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ABSTRACT 
Plasmodium falciparum is a leading cause of death among children under the age of five and 

pregnant women in sub-Saharan Africa. More than one third of the world’s population is at risk of 
contracting malaria, and 70 % of the cases are found in sub-Saharan Africa. Emerging drug resistance in 
parasites and limited effect of vector control calls for an effective vaccine. It is known that individuals 
living in malaria endemic countries develop naturally acquired immunity after repeated exposure. 
Antibodies are important components of acquired immunity, and it has been shown that passive transfer 
of antibodies from immune donors to individuals with P. falciparum infections reduced parasitemia and 
clinical symptoms. Antibodies against several P. falciparum merozoite antigens have been found to be 
associated with protective immunity. It is of great importance to understand the underlying functional 
role of antibodies in the development of protective immunity against severe malaria.  

In a cross-sectional study in Uganda, the quantitative and qualitative differences in antibody 
responses to a panel of merozoite antigens in children with uncomplicated or severe malaria were 
evaluated using a set of assays including ELISA, Invasion Inhibition Assays (IIA), NH4SCN-ELISA and 
Surface Plasmon Resonance (SPR). Children with uncomplicated malaria had higher antibody levels 
against PfEBA-181, MSP2-Fc27, MSP2-3D7 and PfAMA1 when compared to children with severe 
malaria. Acquired antibodies against PfRh2 and PfAMA1 in ELISA correlated with invasion inhibition of 
two clinical isolates in IIA, and anti-PfAMA1-antibodies in ELISA correlated with increased anti-
PfAMA1-antibody affinity in SPR. Importantly, the only assay that correlated with initial parasitemia in 
the children was the IIA. Both MSP2-Fc27 and MSP2-3D7 allelic variants were present in both children 
groups, but there was a higher number of genotypes in uncomplicated malaria compared to in children 
with severe malaria. 

P. falciparum clinical isolates collected from Ugandan children with uncomplicated malaria or 
severe malaria were further investigated for rosetting, parasite multiplication and RBC invasion. Optimal 
in vitro growth conditions were established, which allowed for phenotypic studies of clinical P. 
falciparum isolates. Presence of serum in growth cultures was found to be essential for optimal surface 
presentation of PfEMP1 and maintenance of rosettes. Higher peripheral parasitemia, higher rosetting 
levels and higher multiplication rates were observed in children with severe malaria and these correlated 
positively with one another. Rosetting might enhance successful merozoite invasion in vivo, hence could 
be the reason it is found to be associated with severe disease. Furthermore, parasite invasion into trypsin- 
and chymotrypsin-treated RBC differed between the uncomplicated and severe groups, and isolates from 
children with uncomplicated malaria showed higher sensitivity to enzyme treatment. The majority of 
clinical isolates used a sialic acid independent invasion pathway. Parasite invasion is central to parasite 
replication and virulence, and it is essential to know which invasion pathways are used for vaccine 
studies. 

Naturally acquired antibody responses to P. falciparum merozoite antigens was further studied  
in a longitudinal study over almost one year in children and adults from Nigeria. The malaria protective 
effects of the hemoglobin S (HbAS) allele were also investigated. In both children and adults, the 
antibody response against PfEBA175 was more prominent than that against PfRh2, and cytophilic IgG1 
and IgG3 against PfEBA175 were the predominant antibodies even though we could also see some 
response for IgG2 and IgG4. Individuals with higher total IgG responses against both PfEBA175 and 
PfRh2 had lower parasitemia over the course of the study period. Furthermore, children with HbAS had 
higher antibody responses against merozoite antigens compared to adults, and this might have protective 
effects against malaria. 

In conclusion this thesis emphasizes the great importance of using a combination of functional 
assays, such as SPR and IIA, to study the functional role of acquired antibodies in the development of 
protective immunological responses against severe malaria. Furthermore, investigations of parasite 
invasion and rosetting in the context of pathogenesis of severe malaria are crucial as both are important 
for parasite replication and virulence. Taken together, future vaccine studies should include functional 
assays that would allow the investigation of differences in immunological responses against severe and 
uncomplicated malaria. Also, to consider the protective effects of red blood polymorphisms and their role 
in acquired immunity in the populations, would be of great value for future vaccine studies. 
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1 INTRODUCTION 

 
1.1 PRESENT MALARIA BURDEN 

Plasmodium falciparum malaria is a major global health issue. More than one third of 
the world’s population is at risk of contracting malaria, and up to 70 % of the cases are found in 
sub-Saharan Africa (Figure 1). There were around 219 million cases and 660 000 deaths in 
2010, mainly children under the age of five and pregnant women (WHO, 2012). It is estimated 
that a child dies from malaria every 40-th second, resulting in approximately 2 000 lives lost 
daily around the world (Sachs, 2002). 

Malaria mortality rates are the highest in countries with the lowest Gross National 
Income (GNI) (WHO, 2012). The prevention and treatment, and loss of income due to malaria 
morbidity or mortality have a great toll on a poor agriculture household (Malaney et al., 2004). 
Population movement into regions of high malaria transmission, changes in agriculture, 
deforesting and long-term climate changes are risk factors that can have an effect on the 
emerging malaria pattern (Sachs and Malaney, 2002).  

The coverage of vector control intervention has increased in the past decade in sub-
Saharan Africa. The households owning insecticide-treated bed nets  (ITN) have increased from 
5 % in 2000 to 53 % in 2012 (WHO, 2012). Implementation of control programs using drug 
treatment of malaria infected individuals, preventive drug treatment of populations at risk, 
mosquito control with ITN and indoor insecticide spraying have contributed to a decrease of 
malaria morbidity and mortality (Kappe et al., 2010; WHO, 2012). Between 2000 and 2010, the 
global malaria incidence decreased by 17 % and mortality by 26 % (WHO, 2011). 
 

 
 
 
Figure 1. Global limits and endemicity of Plasmodium falciparum as estimated in 2007. (Adapted from 
(Hay et al., 2010)). 
 
1.2 APICOMPLEXAN PROTOZOA 

Apicomplexan protozoa is a very large group including 4 000 - 5 000 species that both 
infect invertebrates and vertebrates. Apicomplexan protozoa are unicellular organisms 
characterized by unique organelles, apicoplast and apical complex structures, such as 
mirconemes and rhoptries located at the apical end of the cells. These organelles have a key 
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role in the invasion of animal cells. Plasmodium spp belong to the apicomplexan phylum. Other 
medical important parasites in this phylum include Toxoplasma spp and Cryptosporidium spp, 
and in agriculture there are Theileria spp, Babesia spp, and Eimeria spp. Species in this group 
have complex life cycles and are transmitted by insect vectors (Murray, 2009). 
 
1.2.1 PLASMODIUM SPECIES 

Plasmodium spp. consists of more than a hundred species that infect a wide range of 
animals, monkeys, birds and rodents.  At least 5 species are known to infect humans: 
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmoidum malariae and 
Plasmodium knowlesi. Globally, P.  falciparum cause the deadliest form of malaria and is the 
major cause of morbidity and mortality. P. vivax is mainly found in South America and Asia, 
and is a major cause of morbidity outside Africa (Anstey et al., 2012; Price et al., 2007). P. 
vivax was historically described as “ benign tertian malaria”, but this term is misleading since P. 
vivax has been reported to cause major morbidity and in worst case mortality (Barcus et al., 
2007; Price et al., 2009). P. malariae and P. ovale cause a relatively mild form of malaria and 
are less frequent to infect humans. P. knowlesi was recently recognized as a fifth malaria 
species and was found to cause malaria in macaques but also proven to infect humans (White, 
2008). 

The scope of this thesis is the P. falciparum and the antibody responses to P. 
falciparum merozoite antigens. 
 
1.2.2 LIFE CYCLE 

The Plasmodium spp. life cycle involves a mosquito vector and a vertebrate animal, 
with asexual and sexual developmental stages (Figure 2). 

The host life cycle consists of the pre-erythrocytic stage and the erythrocytic stage. In 
the pre-erythrocytic stage, the female Anopheles mosquito injects sporozoites (harboured in the 
salivary glands) into the dermis of the host during a blood meal. Real time imaging in animal 
studies using GFP expressing P.  berghei parasites showed that 20 sporozoites were injected 
under the dermis and had a robust forward gliding locomotion movement (Amino et al., 2006). 
The sporozoites eventually interact with the blood vessels in the dermis through gliding 
movements, and reach the blood circulation and lymphatic vessels, before entering the liver 
circulation. The sporozoites invading the lymphatic vessels are eventually drained in the 
lymphatic node (Amino et al., 2006). The gliding movement used by the sporozoites is essential 
and allows them to migrate through cells, and to pass through biological barriers, the 
cytoplasma of host cells (Amino et al., 2008; Frevert et al., 2005). The sporozoites express 
surface antigens, such as circumsporozoite protein (CSP) that has been shown to have a vital 
role in the sporozoite development, motility, invasion and subversion of hepatocytes (Frevert 
and Nardin, 2008; Kappe et al., 2004; Singh et al., 2007). Once the sporozoites have reached 
the liver circulation, it takes only minutes before they reach the liver. By using the gliding 
movement, the sporozoites migrate through the Kuppfer cells lining and several hepatocytes, 
before invading a heaptocyte and forming a parasitophorous vacuole (PV) (Baer et al., 2007b; 
Mota et al., 2002; Mota et al., 2001; Pradel and Frevert, 2001). During a time period of around 
6-15 days depending on Plasmodium spp., the sporozoites undergo differentiation and 
replicates into thousands of haploid forms called merozoites per hepatocyte cell (Baer et al., 
2007a; Tarun et al., 2006). The merozoites exit the hepatocyte and re-enter the blood 
circulation.  
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This stage is referred to as the erythrocytic stage. The free merozoites invade red blood 
cells (RBC), and replication takes place through asexual forming and releasing of new 
merozoites from rupturing RBC. The parasitized RBC (pRBC) develops into ring form, 
trophozoite, and finally a mature schizont (this process is known as schizogony), which after 
mitotic nuclear division bursts and releases 8-16 new merozoites into the blood circulation. This 
stage takes 24-72 hours (depending on Plasmodium spp). The formation of a parasitophorous 
vacuolar membrane (PVM) is essential for the parasite’s survival and growth. It is formed 
during the invasion process and surrounds the parasite during the intra-erythrocytic 
development and is critical for structural and transport functions (Boddey and Cowman, 2013; 
Cooke et al., 2004; Haase and de Koning-Ward, 2010). The replication of merozoites can result 
in thousands of pRBC in the blood circulation. The erythrocytic stage is a complex process and 
is responsible for the symptoms and illness caused by malaria if not treated.  

Some of the pRBC in the blood circulation develop into the sexual form of the malaria 
parasite, female and male gametocytes. The switch may be due to a genetic response to a 
specific stimulus by host or parasite origin (Alano and Carter, 1990; Bruce et al., 1990; Talman 
et al., 2004). Furthermore, it has been shown that merozoites from a single schizont either 
continue the asexual cycle or develop into either female or male gametocytes (Bruce et al., 
1990; Smith et al., 2000). During a blood meal, a feeding female Anopheles mosquito ingests 
female and male gametocytes. The female and male gametocytes are released into the midgut of 
the mosquito, and develop to female and male gametes, which fuse to form diploid zygotes. 
The zygote further develops into an elongated and motile ookinete. The ookinete invades the 
midgut wall and develops into an oocyte. The oocyte develops and matures, and finally ruptures 
to release sporozoites. The sporozoites migrate to the salivary gland of the mosquito, and during 
the next blood meal they will be injected into the human host, thus the continuation of the 
Plasmodium life cycle (Pimenta et al., 1994; Touray et al., 1992). 

 
Figure 2. The Life Cycle of P. falciparum in the Human Host (Adapted from (Cowman and Crabb, 
2006) and published with permission from Nature Publishing Group).  
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1.3 DISEASE CHARACTERISTICS 

Malaria gives rise to a wide variety of symptoms, ranging from asymptomatic, mild to 
severe symptoms with high mortality rate. Malaria is categorized as uncomplicated or severe, 
and is described as flu like manifestations (7-15 days post infection), with the classical “cold 
stage”, a combination of shivering and feeling cold (despite elevated body temperature) for an 
hour.  The “hot stage” lasts for 2-6 h and includes fever, headache, vomiting, nausea, and 
maybe seizures in children. This is followed by the “sweating stage”, with body temperature 
decline and malaise.  At the end of this stage, the patient feels complete exhaustion and 
tiredness. The sudden onset of these clinical symptoms is also known as a malaria paroxysm.  
The clinical symptoms that are manifested during the disease are caused by the erythrocytic 
stage of the parasites. Febrile attacks occur periodically every 24, 48 or 72 hours (depending on 
the Plasmodium spp.). During the blood stage, the pRBC ruptures releasing fever associated 
substances, including hemozoin and other toxic factors, which stimulate macrophages and 
dendritic cells to produce proinflammatory cytokines. The secretion of high levels of tumor 
necrosis factor α (TNFα) into the circulation has an adverse effect on disease progression (Kern 
et al., 1989; Molyneux et al., 1991), and is more often found in patients with severe than 
uncomplicated malaria (Kwiatkowski, 1990). 

P.  vivax, P.  ovale and P.  malariae have onsets of malaria paroxysms every 48 hours 
(tertian) or 72 hours (quartian) (depending on the species) while P. knowlesi comes every 24 
hours (semi-tertian). Other symptoms seen in malaria patients include hemolytic anaemia with a 
dramatical drop in hemogloblin during onset of disease (Jakeman et al., 1999; Lamikanra et al., 
2007). Splenomegaly can be observed during the acute malaria onset, and increase in size with 
repeated infections (Chaves et al., 2011; Del Portillo et al., 2012). Jaundice can be due to 
hemolysis and seen in all types of malaria. However, P. falciparum has been shown to be the 
leading cause of malaria hepatopathy, and an increasing number of cases have been reported in 
Asian countries (Anand and Puri, 2005; WHO, 2000b). 

During the P. falciparum infection, mature trophozoites sequester within the 
microvasculature of the brain, lung, kidney, intestines, skin and placenta, and major organs. The 
sequestration will be discussed in detail in section 1.4.4. 
 
1.3.1 SEVERE MALARIA 

The clinical outcomes of P. falciparum infection are numerous and diverse, with severe 
and complicated manifestations. The progression from uncomplicated malaria disease to severe 
malaria with fatal outcome can be rapid, within hours. Severe malaria is a number of different 
conditions that can appear alone or in combination. The complications and severe 
manifestations are severe anaemia, renal failure, acute respiratory distress syndrome (ARDS), 
pulmonary edema, unrousable coma (cerebral coma), multiple convulsions, circulatory 
collapse, renal failure, hypoglycemia, abnormal bleeding, acidosis, hyperlactemia and 
hyperparasitemia (WHO, 2000b). P. falciparum can also cause pregnancy-associated malaria 
(PAM), which causes complications in both the mother and infant. The mortality rate for severe 
malaria with treatment falls to 15-20 % (WHO, 2010).  
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1.3.2 SEVERE ANAEMIA 

Severe anaemia is defined as having a hemogloblin level <5g/dl in children or <7g/dl in 
adults (WHO, 2000a) or a hematocrit below 15%. The fatality rate due to severe anaemia in 
malaria is lower than in ARDS and cerebral malaria (Murphy and Breman, 2001). However, 
together with cerebral malaria, severe anaemia is a leading cause of mortality, between 6-16% 
in children (Marsh et al., 1995), and 6% in pregnant woman (Shulman et al., 1996). Malaria 
patients have an increased risk of hemolysis (90%) compared to healthy individuals (Jakeman 
et al., 1999). An average of 8.5 unparasitized RBC are destroyed for every invaded RBC, 
resulting in anaemia due to destruction of healthy RBC and pRBC.  

A study using a rodent model demonstrated that the clearance of pRBC was due to the 
uptake of phagocytic monocytes and macrophages, and this caused anaemia (Evans et al., 
2006). Hemozoin released from rupturing pRBC has been associated with anaemia by 
inhibiting erythroid development, and this caused induction of apoptosis (Lamikanra et al., 
2009). Macrophage ingestion of hemozoin caused macrophages to release macrophage 
migration inhibitor factor (MIF), which inhibits erythroid progenitor derived colony formation 
(Martiney et al., 2000). Malaria toxins stimulated macrophages to produce the pro-
inflammatory cytokines TNF-α, INF-γ and IL-12 during the acute blood stage, and they have 
been shown in vitro and in vivo to mediate chronic disease, including malaria (Taverne et al., 
1994). During the chronic stages of malaria, bone marrow hypoplasia and subsequent 
dyserythropoesis are also believed to play role in severe anaemia (Wickramasinghe and 
Abdalla, 2000). 
 
