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ABSTRACT 
Approximately 40% of the world’s population is at risk of contracting malaria, a 
disease caused by the intracellular protozoan Plasmodium. The species Plasmodium 

falciparum is responsible for the majority of severe morbidity and mortality. A major 
virulence factor of the falciparum parasite is its ability to cause accumulation of 
parasitized red blood cells in the microvasculature of different organs, through binding 
to endothelial cells (cytoadhesion) and to unparasitized red blood cells (rosetting). The 
binding is mediated by members of the adhesive surface protein, PfEMP1 (P. 

falciparum erythrocyte membrane protein 1), which is encoded by the variable var gene 
family. One var gene is activated at a time and the var gene expression can be switched 
in order to avoid antibody response, a mechanism called antigenic variation. This 
makes PfEMP1 pivotal for the virulence of the P. falciparum parasite. The studies 
presented in this thesis aim at enhancing the understanding of PfEMP1, both at a 
phenotypic and a genotypic level, with special focus on clinical isolates.  
 
We developed a precise method to study var gene transcription and applied it to 
elucidate var gene transcription dynamics in clinical isolates from Uganda as well as in 
laboratory strains. The results show that the var gene transcription profile is unique for 
each parasite isolate and strain, and that clinical isolates have more complex 
transcriptional profiles than in vitro strains. Clinical isolates were found to switch away 
from the var genes associated with severe disease upon in vitro adaptation. We 
therefore conclude that it is crucial to study var genes directly after parasite collection 
so that it reflects the expression in the patient. A model parasite clone for severe 
malaria was used in order to confirm that the method correctly identified the var gene 
that is transcribed, translated into PfEMP1 and transported to the parasitized red blood 
cell surface.  
 
Heparan sulfate has been found to be a PfEMP1 receptor that is frequently recognized 
in clinical isolates. To explore this finding, we generated a low anti-coagulant heparin 
(LAH) to study its ability to disrupt rosettes in fresh clinical isolates. We found that 
LAH is able to disrupt rosettes in clinical isolates from children infected with malaria. 
The rosette disruption effect was more pronounced in isolates from children with 
complicated malaria than in isolates from children with mild malaria indicating that this 
compound in the future might have a place in the treatment of severe malaria.  
 
Further, we identified a surface-exposed sequence in PfEMP1, which is associated with 
severe malaria. The sequence includes a motif that is able to induce a cross-reactive 
antibody response, in which the generated antibodies recognize parasitized red blood 
cells in a subset of clinical isolates and laboratory strains. In addition, the antibodies 
reacted selectively with the sequence motif in a peptide-array of different PfEMP1 
domains. Residues within the sequence motif were found to be important for antibody 
binding, and one third of degenerate peptide-sequences of Ugandan patient isolates 
were shown to react with the antibody. We conclude that the sequence motif, which is 
associated with severe malaria, generates strain-transcending antibodies that recognize 
the parasitized red blood cell surface.  
 
In conclusion, this thesis provides insights into var gene transcription dynamics in 
clinical isolates, it enhances the understanding of low anticoagulant heparin as a 
treatment for severe malaria, and it describes a surface-exposed epitope in PfEMP1 
associated with severe malaria generating strain-transcending antibodies. 
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1 INTRODUCTION 
 
1.1 AN HISTORICAL BACKGROUND 
“In Sweden the ague is very common, particularly in the southeastern parts. In 

Uppland no disease is more endemic and there it seems to particularly have ingratiated 

itself. Almost all students in Uppsala are affected by it."  

Carolus Linneaus 1735.  
 
When Carolus Linnaeus wrote his dissertation “Febrium intermittentium causa” 
(Linneaus, 1735), malaria had been part of the daily life of men, women and children 
since ancient times. Even the earliest medical writings from China, Assyria and India 
describe symptoms of malaria infections such as intermittent fevers (Desowitz, 1991). 
The oldest detailed descriptions of malaria come from Hippocrates (ca. 460 BC – ca. 
370 BC). He presents a correlation between the disease and habitation close to marches, 
and suggests that malaria was caused by miasma, a harmful atmosphere disturbing the 
body fluids. This belief remained for the next 2000 years, and malaria got its name 
from the the ancient Italian words mala aria meaning “bad air” (Sherman, 2007). 
Linneaus proposed that malaria was caused by clay particles in the drinking water that 
caused the disease through obstruction of blood vessels (Linneaus, 1735). It was not 
until 1880 that Louis Alphonse Laveran, a French physician, discovered that malaria 
was caused by a parasite that resided in red blood cells (Sherman, 2005). A couple of 
years later, the British surgeon Ronald Ross discovered that malaria was transmitted by 
mosquitoes. Simultaneously, the Italian scientist Giovanni Battista Grassi completed 
the life cycle of the malaria parasite in humans and mosquitoes (Sherman, 2005). Since 
then, great advances in malaria research have been achieved. For example, a number of 
new anti-malarials have been developed during the 20th century, and the genomes of the 
malaria-transmitting Anopheles mosquito, several different species of the malaria 
parasite as well as that of Homo sapiens have been sequenced in the last decade. 
Despite these important findings, still today more than 220 million cases of malaria 
infection occur each year. 
 
