaccine, adjuvanted with AS02A, in adults in western Kenya. Vaccine. 2005;  

79. Bojang KA, Milligan PJ, Pinder M, et al. Efficacy of RTS,S/AS02 malaria vaccine 
against Plasmodium falciparum infection in semi-immune adult men in the Gambia: 
A randomised trial. Lancet. 2001; 358(9297):1927-1934. 
 

80. Alonso PL, Sacarlal J, Aponte JJ, et al. Duration of protection with RTS,S/AS02A 
malaria vaccine in prevention of Plasmodium falciparum disease in Mozambican 
children: Single-blind extended follow-up of a randomised controlled trial. Lancet. 
2005; 366(9502):2012-2018. 

81. Patarroyo G, Franco L, Amador R, et al. Study of the safety and immunogenicity of 
the synthetic malaria SPf66 vaccine in children aged 1-14 years. Vaccine. 1992; 
10(3):175-178. 
 

82. Woehlbier U, Epp C, Kauth CW, et al. Analysis of antibodies directed against 
merozoite surface protein 1 of the human malaria parasite Plasmodium falciparum. 
Infect Immun. 2006; 74(2):1313-1322. 
 

83. Genton B, Betuela I, Felger I, et al. A recombinant blood-stage malaria vaccine 
reduces Plasmodium falciparum density and exerts selective pressure on parasite 
populations in a phase 1-2b trial in Papua New Guinea. J Infect Dis. 2002; 
185(6):820-827. 
 

84. Girard MP, Reed ZH, Friede M, Kieny MP. A review of human vaccine research and 
development: Malaria. Vaccine. 2006;  



 

 32

85. Pichyangkul S, Gettayacamin M, Miller RS, et al. Pre-clinical evaluation of the 
malaria vaccine candidate P. falciparum MSP1(42) formulated with novel adjuvants 
or with alum. Vaccine. 2004; 22(29-30):3831-3840. 
 

86. Pan W, Huang D, Zhang Q, et al. Fusion of two malaria vaccine candidate antigens 
enhances product yield, immunogenicity, and antibody-mediated inhibition of 
parasite growth in vitro. J Immunol. 2004; 172(10):6167-6174. 
 

87. Zhang D, Pan W. Evaluation of three Pichia pastoris-expressed Plasmodium 
falciparum merozoite proteins as a combination vaccine against infection with 
blood-stage parasites. Infect Immun. 2005; 73(10):6530-6536. 
 

88. Audran R, Cachat M, Lurati F, et al. Phase I malaria vaccine trial with a long 
synthetic peptide derived from the merozoite surface protein 3 antigen. Infect 
Immun. 2005; 73(12):8017-8026. 
 

89. Druilhe P, Spertini F, Soesoe D, et al. A malaria vaccine that elicits in humans 
antibodies able to kill Plasmodium falciparum. PLoS Med. 2005; 2(11):e344. 
 

90. Dodoo D, Theisen M, Kurtzhals JA, et al. Naturally acquired antibodies to the 
glutamate-rich protein are associated with protection against Plasmodium falciparum 
malaria. J Infect Dis. 2000; 181(3):1202-1205. 
 

91. Theisen M, Dodoo D, Toure-Balde A, et al. Selection of glutamate-rich protein long 
synthetic peptides for vaccine development: Antigenicity and relationship with 
clinical protection and immunogenicity. Infect Immun. 2001; 69(9):5223-5229. 
 

92. Hermsen CC, Verhage DF, Telgt DS, et al. Glutamate-rich protein (GLURP) induces 
antibodies that inhibit in vitro growth of Plasmodium falciparum in a phase 1 malaria 
vaccine trial. Vaccine. 2006;  

93. Li J, Mitamura T, Fox BA, Bzik DJ, Horii T. Differential localization of processed 
fragments of Plasmodium falciparum serine repeat antigen and further processing of 
its N-terminal 47 kDa fragment. Parasitol Int. 2002; 51(4):343-352. 

94. Okech BA, Nalunkuma A, Okello D, et al. Natural human immunoglobulin G 
subclass responses to Plasmodium falciparum serine repeat antigen in Uganda. Am J 
Trop Med Hyg. 2001; 65(6):912-917. 
 

 



 

 33

95. Arakawa T, Komesu A, Otsuki H, et al. Nasal immunization with a malaria 
transmission-blocking vaccine candidate, Pfs25, induces complete protective 
immunity in mice against field isolates of Plasmodium falciparum. Infect Immun. 
2005; 73(11):7375-7380. 
 

96. Ahlborg N, Berzins K, Perlmann P. Definition of the epitope recognized by the 
Plasmodium falciparum-reactive human monoclonal antibody 33G2. Mol Biochem 
Parasitol. 1991; 46(1):89-95. 