 
1.3.3 ACUTE RESPIRATORY DISTRESS SYNDROME 

There are different types of respiratory distress found in malaria patients. It is defined 
as a respiratory rate that reaches above 40 breaths per minute. Hyperventilation is the result of 
metabolic acidosis, caused by renal dysfunction and insufficient clearance of lactic acid and this 
cause low blood pH and an increased respiratory rate. Hyperventilation is the most common 
type of respiratory distress found in African children with malaria, and it is also found in adults 
(English et al., 1996; Marsh et al., 1995). 

The acute respiratory distress syndrome (ARDS) is a severe condition associated with 
high risk of death, and is increasingly associated with malaria. ARDS is associated with 
alveolar inflammation, damage to the alveolar-capillary membrane and severe hypoxemia 
(Taylor et al., 2006). Malaria-associated ARDS is mainly found in adults, with mortality rates 
up to 80 %, even with treatment. ARDS can also occur in children, but is rare. Most cases of 
ARDS are found in low transmission areas or in non-immune travellers. Pregnant women with 
severe malaria are at higher risk to develop malaria-associated ARDS. It has been shown that 
the prevalence of ARDS ranges from 2 % up to 20 % in adults with severe malaria, but it 
depends on the study area and parasite species (Taylor et al., 2006; Taylor et al., 2012). The 
pathogenesis of ARDS is not fully understood. Damage to the endothelial barrier results in 
interstitial edema, and edema fluids leak out to the alveoli. This results in formation of 
eosinophilic hyaline membranes, surrounding the alveolar walls (Valecha et al., 2009). Post 
mortem histo-pathological studies have shown presence of monocytes and macrophages inside 
the blood capillaries and intersititium, and in alveolar spaces (Duarte et al., 1985). Hemozoin 
has also been seen in pulmonary macrophages, due to phagocytosis, causing production of 
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cytokines and inflammatory mediators (Valecha et al., 2009). P. falciparum parasites sequester 
within the capillaries of the lung, and are believed to be involved in the pathogenesis.  
 
1.3.4 CEREBRAL MALARIA 

The most severe neurological complication of P. falciparum infection is cerebral 
malaria (CM), and it is a major cause of acute non-traumatic encephalopathy in tropical 
countries. According to WHO guidelines, CM as clinical syndrome is characterized by 
unrousable coma (inability to respond to a painful stimuli) at least 1 hour after a seizure 
(scoring <3 on the Blantyre scale), positive P. falciparum blood smears, and exclusion of other 
causes of encephalopathy (Molyneux et al., 1989; WHO, 2000b). Hospital admitted children 
with cerebral malaria often have a history of 1-3 days of fever, vomiting, coughing and main 
neurological signs including coma, seizures and brainstem signs (Molyneux et al., 1989; 
Newton et al., 2000). Mortality due to CM is high, about 20% in children and adults, and the 
majority of deaths occur within 24 hours from hospital admission, before the anti-malarial 
drugs have had any effect. Mortality is high among children with shock, hypoglycaemia, 
multiple and prolonged seizures or coma (Faiz et al., 1998; Idro et al., 2004).  The onset of CM 
in children is very rapid within a few days of fever, while in adults it develops gradually 
(Kochar et al., 2002; Molyneux et al., 1989). Around 60 % of children with cerebral malaria 
develop seizures after hospital admission (Crawley et al., 1996; Crawley et al., 2001). Seizures 
are thought to be an important cause of impairment for consciousness in children. Around 10% 
of malaria patients who survive cerebral malaria have neurological sequelae, caused by 
seizures, prolonged and deep coma and hypoglycaemia (Bondi, 1992; Walker et al., 1992). The 
majority of patients with cerebral malaria have full recovery but there has been recognized an 
increasing number of reported cases of brain injury, especially in African children, over the past 
20 years.  Long-term neurological or cognitive deficits include effect on memory, motor 
deficits, epilepsy, speech and language difficulties, and difficulties in concentration and 
attention (Ngoungou and Preux, 2008; van Hensbroek et al., 1997). Neurological sequelae are 
less common in adults.   

Pathogenesis studies of CM have mainly been post mortem surveys, in vitro studies or 
animal studies. Sequestration of P. falciparum parasites in the microvasculature of the brain has 
been observed in several post mortem examinations of children and adults, who died from CM.  
Sequestration is believed to be central to the pathogenesis of CM, and extensive sequestration 
leads to obstruction of blood flow and causes tissue hypoxia (Pongponratn et al., 1991). The 
hypoxia causes metabolic exchange and release of pro-inflammatory cytokines, which are 
protective or inflammatory for the malaria patient. Increased levels of INF-γ and TNFα have 
been shown in both in human and murine studies to be implicated in the pathogenesis of CM 
(Hunt and Grau, 2003). 
 
 
1.3.5 PREGNANCY-ASSOCIATED MALARIA 

Individuals living in malaria endemic areas become semi-immune to severe malaria after 
repeated exposure.  However, women become susceptible to severe malaria during pregnancy. 
The risk of contracting pregnancy-associated malaria (PAM) is highest among primigravide 
women, with lower incidence and severity in women of higher parity. Women living in 
unstable or low transmission areas have a higher risk of severe malaria, CM and respiratory 
distress, while women in high transmission areas more often suffer from severe anaemia (Duffy 
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and Fried, 2005). PAM causes infant low birth weight, prematurity, still birth, anaemia in 
newborns, maternal anaemia and is responsible for,100 000-250 000 infant and fetal deaths and 
1 500 maternal deaths in sub-Saharan Africa each year (Duffy and Fried, 2005). During 
PAM, the pRBC sequester in the intervillous space of the placenta, which restricts the blood 
flow and nutrient passage across the placenta (Beeson et al., 1999; Fried and Duffy, 1996). 
There is a harmful inflammatory response, with increased infiltration of monocytes in the 
placenta and increased levels of pro-inflammatory cytokines (Ismail et al., 2000; Rogerson et 
al., 2003). 
 
 
1.4 PLASMODIUM FALCIPARUM PATHOGENESIS 

1.4.1 HOST REMODELING 

The pRBC undergoes host cell remodeling to sustain the survival and development of 
the parasite. The host remodeling occurs as follows: I) P.  falciparum proteins interact with the 
RBC cytoskeleton, and alter the cell´s mechanical properties or II) modify cell architecture of 
the host cell membrane or III) participate in the transport machinery responsible for protein 
trafficking to the RBC surface.  

The main membrane structures involved in the trafficing machinery and that are also 
found in the RBC cytosol, are the tubulovesicular network (TVN) and Mauers clefts (MC) 
(Atkinson and Aikawa, 1990; Bannister and Dluzewski, 1990; Langreth et al., 1978). The TVN 
is the most prominent of the membrane structures and comprises an interconnected network of 
tubular and vesicular membranes that extends from the PV into the cytoplasma (Elmendorf and 
Haldar, 1994).  Additionally, TVN is thought to be involved in nutrient import (Lauer et al., 
1997). MCs are characterized by a translucent lumen and electron-dense coats found in the 
RBC cytosol, and are located close to the RBC membrane (Atkinson and Aikawa, 1990; Kriek 
et al., 2003). MCs are found in the cytosol of late stage rings, and recently they were found to 
be present from 2-6 hours post infection (Bannister et al., 2004; Langreth et al., 1978). Several 
exported proteins including PfEMP1, RIFIN (repetitive interspersed proteins), SURFIN 
(surface-associated interspersed protein) and Pf332, interact with MC and are thought to be 
involved in the protein transportation between PV and the RBC membrane. However, the MC 
transportation is not fully understood (Haeggstrom et al., 2004; Kriek et al., 2003; Wickham et 
al., 2001). Several integral proteins have been shown to be important for the correct MC 
formation. P. falciparum skeleton binding protein 1 (PfSBP1), and also membrane-associated 
histidine rich protein 1 (MAHRP1), ring exposed protein 1 (REX1) and P. falciparum 
erythrocyte membrane 3 (PfEMP3) (Maier et al., 2009b) have been shown to be of interest.  

Knobs are found on the surface of the pRBC during the trophozoite and schizont 
development. Knobs are dense electron protrusions and have been shown to serve as 
sequestration attachments during sequestration in the microvasculature (Aikawa, 1988b). 
Electron microscopy studies of patients who died from CM showed pRBC attached to the 
endothelium via knobs (Aikawa, 1988a). The P. falciparum knob-associated histidine-rich 
protein (KAHRP) is essential for knob formation, and found on the cytoplasmic side of RBC. 
KAHRP interacts with spectrin, actin and ankyrin and anchor PfEMP1 to the cytoskeleton of 
RBCs (Crabb et al., 1997; Culvenor et al., 1987; Oh et al., 2000; Waller et al., 1999). Gene 
disruption of KAHRP has demonstrated impaired cytoadhesion, hence suggesting the 
importance of KAHRP as essential for PfEMP1 surface expression (Crabb et al., 1997). 
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KAHRP has been shown to interact with the ATS domain of PfEMP1 (Waller et al., 1999), and 
also to interact with spectrin and actin implying a stabilizing function (Kilejian et al., 1991).  
 
 
1.4.2 PROTEIN TRAFFICKING 

The RBC lacks the secretory apparatus found in other nucleated cells, and the parasite 
can’t use host mechanisms for protein transport and export and it must establish a de novo 
secretory system within the host cell cytoplasm. The protein transport system is complex, 
involving sorting and signalling events inside the mature pRBC. The parasite proteins need to 
reach the RBC cytosol, and to do so they have to cross two membranes; the parasite plasma 
membrane (PM) and parasitophorous vacuolar membrane (PVM) that encloses the parasite, 
then cross into to the host cell cytosol. Major routes for protein transport are the secretory and 
endocytic pathways in eukaryotic cells. Key components such as the endoplasmatic reticulum 
(ER) and the Golgi apparatus are required for the classical secretory pathway. Secreted proteins 
are co-translationally inserted into ER, and then directed from ER to the Golgi, endosomes and 
lysosomes by the anterograde secretory pathway. The parasites have a range of unique 
organelles fed by secretory pathways including food vacuole, apicoplast and three secretory 
granules essential for merozoite invasion (rhoptories, dense granules and micromeres) (Waller 
et al., 2000; Wickham et al., 2001).  

Proteins that are transported to the surface contain a conserved amino acid motif known 
as the Plasmodium export element (PEXEL) (Marti et al., 2004), or also called the vacuolar 
transport signal (VTS) (Hiller et al., 2004). The motif is conserved in all Plasmodium spp. 
Around 200-400 soluble and membrane bound proteins carry the motif, and are known as P. 
falciparum exportome (Sargeant et al., 2006; van Ooij et al., 2008). PfEMP1 is one of the most 
important and well-characterized export proteins in P. falciparum. PfEMP1 proteins are over 
300 kDa, and do not have a signal sequence but have a C-terminal trans-membrane domain that 
is important for the entry into the ER (Knuepfer et al., 2005). PfEMP1 has a conserved N-
terminal sequence, with partial homology to the PEXEL motif. However, the PfEMP1 PEXEL-
like motif is not cleaved by plasmepsin V, suggesting it is functionally distinct (Goldberg and 
Cowman, 2010). PfSBP1 is required for the localization of PfEMP1 into the surface of RBCs 
(Cooke et al., 2006; Maier et al., 2007). It has been reported that gene disruption of PfSBP1 and 
membrane-associated histidine-rich-protein-1 (MAHRP1) will limit the export of PfEMP1 to 
the RBC surface (Cooke et al., 2006; Maier et al., 2007; Spycher et al., 2008). This shows the 
essential role of MC in the protein trafficking. 
 
1.4.3 ANTIGENIC VARIATION IN PLASMODIUM FALCIPARUM 

Many pathogens have developed an ability known as antigenic variation to avoid 
immune recognition. Antigenic variation involves a coordinated expression of variant surface 
antigens to evade the host immune response, establish infection and transmission to new host. 
Recurrence of infection caused by a pathogen indicates a pathogen with sophisticated immune 
evasive mechanisms. Antigenic variation is found in a selection of infectious pathogens 
including P. falciparum, Trypanosoma brucei, Borrelia hermsii and Candida spp (Hoyer, 2001; 
Smith et al., 1995; Turner, 1999). Antigenic variation in P. falciparum was shown in vivo using 
squirrel monkeys for experimental blood stage infections (Hommel et al., 1983). Below the 
surface antigens involved in antigenic variation by P. falciparum are discussed. 
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1.4.3.1 SURFACE ANTIGENS OF P. FALCIPARUM: PfEMP1 
 

PfEMP1 is a major adhesion protein responsible for rosetting and sequestration of the 
pRBC in the deep vasculature (Chen et al., 1998).  PfEMP1 is encoded by a highly diverse var 
gene family that undergoes antigenic variation and generates diverse adhesive proteins (Baruch 
et al., 1996; Smith et al., 1995; Su et al., 1995). The var genes have a two exon-structure with 
total length of 8-14 kb, and there are approximately 60 var genes per parasite genome located 
mainly in the highly polymorphic subtelomeric regions and central parts of the 14 
chromosomes (Gardner et al., 2002; Su et al., 1995). The singly expressed var gene determines 
the antigenic, cytoadherence and virulence phenotype. This phenomenon is known as mutually 
exclusive expression, and studies have shown that it is regulated on a translational level 
independent of antigen production (Dzikowski et al., 2006; Voss et al., 2006).  

PfEMP1 consists of multi-domains (200-350 kDa) and the first exon encodes for a 
protein with a hypervariable extracellular binding part composed of a variable N-terminal 
segment (NTS), various Duffy binding-like domains (DBL), and cysteine rich interdomain  
(CIDR) with interspersed C2 interdomains. The second exon encodes for a conserved 
intracellular acid terminal segment (ATS) (Lavstsen et al., 2003; Smith et al., 2000; Su et al., 
1995). The domains are involved in different binding specificities for host receptors (Baruch et 
al., 1996; Bir et al., 2006; Smith et al., 2000). PfEMP1 proteins across parasite isolates have 
shown a significant sequence variation, contributing to the repertoire of PfEMP1 variants. The 
high level of sequence diversity in the var gene family is due to the gene conversion and 
recombination (Flick and Chen, 2004; Freitas-Junior et al., 2000). The chromosomal location 
and transcription orientation of the var gene family have been shown to resemble the 
similarities in the 5´upstream of ups. var genes are classified into three major groups (A, B, C) 
and two intermediate groups (B/A and B/C) based on the four main upstream sequences (Ups); 
UpsA, UpsB, UpsC, and Ups E. The previously known UpsD is grouped with UpsA (Bull et 
al., 2005; Kraemer et al., 2007; Lavstsen et al., 2003). var genes in rosetting parasites  belong to 
group A, while both groups A and B are often transcribed in severe malaria patients (Bull et al., 
2005; Jensen et al., 2004; Normark et al., 2007).   

varcsa1  (also termed as varCOMMON), var2csa and var 3 are var genes shown to be 
conserved in sequenced parasite isolates, and they do not fit the classification described above. 
var1csa is flanked by UpsA2 and transcribed in the majority of all clinical isolates from 
different geographical regions, and has an atypical transcription pattern throughout the blood 
stage life cycle. var2csa is highly conserved and is flanked by 5´UpsE and shown to be strongly 
linked with mediating PAM through sequestration of pRBC to CSA in the placenta (Kyes et al., 
1999; Lavstsen et al., 2003; Rowe et al., 2002a). var3 is smallest known var gene, and groups 
within the upsA. It has been found in isolates from different geographic regions (Gardner et al., 
2002; Trimnell et al., 2006).   

The extracellular domains of PfEMP1 generate diverse adhesive proteins to different 
domains. For example Duffy binding like-1 (DBL1) have shown to bind CR1, blood group A 
and heparan sulfate on endothelial cells and RBCs (Barragan et al., 2000 a; Barragan et al., 
2000 b; Rowe et al., 1997; Vogt et al., 2003). CIDR1 has been shown to bind to CD36 and IgM 
(Baruch et al., 1996; Chattopadhyay et al., 2004).   
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1.4.3.2 OTHER SURFACE ANTIGENS 
 

Besides PfEMP1 there are other parasite proteins that have been suggested to be 
exposed on the surface of pRBC. There are the rif genes encoding for the repetitive interspersed 
protein (RIFINs) family, which have been shown to be expressed on the surface of pRBC. The 
highly polymorphic rif genes are composed of two exons with a subtelomeric location, 
centrometric to the var genes (Kyes et al., 1999). The exons encode for the 30-45 kDa RIFIN 
proteins, and the proteins are expressed in a clone dependent manner. The rif gene family holds 
160 gene copies in the genome, and can be subdivided into two sub classes, group A and group 
B (Gardner et al., 2002; Joannin et al., 2008), which differ from one another by 25 amino acids 
in the semi-conserved domain. Group A appears to be exported into the host cell via Maurer´s 
cleft, whereas group B accumulate inside the parasite (Khattab and Klinkert, 2006; Petter et al., 
2007). However, the function of the RIFINs is unclear, but is thought to be involved in the 
immune evasion due to the high gene copy number. It has been observed that asymptomatic 
children have higher antibody titers against RIFINs compared to children with severe malaria 
(Abdel-Latif et al., 2003; Abdel-Latif et al., 2002). Another study showed that high titers of 
antibodies against recombinant RIFIN in children with cerebral malaria were not protective 
(Schreiber et al., 2006). The presence of RIFINs has been demonstrated in P. falciparum 
gametocytes as well as in the asexual stages, but the function remains speculative (Petter et al., 
2008). The RIFIN family is clustered together with the var and the subtelomeric variable open 
reading frame (stevor).  