 
1.2 THE PRESENT DISEASE BURDEN  
Thanks to socioeconomic improvements during the 19th and 20th centuries, malaria has 
been eradicated from a large part of the northern hemisphere. Nevertheless, the global 
situation is discouraging and malaria is one of the leading causes of death in sub-
Saharan Africa and one of the most significant causes of illness in southern Asia and 
Latin America. In 2009, The World Health Organization (WHO) reported 225 million 
cases of infection and 781 000 deaths from the disease, mainly in children under the 
age of five and pregnant women in sub-Saharan Africa (WHO, 2010b). This occurs 
despite the fact that malaria is a disease that could be cured inexpensively with drugs 
and be prevented with simple means such as insecticide-treated nets and indoor residual 
spraying. International funding for malaria control has increased significantly in the last 
decade, and through the distribution of insecticide-treated nets, antimalarial treatment, 
and indoor residual spraying, the total number of estimated deaths has fallen from one 
million in 2000 to the above mentioned 781 000 in 2009. However, still in mid-2010 it 
was estimated that only 35% of the children in malaria-endemic areas in Africa sleep 
under an insecticide-treated bed net (WHO, 2010b). This emphasizes the need for more 
resources and better control programs. Moreover, resistance is emerging both to 
commonly used anti-malarial treatment and to insecticides. Despite major efforts, there 
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is still no vaccine for malaria, and there is a great need for new effective therapies, 
especially against severe malaria. 
 
 
1.3 THE MALARIA PARASITES 
Plasmodium spp. are unicellular protozoans belonging to the apicomplexan phylum. 
Many important medical and agricultural parasitic pathogens are included in this 
phylum, e.g. Toxoplasma gondii, Theileria spp, Babesia spp, Eimeria spp and 
Cryptosporidium spp. The phylum got its name from the characteristic polarized cell 
apex containing unique organelles such as the micronemes and the rhoptries, which are 
involved in host cell invasion.  
 
There are more than one hundred Plasmodium spp that infect a broad range of hosts 
including humans, monkeys, rodents, birds and reptiles. Five malaria species are known 
to infect humans: P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi, which 
are all transmitted by anophelines. P. falciparum is the most fatal species, contributing 
to the majority of malaria mortality and morbidity. P. vivax is the most common species 
in the Americas and Asia, and it is generally believed to cause mild to moderate 
malaria,  but there are also some recent publications reporting on severe pathology from 
P. vivax infections including respiratory distress and coma (Price et al., 2007, Barcus et 
al., 2007, Genton et al., 2008, Tjitra et al., 2008). P. ovale and P. malariae are the two 
least frequent malaria species infective to man and normally cause mild disease. P. 

knowlesi, which has the macaque monkey as its natural host, has now been recognized 
as a fifth human malaria species (White, 2008). After sporadic reports of natural 
infection in humans during the 1960s and 1970s a number of studies of human P. 

knowlesi infections, detected by molecular methods, have been reported during the last 
decade (Singh et al., 2004, Cox-Singh et al., 2008, Jongwutiwes et al., 2004, Ng et al., 
2008). However, there are no known cases of transmission between humans, and P. 

knowlesi is thus so far considered as a zoonosis. In Table 1, the characteristics of the 
five malaria species infecting humans are outlined. 
 

 
Table 1. Adapted from (Sinden and Gilles, 2002, Wiser, 2011, Lee et al., 2009). 

 
The scope of this thesis is the parasite P. falciparum and its variant surface antigen 
PfEMP1 (Plasmodium falciparum erythrocyte membrane protein 1). Accordingly, the 
focus will be on this species in the next chapters. 
 
 

 P. falciparum P. vivax P. ovale P. malariae P. knowlesi 

Life cycle (h) 48 48 48 72 24 

Disease 

characteristic 

Severe to fatal Moderate to 

severe 

Mild Mild Severe to fatal 

Invading cell 

type 

RBC of any 

age 

Reticulocytes Reticulocytes Mature 

RBCs 

Reticulocytes 

Incubation 

time (days) 

7-14 12-17 or 

longer 

16-18 or 

longer 

18-40 or 

longer  

10-12 

Merozoites in 

erytrocytic 

schizont 

(numbers) 

8-24 12-18 8-10 6-12 16 

Relapses 

(Hypnozoites) 

No Yes Yes No No 
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1.3.1 The life cycle of Plasmodium ssp. 

 
Figure 1. Life cycle of the Plasmodium parasite. Illustration by Gustaf Blomqvist. 