97. Mattei D, Berzins K, Wahlgren M, et al. Cross-reactive antigenic determinants 
present on different Plasmodium falciparum blood-stage antigens. Parasite Immunol. 
1989; 11(1):15-29. 

98. plasmodb. Http://www.plasmodb.org/plasmo/home.jsp.  

99. Hinterberg K, Scherf A, Gysin J, et al. Plasmodium falciparum: The Pf332 antigen is 
secreted from the parasite by a brefeldin A-dependent pathway and is translocated to 
the erythrocyte membrane via the Maurer’s clefts. Exp Parasitol. 1994; 79(3):279-
291. 

100. Mattei D, Scherf A. Subtelomeric chromosome instability in Plasmodium 
falciparum: Short telomere-like sequence motifs found frequently at healed 
chromosome breakpoints. Mutat Res. 1994; 324(3):115-120. 
 

101. Mercereau-Puijalon O, Jacquemot C, Sarthou JL. A study of the genomic diversity of 
Plasmodium falciparum in Senegal. 1. Typing by southern blot analysis. Acta Trop. 
1991; 49(4):281-292. 
 

102. Haddad D, Snounou G, Mattei D, et al. Limited genetic diversity of Plasmodium 
falciparum in field isolates from honduras. Am J Trop Med Hyg. 1999; 60(1):30-34. 

103. Haeggström M, Kironde F, Berzins K, Chen Q, Wahlgren M, Fernandez V. Common 
trafficking pathway for variant antigens destined for the surface of the Plasmodium 
falciparum-infected erythrocyte. Mol Biochem Parasitol. 2004; 133(1):1-14. 
 

104. Udomsangpetch R, Aikawa M, Berzins K, Wahlgren M, Perlmann P. Cytoadherence 
of knobless Plasmodium falciparum-infected erythrocytes and its inhibition by a 
human monoclonal antibody. Nature. 1989; 338(6218):763-765. 
 

105. Ahlborg N, Iqbal J, Bjork L, Ståhl S, Perlmann P, Berzins K. Plasmodium 
falciparum: Differential parasite growth inhibition mediated by antibodies to the 
antigens Pf332 and Pf155/RESA. Exp Parasitol. 1996; 82(2):155-163. 
 



 

 34

106. Ahlborg N, Iqbal J, Hansson M, et al. Immunogens containing sequences from 
antigen Pf332 induce Plasmodium falciparum-reactive antibodies which inhibit 
parasite growth but not cytoadherence. Parasite Immunol. 1995; 17(7):341-352. 
 

107. Ahlborg N, Flyg BW, Iqbal J, Perlmann P, Berzins K. Epitope specificity and 
capacity to inhibit parasite growth in vitro of human antibodies to repeat sequences 
of the Plasmodium falciparum antigen Ag332. Parasite Immunol. 1993; 15(7):391-
400. 
 

108. Ahlborg N, Haddad D, Siddique AB, et al. Antibody responses to the repetitive 
Plasmodium falciparum antigen Pf332 in humans naturally primed to the parasite. 
Clin Exp Immunol. 2002; 129(2):318-325. 
 

109. Mattei D, Scherf A. The Pf332 gene of Plasmodium falciparum codes for a giant 
protein that is translocated from the parasite to the membrane of infected 
erythrocytes. Gene. 1992; 110(1):71-79. 
 

110. Gysin J, Gavoille S, Mattei D, et al. In vitro phagocytosis inhibition assay for the 
screening of potential candidate antigens for sub-unit vaccines against the asexual 
blood stage of Plasmodium falciparum. J Immunol Methods. 1993; 159(1-2):209-
219. 
 

111. Perraut R, Mercereau-Puijalon O, Mattei D, et al. Induction of opsonizing antibodies 
after injection of recombinant Plasmodium falciparum vaccine candidate antigens in 
preimmune saimiri sciureus monkeys. Infect Immun. 1995; 63(2):554-562. 
 

112. Aucan C, Traore Y, Tall F, et al. High immunoglobulin G2 (IgG2) and low IgG4 
levels are associated with human resistance to Plasmodium falciparum malaria. 
Infect Immun. 2000; 68(3):1252-1258. 
 

113. Ntoumi F, Flori L, Mayengue PI, et al. Influence of carriage of hemoglobin AS and 
the fc gamma receptor IIa-R131 allele on levels of immunoglobulin G2 antibodies to 
Plasmodium falciparum merozoite antigens in Gabonese children. J Infect Dis. 2005; 
192(11):1975-1980. 
 

114. Warmerdam PA, van de Winkel JG, Vlug A, Westerdaal NA, Capel PJ. A single 
amino acid in the second ig-like domain of the human fc gamma receptor II is critical 
for human IgG2 binding. J Immunol. 1991; 147(4):1338-1343. 
 