         The STEVOR proteins are around 30-40 kDa, and less polymorphic than the RIFIN 
proteins. There are approximately around 30-40 copies per genome found in all chromosomes, 
thus making them the third largest gene family in P. falciparum. STEVORs have been shown to 
be transcribed during the asexual and sexual life cycle stages (Cheng et al., 1998; Florens et al., 
2002; Sutherland, 2001), thus maybe contributing to the survival of the parasite. Clinical 
isolates have been show to express STEVORs more than laboratory strains.  Studies have 
shown STEVOR proteins to be localized inside the MC, and on the pRBC membrane  (Blythe 
et al., 2008; Kaviratne et al., 2002; Lavazec et al., 2006; Niang et al., 2009). STEVORs might 
have a role in merozoite invasion, since they have been detected in the apical end of merozoites 
and in the rhoptries (Blythe et al., 2008; Khattab and Klinkert, 2006; Khattab and Meri, 2011). 

The surface associated interspersed (SURFIN) gene family consists of 10 surf gene 
members, located within or close to the subtelomers in five out of the 14 chromosomes 
(Gardner et al., 2002). The high molecular SURFIN proteins are related to the P. vivax 
transmembrane protein, PvSTP1 (Plasmodium vivax subtelomeric transmembrane protein 1) 
and the VIR protein (of the P.vivax). Studies have shown that SURFIN proteins might be 
involved in merozoite invasion, and they are found in the MC and the surface of pRBC 
(Mphande et al., 2008; Winter et al., 2005). 
 
 
1.4.4 SEQUESTRATION 

During the P. falciparum infection only the early stages are seen in the peripheral blood 
circulation. The modifications of the pRBC are due to parasite-derived proteins transported to 
the surface of the pRBC, To avoid clearance by the spleen, the mature pRBC sequester in 
different organs. Sequestration is either adherence to endothelial cells lining of the blood 
vessels (cytoadhesion) or by binding to unparasitizied RBC (rosetting). 
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1.4.4.1 CYTOADHESION 
 

The term cytoadhesion is the ability of P. falciparum pRBC to adhere to vascular 
endothelium. This is seen in several organs such as brain, intestine, liver, lung, skin and the 
syncytiotrophoblast cell lining of the placenta. The cytoadhesion in the microvasculature not 
only protects the mature pRBC from splenic clearance, but also provides a relative hypoxic 
environment for parasite proliferation and RBC invasion. 

P. falciparum has evolved to bind to receptors on different cell-types, and a number of 
endothelial receptors have been identified as targets for pRBC.  The endothelial receptors 
include cluster of differentiation (CD36), intracellular adhesion molecule-1 (ICAM-1), 
chondroitin-sulfate A (CSA), thrombospondin (TSP), vascular cell adhesion molecule 1 
(VCAM-1) and E-selectin. 

CD36 is a glycoprotein that is widely expressed on the microvascular endothelium, and 
is also found on monocytes, macrophages, dendritic cells and platelets (Silverstein and 
Febbraio, 2009). CD36 binding has been shown to be a common adhesion phenotype by 
clinical  P . falciparum isolates, in static and flow conditions in vitro (Cooke et al., 1994; Hasler 
et al., 1990; Newbold et al., 1997; Ockenhouse et al., 1991). CD36 is a frequent target of 
isolates from patients with both uncomplicated and severe malaria (Turner et al., 1994).  

ICAM-1 is an essential cell adhesion molecule involved in inflammation and 
immunity. Several tissues and cells, including endothelial cells, monocytes and lymphocytes, 
express ICAM-1. Soluble ICAM-1 is found in plasma, or released by cell surface ICAM-1 in 
response to inflammatory cytokines or endothelial damage (Lawson and Wolf, 2009). The 
receptor is one of several adhesion molecules important in P. falciparum malaria. Expression of 
ICAM-1 can be both beneficial and harmful to the pRBC.  The surface expression of ICAM-1 
is required for INF- γ response of natural killer cells to pRBC (Baratin et al., 2007). Direct 
adhesion of pRBC to ICAM-1 on cerebral endothelial cells may contribute to cerebral malaria. 
Post mortem studies of brain tissue from patients who died from cerebral malaria demonstrated 
adhesion of pRBC, platelets, and leukocytes to brain endothelium, and were associated with 
increased ICAM-1 expression (Silamut et al., 1999). Laboratory studies have shown that in 
vitro CD36 binding was more common among cerebral malaria patients (Newbold et al., 1997). 
A study from Kenya showed a correlation between cerebral malaria and ICAM-1 binding under 
flow conditions (Ochola et al., 2011). Earlier studies of ICAM-1 binding in clinical isolates in 
static assays did not show any significant correlation with severe malaria disease (Heddini et 
al., 2004; Newbold et al., 1997; Rogerson et al., 1999).  

Chondroitin-sulfate A (CSA) is a glycosamino-glycan and is a main receptor involved 
in PAM. CSA is found on the syncytiotrophoblasts in the placenta. Placental parasites bind to 
CSA but not to CD36, while non placental parasites rarely bind to CSA (Rogerson et al., 2007). 
IgG in serum from multigravid women living in malaria endemic areas are able to block CSA 
binding (Beeson et al., 1999; Fried and Duffy, 1996; Maubert et al., 2000). Now it is well 
established that the adhesion of pRBC to CSA depends on a particular PfEMP1 variant called 
VAR2CSA (Salanti et al., 2004; Salanti et al., 2003).  Hyalonic acid (HA) is another receptor 
on the placenta, and a majority of placenta parasites have been shown to bind both CSA and 
HA (Beeson et al., 2000; Rasti et al., 2006). Additionally, non-immune immunoglobulins 
bridge pRBCs to syncytiotrophoblasts (Flick et al., 2001; Rasti et al., 2006).  
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1.4.4.2 ROSETTING  
 

The rosetting phenomena was first observed in laboratory strains in vitro, but also ex 
vivo in fresh clinical isolates from malaria infected individuals (Carlson et al., 1990; 
Udomsangpetch et al., 1989; Wahlgren et al., 1992). Rosetting is defined as one mature 
trophozoite-stage pRBC binding to two or more unparasitized RBCs (Figure 3), and are 
apparent 16-18-h post infection and remain throughtout parasite maturation and schizogony up 
until they rupture (Treutiger et al., 1992).  Rosetting parasites causing obstruction in the 
microvasculature of the brain and other organs are believed to contribute to the severity of the 
disease, causing blockage of blood flow resulting in hypoxia and tissue damage. Studies have 
shown correlation between rosetting and severe malaria (CM and severe anaemia) in Africa 
(Carlson et al., 1994; Heddini et al., 2001; Newbold et al., 1997; Rowe et al., 1995; Treutiger et 
al., 1992). However, the rosetting phenotype is not present in all P. falciparum isolates.  

There are a number of RBC surface receptors and serum factors that have been shown 
to be involved in rosetting.  Rosetting isolates have a preference for A or B blood groups, and 
form larger and stronger rosettes (Barragan et al., 2000 b; Carlson and Wahlgren, 1992; Rowe 
et al., 1995; Rowe et al., 2007; Udomsangpetch et al., 1989). The rosettes in blood group O are 
smaller and weaker, compared to rosettes formed in the A or B blood groups (Barragan et al., 
2000 b). Blood group A has been associated with severe malaria (Pathirana et al., 2005; Rowe 
et al., 2007), while blood group O has shown protection against severe malaria disease due to 
reduction of rosettes (Loscertales et al., 2007; Rowe et al., 2007). 

Complement receptor 1 (CR1) is a membrane glycoprotein found on the surface of 
RBC, monocytes, granulocytes, dendritic cells, B cells and T cells. CR1 is an immune-
regulatory protein involved in the control of complement activation and immune clearance 
(Krych-Goldberg et al., 2002; Vik and Wong, 1993).  The expression of CR1 on RBCs surface 
varies and is in the range of 50- 1 200 molecules per cell (Wilson et al., 1986). A study showed 
that CR1-deficient RBCs were unable to form rosettes with laboratory strains (Rowe et al., 
1997). This was later confirmed with a monoclonal antibody against CR1 that showed to 
reverse rosettes in laboratory strains and clinical isolates from Africa (Rowe et al., 2000). CR1 
gene polymorphisms have been reported to be highly frequent in populations living in endemic 
areas of Papua New Guinea, and have been linked to protection against severe malaria disease 
(Cockburn et al., 2004). 

Heparan sulphate (HS) is found on the surface of RBC and is involved in rosetting.  HS 
and other sulfated glycans inhibit or disrupt rosettes, at variable levels for different 
P.falciparum isolates and laboratory strains (Barragan et al., 2000 a; Carlson et al., 1992; Rowe 
et al., 1994). Modified heparin without anti-coagulant activity was shown to effectively inhibit 
rosettes in clinical isolates and laboratory strain (Vogt et al., 2006). 

Serum proteins including non-immune IgM, non-immune IgG, von Willebrand factor 
and fibrinogen are  involved in rosette formation in P. falciparum laboratory strains and clinical 
isolates (Flick et al., 2001; Scholander et al., 1998; Treutiger et al., 1999). Binding of non-
immune immunoglobulin to the surface of pRBC in clinical isolates from children is common 
and associated with severe malaria disease (Heddini et al., 2001; Scholander et al., 1998). The 
role of IgM in rosetting has been thoroughly studied and IgM polymerization is essential for 
binding (Ghumra et al., 2008).  
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Figure 3. Rosetting trophozoite pRBC binding to several unparasitized RBC. (Adapted from 
(Heddini et al., 2001)). 
 
1.5 PLASMODIUM FALCIPARUM MEROZOITE INVASION 

Merozoite invasion of the RBC is a well-orchestrated high-specific multistep process 
(Figure 4), mediated by specific molecular interactions and signal transduction events between 
host receptors and parasite ligands. Invasion is executed with remarkable precision and retains 
the host cell integrity. Greater in depth knowledge understanding of this complex mechanism 
would aid the vaccine development. The micronemes and rhoptries located in the apical 
organelles play a crucial role in the host cell invasion (Cowman and Crabb, 2006). Parasite 
invasion occurs approximately 28 seconds after primary contact. The invasion is divided into 
two distinct dynamic “pre-invasion” and “classical invasion” stages. During the “pre-invasion”, 
the merozoite attach to the RBC and is involved in RBC deformation. This allows the 
merozoite to be enfolded at the point of attachment. This process takes 11 seconds and the RBC 
returns to its biconcave shape before second stage. The “classical invasion” involves the 
internalization of the merozoite within the RBC in 17 seconds.  This is followed by 
echinocytosis, a deformation of the pRBC lasting for 10-15 minutes before the cell resumes 
normal shape (Dvorak et al., 1975). The rapid invasion event and the small size of merozoites 
(1.5 µm) contribute to the challenges to study the multi-step processes involved in the invasion. 
However, studies using light microscopy and electron microscopy have suggested that the 
merozoite invasion includes four main steps; I) egress of the merozoite, II) initial attachment, 
III) merozoite reorientation and irreversible tight junction formation and IV) merozoite entry 
(Aikawa et al., 1978; Cowman and Crabb, 2006; Dvorak et al., 1975; Gilson and Crabb, 2009).  
 
1.5.1 EGRESS OF MEROZOITES 

The initial step in merozoite invasion is the process known as egress. This process 
involves discharge from the parasitophorous vacuole (PV) and the host cell membrane of a 
mature schizont, containing 16 or more merozoites. Biochemical changes and intra-cellular 
pressure in the late stage mature pRBC cause a destabilization of the cytoskeleton, and results 
in an explosive rupture event releasing merozoites (Glushakova et al., 2005). Proteases are 
believed to be involved in egress, and this is a two step process including destruction and 
rupture of PVM followed by host cell membrane (Salmon et al., 2001).  Proteases involved in 
the egress include cytoskeleton-degrading cysteine protease falcipain-2, aspartic protease 
plasmepsin II and serine repeat antigen (SERA) family localized in the PMV (Hanspal et al., 
2002; Hodder et al., 2003; Miller et al., 2002b). The SERA protein family is also involved in 
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the sporozoite egress from oocysts (mosquito stage), indicating a role in the cell rupture (Aly 
and Matuschewski, 2005). Furthermore, a plant-like calcium dependent protein kinase, 
PfCDPK5, which is expressed in merozoites, is  involved in egress (Dvorin et al., 2010b). 
 
1.5.2 INITIAL ATTACHMENT 

The primary contact between the merozoite and the RBC is reversible, and occurs 
possibly through glycosylphosphatidylinositol (GPI) anchored merozoite surface proteins 
(MSPs) and their associated partners. There are nine GPI anchored proteins found on the 
merozoite surface. These proteins share other similarities besides the GPI anchor, including 
cystein rich domains that could be significant in adherence. The most dominant and abundant 
GPI anchored MSP is the merozoite surface protein-1 (MSP-1), which is thought to be essential 
for parasite survival and is a major vaccine candidate (Holder and Freeman, 1982; Miller et al., 
1993). MSP-1 has been considered to be essential for initiating the primary contact to the RBC. 
The initial contact is of low affinity and reversible, but important, and the parasite must 
differentiate the RBC’s components for invasion (Bannister and Dluzewski, 1990). Initial 
attachment of the polar merozoites occurs at any point of the surface. 

Peripheral proteins found in one of the broad protein families such as the MSP-3/MSP-
6, the MSP-7 family, acidic basic repeat antigen (ABRA), glutamine rich protein (GLURP), 
Pf41 and the SERA protease family are candidates for binding to RBC receptors. These 
proteins are secreted into the PVM during the mature pRBC stage, and bind to the surface of 
developing merozoites, via interaction with a GPI anchored protein such as MSP-1 (Pachebat et 
al., 2001; Sanders et al., 2006). Besides the MSPS, there are a number of proteins stored in the 
apical organelles that bind specifically to the RBC receptor and are involved in the invasion. 
There is especially the P.falciparum apical membrane antigen-1 (PfAMA-1) that is highly 
conserved in the apicomplexan phylum. PfAMA-1 is crucial for establishing the interaction to 
initiate the invasion of P.falciparum and T.gondii (Mital et al., 2005; Triglia et al., 2000). 
Before invasion, the PfAMA-1 is translocated to the merozoite surface. PfAMA-1 has also been 
shown to be expressed in P.falciparum sporozoites and is believed to be essential for invasion 
of hepatocytes (Silvie et al., 2004). The secretion regulation of rhoptries and micronemes to the 
merozoite surface that allows receptor binding is an essential step in the invasion.  Singh et al. 
demonstrated in a recent study that released merozoites experience a rise in cytoplasmic 
calcium as response to a rise in potassium ion concentration and exposure to the extracellular 
milieu of the blood. Subsequently, this process triggers sequential secretion of merozoite 
antigens, such as PfEBA175 and PfAMA-1, to the merozoite surface and initiates binding. The 
receptor and ligand interaction restores cytoplasmic calcium levels and releases the rhoptry 
content. Blockage or inhibition of this signal pathway involved in apical organelle discharge 
could be a target for drug development (Singh et al., 2010). 