 
The malaria parasites are obligate intracellular organisms switching between the 
mosquito (the definite host) and the vertebrate animal (the intermediate host). The 
infected female Anopheles mosquito transmits malaria when taking a blood meal, at 
which point she injects about 20 sporozoites into the dermal tissue during her repeated 
attempts to locate a blood vessel (Figure 1). This process has been visualized in 
intravital microscopy studies of mosquitoes injecting transgenic P. berghei parasites 
expressing green fluorescent protein (GFP) into mice (Vanderberg and Frevert, 2004, 
Amino et al., 2006). Some of the sporozoites will end up in local lymph nodes while 
others will make it to the blood stream and enter the liver circulation. The sporozoites 
are able to disrupt membranes of different cells and migrate through them. The 
movement of the sporozoite through cells has been shown to be mediated by gliding 
motility, which is substrate-dependent (Mota et al., 2001). This mechanism for host-cell 
invasion occurs in a range of cells and is thought to enable sporozoites to reach the 
circulatory system, cross the endothelial cells and Kupffer cells (liver macrophages) in 
the liver, and subsequently invade hepatocytes (Baer et al., 2007b, Mota et al., 2002). In 
order to invade the hepatocytes, the sporozoites express different surface proteins such 
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as CSP (circumsporozoite protein) (Cerami et al., 1992, Frevert et al., 1993), and TRAP 
(thrombospondin-related anonymous protein) (Matuschewski et al., 2002, Sultan et al., 
1997). The proteins MAEBL (merozoite adhesive erythrocytic binding ligand) (Preiser 
et al., 2004), EBA-175 (erythrocyte-binding antigen-175) (Mota et al., 2002, Gruner et 
al., 2001) and AMA-1 (apical membrane antigen-1) (Silvie et al., 2004) also seem to be 
important for host cell recognition and invasion. The invasion of hepatocytes occurs in 
concert with the formation of a vacuole enclosing the parasite in which the parasite 
subsequently develops (Mota et al., 2002, Mota et al., 2001). Inside this vacuole the 
parasite multiplies mitotically and differentiates into thousands of merozoites, a process 
that takes about 5-15 days (depending on Plasmodium species).  
 
Merozoites are subsequently believed to be released into the bloodstream within a 
denucleated vesicle of host cell membrane called the merosome, which detaches from 
the infected hepatocytes by budding (Sturm et al., 2006, Baer et al., 2007a). After some 
time in the circulation the merosome ruptures and the merozoites immediately invade 
red blood cells (RBCs), and thereby start the erythrocytic cycle (Figure 1). The 
invasion process is a complex process consisting of several different steps, and it is 
described in detail in section 1.5.1. During this cycle the parasite matures from ring 
stage into mature trophozoite stage and finally to schizont stage. Eventually the 
schizont bursts, giving rise to 6-24 new merozoites (depending of species, see Table 1). 
These merozoites in turn invade new RBCs leading to an exponential growth of 
parasitemia.  
 
A small number of parasites develop into sexual transmission forms, referred to as 
gametocytes. The female macrogametocyte and male microgametocyte mature in the 
circulation for about 10 days, in part as sequestered forms, after which they may be 
taken up by a feeding Anopheles mosquito. Inside the mosquito gut the gametocytes 
transform into gametes that fuse to form the diploid zygote. The zygote transforms into 
an ookinete that is motile, and it invades and transverses the gut epithelial cells. After 
reaching the extracellular space the ookinete encysts and becomes an oocyst, which 
attaches to cells outside the gut epithelium, and produces thousands of sporozoites. 
After a time span of 1-2 weeks, the oocyst ruptures, releasing sporozoites, which will 
migrate to the salivary glands, where they are ready to be transmitted to another 
vertebrate host.  
 
The length of the erythrocytic cycle varies between species (Table 1) and for P. 

falciparum it is 48 h. All malaria-related symptoms are induced during the erythrocytic 
cycle and the incubation time is thus the time during which the parasite matures inside 
the hepatocytes and produces thousands of merozoites.  
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1.4 THE DISEASE 
Malaria is a multifaceted disease, and the clinical features cover a wide spectrum from 
asymptomatic infection to deadly symptoms. The clinical outcome of a malaria 
infection depends on a number of factors such as immune status, age, genetic 
disposition, co-morbidity, nutritional status and the phenotype of the parasite. The vast 
majority of malaria infections are associated with flu-like symptoms including fever, 
chills, malaise, muscle pain and headache. Gastrointestinal symtoms such as vomiting 
and diarrhea are also common. However, especially in P. falciparum infections, severe 
malaria might develop, a condition that is life-threatening to the patient (Marsh et al., 
1995, Dondorp et al., 2008b). Children or naïve individuals are most vulnerable to 
severe malaria and should be carefully clinically monitored since the condition may 
deteriorate rapidly, with the development of severe malaria. Indeed, the risk of dying in 
severe malaria is highest during the first 24 hours (WHO, 2010b). This emphasizes the 
need to rapidly transfer the patient to advanced health care in order to treat the 
infection. 
 
The clinical symptoms of a malaria infection appear during the intraerythrocytic stage.  
First, the parasitized red blood cells (pRBCs) are disrupted with the subsequent release 
of fever-associated substances such as parasite-derived glycosylphosphatidylinositol 
(GPI)-anchors (Schofield and Hackett, 1993). These glycolipids cause fever by 
inducing secretion of high levels of tumor necrosis factor (TNFα) from macrophages 
and dendritic cells into the circulation (Karunaweera et al., 1992). While P. vivax, P. 

ovale and P. malariae might display the classical febrile malaria paroxysm every 
second or third day (depending on species), P. falciparum normally displays a 
continuous or irregular fever pattern due to the multiclonal nature of the infection. 
Second, in a P. falciparum infection, the mature stages of the intraerythrocytic parasite, 
the trophozoites, sequester in vascular beds in different organs such as the brain, 
intestine, lung, skin and placenta. Sequestration, which can cause microvascular 
obstruction, acidosis and release of inflammatory mediators, will be presented in detail 
in section 1.5.4.  
 