 
 
1.5.3 MEROZOITE REORIENTATION AND IRREVERSIBLE TIGHT 

JUNCTION FORMATION 

The initial contact results in RBC deformation, and this allows reorientation of the 
merozoite so that the apical end points towards the RBC membrane. There is an irreversible 
tight-junction formation between the merozoite and the RBC membrane. The tight junction is a 
ring of close contact. After the tight junction formation there is activation of the invasion 
process involving a release of proteins from the mircronemes and rhoptries. Activation of the 
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invasion process involves a release of proteins from the mircronemes and rhoptries. There are 
two main protein families; the erythrocytic binding like (EBL) family and the reticulocyte 
binding homolog (PfRh or PfRBL) family (Duraisingh et al., 2003b; Miller et al., 2002a; 
Stubbs et al., 2005; Triglia et al., 2005), which are prime candidates for tight junction 
formation. The EBL family are found in the micronemes and include six erythrocyte binding 
antigens (EBAs) in the P. falciparum; PfEBA-175, PfEBA-140 (or BAEBL), PfEBA-181 
(JSEBL), PfEBL-1, PfEBA-165 (PEBL) and MAEBL (Blair et al., 2002; Camus and Hadley, 
1985; Maier et al., 2003; Peterson and Wellems, 2000; Triglia et al., 2001). The PfRh proteins 
were identified as homologs of rhoptry proteins in P . yoelii and P . vivax (Galinski et al., 1992; 
Preiser et al., 2002). P. falciparum express five members of PfRh; PfRh1 (PfRBP1), PfRh2a 
(PfRBP2a), PfRh2b (PfRBP2b), PfRh4 (PfRBP4), and PfRh5 (PfRBP5), and a sixth PfRh3 that 
is not expressed as a protein (Duraisingh et al., 2003b; Stubbs et al., 2005; Triglia et al., 2005). 
Both protein families are believed to be essential for merozoite invasion (Duraisingh et al., 
2003a; Duraisingh et al., 2003b; Lopaticki et al., 2011; Maier et al., 2003; Stubbs et al., 2005; 
Triglia et al., 2005), as well as PfAMA1. During merozoite invasion, PfAMA-1 has multiple 
roles; apical reorientation (Mitchell et al., 2004), erythrocyte binding (Fraser et al., 2001; Kato 
et al., 2005), attachment and rhoptry secretion (Mital et al., 2005), formation of the moving 
junction and intracellular replication (Collins et al., 2009; Treeck et al., 2009). PfAMA-1 is 
believed to be essential for the apical interaction through adhesins located at the neck of the 
rhoptries and in the micronemes. It is thought to form an important link between the weak link 
of MSPs and the irreversible tight formation with micronemal proteins (Mitchell et al., 2004). 
Recent studies have shown that the interaction between PfAMA1 and rhoptry neck protein 2 
(RON2) is critical for tight junction formation with RBC, and is an irreversible step that allows 
parasite invasion (Srinivasan et al., 2011). Specific antibodies against PfAMA-1 have been 
shown not to prevent initial attachment, but to block the reorientation of the merozoite 
(Mitchell et al., 2004). 

After apical attachment there may be a discharge of mediators into the RBC by the 
merozoite, but these have not been clearly identified. Electron microscopy of the merozoite 
invasion has suggested that there is a transfer of material (Aikawa and Miller, 1983). 
 
 
1.5.4 MEROZOITE ENTRY 

During the merozoite entry, the tight junction moves from the apical to the posterior 
end of the merozoite in multiple steps of events driven by the actin-myosin motor. The motor 
complex has been studied in T . gondii, and this seems to be conserved in the apicomplexa, 
including Plasmodium spp. The thrombospondin-related anonymous protein (TRAP) is thought 
to link extracellular adhesins to the parasite cytoskeleton (Kappes et al., 1999; Sultan et al., 
1997). Both TRAP and circumsporozoite protein (CSP) are believed to be involved in the 
sporozoite invasion of hepatocytes. A study suggests that the cytoplasmic tail of TRAP in P . 
falciparum links to the actin-myosin motor through aldolase (Buscaglia et al., 2007). Merozoite 
TRAP (MTRAP) is thought to provide a similar function for merozoite invasion in RBC (Baum 
et al., 2005). As the tight junction is moving towards the posterior end, proteins involved in the 
invasion process need to be removed. This process is known as the “shedding” or removal of 
the fuzzy coat covering the merozoite surface, and involves a serine protease (subtilase) called 
SUB2 localized in the micronemes (Harris et al., 2005). Once the merozoite has entered the 
RBC the PV encloses it. When the merozoite has been internalized in the RBC it undergoes 
echinocytosis, due to water loss stimulated by an efflux of potassium and chloride ions. The 
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calcium efflux could also be due to the formation of PV and PVM around the invading 
merozoite (Desai et al., 1993; Lew and Tiffert, 2007). The PVM is formed from invagination of 
the RBC membrane during invasion.  The PVM fuses and separates a biochemical and physical 
barrier between the host cytosol and the parasite. The parasites remain enclosed within the 
PVM during the intra-erythrocytic development phase (Aikawa et al., 1979). 

Dense granules are believed to be discharged after complete parasite entry, and are 
thought to be involved in host cell modifications. 

 

 
Figure 4. Plasmodium falciparum merozoite invasion into red blood cells (Adapted from (Miller et al., 
2013) and published with permission from Nature Publishing Group). 
 
1.6 SIALIC ACID PATHWAYS 

Invasion phenotypes utilized by parasites can be divided into two main pathways I) sialic 
acid (SA)-dependent invasion, demonstrated by poor invasion of neuraminidase treated RBC 
(neuraminidase cleaves SA on the RBC surface), and II) SA-independent invasion, 
demonstrated by efficient invasion of neuraminidase treated RBC (neuraminidase sensitive) 
(Camus and Hadley, 1985; Duraisingh et al., 2003b; Maier et al., 2003; Reed et al., 2000; Sim 
et al., 1994). 

Besides the fact that both PfRh and PfEBA proteins are able to employ alternative 
invasion pathways, it is believed that each parasite ligand binds to a specific receptor (Figure 5). 
There must be reasons for why the parasites maintain a large number of genes and mechanisms 
to regulate the expression. Firstly, the RBC surface is highly diverse among individuals, and 
each individual RBC formula can vary by age and sex, and in response to infection and 
nutrients. Secondly, in endemic areas most individuals have acquired some kind of mechanism 
to avoid binding to specific parasite ligands. Finally, flexible invasion pathways increase 
chances for parasite survival, and optimize the ability to establish infection in an individual. 
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Figure 5. Host cell receptors on the RBC shown to bind specific P.falciparum ligands (Adapted from 
(Tham et al., 2012) and published with permission from Trends in Parasitology). NOTE: Receptor for 
PfRh5 was recently identified as Basigin ((Crosnier et al., 2011)). 
 
1.7 PLASMODIUM FALCIPARUM MEROZOITE ANTIGENS 

To date a number of merozoite antigens have undergone extensive studies as potential 
candidates for vaccine development. A panel of merozoite antigens were selected and included 
in the studies discussed in this thesis. In the following section the apical membrane antigen 1 
(AMA-1), the merozoite surface proteins (MSP1, MSP2), erythrocyte binding like proteins 
(PfEBA-175, PfEBA-140, PfEBA-181) and finally reticulocyte binding ligand proteins 
(PfRh2a, PfRh2b, PfRh4) will be discussed.  
 
1.7.1 APICAL MEMBRANE ANTIGEN 1 (AMA-1) 

P .  falciparum apical membrane antigen 1 (PfAMA-1) (Peterson MG, 1989) is one of 
the most extensively studied and best characterized invasion ligands. It was initially discovered 
30 years ago in P . knowlesi  (Deans et al., 1988).  Additionally, PfAMA-1 was the first rhoptry 
gene to be sequenced and is also a promising vaccine candidate (Dutta et al., 2002; Kocken et 
al., 2002; Peterson MG, 1989).  

PfAMA-1 is expressed during P . falciparum schizogony, and is synthesized to an 83 
kDa precursor that is proteolytically processed in the micronemes to yield a 66 kDa surface 
protein (Narum and Thomas, 1994). The mature 66 kDa form of PfAMA-1 is found in the 
micronemes (Healer et al., 2002), and it is proteolytically processed into smaller fragments (44-
48 kDa molecules) during translocation to the merozoite surface before invasion. PfAMA-1 is a 
type 1 integral membrane protein with large extracellular domain and a short cytoplasmic tail. 
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The ectodomain of AMA-1 is mainly composed of three domains; the N-terminal domain I, the 
central domain II and the C-terminal domain III (Nair et al., 2002; Pizarro et al., 2005).  The 
PfAMA-1 sequence is highly conserved among the Plasmodium spp. (Cheng and Saul, 1994; 
Dutta et al., 1995; Marshall et al., 1989; Waters et al., 1990). Even though PfAMA-1 lacks the 
low-complexity regions found in other merozoite proteins, a relative large number of point 
mutations are found in this gene. Population genetic analyses have shown that these 
polymorphisms are especially found in domains I and III (Cortes et al., 2003; Polley and 
Conway, 2001) and are under balancing selection, and are targets of protective immune 
response which makes them immunologically significant. Studies have shown that conserved 
and strain-specific epitopes of PfAMA1 are targets of invasion inhibitory antibodies (Cortes et 
al., 2005; Healer et al., 2004; Kocken et al., 2002; Narum et al., 2006). Multi-allele 
immunization showed an increase of cross-reactive antibodies against PfAMA1(Kusi et al., 
2009). 
 
 
1.7.2 MEROZOITE SURFACE PROTEIN 1  

The merozoite surface protein 1 (MSP1) was described in the 1980s, and is well-
studied merozoite antigen. Early vaccine studies with purified MSP1 showed protection against 
P . yoelii infection in a rodent model (Holder and Freeman, 1981). MSP1 is believed to be 
involved in initial contact with the RBC binding via the surface receptor Band 3 and also 
heparin-like-molecules (Boyle et al., 2010; Goel et al., 2003; Li et al., 2004). MSP1 is the most 
abundant surface protein and constitute approximately 40% of all GPI-anchored MSPs. MSP1 
is synthesized during schizongony to a 195 kDa precursor, and undergoes multiple proteolytic 
cleavages (Holder, 1988; Holder et al., 1992). At the time of merozoite egress, MSP1 is 
primarily processed by a subtilisin-like protease, SUB1, to produce four polypeptide fragments; 
an 83 kDa N-terminal fragment (MSP1-83), two internal fragments of 30 and 38 kDa (MSP1-
30 and MSP1-38) and a C-terminal 42 kDa fragment (MSP1-42) with an anchor (Pachebat et 
al., 2001; Stafford et al., 1996). The MSP1 complex on the merozoite surface undergoes a 
secondary process with shedding during invasion. SUB2 cleaves MSP1-42 into 2 fragments; 33 
kDa (MSP1-33) and 19 kDa (MSP1-19). The MSP1 complex and MSP1-33 are shed from the 
surface in a soluble form, and the C-terminal of MSP1-19 is membrane bound via GPI anchor 
(10% of the protein) and enters the newly invaded RBC (Blackman et al., 1990; Harris et al., 
2005). MSP1-19 has two epidermal growth factor (EGF)-like domains, and after the invasion 
they are transferred to the forming food vacuole and remain during the intracellular parasite 
development (Dluzewski et al., 2008). 

The MSP1 gene has 17 variable and conserved blocks separated by semi-conserved or 
conserved regions (Tanabe et al., 1987). The N-terminal region of MSP-1, known as block 2, is 
a highly polymorphic region with numerous known variant sequences from globally various 
parasite isolates (Jiang et al., 2000; Miller et al., 1993). The block 2 sequence can be divided 
into four major allelic types (K1, MAD20, RO33 and MR) (Roy et al., 2008; Takala et al., 
2002). The sequence of MSP1-19 is highly conserved with six non-synonymous single 
nucleotide polymorphisms (SNPs) at amino acid positions. New genetic variants can be derived 
from the single nucleotide mutations maintained by positive natural selection (Ferreira et al., 
2003; Miller et al., 1993). 
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1.7.3 MEROZOITE SURFACE PROTEIN 2 

Merozoite surface protein 2 (MSP2) is another potential vaccine candidate (Anders et 
al., 2010). MSP2 is a  ~25 kDa highly abundant GPI-anchored membrane protein. It was 
initially identified using a monoclonal antibody in P. falciparum, and a couple of years later the 
gene was identified in an expression library (Anders et al., 2010; Smythe et al., 1988; Stanley et 
al., 1985). Sequence polymorphisms in MSP2 genes have described in laboratory strains and 
field isolates (Anders et al., 2010; Felger et al., 1994; Fenton et al., 1991; Prescott et al., 1994; 
Smythe et al., 1988; Stanley et al., 1985). The MSP2 gene is one of the most polymorphic of all 
merozoite protein genes and consists of 5 blocks (Snewin et al., 1991). The MSP2 gene 
includes a highly conserved 5´and 3´sequence (N- and C-terminally) flanked by a central 
variable region. The variable region has sequence repeats flanked by non-repetitive dimorphic 
sequences, and these form two distinct MSP2 alleles, grouped into the 3D7 and FC27 allelic 
families (Felger et al., 1994; Fenton et al., 1991; Smythe et al., 1990). The polymorphism has 
probably arisen from the selection pressure of protective immune responses (Barry et al., 2009; 
Weedall and Conway, 2010). The variable central repeats define the individual alleles of MSP2 
and point mutations have been found in both allele families (Felger et al., 1994). Furthermore, 
MSP2 is commonly used as single marker for molecular characterization of field malaria 
parasites. PCR typing of MSP2 gene allows the determination of malaria infection indicators 
such as diversity of P.falciparum strains and multiplicity of infection (MOI), which may give a 
description of the malaria situation in a given study location (Kiwuwa et al., 2013; Ntoumi et 
al., 1995) and MSP2 assessment is equally reliable to MSP1 in field diagnosis of malaria 
(Smith et al., 1999). 
 
1.7.4 ERYTHROCTYE BINDING LIKE (EBL) PROTEIN FAMILY 

The EBL protein family is thought to play a crucial role in the RBC recognition, tight 
junction formation and eventually in the invasion. P. falciparum can invade Duffy negative and 
positive RBC, and can use a number of distinct receptors (Dolan et al., 1990; Miller et al., 1977; 
Mitchell et al., 1986). The EBLs are located in the sub-telomeric region of different 
chromosomes, and encoding genes are associated with parasite virulence and pathology. The  
proteins have conserved exon-intron structures, splicing boundaries and contain two 
extracellular regions that have conserved cysteine and hydrophobic amino acid residues 
(Adams et al., 1992; Gardner et al., 2002). 

The EBA proteins found in P. falciparum bind to sialic acid dependent receptors, and 
this is known as sialic acid dependent pathway, which is important for mediation of alternative 
invasion pathways (Pasvol, 2003). 
 
1.7.4.1 ERYTHROCYTE BINDING ANTIGEN 175  
 

P . falciparum erythrocyte binding antigen 175 (PfEBA-175) consists of a 175 kDa 
protein and  is localized in the micronemes (Camus and Hadley, 1985; Orlandi et al., 1990). 
The single copy eba-175 gene is found on chromosome 7, and is constituted of four exons and 
seven regions, I to VII. The region II is found in the central part of the gene, a highly dimorphic 
segment in this region, and is conserved among strains of P. falciaprum. The region III-V (RIII-
V) of PfEBA-175 is dimorphic, and the parasites strains encode either a C (Camp strain) or F 
(FCR3 strain) allelic haplotype (Sim et al., 1990; Toure et al., 2006; Toure et al., 2001). 
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The RBC receptor for PfEBA-175 is glycophorin A (Gly A), which is present as a 
dimer on the RBC surface. It seems like the majority of cultured parasites use the PfEBA-
175/GlyA pathway, and a minority use alternative ligand-receptor combinations. Enzyme 
treatment of RBC with neuraminidase (which removes sialic acid) or trypsin (removes other 
proteins) did not completely inhibit the invasion but forced the parasite to use other receptors 
for invasion in one study (Dolan et al., 1990; Gaur et al., 2003; Sim et al., 1994). At first the 
parasite replication was dramatically reduced on initial exposure to enzyme treated RBC, but 
the parasites adapted with time and invaded with the same efficiency as for untreated RBC. 
This is strong evidence that P. falciparum can adapt and switch to using a new receptor on the 
RBC, resulting in using different invasion pathways. Interestingly, once the parasites are 
removed from treated RBC and cultured in untreated RBC it reverts back to the 
PfEBA175/GlyA pathway. These findings have been confirmed with PfEBA-175 knock out 
parasites, that were unable to invade through the GlyA receptor (Duraisingh et al., 2003b; Reed 
et al., 2000). However, the parasites have the ability to switch invasion pathways. Stubbs et al. 
found that gene disruption of PfEBA175 was associated with upregulation of PfRh4 and the 
loss of using the sialic acid dependent pathway (Stubbs et al., 2005). The PfEBA175/GlyA 
interaction could be a potential target to consider for vaccine-induced antibodies.  
 
 
1.7.4.2 ERYTHROCYTE BINDING ANTIGEN 140  
 

P. falciparum erythrocyte binding antigen 140 (PfEBA-140) is a 140-kDa protein. 
The eba140 gene has identical intron/exon structure as that described for PfEBA-175. PfEBA-
140 share 30% similarity to the EBA175 protein sequence, and PfEBA-181 has 37% sequence 
similarity to PfEBA-140 (Adams et al., 1992; Gilberger et al., 2003; Maier et al., 2003). GlyC 
on the RBC has been identified as receptor for PfEBA-140 (Maier et al., 2003; Mayer et al., 
2002). The binding profile of PfEBA-140 receptor is trypsin and neuraminidase sensitive, but 
chymotrypsin resistant. Soluble sialic acid was not capable of inhibiting PfEBA-140 RBC 
binding. These findings demonstrate that receptor glycans containing sialic acids are crucial for 
receptor recognition, and that the backbone of GlyC plays a role in the binding (Jiang et al., 
2000; Mayer et al., 2006). Functional studies of PfEBA-140 knock out parasites showed 
binding to GlyA and GlyB, although the binding was dramatically reduced compared to its 
GlyC binding (Maier et al., 2003). To date, only four polymorphic mutants have been identified 
in RII PfEBA-140, and they are found in the F1 domain. The polymorphisms in PfEBA-140 
changes the binding profile of the ligand to enzyme treated RBC. The change in binding profile 
suggests that the PfEBA-140 has an ability to interact with other receptors, and to mediate 
alternative invasion pathways independent from GlyC. Additionally, polymorphisms has shown 
to diminish the affinity of PfEBA-140 for RBC (Maier et al., 2009a; Mayer et al., 2002). Recent 
studies suggest that the PfEBA-140 binds to glycosaminoglycans (GAGs) on the RBC and may 
have a functional role during PfEBA-140-mediated invasion (Boyle et al., 2010). 

In malaria endemic regions of Papua New Guinea there is a high frequency of 
Gerbich negativity.  This phenotype is due to loss of exon 3 within the GlyC gene. This 
prevents the PfEBA-140 RBC binding and inhibits the invasion. This phenotype is present in 
the Melanesian population and has probably arisen through natural selection by severe malaria 
(Maier et al., 2003). 
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1.7.4.3 ERYTHROCYTE BINDING ANTIGEN 181  
 

P.  falciparum erythrocyte binding antigen 181 (PfEBA-181) is encoded by a 181 
kDa protein and it is expressed in merozoites and schizonts. Within the mirconemes, PfEBA-
181 is co-localized with PfEBA-175 at the apical end of free merozoites. Moreover, both 
PfEBAs are co-localized in the mature schizont (Gilberger et al., 2003). PfEBA-181 share 
sequence similarity with PfEBA-175 and PfEBA-140 (especially the F1/F2 domain), 25.3% 
and 24.6% respectively. Eight polymorphisms have been identified in the RBC binding domain 
of PfEBA-181. However, there are fewer mutations found in PfEBA-181 and PfEBA-140 
compared to PfEBA-175 (Gilberger et al., 2003; Mayer et al., 2004). The point mutations in 
PfEBA-181 lead to recognition of different receptors on the RBC. There is a possibility that the 
polymorphisms in the RBC binding domain of PfEBA-181 give the parasite population a 
survival advantage in a genetically diverse human population. 

The exact receptor for PfEBA-181 is unknown. Previous characterization of PfEBA-
181 showed binding to the RBC (sialic acid dependent manner) via a trypsin resistant, 
chymotrypsin sensitive and neuraminidase sensitive receptor. Moreover, disruption of the eba-
181 gene did not have any effect on the parasite invasion (Gilberger et al., 2003; Mayer et al., 
2004). PfEBA-181 has been shown to bind a highly conserved 10 kDa domain in 4.1R found 
on the RBC membrane. This interaction could have multiple functions during parasite invasion, 
however the significance of this in vivo is unknown (Lanzillotti and Coetzer, 2004; Lauterbach 
et al., 2003). 
 
1.7.5 RETICULOCYTE BINDING PROTEIN HOMOLOGUE (Rh) FAMILY 

The second family involved in merozoite invasion is the reticulocyte binding-like 
(RBL) proteins. These include PfRh1, PfRh2, PfRh4, and PfRh5 and are large proteins with a 
C-terminal trans-membrane domain. All PfRhs except PfRh4 share a homologous region of 
around 500 amino acids. There are some conserved parts shared between P. falciparum and P. 
vivax RBL proteins (Rayner et al., 2000). The expression patterns in the RBL proteins and 
apical location are consistent with the role during the invasion process. The PfRh proteins 
invade mainly through the sialic acid independent pathway (except for PfRh1). 
 
1.7.5.1 RETICULOCYTE BINDING PROTEIN HOMOLOGUE 2 (Rh2) 
 

There are two P. falciparum reticulocyte protein homologues 2, (PfRh2a and 
PfRh2b), and they are encoded by two genes that are adjacent to each other on chromosome 13, 
and are thought to have arisen by gene duplication. These genes are around 9 kb in length and 
are highly homologous in sequence (80%) and share more than 8 kb of nucleotide sequence at 
the 5´end before a divergent and unique 3´end (Rayner et al., 2000). However, the difference in 
the gene sequence is at the C-terminal domain, which determines the phenotype (Dvorin et al., 
2010a). The proteins are large hydrophilic proteins and they are predicted to be more than 350 
kDa, with a N-terminal signal sequence and a single trans-membrane domain near the C-
terminal end (Duraisingh et al., 2003b; Rayner et al., 2000). The proteins are found at the apical 
end of the merozoite, more closely in the neck of the rhoptries (Cowman and Crabb, 2006), and 
they are located at the junction during invasion.  It has been proposed that they have an 
important adhesive function during invasion. Most strains have the PfRh2a and PfRh2b genes, 
but not all parasites express the proteins (Duraisingh et al., 2003b; Taylor et al., 2002). Both 
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PfRh2a and PfRh2b have been knocked out in the parasite 3D7 (Duraisingh et al., 2003b). 
PfRh2b disrupted parasites showed a significantly altered invasion in enzyme treated RBC 
compared to the wild type clone. PfRh2b have been implicated to have an important role in 
invasion by mediating alternative pathways, and trypsin resistant receptor Z has been shown as 
essential for the binding to the RBC (Cowman and Crabb, 2006). On the other hand, knock-out 
of PfRh2a did not show any difference in invasion phenotype compared to the wild type 3D7 
parasite (Duraisingh et al., 2003b). Moreover, disruption of PfRh2a and PfRh2b has also in 
other studies been shown to be important for sialic acid independent invasion (DeSimone et al., 
2009). 
	  
1.7.5.2 RETICULOCYTE BINDING PROTEIN HOMOLOGUE  4 (Rh4) 
 

P.  falciparum reticulocyte binding protein homologue 4 (PfRh4) is  found on 
chromosome 4. PfRh4 is a 220 kDa type I trans-membrane protein and is present in the 
rhoptries, and like all the other proteins in the PfRh family it undergoes processing to a 160 kDa 
protein (Cowman and Crabb, 2006; Gaur and Chitnis, 2011; Tham et al., 2012). Complement 
receptor 1 (CR1) was identified as a receptor for the sialic acid independent invasion pathway 
in numerous laboratory strains and field isolates (Spadafora et al., 2010). At the same time 
several studies showed that PfRh4 was essential for the sialic acid independent pathway. It was 
shown that PfRh4 binding strongly correlated with the CR1 level on the RBC surface. Invasion 
through sialic acid-independent pathways was reduced in low CR1 expressing RBC. 
Additionally, soluble CR1 competitively blocked binding of PfRh4 to the RBC surface, and 
hence inhibited sialic acid independent invasion (Tham et al., 2009). Activation of PfRh4 
expression allowed the parasite to switch usage of receptors from sialic acid dependent to sialic 
acid independent pathways, and this provides alternative invasion pathways utilized by the 
parasite (Stubbs et al., 2005). 

Expression of the PfRh4 protein varies among parasite isolates but has been found in 
both field isolates from Africa (Gomez-Escobar et al., 2010; Nery et al., 2006) and laboratory-
adapted isolates (Gaur et al., 2006; Stubbs et al., 2005; Tham et al., 2011). 
 
 
1.8 NATURALLY ACQUIRED IMMUNITY TO MALARIA 

Acquired immunity can either be active or passive. Active acquired immunity is obtained 
from development of antibodies in response to an antigen, either from vaccination or infectious 
diseases. Passive acquired immunity is developed by the prenatal or postnatal transfer of 
protective immunoglobulin from mother to child or by injection of antiserum. 

Naturally acquired immunity to malaria is not sterile, and individuals living in endemic 
countries only acquire protective immunity after repetitively exposure to the parasite (Figure 6) 
(Bull et al., 1999; Trape et al., 1994). There is high P. falciparum malaria associated morbidity 
and mortality among infants and young children, but older children and adults have circulating 
parasites, with or without clinical disease. Studies have shown that immunity to severe malaria 
is the first in line immunity that develops in children in malaria endemic countries (Bull et al., 
1999; Gupta et al., 1999a; Trape et al., 1994).  Naturally acquired immunity is comprised in 
pregnant women, and adults that move from endemic countries loose their acquired immunity 
temporarily. Women become resistant to PAM after repeated pregnancies and infection (Fried 
et al., 1998). Severe malaria in newborn infants born to mothers in endemic areas is rare in the 
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first months, most likely because of the placental transfer of immunoglobulin G (IgG) (Snow et 
al., 1998). 

Individuals living in high malaria transmission areas reach immunity faster compared to 
individuals in low transmission areas. During the 1980s malaria interventions reduced malaria 
exposure in Madagascar, and natural acquired immunity was lost. This lead to a catastrophic 
event with a malaria endemic killing more than 40 000 people (Romi et al., 2002). The 
recurrent exposure to hyper- and holo-endemic malaria protects the majority of the individuals 
and kills only a minority. Malaria immunity is dependent on age, transmission intensity and 
exposure to parasite. 

Protective immunity to malaria is multi-faceted and includes immunological responses to 
both pre-erythrocytic and erythrocytic stages (Langhorne et al., 2008; Marsh and Kinyanjui, 
2006). Studies have demonstrated that passive transfer of IgG from clinically immune donors to 
individuals infected with P.falciparum resulted in reduced parasitemia and clearance of clinical 
symptoms (Bouharoun-Tayoun et al., 1990; Cohen et al., 1961; McGregor et al., 1963). 

 
 
Figure 6. Acquisition of immunity to malaria in endemic areas (Adapted from (Langhorne et al., 2008) 
and reproduced with permission from Nature Publishing Group). 
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1.8.1 IMMUNOGLOBULIN M (IgM), IgG AND SUBCLASS IgG1-4 IN 
MALARIA 

In malaria, there are a wide range of antibodies of different isotypes that are capable of 
inducing protective effects against malaria. In the following section, IgG and IgM will be 
briefly discussed. 
 
1.8.1.1 IMMUNOGLOBULIN M (IgM) 
 

Immunoglobulin M (IgM) is part of the first line host defense (Leoratti et al., 2008). 
The pentamer structure of IgM equips the molecule with functions such as multivalent binding 
to both antigens and receptors (Ye et al., 2010). Natural IgM has been shown to bind to the 
surface of pRBC via the Fc-part of the molecule, and is correlated with severe malaria in both 
laboratory strains and clinical isolates (Ghumra et al., 2008; Rowe et al., 2002b).  

Some P. falciparum strains bind natural IgM, and this is found in parasites with 
specific virulence phenotypes such as rosetting (Rowe et al., 2002b), and CSA binding has been 
linked to placental malaria infection (Creasey et al., 2003; Fried et al., 1998). Studies suggested 
that elevated IgM levels are important for agglutination (Doolan et al., 2009), and for 
neutralization of pathogens (Czajkowsky et al., 2010). IgM is also a potent complement 
activator (Czajkowsky and Shao, 2009). 
 
 
1.8.1.2 IMMUNOGLOBULIN  G (IgG) 
 

Immunoglobulin G (IgG) is the most abundant isotype found in humans. There are 
four IgG subclasses, IgG1-IgG4, named in order of their abundance in serum. The subclasses 
differ both in structure and in immunological functions (Nimmerjahn and Ravetch, 2008). IgG 
and IgG subclass responses have been reported in malaria. IgG1 and IgG3 are known as 
cytophilic antibodies and have been suggested to be the predominant antibody responses in P . 
falciparum infections (Bouharoun-Tayoun and Druilhe, 1992; Dobano et al., 2012; Roussilhon 
et al., 2007; Sarthou et al., 1997). Cytophilic IgG1 or IgG3 have been reported to be associated 
with lower parasitemia, lower risk for malaria attacks and with clinical protection from disesase 
(Shi et al., 1996; Taylor et al., 1998). 

IgG2 and IgG4 are non-cytophilic, and are speculated to be non-protective. However, 
elevated levels of IgG2 have been shown to be correlated with decreased risk of malaria 
infection, and more specifically in individuals that carry an allelic variant of FcγRIIA, which 
binds to IgG2 (Aucan et al., 2000; Garraud et al., 2003; Nasr et al., 2009). IgG4 is believed to 
compete with the binding of IgG1 and IgG3, and might be involved in blocking the cytophilic 
activity (Aucan et al., 2000; Garraud et al., 2003). 

In malaria, the dynamics of subclass responses and their association with protection is 
probably important, but more studies are required to fully understand the immune responses 
against specific antigens and this knowledge could add in vaccine development. 
 
1.8.2 ANTIBODY RESPONSES TO THE P. FALCIPARUM MEROZOITE ANTIGENS 

Antibodies against P. falciparum are directed against different stages of the parasite 
during its life cycle. The function of antibodies in malaria infection and disease are the 
following; I) inhibition of merozoite invasion/intracellular growth, II) antibody-dependent 
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cellular killing with opsonization, and III) clearance of pRBC by antibody binding to the host 
cell surface, and inhibition of sequestration in the microvasculature (Blackman et al., 1990; 
Bouharoun-Tayoun et al., 1995). 

It has been demonstrated that antibodies against several P. falciparum merozoite 
antigens are associated with protective immunity in longitudinal studies (Branch et al., 1998; 
Egan et al., 1996; Fowkes et al., 2010; John et al., 2005). Previous studies have reported 
associations between high levels of antibodies against several merozoite antigens and protection 
against symptomatic malaria, while others considered it more as marker of malaria exposure 
(Gupta et al., 1999b; Metzger et al., 2003; Polley et al., 2004; Richards et al., 2010). Several 
studies described invasion/growth inhibitory activities in sera from individuals living in malaria 
endemic areas (Bouharoun-Tayoun et al., 1990; Cohen et al., 1969; Dent et al., 2008). It has 
been reported that there are significant associations between growth inhibitory antibodies and 
reduced risk of clinical malaria (Crompton et al., 2010; Dent et al., 2008; John et al., 2004), 
while other findings were inconclusive (Corran et al., 2004; Perraut et al., 2005). 
The following sections will discuss previous studies on antibody responses to the P. falciparum 
merozoite antigens included in this thesis work. 
 
 
1.8.2.1 ANTIBODIES AGAINST PfAMA1 
 

Individuals living in malaria endemic areas can have increased levels of antibodies 
against PfAMA1, which are strong inhibitors of parasite invasion (Bouharoun-Tayoun et al., 
1990; Courtin et al., 2009; Nair et al., 2002). Few studies have directly measured inhibitory 
antibodies in relation to protection from malaria. Those conducted reported presence of 
antibodies against PfAMA1 associated with a reduced incidence of malaria (Greenhouse et al., 
2011; Keh et al., 2012; Polley et al., 2004). 

There is limited knowledge on acquired antibodies against the polymorphic and 
conserved epitopes of PfAMA1 (Polley et al., 2004). A recent study showed that antibodies that 
target the functional and polymorphic epitopes of PfAMA1, are acquired with altering exposure 
to malaria, and indicates some association with decreased risk of clinical malaria. These 
findings suggest that PfAMA1 could target of naturally acquired antibody response (Mugyenyi 
et al., 2013). 
 