1.4.1 Severe malaria  
Severe malaria is defined as a number of different conditions that can appear alone or 
in combination. Table 2 shows indicators of severe malaria as elaborated by WHO 
(Beales et al., 2000). The mortality rate for severe malaria is around 15-20%, even after 
antimalarial treatment is administered. If left untreated, the outcome is almost always 
fatal. The the most well-characterized syndromes are described below. 
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Cerebral malaria 

Unrousable coma not attributable to any other cause, with a Glasgow 
Coma Scale score ≤9 (adults)/Blantyre coma scale ≤2 (children) 
(Molyneux et al., 1989). Coma should persist for >30 min after a 
generalized convulsion. 

Severe anemia Hematocrit <15% or hemoglobin <50 g/l  

Renal failure 
Low urine output and high serum creatinine despite adequate 
volume repletion. 

Pulmonary edema and acute 
respiratory distress syndrome 

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

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

Circulatory collapse (algid 
malaria) 

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

Abnormal bleeding and/or 
disseminated intravascular 
coagulation 

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

Repeated generalized 
convulsions 

≥3 convulsions observed within 24 hours 

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

Macroscopic hemoglobinuria  

Impaired consciousness Rousable mental condition 

Prostration or weakness 
Patient unable to sit or walk, with no other obvious neurological 
explanation. 

Hyperparasitemia >5% parasitized red blood cells or >250 000 parasites/μl  

Hyperpyrexia Core body temperature >40°C 

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

 
Table 2. Conditions involved in severe malaria. Adapted from (Beales et al., 2000, Wiser, 2011). 

 
1.4.1.1 Severe anemia 

Severe anemia is the most common sign of severe malaria. However, the fatality rate is 
low compared to other conditions of severe malaria such as cerebral malaria and 
respiratory distress (Murphy and Breman, 2001). The pathogenesis of severe anemia is 
complex and multifactorial. It has been estimated that more than eight unparasitized 
RBCs are destroyed in addition to each RBC invaded (Jakeman et al., 1999), thus 
malarial anemia is due to lysis of both pRBCs and RBCs (Looareesuwan et al., 1987). 
Parasites directly cause anemia by destroying pRBCs during the intraerythrocytic life 
cycle. In addition, pRBCs are cleared by the immune system due to antibody binding 
and reduced RBC deformability. The destruction of unparasitized RBCs has been 
suggested to be caused by deposition of parasite ligands on RBCs. These ligands can be 
targeted by the immune system and the RBCs are thus cleared from the circulation 
(Layez et al., 2005, Waitumbi et al., 2000). Rosetting, the binding of a pRBC to RBCs 
is more common in parasites from children with severe anemia (see section 1.5.6), and 
this phenomenon has been suggested to sensitize the bound RBCs with products from 
the pRBCs (Scholander et al., 1998, Rowe et al., 2002c). It has also been proposed that 
the high catecholamine concentrations during fever could alter the membrane function 
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of RBCs (Haldar et al., 2007). This points at other possible explanations for the anemia: 
oxidative damage (Griffiths et al., 2001), reduced deformability (Dondorp et al., 2002) 
and phosphatidylserine exposure on the RBC membrane (Kiefer and Snyder, 2000). In 
addition, suppression of bone marrow hematopoesis and subsequent dyserythropoiesis 
are believed to be important in the causation of severe anemia in both acute and more 
chronic stages of malaria infection (Clark and Chaudhri, 1988, Chang et al., 2004). 
 
1.4.1.2 Cerebral malaria 

The mortality rate for cerebral malaria is high, about 15-40%, especially if the 
condition is combined with other manifestations of severe disease or if treatment is 
delayed (Murphy and Breman, 2001, Snow et al., 1999). The histopathological features 
include sequestration of pRBCs and unparasitized RBCs in the cerebral capillaries and 
venules. In a study using retinal angiography with fluorescein, areas of non-perfusion 
were found both in the central and peripheral parts of the retina in patients with cerebral 
malaria (Glover et al., 2010). Because the retina is an extension of the central nervous 
system, these findings likely reflect the situation in the brain with foci of non-perfusion. 
In post mortem studies, sequestration of pRBCs and RBCs were found in the brain 
microvasculature in patients succumbing from cerebral malaria (MacPherson et al., 
1985, Turner, 1997, Pongponratn et al., 1991). If sequestration is excessive it may lead 
to an obstruction of blood flow and thereby tissue hypoxia. Malarial antigens are also 
believed to stimulate local release of pro-inflammatory cytokines such as TNFα that 
stimulate production of nitric oxide, which can affect neuronal function (Tachado et al., 
1996, Clark et al., 1992). In addition, sequestration and subsequent cytokine release can 
lead to upregulation of endothelial receptors for pRBCs such as intercellular adhesion 
molecule 1 (ICAM-1) (Turner et al., 1994, Schofield et al., 1996). This further 
enhances sequestration and aggravates the condition. Thus, both host and parasite 
factors are implied in the causation of cerebral malaria. It was earlier believed that the 
malarial encephalopathy was to a high extent reversible. However, a recent report 
indicates that cerebral malaria is associated with long-term cognitive impairment in up 
to one of four children (John et al., 2008). 
 