1.8.2.2 ANTIBODIES AGAINST MSP1-19 
 

Several mechanisms have been suggested for how MSP1-19 antibodies mediate 
protection against malaria, including antibody binding and inhibition of MSP1-19 function and 
merozoite invasion, disruption of secondary processing of the protein, agglutination of 
merozoites, and opsonization of parasites by phagocytic cells (Blackman et al., 1990; 
Blackman and Holder, 1992; Gilson et al., 2008; McIntosh et al., 2007). It has been reported 
that antibodies against MSP1-19 are associated with control of malaria or protection from 
symptomatic P. falciparum malaria (Branch et al., 1998; Egan et al., 1996; Perraut et al., 2005; 
Riley et al., 1992), and was found in both infants and young children indicating that protection 
associated with MSP1-19 develops early (Branch et al., 1998; Shi et al., 1996). A recent study 
of IgG against MSP1-19 reported lack of association between growth inhibitory activity and 
protection from malaria or re-infection. This study suggests that antibodies against MSP1-19 
might be marker of protective immunity and not directly involved in the protective 
mechanisms such as growth inhibition (Wilson et al., 2011). 
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1.8.2.3 ANTIBODIES AGAINST MSP2 
 

Early studies showed that MSP2 specific monoclonal antibodies could inhibit parasite 
growth in vitro (Clark 98 MBP; Epping 88 MBP). Since then several studies have reported that 
antibodies to MSP2 might be involved in protection against malaria. A study in Papua New 
Guinea showed that antibodies against MSP2-3D7, but not against MSP2-Fc27, were 
associated with decreased incidence of clinical malaria (al-Yaman et al., 1995). Two studies in 
The Gambia reported significant association of IgG3 antibodies against MSP2 with reduced 
morbidity (Metzger et al., 2003; Taylor et al., 1998). A more recent study demonstrated that 
antibodies against MSP2 bound to the merozoite surface but did not inhibit invasion and instead 
got carried into the pRBC during invasion, and remained there up to 20 hours post infection 
without inhibiting intra-erythrocytic development (Boyle et al., 2013). These findings indicate 
that MSP2 specific antibodies might not be directly involved in invasion inhibition, but could 
still be involved in opsonization of merozoites and antibody-dependent cellular inhibition 
mediated by monocytes, and these are considered as important mechanisms in acquired 
immunity (Bouharoun-Tayoun et al., 1990; Flueck et al., 2009).  
 
1.8.2.4 ANTIBODIES AGAINST PfEBAs 
 

Antibody responses against PfEBA175 have been associated with age in endemic 
areas (Noland et al., 2008; Okenu et al., 2000; Persson et al., 2008; Richards et al., 2010). 
Studies in The Gambia observed that increasing antibody levels to PfEBA-175 were maintained 
for a period of time, and in a way dependent on age, seasonality and infection status. These 
findings suggest that increasing antibody response to clinical malaria may consequently boost 
antibody memory responses in individuals with malaria (Akpogheneta et al., 2008; 
Akpogheneta et al., 2010). However, some studies reported failed association between antibody 
levels to PfEBA-175 and protection against disease (Fowkes et al., 2010; John et al., 2005; 
Noland et al., 2008; Osier et al., 2008). These observations could be due to differences in study 
protocols (Fowkes et al., 2010), malaria exposure and antibody responses in the different 
malaria endemic settings (Kinyanjui et al., 2003). 

For the other EBAs, it has been shown that antibody responses to PfEBA-140 RII and 
RII-V could play a role in protection against malaria, but antibodies against PfEBA-181 RIII-V 
have not been associated with protection (Richards et al., 2010). Naturally acquired antibodies 
against PfEBA140 was shown to be surprisingly inhibitory, compared to the other EBAs, when 
functional assays were applied. Subclass responses to the PfEBAs was in one study 
predominantly of IgG1 and IgG3 subclasses (Ford et al., 2007; Okenu et al., 2000; Persson et 
al., 2013). IgG3 was reported to be more protective than IgG1 against PfEBAs (Richards et al., 
2010).  
In conclusion, the antibodies against PfEBAs could have an important role in protection and 
invasion inhibition, and as result control parasitemia burden and decrease morbidity cases 
(Persson et al., 2013). 
 
 
 
 
 



 

 27 

 
1.8.2.5 ANTIBODIES AGAINST PfRhs 
 

There is limited knowledge regarding the antibody responses to PfRh antigens. 
Antibody responses to PfRh2a and PfRh2b have been reported to be associated with protection 
from clinical disease. A study in Papua New Guinea reported a significant correlation between 
high levels of antibodies against PfRh2a/b and reduced risk of symptomatic malaria. 
Furthermore, cytophilic IgG1 and IgG3 were the predominating responses in this study 
(Reiling et al., 2010). High levels of antibodies against PfRh4 have been shown to be strongly 
associated with a reduced malaria risk (Reiling et al., 2010). These findings suggest that 
PfRh2a/2b and PfRh4 could be important targets of protective immunity and potential vaccine 
candidates, but further studies are required to understand their role in immunity against 
malaria. 
 
 
1.9 HUMAN RED BLOOD CELL POLYMORPHIMS AND MALARIA 

Genetic factors are major determinants to consider in child survival in malaria endemic 
countries. In sub-Saharan Africa, the red blood cell polymorphisms (hemoglobin S (HbAS), α-
thalassemia, β- thalassemia, glucose-6-phosphate-dehydrogenase (G6PD) deficiency, 
hemogloblin E, and ovalocytosis) have protective effects against severe P.falciparum malaria, 
and epidemiological evidence links the distribution of these polymorphisms to areas with high 
malaria endemicity (May et al., 2007; Rowe et al., 2007; Williams et al., 2005c). In this thesis 
we studied the protective effects of HbAS in malaria, and the following section will focus on 
HbAS and malaria. 
 
1.9.1 MALARIA PROTECTION BY HbAS 

Hemoglobin S in the heterozygous form (HbAS, sickle cell trait) has been reported to 
have a protective effect against malaria (Aidoo et al., 2002; Williams et al., 2005b). A single 
point mutation (β6 Glu to Val) in the sixth codon of the β chain results in HbAS (Ingram, 1957). 
In sub-Saharan Africa this is thought to contribute to a survival benefit. The exact mechanism 
of how HbAS confers protection in malaria is still unclear. Proposed mechanisms include: I) 
reduced parasite invasion and/or growth in RBC (HbAS) (Friedman et al., 1978; Pasvol et al., 
1978)., II) increased phagocytosis of pRBC (HbAS) by macrophages, and III) impaired 
cytoadherence of pRBC (HbAS) to microvascular endothelial and other cells (Bunn, 2013; 
Fairhurst et al., 2005; Williams, 2006).  

It has been reported that individuals with HbAS have 70-90% protection against severe 
malaria (Aidoo et al., 2002; Jallow et al., 2009; May et al., 2007) and 50% protection against 
uncomplicated malaria compared to individuals with HbAA (Crompton et al., 2008; Williams 
et al., 2005b). The protection against uncomplicated malaria has been shown to increase with 
age (Williams et al., 2005a). Even though the above studies showed that HbAS protected 
against uncomplicated malaria, it has not been consistent in other studies (Allen et al., 1992; 
Lell et al., 1999). Numerous studies showed individuals with HbAS to have lower parasite 
densities compared to HbAA, which might indicate that HbAS enhance control of infection 
once parasitemia is established (Aidoo et al., 2002; Crompton et al., 2008; May et al., 2007; 
Williams et al., 2005b). The underlying mechanism of the antibody response mediated 
protection and the impact of Hb variants on protective antibody response has not been 
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completely solved. It has been hypothesized that both an innate and an acquired mechanism 
mediate protection that is conferred by HbAS.  
 
 
1.10 MALARIA VACCINES 

A major public health intervention that has had an enormous impact on the global health 
is vaccination. It is used to control and eradicate diseases such as smallpox, polio, rabies, 
diphtheria, tetanus, yellow fever, measles, mumps, rubella and hepatitis B.  

At the moment several malaria control interventions are being used to reduce the burden 
of malaria. The malaria interventions are broadly divided into I) vector control (indoor residual 
spraying (IRS), insecticide treated nets (ITN), and larval control, II) intermittent preventative 
therapy (IPT) and III) immediate diagnosis and treatment (WHO, 2012). These interventions 
have contributed to effective reduction of P.falciparum malaria transmission and mortality 
(WHO, 2010, 2012). However, the P. falciparum parasite is highly complex and adaptable with 
emerging drug resistance (Dondorp et al., 2009). Based on this, developing a safe, effective and 
affordable vaccine would provide a much-needed tool to combat the morbidity and mortality of 
malaria. 

The vaccine studies in malaria target the sporozoite, pre-erythrocytic (liver stage), 
erythrocytic (blood stage) and sexual stages. Comprehensive immuno-epidemiological studies 
have provided insight to the best candidate antigens to be included in vaccine development. 
One needs to remember that natural immunity targets a wider range of P. falciparum antigens 
and no specific antigens appears to be especially important to providing protection (Marsh and 
Kinyanjui, 2006). Most malaria antigens selected for vaccine candidates are targets of natural 
immunity, and display significant genetic polymorphisms. Additionally, the difficulties vaccine 
developers face with P.falciparum is that no adequate rodent model exists. 

A new formulation of P.falciparum cirumsporozoite protein, known as RTS,S, a hybrid 
protein particle formulated in a multi-component adjuvant named AS01, showed promising 
results in sporozoite challenge studies (Stoute et al., 1997), and this was then moved onto field 
testing in West Africa (Bojand Lancet 2001). At this time the importance of cellular immunity 
in protection against the liver stage malaria had been confirmed in animal studies (Schofield et 
al., 1987). RTS,S/ showed 30-50% sterile efficacy across a series of sporozoite challenges in 
volunteers (Kester et al., 2009) and demonstrated promising ability to induce high antibody 
levels, that target the conserved regions of the CS protein, and in some settings the level of the 
antibody responses correlated with protection against infection or disease (Moorthy MJ 2009). 
The RTS,S/AS01 challenge studies achieved a level efficacy that was a clear step forward for 
the field, and has undergone a series of phase I and II clinical trials in several African countries 
(Aide et al., 2010; Olotu et al., 2011). However, a recent report demonstrated that the efficacy 
of RTS,S/AS01 vaccine after 4 year period was only 16.8 % against P.  falciparum malaria 
among children vaccinated at 5 to 17 months of age in  malaria endemic areas (Olotu et al., 
2011). 

Other vaccine approaches are a whole parasite vaccine such as developing genetically 
attenuated parasites incapable to reach the liver stage. Yet the lack of irradiation in some cases 
raises issues of safety and the risk of developing the disease (Vaughan et al., 2010). Blood stage 
whole parasite vaccines have shown potential efficacy but problems arise such as the risk of 
growing large number of parasites in the blood or risk of unknown infections in donated human 
blood (Pombo et al., 2002). Vector vaccines are another approach in vaccine development, and 
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aim mainly to induce cellular immunity against liver stage malaria, and are being assessed 
clinically (Reyes-Sandoval et al., 2010). 

The progress with blood stage vaccines has been slow yielding mixed results 
(Goodman and Draper, 2010). A number of blood stage vaccine candidates have undergone 
clinical testing but not accomplished good protective efficacy against clinical malaria.  The 
vaccines are based on a few candidate antigens; MSP1, MSP2, MSP3 and AMA1  (Dicko et al., 
2008; Malkin et al., 2008; Ogutu et al., 2009; Sirima et al., 2007). Another blood stage vaccine 
candidate is PfEBA-175. A potential PfEBA-175 II vaccine was tested in malaria naïve subjects 
in the USA, and was shown to be safe and immunogenic. However, further studies are required 
in individuals living in malaria endemic areas (El Sahly et al., 2010). There are three challenges 
in blood stage vaccine development; expressing large antigens with the correct conformation, 
the modest antibody response and the extensive polymorphisms in many leading candidates.  

The struggle with blood stage vaccines has shifted the enthusiasm to the field of 
transmission-blocking vaccine development. The leading vaccine candidates are Pfs25/ Ps48/45 
and Pfs230 (Wu et al., 2008). Another approach is to use antigens from the Anopheles midgut 
wall, aminopeptidase APN1, as a suitable transmission-blocking vaccine component 
component (Dinglasan et al., 2013). These vaccine candidates have a particular advantage since 
they might be effective against more than one species of malaria, and been also considered as 
components for multi-stage vaccines. Consequently, this has renewed interest in development 
of mosquito stage vaccine candidates.   

An effective malaria vaccine is most likely to contain a combination of antigens from 
the same stage of the parasite´s life cycle or from different stages. Several combination 
vaccines have been developed and tested, as for example AMA-1 and MSP-1, CSP and AMA-1  
and MSP-1, MSP-2 and RESA (Genton, 2008; Malkin et al., 2008). However, there is limited 
evidence from human studies that these combinations have greater efficiency than single-
antigen vaccines, but animal studies indicate that this might still be the case. Nevertheless, it is 
of great importance to find the best combination vaccine to improve the efficacy.  
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2 SCOPE OF THE THESIS 

The overall objective of the work presented in this thesis was to increase our 
understanding of acquired immunity to the P. falciparum merozoite antigens in children and 
adults, and to identify functional antibody responses in uncomplicated and severe malaria that 
may play a role in the development of protective immunity. The merozoite invasion, growth 
and rosetting in the context of uncomplicated and severe malaria were also investigated. 
 
 
SPECIFIC AIMS 
 
PAPER I 
To investigate the quantitative and qualitative antibody responses to the merozoite antigens, and 
the multiplicity of infection (MOI) in children with uncomplicated or severe P. falciparum 
malaria. 
 
PAPER II 
To study the role of merozoite invasion, parasite growth and rosetting in uncomplicated and 
severe P. falciparum malaria. 
 
PAPER III 
To investigate the natural acquired immunity against P. falciparum merozoite antigens over 
one-year period in children and adults, and the protective effects of hemoglobin S.  
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3 EXPERIMENTAL PROCEDURES 

3.1 STUDY POPULATIONS 

The studies included in this thesis work were conducted in populations living in P. 
falciparum endemic areas: north of Uganda (Paper I and II) and southwest of Nigeria (Paper 
III). 
 
3.1.1 UGANDA (PAPER I and II) 

Papers I and II were based on a cross-sectional study that included a total of 93 children 
under the age of five, with active P. falciparum infection. During 2002 children were recruited 
at the district hospital in Apac, Northern Uganda, a holo-endemic area having a very high 
entomological inoculation rate (EIR) of 1 500 per year (Okello et al., 2006; Yeka et al., 2005). 
Active P. falciparum infection was diagnosed by Giemsa blood smears and clinical 
examinations. The children were grouped according to the WHO guidelines (WHO, 2000a), 
and the modified Blantyre score (Molyneux et al., 1989). Fifty-one children were classified as 
having severe malaria and 42 children as having uncomplicated malaria. The severe malaria 
cases were further classified into sub-groups; respiratory distress (n=28), cerebral malaria 
(n=7), malaria NUD (n=10) (including convulsions, prostration, hyperparasitemia and 
hyperpyrexia), circulatory collapse (n=3), severe anaemia (n=2), one patient with cerebral 
malaria, severe anaemia, and respiratory distress (n=1). Paper I included 85 children (6 months 
to 3 years old), severe malaria (n= 46) and uncomplicated malaria (n=39). Paper II included 76 
children under the age of five, with severe malaria (n=36) and uncomplicated malaria (n=40). 
 
 
3.1.2 NIGERIA (PAPER III) 

Paper III was based on a longitudinal study conducted in a rural town, Igbo-Ora in 
southwestern Nigeria. Malaria is endemic with transmission peaks during the rainy season 
(April to October), with mean EIR of 131 per year (Noutcha and Anumdu, 2009). During the 
study from July 2009-July 2010, there initially 200 individuals ranging from 5-70 years old 
enrolled. Venous blood samples were collected at baseline for blood group typing, P. 
falciparum genotyping and immunological studies. Thick and thin smears were made for 
parasitological investigations. The participants were followed up monthly, for a period of 12 
months, checking their health status and the presence of malaria infection. Only participants 
who were permanent residents were included in the study. From 200 individuals 40 were 
randomly selected to be included in Paper III. 
 
3.2 ETHICAL CONSIDERATION 

Ethical approvals for the human participants in Paper I-III included in this thesis were 
obtained from the ethical research committees in Uganda, Nigeria and Karolinska Institutet, 
Sweden. Written informed consents were obtained from adult participants and parents or 
guardians of all children.  
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3.3 PARASITES AND IN VITRO CULTURES CONDITIONS 

P. falciparum laboratory and clinical parasite isolates were included in Papers I-II. All 
laboratory strains and clinical isolates were cultivated using standard methods with 
modifications (Moll K, 2008; Trager and Jensen, 1976). In brief all in vitro adapted Uganda 
isolates were cultivated in a gas mixture of 90% NO2, 5% O2 and 5% CO2, with constant and 
shaking instead of static candle-jar technique. This improved method has shown to facilitate the 
establishment of fresh clinical isolates to in vitro cultivation and to reduce the number of 
multiple infected RBCs.  

Parasites were kept synchronized using 5 % sorbitol (w/v) treatment. The parasitemia 
was counted and the rosetting rate was determined by calculating the number of trophozoite 
pRBCs within rosettes, relative to the total number of trophozoite pRBC in the culture. A 
rosette was defined as at least two unparasitizd RBCs bound to one pRBC. The rosetting 
phenotype was maintained with Ficoll enrichment. 
 