1.4.1.3 Respiratory distress  

Of all syndromes associated with severe malaria, respiratory distress with metabolic 
acidosis is associated with the highest risk of death (Marsh et al., 1995). As with the 
other syndromes of severe malaria, the pathogenesis of respiratory distress is not fully 
established. In children, many cases of respiratory distress are believed to represent a 
compensatory mechanism for metabolic acidosis (Marsh et al., 1995). Adults more 
often present with pulmonary edema, which may lead to acute respiratory distress 
syndrome (Taylor et al, 2006). Sequestration is believed to be involved in the 
pathogenesis, since autopsy studies report alveolar-capillary sequestration of parasites, 
macrophages and fibrin thrombi (Haldar et al., 2007). Interstitial edema and endothelial 
swelling are other hallmarks of severe disease (MacPherson et al., 1985, Duarte et al., 
1985).  
 
1.4.1.4 Pregnancy-associated malaria 

Pregnancy-associated malaria (PAM) mainly affects women during their first 
pregnancy, irrespective of previous malaria exposure. The incidence of PAM decreases 
in subsequent pregnancies due to acquired immunity (Fried and Duffy, 1996, Brabin, 
1983). PAM leads to maternal anemia, prematurity, still-births, low birth weight and 
increased infant morbidity and mortality with an estimated 100 000-250 000 infant 
deaths in sub-Saharan Africa each year (Duffy and Fried, 2011). In a recent study an 
association between PAM and pre-eclampsia was found, which suggests that malaria-
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related maternal mortality may be greater than the current estimate of 10 000 women 
each year (Duffy and Fried, 2011). Women in areas of unstable or low malaria 
transmission might also present with cerebral malaria and/or respiratory distress. PAM 
is caused by a unique subset of pRBCs adhering to the intervillious space in the 
placenta (see section 1.5.5), which impairs blood flow and nutrient passage across the 
placenta (Fried and Duffy, 1996, Beeson et al., 1999). In addition, the malaria-infected 
placentas show signs of inflammation with infiltration of monocytes and macrophages, 
and with elevated levels of proinflammatory cytokines (Moshi et al., 1995, Rogerson et 
al., 2003b, Rogerson et al., 2003a, Ismail et al., 2000).  

 

 
1.5 MALARIA PATHOGENESIS 
The malaria blood stage infection commences when the merozoite invades the red 
blood cell. These cells are terminally differentiated cells that are devoted to the 
transport and delivery of O2 and CO2. For this purpose the RBCs are highly deformable 
in order to be able to squeeze through both the capillaries and the red pulp in the spleen. 
The red blood cells are therefore devoid of a nucleus, other organelles, traffic 
machinery, as well as MHC molecules. As soon as the parasite has invaded the red 
blood cell the parasite consequently starts to modify the host cell to suit its own needs. 
The parasite does this by exporting hundreds of parasite proteins from the parasite to 
the RBC cytoplasm and membrane. By this approach, the parasite can receive nutrients 
and sequester in vascular beds in different organs and thereby evade the immune 
system. Important aspects of some of these processes involved in malaria pathogenesis 
are here reviewed with a focus on the variant surface antigen PfEMP1. 
 
1.5.1 Merozoite invasion 
The RBC invasion in P. falciparum is a quite complex process consisting of a number 
of different steps, but it still only takes 30-60 seconds to be completed.  
 
Merozoite release and host cell contact  

In order for the merozoite to be released from its host cell, two membranes must first be 
disrupted: both the membrane enclosing the parasite, called the parasitophorous 
vacuolar membrane (PVM) and the red blood cell membrane. A number of proteases, 
such as falcipain-2, plasmepsin II and members of the serine repeat antigen (SERA) 
family are included in this process (Le Bonniec et al., 1999, Dua et al., 2001, Salmon et 
al., 2001, Wickham et al., 2003, Hodder et al., 2003). A recently identified plant-like 
kinase is also involved (Dvorin et al., 2010). How merozoite egress is regulated and 
which one of the two membranes that is disrupted first is still under debate. The initial 
contact between host cell and merozoite is reversible and is believed to be conferred by 
proteins anchored by GPI to the merozoite membrane. The most abundant is the 
merozoite surface protein-1 (MSP-1) (Holder and Freeman, 1984, Miller et al., 1993), 
which is one of the leading vaccine candidates.  
 
Merozoite reorientation and attachment  

After initial contact, the merozoite will re-orientate itself so that the apical end points 
towards the RBC membrane. The parasite protein AMA-1 is essential for this 
interaction (Triglia et al., 2000, Mitchell et al., 2004). Subsequently, a tight junction is 
formed, and this process involves a number of proteins released from the micronemes 
and rhoptries, which are two merozoite organelles. These proteins are members of 
either the erythrocyte-binding like family (EBL) (Adams et al., 1992), which includes 
the proteins PfEBA-175 (Camus and Hadley, 1985), PfEBL-1 (Peterson et al., 1995, 
Peterson and Wellems, 2000), PfEBA-140 (Thompson et al., 2001, Mayer et al., 2001), 
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and PfEBA-181 (Gilberger et al., 2003) or the P. falciparum reticulocyte-binding-
protein homolog (PfRh) family (Rayner et al., 2001), which includes PfRh1, PfRh2a, 
PfRh2b and PfRh4-5 (Rayner et al., 2001, Rayner et al., 2000, Triglia et al., 2001, 
Kaneko et al., 2002, Rodriguez et al., 2008). The PfRh proteins are homologs of 
rhoptry proteins in P. yoelii (Preiser et al., 2002) and P. vivax (Galinski et al., 1992). 
The EBL family will be discussed in more detail in section 1.6.4. All the above 
mentioned ligands interact with specific receptors such as glycophorin A for PfEBA-
175 (Orlandi et al., 1992) and complement receptor 1 for PfRh4 (Tham et al., 2010). 
Still, yet other red blood cell receptors are to be uncovered. Since the EBAs and Rhs 
are structurally distinct, they most likely mediate different molecular events in the 
invasion process. The great variety of parasite ligands allows the merozoite to employ 
multiple invasion pathways, ensuring successful parasite invasion. 
 
Parasite entry and early host-cell modifications 

During the final phase of invasion, the merozoite enters the RBC using an 
intracytoplasmic actin-myosin motor, which components are highly conserved between 
Plasmodium species (Baum et al., 2006). As the merozoite enters the host cell many of 
its surface proteins are shed in a process that involves a serine protease named SUB2 
(subtilisin-like serine protease 2) (Harris et al., 2005). During parasite entry, the 
parasitophorous vacuolar membrane (PVM) is established, which subsequently 
encloses the parasite during the intraerythrocytic growth phase (Aikawa et al., 1978). 
 
1.5.2 Protein trafficking  
In order for the parasite to modify its host cell, parasite proteins must gain access to the 
RBC cytosol. To do so, the exported parasite proteins must cross two membranes: the 
parasite plasma membrane and the PVM that encloses the parasite. Most exported 
proteins have a hydrophobic signal sequence, commencing 20-60 amino acids from the 
N-terminus. This signal sequence allows the proteins to enter the endoplasmic 
reticulum and thus the secretory pathway (Waller et al., 2000, Wickham et al., 2001). 
This pathway directs the proteins to the parasite plasma membrane and the 
parasitophorous vacuole. For entry into the host cell and thus translocation over the 
PVM, an additional signal sequence is required, the Plasmodium export element 
(PEXEL), also called the vacuolar transport signal (VTS) (Marti et al., 2004, Hiller et 
al., 2004). The export element is located 25-30 amino acids downstream of the signal 
sequence and is conserved in all Plasmodium species (Sargeant et al., 2006). However, 
it is not present in related apicomplexan parasites. Approximately 200-400 proteins, 
both soluble and membrane-bound, carry this motif, and these constitute the so called 
P. falciparum exportome (Sargeant et al., 2006, van Ooij et al., 2008). The PEXEL 
motif is believed to be cleaved off already in the endoplasmic reticulum by the integral 
membrane protein plasmepsin V (Russo et al., 2010, Boddey et al., 2010). How the 
proteins are transported between the parasite plasma membrane and the PVM is 
currently unknown. However, chaperones are thought to be important for this transport, 
and it has been shown that chaperones are associated with Plasmepsin V (Russo et al., 
2010). Interestingly, there are also a number of exported P. falciparum proteins that 
lack a PEXEL motif (Spielmann and Gilberger, 2010). If these proteins employ the 
same export pathway as PEXEL-containing proteins or if there is yet another transport 
machinery is currently unknown. 
 
A malaria parasite machinery for translocation over the PVM into the RBC cytosol has 
recently been discovered. This translocon, referred to as the Plasmodium translocon of 
exported proteins  (PTEX) was found by using bioinformatic tools with strict inclusion 
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criteria and by proteomic analysis (de Koning-Ward et al., 2009). However, direct 
evidence for an export function of the PTEX has not yet been presented.  
 
One of best characterized exported proteins is PfEMP1. This protein does not have a 
signal sequence but has a C-terminal transmembrane domain (TM) that is essential for 
entry into the secretory pathway (Knuepfer et al., 2005). Furthermore, PfEMP1 has a 
conserved N-terminal sequence, with partial homology to the PEXEL motif, and 
disruption of this motif abrogates PfEMP1 export (Marti et al., 2004). Interestingly, the 
PfEMP1 PEXEL-like motif is not cleaved by Plasmepsin V (Goldberg and Cowman, 
2010). The process of delivery of PfEMP1 from the PVM onto the RBC surface is not 
fully understood. However, as described in the next section, this adhesin associates 
with structures in the RBC cytosol called Maurer’s clefts (MC). PfEMP1 is believed to 
be transported to these structures as part of a multimeric protein complex (Knuepfer et 
al., 2005, Papakrivos et al., 2005). 
 