 
3.4 INVASION INHIBITION ASSAY 

The method described previously (Persson et al., 2006; Persson et al., 2008) allowed us 
to study the invasion inhibitory activities in patient plasma. Two Ugandan P. falciparum 
clinical isolates (UAM37, from a patient with uncomplicated malaria, and UAS31, from a 
severe malaria patient) were chosen as representative of clinical isolates in Paper I. Isolates 
were cultured in vitro in AB+ non-immune Swedish serum and gassed with 90% NO2, 5% O2 
and 5% CO2, and placed in a shaking incubator. In brief, parasites were synchronized (5% 
sorbitol, v/w) before starting the assay and used when the majority of the parasites had reached 
a late-pigmented trophozoite stage. 45 µl of parasite suspension and 5 µl of dialyzed test 
plasma were added to each well in duplicates. Plates were incubated in sealed, humidified and 
gassed box for 48 hours at 37 0C. Parasitemia was estimated using hydroethidine (10 µg/ml; 
Sigma Aldrich) in a flow cytometer (FACS Scan; BD). Parasite invasion for each sample was 
calculated relative to control samples (invasion in presence of dialyzed Swedish plasma). 
Parasite invasion was considered 100 %, if there was no invasion inhibitory activity in the 
added plasma sample. 
 
3.5 INVASION INTO ENZYME TREATED RED BLOOD CELLS 

To further characterize the clinical P. falciparum parasites, 21 isolates (11 uncomplicated 
and 10 severe) were examined for their RBC receptor specificities in invasion assays in Paper 
II. Human O+ RBCs were washed with RPMI 1640 (Gibco, Invitrogen), and subsequently 
treated with neuraminidase (62.5 uM/ml; Sigma), trypsin (1mg/ml; Sigma) and chymotrypsin 
(1 mg/ml; Sigma) for 45 minutes at 37 0C with periodic shaking. Control RBCs were only 
treated with RPMI 1640. After incubation the RBCs were washed once with RPMI 1640 
containing 20% human serum and twice with RPMI 1640 containing 10% human serum to 
inhibit enzyme activity (Persson et al., 2008). Late-pigmented trophozoite to schizont stages 
were enriched using magnetic bead column separation (Miltenyi Biotec, Germany). Invasion 
assays were performed in 96 U-bottom culture plates with a total of 50 µl of parasite suspension 
at 0.5–1.0% parasitemia and enzyme treated RBCs. All samples were run in triplicate. Plates 
were incubated in a gassed box for 48 hours at 37 0C. Parasitemia was estimated using 
hydroethidine (10 ug/ml; Sigma) in a flow cytometry (FACS Scan; BD) after 48 hours. 
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Invasion inhibition by enzyme treatment was determined as [1 - (proportion of enzyme-treated 
cells invaded/proportion of untreated cells invaded)] x 100. Results presented were comparative 
with control treated cells. 
 
 
3.6 RECOMBINANT MEROZOITE ANTIGENS 

A panel of P. falciparum merozoite antigens were selected and included in Paper I and 
III. The antigens were selected based on extensive studies suggesting them as potential 
candidates for vaccine development. All antigens were expressed in Escherichia coli, 
including following: the whole ectodomain of the P. falciparum D10 allelic form of PfAMA1 
(AMA1-D10) (Hodder et al., 2001); regions III to V; PfEBA140 (3D7; aa; 770 to 1064), 
PfEBA175 (3D7; aa; 761 to 1298), and PfEBA181 (3D7; aa; 769 to 1365) (Richards et al., 
2010); and PfRh2A9 (3D7; aa; 2027 to 2533) (Reiling et al., 2010) and PfRh4A3 (aa; 1160 to 
1370) (Persson et al., 2008; Stubbs et al., 2005). The MSP2 proteins corresponding to the 
FC27 and 3D7 gene sequences (Adda et al., 2009)were expressed as described previously. 
MSP1-19 from the 3D7 sequence was expressed as described previously) (Dutta et al., 2005). 
The recombinant antigens were all GST-tagged. 
 
 
3.7 MEASURING TOTAL IMMUNOGLOBULIN G (IGG) AGAINGST 

RECOMBINANT MEROZOITE ANTIGENS BY ELISA 

Antibody responses to P.falciparum merozoite antigens in patient plasma were assessed 
using ELISA. Total IgG levels against a panel of merozoite antigens (PfEBA140, PfEBA175, 
PfEBA181, PfRh2, PfRh4, MSP1-19, MSP2-3D7, MSP2-FC27, and PfAMA1) were measured 
using previously published ELISA protocols (Persson et al., 2008; Reddy et al., 2012). 
 
3.8 MEASURING SUBCLASS IG1-IGG4 AGAINGST RECOMBINANT 

MEROZOITE ANTIGENS BY ELISA 

This assay was adapted and optimized to quantify subclass antibodies against merozoite 
antigens PfEBA-175 and PfRh2 in patient plasma as described in Paper III. In brief the subclass 
reactivity was measured as follows: flat bottom 96-well plates (Nunc-immunoplate, Thermo 
Scientific) were coated with 1 µg/ml recombinant antigen in coating buffer (15 mM Na2CO3 
and 35 mM NaHCO3; pH 9.6) and incubated at 4 0C overnight. The plates were washed three 
times after incubation with blocking medium or antibodies. Plasma samples were diluted to 
1:25 in 5% skimmed milk in PBS- Tween 20, and incubated for 1.5 hours at 37°C. Mouse anti-
human antibodies (IgG1 A10630, IgG2 05-3500, IgG3 05-3600, IgG4 A10651 from Invitrogen 
Corporation, CA) were diluted in 5% skimmed milk in PBS-Tween 20 (1:500 for IgG1 and 
IgG3, and 1:250 for IgG2 and IgG4, dilutions chosen after optimization), and incubated for 1.5 
hours at 37 0C. Followed by antibody detection with goat anti-mouse IgG (H+L) horseradish 
peroxides (HRP) (G21040, Invitrogen Corporation, CA) diluted at 1:500 for IgG1 and IgG3, 
and at 1:1000 for IgG2 and IgG4, and incubated for 1.5 hours at 37 0C. Antibody reactivity was 
detected with a azino-bis(3-ethylbenthiazoline-6-sulfonic acid) (ABTS) tablet (Sigma Aldrich) 
dissolved in phosphate citrate buffer pH 5.0 (Sigma Aldrich); 30% H202 was added just prior to 
use. Plates were incubated at room temperature for 1 hour and optical density (OD) was read at 
414 nm. All assays were run in duplicate and OD was subtracted for non-specific binding of the 
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fusion tag, GST. Positive (pools of immune samples) and negative (Swedish non-immune) 
controls were included in all plates. 
 
 
3.9 SURFACE PLASMON RESONANCE 

To estimate the affinity of antibodies in plasma, binding to merozoite antigens in Paper 
I, the recombinant MSP2-3D7, MSP2-Fc27 and PfAMA1-D10 were bound to CM5 chips in 
Surface Plasmon Resonance assays (SPR) (Biacore 3000, Uppsala, Sweden) as described 
previously (Reddy et al., 2012). In brief, one lane was used as a control lane. Around 1000 
response units of each protein was bound to the chip. Plasma samples in at least two different 
dilutions (used as “internal controls”, since the off rate kd should be the same independent of 
concentration) were flowed over the antigen-coated surfaces, and the kd was measured in real 
time. When antibody levels were very high, the samples were diluted further until similar 
levels of response units were accomplished.  For every 20 samples, a control sample (a pool of 
adult immune plasma) was run to check that there was still enough protein bound to the chip to 
allow for measurement of reproducible kd values, and this was also used as a control between 
different chips. Swedish non-immune sera were used to determine the cut-off to be considered 
as background level (=100 RU).  Data was analyzed using BIAevaluation 4.1 software 
(Langmuir binding model). 
 
 
 
3.10 AMMONIUM THIOCYANATE (NH4SCN)-ELISA 

To estimate the strength of the antibody binding in Paper I, increasing concentrations of 
NH4SCN were added to ELISAs for the MSP2-3D7 and MSP2-FC27 proteins as described 
previously (Reddy et al., 2012). The affinity index was calculated from the absorbance reading 
in the presence of increasing concentrations of NH4SCN, which were converted to percentage 
of total bound antibody (in the absence of NH4SCN). The index was calculated from the molar 
concentration of NH4SCN required to reduce the initial absorbance by 50% (Arias-Bouda et al., 
2003).  
 
 
 
3.11 DETERMINATION OF P.FALCIPARUM GENETIC DIVERSITY 

27 uncomplicated and 29 severe P. falciparum clinical cases were randomly selected 
from the clinical samples in Paper I for genotyping. A nested PCR was used to study the 
genetic markers for the MSP2 alleles (Fc27 and 3D7), for CSP, GLURP, and MSP1 alleles 
(K1, MAD20 and RO33). The primers and experimental conditions used have been described 
previously (Snounou, 2002), with some modifications (Ribacke et al., 2007). Multiplicity of 
infection (MOI) for each isolate was determined based on the highest number of allelic 
variants observed for a given genetic marker. 
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4 RESULTS AND DISCUSSION  

Results are discussed in detail in each respective study included in this thesis (Paper I-III). 
The original results and interpretations are also summarized here. 
 
4.1 PAPER I 

“ Acquired antibodies to merozoite antigens in children from Uganda with uncomplicated 
or severe Plasmodium falciparum Malaria” 
 

Antibodies against several P.falciparum merozoite antigens have been found to be 
associated with protective immunity but very few studies have investigated the functional 
properties of acquired antibodies, or examined the role of antibodies to merozoite antigens in 
immunity to severe malaria in young children.  

In Paper I, we investigated the quantitative and qualitative differences in antibody 
responses in plasma against a panel of merozoite antigens, using a set of assays including 
ELISA, Invasion Inhibition Assays (IIA), NH4SCN-ELISA and Surface Plasmon Resonance 
(SPR) to identify antibody responses that may play a role in protective immunity, and evaluate 
which assay(s) are best predictors of immune differences between severe or uncomplicated 
malaria. Additionally, we studied the MOI in both the uncomplicated and severe malaria 
group.  

The IgG levels of antibodies against PfEBA181, MSP2-3D7, MSP2-Fc27 and 
PfAMA1 were significantly higher in children with uncomplicated compared to severe 
malaria. On the other hand, there was no significant difference in IgG levels of antibodies 
against PfEBA175, PfEBA140, MSP1, PfRh2 and PfRh4 in uncomplicated compared to severe 
malaria. Earlier studies have shown associations between high levels of antibodies against 
different merozoite antigens and protection against symptomatic malaria in general (severe 
malaria was not addressed in these studies), while other studies have defined high antibody 
levels as a marker of exposure (Osier et al., 2008; Polley et al., 2004; Richards et al., 2010). 
Based on previous findings showing inconsistencies in the correlations of antibody responses 
to recombinant antigens and protection from malaria using ELISA (McCallum et al., 2008), we 
further investigated the affinity properties of antibodies present in patients with uncomplicated 
or severe malaria, with SPR and the qualitative (functional) properties with IIA.  

In the first approach, we used an SPR method which allowed us to study antibody 
affinity under flow in real time (Hearty et al., 2010). Two allelic variants of the highly 
unstructured MSP2 protein, MSP2-Fc27 and MSP2-3D7, as well as PfAMA1 were selected for 
this purpose. Antibodies against PfAMA1 showed the highest affinity (i.e. lower kd values), 
while antibodies against MSP2-3D7 had lower affinity, and antibodies against MSP2-Fc27 had 
the lowest affinity. For all three antigens, there was a trend of higher affinity among the 
uncomplicated malaria cases, significant only for PfAMA1. These findings could indicate the 
importance of antibodies against PfAMA1 in this study group for a role in protection against 
severe malaria. These results are supported by a recent study using SPR that showed that 
individuals with high affinity antibodies directed against MSP2-3D7 had a prolonged time 
before developing clinical malaria, indicating that presence of high affinity antibodies may be 
important in protection against malaria (Reddy et al., 2012). 

In our second approach, we studied the inhibitory activities in plasma, in vitro, from 
children with uncomplicated or severe malaria, using IIA. All plasma samples from the 



 

 36 

children were tested against two clinical parasite isolates, UAM37 and UAS31. The parasite 
UAM37 originated from a patient with uncomplicated malaria while UAS31 came from a 
patient with severe malaria. There was a trend of decreased invasion (58%) when plasma from 
children with uncomplicated malaria patients were used against UAS31, compared to severe 
malaria (70% invasion), but the difference was not significant. Furthermore, microscope and 
flow cytometry revealed that the major part of the invasion inhibition was found within the first 
hours of the parasite´s life cycle. We could clearly observe that both clinical isolates (UAM37 
and UAS31) showed significantly higher invasion in the presence of plasma from children with 
high initial parasitemia, indicating a lack of inhibitory antibodies in their plasma. However, we 
did not see any correlation between initial parasitemia and the presence of either IgG or IgM 
with any of the merozoite antigens tested by by ELISA or SPR. 

As a next step, the measurements of antibody responses were compared with the 
results of the functional assays. The most extensive analysis was carried out for the MSP2-3D7 
and MSP2-Fc27 antigens, for which we had access to two different allelic forms of the 
proteins. The IgG ELISA results for MSP2-3D7 and MSP2-Fc27 correlated very well with the 
NH4SCN-ELISA, which is not surprising since both methods are very similar. MSP2 contains 
both conserved and variable domains, and there might be a certain degree of overlap in 
antibody responses between the two allelic variants due to antibodies reacting against the same 
epitopes. Moreover, a significant correlation between parasite invasion of the two clinical 
isolates and presence of IgG/IgM in ELISA could be seen, between the results of the IIA on 
UAS31 and the IgG ELISA response against MSP2-Fc27, as well as between the for UAM37 
and the PfEBA175 ELISA results, for both IIA on UAS31 and UAM37 and PfRh2 ELISA. 
Furthermore, it was observed that plasma with higher levels of antibodies had an inhibitory 
effect on parasite invasion in IIA.  For PfAMA1, we observed the most interesting correlation 
in antibody response in the investigated functional assays. We saw a significant correlation of 
decreased UAS31 and UAM37 parasite invasion in IIA with increasing anti-PfAMA1-IgG in 
ELISA. We could also see a correlation between high levels of IgG in ELISA and high 
antibody affinity in SPR. For the other recombinant proteins used in IgG ELISA (PfEBA140, 
PfEBA181, PfRh4, MSP2-3D7 and MSP1), no significant correlations could be seen with IIA 
results. Several of the IgG ELISA results correlated with each other, but only PfAMA1 stood 
out as showing best correlations between methods (ELISA, IIA and SPR), compared to any of 
the other proteins.  

We also investigated the genotypes of the Ugandan isolates. The majority of 
analyzed samples were multi-clonal, including presence of both MSP2-FC27 and MSP2-3D7 
alleles. CSP, GLURP, and MSP1 (K1, MAD20, and RO33) and MSP2 (FC27 and 3D7) were  
analyzed and they showed a significantly larger heterogeneity in patients with uncomplicated 
compared to severe malaria for MSP1-K1 and MSP2-3D7. The total MOI in uncomplicated 
cases was significantly different as compared to severe cases, which has been previously 
shown in highly endemic settings (Farnert et al., 2009). Patients often harbour many variants of 
parasites at the same time (Arnot, 1998; Hoffmann et al., 2001) and there is conflicting data on 
whether multi-clonal infections are associated with the outcome of the infection (al-Yaman et 
al., 1997). There was a significant positive correlation between MOI and IgG in ELISA against 
the following merozoite antigens: MSP2-FC27, PfAMA1, PfEBA175, PfEBA-181 and PfRh2. 
A higher MOI correlated weakly with lower affinity of antibodies (in SPR) for MSP2-FC27 
and MSP2-3D7. In addition, age and the presence of IgM in ELISA against MSP2-FC27 
correlated positively as did age and IgG in ELISA against MSP2-FC27 and PfAMA1. Older 
children had higher levels of antibodies and they also had a higher antibody affinity against the 
MSP2 antigens measured by NH4SCN ELISAs, but not with SPR. 
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Our study is the first to show that by using a combination of assays we could increase the 

understanding of the immunological responses in children with uncomplicated or severe 
P.falciparum malaria. No single method has shown to be fully predictive of immunity 
(Bouharoun-Tayoun et al., 1990; Dent et al., 2008; Egan et al., 1996; Hodder et al., 2001), and 
the most commonly used method, ELISA, is a static method that does not reflect the function of 
antibodies. In our combination of assays, we found that the presence of antibodies against 
PfAMA1 (in ELISA) correlated to invasion for both tested clinical isolates, and that these 
antibodies against PfAMA1 in ELISA also correlated to affinity SPR results, indicating that this 
protein might be targeted by functionally important antibodies with high affinity that could 
contribute to protection from severe malaria in this study group.  Our observations are 
consistent with recent studies from Uganda (Greenhouse et al., 2011; Keh et al., 2012), which 
showed a strong association between antibodies against PfAMA1 and protection against 
malaria. Presence of antibodies against PfAMA1 has been shown to be associated with reduced 
incidence of malaria (Polley et al., 2004), and individuals living in malaria endemic areas have 
increased levels of anti-PfAMA1 antibodies, which can be strongly inhibitory to parasite 
invasion (Courtin et al., 2009; Hodder et al., 2001; Nair et al., 2002). Furthermore, antibodies 
against MSP2-3D7, but not against MSP2-FC27, have been associated with protection against 
malaria (al-Yaman et al., 1997), and for being more important in protection against severe 
malaria (Iriemenam et al., 2009). These previous findings are corroborated by our results that 
show a higher affinity of antibodies against the 3D7 allelic variant (compared to FC27) in SPR. 
Interestingly, the only assay that positively correlated with initial parasitemia in the patient was 
the IIA, which emphasis the importance of using functional assays. 
 