1.5.3 Host cell modifications exerted by P. falciparum  
Host cell remodelling is initiated by parasite proteins, which are exported by the 
parasite as described above. Some of the proteins interact with the RBC cytoskeleton, 
thereby altering the mechanical properties of the host cell. Others modify the 
architecture of the host cell membrane or take part in the transport machinery 
responsible for trafficking of adhesins to the RBC surface. The modifications on the 
host cell performed by the malaria parasite will here be outlined. 
 
1.5.3.1 Structures in the pRBC cytoplasm 

The parasite-derived traffic machinery in the RBC cytosol consists of membrane 
structures such as the tubulovesicular network (TVN) and the Maurer’s clefts (MC). 
These structures have been extensively studied by electron microscopy (Atkinson and 
Aikawa, 1990, Bannister and Dluzewski, 1990, Langreth et al., 1978). 
 
The TVN extends from the PVM and consists of membrane-bound structures in the 
RBC cytoplasm (Elmendorf and Haldar, 1994, Behari and Haldar, 1994). These 
structures are believed to be involved in import of lipids, amino acids and other 
molecules (Lauer et al., 1997). Indeed, if the development of the TVN is arrested by 
blocking the parasite’s sphingomyelin synthase, import is significantly impaired (Lauer 
et al., 1997). 
 
MCs are also membrane-bound organelles present in the RBC cytoplasm, and these flat 
and disc-shaped structures resemble Golgi cisternae (Maurer, 1902, Haeggström et al., 
2007). Once across the PVM, many exported proteins, such as PfEMP1, RIFINs 
(repetitive interspersed proteins), SURFINs (surface-associated interspersed proteins) 
and Pf332 interact with MCs, which are believed to be involved in the transport of 
proteins between the PVM and the RBC membrane (Wickham et al., 2001, Kriek et al., 
2003, Bhattacharjee et al., 2008, Haeggström et al., 2004). The mode of transport to 
and from MCs is not fully understood. Important proteins for correct MC formation 
include P. falciparum skeleton binding protein 1 (PfSBP1), membrane-associated 
histidine-rich protein 1 (MAHRP1), ring-exported protein 1 (REX1) and P. falciparum 
erythrocyte membrane protein 3 (PfEMP3), as demonstrated by gene disruption 
(Reviewed in (Maier et al., 2009)). The two most well characterized proteins important 
for proper translocation of PfEMP1 are PfSBP1 and MAHRP1 (Blisnick et al., 2000, 
Spycher et al., 2008). A deletion of the corresponding genes has been shown to 
abrogate surface expression of PfEMP1; therefore both SBP1 and MAHRP1 are crucial 
for parasite virulence (Cooke et al., 2006, Maier et al., 2007, Spycher et al., 2008).  
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1.5.3.2 The surface of the parasitized red blood cell 

Electron-dense protrusions appear on the surface of pRBCs during trophozoite 
development. These structures, referred to as knobs, serve as sequestration attachment 
points by anchoring the surface-exposed PfEMP1 molecule (Figure 2) to the host cell 
cytoskeleton. The knob-associated histidine-rich protein (KAHRP) is the key protein 
present on the cytosolic side of the knob. KAHRP stabilizes the RBC membrane by 
interacting with spectrin, actin and ankyrin of the RBC cytoskeleton as well as the 
intracellular acidic terminal segment (ATS)-domain of PfEMP1 (Pei et al., 2005, 
Waller et al., 1999, Oh et al., 2000). Other proteins of parasite origin also have been 
shown to associate with knobs. Mature parasite-infected erythrocyte surface antigen 
(MESA or PfEMP2) and PfEMP3 interact with the host cytoskeleton by binding host 
cell protein 4.1 (Waller et al., 2003, Lustigman et al., 1990) and spectrin (Waller et al., 
2007), respectively. Intriguingly, MESA has been shown to be required for parasite 
survival (Magowan et al., 1995). Moreover, by employing the gene disruption 
approach, both PfEMP3 and KAHRP have been demonstrated to modulate host cell 
rigidity, since RBCs parasitized with the knockout parasites are significantly more 
deformable than RBCs parasitized with the corresponding wild-type parasite. Pf332, 
one of the largest known proteins in P. falciparum, has also been shown to interact with 
the host cytoskeleton (Waller et al., 2010, Nilsson, 2011). Interestingly, pRBCs with a 
Pf332 deletion have been shown to be more rigid (Glenister et al., 2009, Hodder et al., 
2009), which implies a role for this protein in host cell modification, possibly by 
destabilizing the RBC membrane.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Electron microscopy picture of PfEMP1-specific antibodies (arrows) binding the pRBC surface 
of a laboratory strain. The sample was prepared by K. Blomqvist, and the picture was captured by K. 
Hultenby. 
 