4.2 PAPER II 

“Improved in vitro culture of Plasmodium falciparum permits establishment of clinical 
isolates with preserved multiplication, invasion and rosetting phenotypes” 
 

Cytoadherence and rosetting in P. falciparum cause excessive micro-vascular 
sequestration, obstruction of blood flow and severe disease (Carlson et al., 1990; Rowe et 
al., 1995). The peripheral parasitemia and the sequestrated biomass of P.falciparum are higher 
in individuals with severe malaria than individuals with uncomplicated malaria. The study of 
rosetting, multiplication and RBC invasion has been limited by difficulties in adapting fresh 
isolates and cryo-preserved clinical isolates to in vitro cultures. The problems are poor 
outgrowth, low multiplication rates, loss of rosetting and cytoadherence phenotypes due to lack 
of appropriate environment and specific host factors.  

In Paper II, we evaluated the optimal in vitro growth conditions for the parasites that 
would mimic the environment of the human microvasculature. We used long-term propagated 
parasites not selected for rosetting or cytoadhesion (HB3, F32, 3D7AH1, FCR3, R29 and 
TM284), parasite clones selected by micromanipulation for high or low rosetting (FCR3S1.2, 
FCR3S1.6, TM284S2 and3D7S8.4) and 76 P.falciparum clinical isolates collected from 
children with uncomplicated or severe malaria in Apac, Uganda (also used in Paper I). 

A systematic evaluation was performed to establish 100% of the cryo-preserved 
clinical isolates with minimal parasite mass loss and preservation of the phenotype. Four 
different in vitro growth conditions were studied, and the cultivation involving growth in 
suspension on an orbital shaker (50 rev/min) with the use of a fixed gas composition (5% O2, 
5% CO2 and 90% N2) to maintain a stable micro-aerophilic environment was found to be  
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preferred compared to static cultivation with the same gas or the candle-jar method. 100% of 
isolates were established, with reduced multiple infected RBC, high multiplication rate and 
preserved capacity to form rosettes over time. 

We further investigated the rosetting in the parasites stains and clinical isolates, and we 
found that the dependence of rosetting in the presence or absence of serum varied in different 
parasites strains. The FCR3S1.2 pRBCs did not show any rosettes when grown in absence of 
human serum, while the rosetting rate was high, around 80%, in the presence of human serum. 
Switching of culture conditions rapidly re-established the rosetting phenotype in the presence of 
human serum, while it was lost by a change to conditions without human serum. Surface 
expression of PfEMP1 in FCR3S1.2 was significantly lower in pRBCs grown in the presence of 
Albumax as compared to human serum. Furthermore, expression of PfEMP1 was only detected 
between 22 h and 34 h post infection (pi) in Albumax while PfEMP1 in pRBCs grown with 
human serum was expressed between 18 h and 42 h pi. These findings argue for that serum 
components are necessary for correct display of PfEMP1 on the pRBC surface. We also 
observed that all 76 clinical isolates formed rosettes during schizogony, varying from 26 to 88 
%. Invasion of bound uninfected RBC at the time of rupture was frequently observed. Rosetting 
could be associated to the parasite’s ability to invade new RBC. Parasites previously selected 
for the rosetting phenotype at trophozoite stage showed high rosetting rates during schizogony. 

Of the 76 clinical isolates, 36 originated from children with severe malaria and 40 from 
children with uncomplicated disease. When the groups were compared, we found that the 
severe malaria parasites multiplied and rosetted (both at trophozoite and schizont stage) at 
significantly higher rates. Interestingly, positive and significant correlations of the 
multiplication rates of individual isolates to the original peripheral parasitemia at the time of 
blood collection were also observed. The ability of clinical isolates to multiply correlated to the 
rosetting rates of both trophozoite and schizont-infected RBCs.  

We further investigated if the correlation between rosetting and multiplication rate was 
due to facilitated invasion during rosette formation. Parasites, to which specific antibodies 
towards the expressed PfEMP1variant were available, were grown in presence and absence of 
those antibodies. However, no growth advantages and no correlation between rosetting and 
multiplication was observed. To further characterize the Ugandan clinical isolates, 21 (11 
uncomplicated and 10 severe) of the 76 clinical isolates were studied for different invasion 
pathways in merozoite invasion assays. The RBCs were treated with trypsin, chymotrypsin or 
neuraminidase before merozoite invasion assays. The majority of isolates were neuraminidase 
resistant, trypsin and chymotrypsin sensitive. Parasite invasion into the enzyme treated RBC 
differed slightly between the uncomplicated and severe group. Isolates from children with 
uncomplicated malaria showed significantly higher sensitivity to trypsin and chymotrypsin.  
There was no difference in sensitivity towards neuraminidase treatment of erythrocytes 
observed between the groups. The Ugandan clinical isolates to a large extent use sialic acid 
independent pathways. 

In this study, we established improved in vitro culture conditions in suspension and a 
controlled micro-aerophilic environment for cryo-preserved clinical P.falciparum isolates, 
which allowed us to study multiplication rates, rosetting phenotypes and merozoite invasion. 
We also found it to be the preferred conditions for both fresh and established parasites for 
maintaining their phenotypes. This study further emphasizes the importance of human serum 
during the cultivation of P. falciparum isolates and laboratory strains to guarantee the display of 
the parasite’s adhesive phenotype and correct expression of PfEMP1. The role of PfEMP1 in 
the close interaction between infected and uninfected RBCs in rosettes may facilitate merozoite 
invasion by bridging molecules or merely by being in the proximity of the pRBC during 
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schizont rupture. The surprising presence in all fresh isolates of high levels of schizont rosettes 
could suggest that rosetting must have an important biological function and can give an 
advantage in survival/growth. The peripheral parasitemia, the level of rosetting and the rate of 
multiplication correlated positively to one another for individual isolates and were all found to 
be higher among isolates from children with severe malaria than from children with 
uncomplicated malaria. This suggests that rosetting may contribute to a higher parasite burden 
in vivo. In addition, other traits than rosetting such as the rate of replication, number of formed 
merozoites and the invasion ligand repertoire are also likely to contribute to the superior growth 
of some, but not all, parasites. In this case, sialic acid independent invasion pathways were 
mainly used by these clinical isolates and this pathway is known to by used by the parasite 
ligand PfRh4. This is important information for future vaccine studies. 
 
 
4.3 PAPER III 

“Antibody responses against PfEBA175 and PfRh2 in naturally acquired immunity 
against Plasmodium falciparum malaria” 
 

Acquired immunity to malaria develops after repeated exposure in individuals living in 
endemic areas (Doolan et al., 2009; Langhorne et al., 2008). In Paper III, we investigated the 
naturally acquired antibody responses to P.falciparum merozoite antigens in 40 children and 
adults in Igbo-Ora, a rural area of Nigeria, over a time period of almost one year (July 2009 to 
June 2010). The malaria protective effect of having hemoglobin S (HbAS), which is relatively 
common in this area, was also investigated. The total IgG and subclass IgG1-4 responses 
against PfEBA175 and PfRh2 during one year were investigated in Nigerian children and 
adults. 

In both children and adults, the antibody responses (total IgG and subclass IgG1-IgG4) 
against PfEBA175 and PfRh2 increased from August with a peak in November followed by 
decline in the following months. In children and adults, the cytophilic IgG1 and IgG3 responses 
against PfEBA175 dominated and IgG2 and IgG4 responses against PfRh2 were also detected. 
Additionally, we found that the total IgG levels against PfEBA175 and PfRh2 showed a 
positivly significant correlation with each other. Furthermore, when the total IgG and subclass 
responses within PfEBA-175 were investigated and we observed that the total IgG responses 
significantly correlated with all four subclasses, and the subclasses significantly correlated with 
each other. While for PfRh2 we saw that total IgG significantly correlated with IgG1, and IgG2 
significantly correlated with IgG3 and IgG4. We further looked into the acquired antibody 
responses in the context of age, and found that age significantly correlated to the levels of total 
IgG, IgG1 and IgG3 for PfEBA175.  

Patient parasitemia was carefully monitored over the one-year study period. We 
observed that the parasitemia reached its peak in the month of October (mean: 749.7 
parasites/µl), while the lowest peak was observed in May (mean: 3.7 parasites/µl). These 
findings could explain the peak of antibody levels arising just after the peak in parasitemia. 
Additionally, it is concordant with the transmission intensity being highest during the rainy 
season, which ends in October. There was no significant difference in parasitemia between 
children and adults.  

We compared the antibody levels with parasitemia to determine if the antibody 
responses against PfEBA175 and PfRh2 correlated with control of parasitemia during the study 
period. We found that higher IgG1, IgG2 and IgG3 levels for PfEBA175 and total IgG for 
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PfRh2 correlated significantly with lower parasitemia.  We observed that individuals with the 
highest quartiles of levels of total IgG against PfEBA175 or PfRh2 showed a correlation with 
reduction of parasitemia, and when individuals with high levels of both antibodies against 
PfEBA175 and PfRh2 were considered, they had lower parasitemia compared to those with 
raised levels of only one of the antibodies. These findings indicate that these antibodies are 
important for protection against malaria, and support previous studies showing that high levels 
of total IgG, IgG1 and IgG3 against PfEBA175 associate with protection from malaria 
(McCarra et al., 2011; Richards et al., 2010). 

We further investigated the impact of HbAA and HbAS in protective effects against 
malaria. When all individuals in the study group were considered together we found that total 
IgG, IgG1 and IgG3 against PfEBA175 were significantly higher in individuals with HbAA 
compared to HbAS. For PfRh2, only the IgG1 response was significantly higher in HbAA. 
When we divided the cohort into two groups, children and adults, we found that children with 
HbAS had significantly higher levels of IgG, IgG1, IgG2 and IgG3 against PfEBA175 and 
higher levels of total IgG against PfRh2 compared to HbAA. On the other hand, the pattern in 
the adult group was the opposite with higher levels of IgG, IgG1 and IgG3 against EBA175 in 
HbAA individuals. Although there were very few samples in each group, these findings may 
give an idea of the role of HbAS and its malaria protective effects in this Nigerian population. 

In this study we showed that the antibody response against PfEBA175 was more 
evident than against PfRh2 in this Nigerian population. This could be explained by the fact that 
the expression of PfRh2 can vary between parasites (Duraisingh et al., 2003b), or that the used 
recombinant antigen of PfEBA175 was more similar to the protein variant within parasite 
population in that area. The part of the protein that was used, region III-V of PfEBA175 
(Richards et al., 2010) in our case, could also affect the results. The few studies that have 
investigated the subclass responses against merozoite antigens have concluded that IgG1 and 
IgG3 responses are predominant (Roussilhon et al., 2007; Stanisic et al., 2009).  Our results are 
concordant with dominant IgG1 and IgG3 responses, however we also observed responses 
against IgG2 and IgG4. The quality of IgG2 and IgG4 could be of importance in the 
development of protective immunity, even at low levels.  Furthermore, we observed higher 
levels of antibodies in children with HbAS that might have malaria protective effects. Previous 
studies in Nigeria (Fleming et al., 1979) and other African countries (Williams et al., 2005a) 
have shown that individuals with HbAS had lower parasite densities and lower prevalence of 
clinical malaria. 

Another important finding in this study is that individuals with high levels of both total 
IgG against EBA175 and PfRh2 had a lower parasitemia during the one-year follow up, 
compared to the high single antibody response. This observation of combined antibody 
response against two antigens emphasises the importance of aiming at the use of combined 
antigen vaccines (Lopaticki et al., 2011; Richards et al., 2010). 
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5 CONCLUDING REMARKS AND FUTURE 
DIRECTIONS 

 
The main goal for malaria research is to decrease the global malaria burden. Even though 

there has been great achievements in malaria control and treatment during the last decade, the 
mortality rate is around 15-20 % for severe malaria, even in modern and well-equipped 
hospitals, and many patients die without receiving the correct care. To develop a safe, effective 
and affordable anti-malarial vaccine would provide a much-needed tool to combat the 
morbidity and mortality malaria is responsible for in the world. It is known that individuals 
living in malaria endemic countries develop naturally acquired immunity after repeated 
exposure (Doolan et al., 2009; Langhorne et al., 2008). Furthermore, antibodies are an 
important component of acquired immunity, and it has been shown that passive transfer of 
antibodies from immune donors to individuals with P.falciparum infections reduces parasitemia 
and clinical symptoms (Cohen et al., 1969). It is of great importance to understand the 
underlying role of antibodies in the development of protective immunity against severe malaria.  
Based on the papers included in this thesis, the following conclusion can be drawn and future 
prospects proposed: 
 
 

I. Children with uncomplicated malaria had acquired more antibodies against a selection 
of merozoite antigens (PfEBA-181, MSP-Fc27, MSP2-3D7 and PfAMA1) compared 
to children with severe malaria. Acquired antibodies against PfRh2 and PfAMA1 in 
ELISA correlated to parasite invasion in both clinical isolates in the invasion inhibition 
assay (IIA), and anti-PfAMA1-antibodies in ELISA correlated with increased anti-
PfAMA1-antibody affinity in Surface plasmon resonance (SPR). Importantly, the only 
assay that correlated with initial parasitemia in the patient was the IIA. Both 
MSP2Fc27 and MSP23D7 allele variants were present in both groups, and considering 
total MOI of the parasite there was a higher number of genotypes in uncomplicated 
malaria. For future studies, in addition to ELISA, it is of importance to include a 
combination of functional assays such as IIA and SPR assays, to understand the 
development of protective immunological responses against malaria in individuals 
living in endemic countries. Additionally, vaccine studies including merozoite antigens 
should consider the difference in immunological responses between uncomplicated and 
severe malaria in their evaluations. 

 
II. Optimal in vitro growth conditions were achieved, which allowed for phenotypic 

studies of clinical P.falciparum isolates taken directly from the patients. Presence of 
serum in the cultures was found to be essential for optimal surface presentation of 
PfEMP1, and for maintaining of rosettes. Children with severe malaria had higher 
peripheral parasitemias, higher rosetting levels and higher multiplication rates and 
these correlated positively with each other. The majority of clinical isolates used a 
sialic acid independent invasion pathway. Isolates from children with uncomplicated 
malaria showed significantly higher sensitivity to trypsin and chymotrypsin. Rosetting 
might facilitate successful merozoite invasion in vivo, hence could be the reason it is 
found to be associated with severe disease. Parasite invasion is central to parasite 
replication and virulence.  Future studies should investigate alternative merozoite 
ligand expression in uncomplicated and severe malaria in the context pathogenesis.  
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III. The antibody response against PfEBA175 was more prominent than against PfRh2 in 

in both children and adults. Cytophilic IgG1 and IgG3 against PfEBA175 were the 
predominant antibody responses, but there was also some response for IgG2 and IgG4. 
Individuals with higher total IgG responses against both PfEBA175 and PfRh2 had 
lower parasitemia during the one-year study period. Higher antibody responses against 
merozoite antigens in children with HbAS might have protective effects against 
malaria. Future studies will include investigation of antibody responses against other 
relevant merozoite antigens, and evaluation of functional properties of these antibodies, 
such as the invasion/growth inhibitory effects and affinity in the context immunological 
responses during the study period. Additionally, to consider the red blood cells 
polymorphisms present in the study area, and their role in acquired immunity against 
malaria could be of great value for future vaccine studies. 
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