1.5.4 Sequestration 
Each RBC passes the spleen every three to five minutes. The pRBC, which is less 
deformable than unparasitized RBCs and which is possibly sensitized with antibodies 
to parasite surface proteins, will be cleared from the circulation (Ho et al., 1990). In 
order to avoid this, the pRBC sequester in the body and the sequestration coincides 
with the occurrence of the adhesion protein PfEMP1 at the pRBC surface (Leech et al., 
1984). Thus, only ring-stage pRBCs are seen in the circulation. The mature stages 
(trophozoites and schizonts) are sequestered out in different organs, either by binding to 
endothelial cells lining the blood vessels in different organs (cytoadhesion) or by 
binding to unparasitized RBCs (rosetting). The resulting sequestration leads to tissue 
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hypoxia, metabolic disturbances and organ dysfunction, all of which are characteristics 
of severe malaria. Sequestration also permits the microaerophilic parasite to mature in a 
hypoxic environment.  
 
Studies on sequestration in vivo are difficult to perform since there is no good animal 
model that reflects the pathogenesis of severe P. falciparum malaria, besides the aotus 
and squirrel monkeys. Cytoadhesion has mainly been studied in static or flow assays 
using soluble host cell receptors bound to plastics, cell lines, labeled receptors or 
receptor-coated beads. Another way to investigate cytoadhesion has been to study 
receptor polymorphisms in the human population and to correlate that with 
susceptibility to severe disease. However, an in vivo model of sequestration has been 
developed, where radioactively-labeled human P. falciparum pRBCs are injected into 
rats or macaques. By employing this approach, sequestration of pRBC can be 
visualized in vivo, and the binding can be blocked with receptor antagonists to PfEMP1 
(Moll et al., 2007b, Vogt et al., 2006, Pettersson et al., 2005). In addition, a recent study 
has shown that sequestration can be monitored in situ in humans by Orthogonal 
Polarization Spectral (OPS) imaging, which allows intravital microscopy of rectal 
mucosa of infected patients (Dondorp et al., 2008a).  
 
The two phenomena of cytoadhesion and rosetting will be described in detail below.  
 
1.5.5 Cytoadhesion 
Already at the end of the 19th century, post mortem studies showed that pRBCs have 
the ability to bind to endothelial cells and become sequestered in different organs 
(Marchiafava and Bignami, 1894). Since then, intense investigations have been 
performed to elucidate the mechanisms behind this phenomenon, and a number of 
endothelial receptors have been associated with binding to pRBCs. Still, the 
contribution of specific endothelial receptors to severe disease remains elusive. Each 
receptor that has been shown to be important for cytoadhesion will be discussed 
individually below. Note that multiple receptors might combine in vivo in the adhesion 
of pRBCs as has been shown in a number of studies (Yipp et al., 2000, Heddini et al., 
2001b, Udomsangpetch et al., 1997, McCormick et al., 1997). It is also probable that 
heterogeneity in the distribution of the different receptors on different subsets of 
endothelial cells contributes to the different disease expressions (Montgomery et al., 
2007). 
 
CD36 

CD36 is expressed on endothelial cells, epithelial cells, macrophages, monocytes, 
platelets, RBC precursors and adipocytes (Greenwalt et al., 1992). However, CD36 is 
sparsely expressed on endothelial cells in the brain vasculature and not expressed in the 
placenta (Turner et al., 1994). The majority of P. falciparum laboratory strains and 
clinical isolates bind CD36 (Turner et al., 1994), and the parasite ligand for this 
receptor is composed of two subgroups of PfEMP1 (Robinson et al., 2003), which will 
be discussed in more detail in the section 1.6.1.  
 
No correlation between CD36 binding and disease severity has been found in Africa 
(Newbold et al., 1997, Marsh et al., 1988, Rogerson et al., 1999, Heddini et al., 2001a). 
In Asia there are conflicting data regarding CD36 binding and correlation with severity. 
Two studies conducted in Thailand have shown a correlation to severity (Ho et al., 
1991b, Ockenhouse et al., 1991), although this observation was not confirmed in 
another study conducted in the same area (Udomsangpetch et al., 1996). Intriguingly, 
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there are studies both from Asia and Africa indicating that CD36 polymorphism is 
associated with protection from severe malaria (Omi et al., 2003, Pain et al., 2001b). 
 
ICAM-1 

ICAM-1 (Intercellular adhesion molecule-1), belongs to the immunoglobulin (Ig) 
superfamily of adhesion proteins, and it is up regulated by stimulation with interleukin-
1β (IL-1β), TNFα, interferon γ (IFNγ) and lipopolysaccharide (LPS), and by adhesion 
to pRBCs (Berendt et al., 1989, Dustin et al., 1986, Udeinya and Akogyeram, 1993). 
This receptor is expressed on endothelial cells and leukocytes, and binding of pRBCs 
causes rolling and static adhesion (Berendt et al., 1989). The parasite ligand for ICAM-
1-binding is a subgroup of PfEMP1 proteins (Springer et al., 2004, Smith et al., 2000a, 
Chattopadhyay et al., 2004), and is discussed in more detail in the section 1.6.1.  
 
The pathophysiological significance of ICAM-1 binding in vivo is unclear, in part 
because the binding is weak. There is an indication that ICAM-1 might enhance the 
binding of pRBCs through synergism with CD36 (McCormick et al., 1997). In a post 
mortem study, fatal malaria was shown to be associated with up regulation of ICAM-1. 
The same study found a co-localization of pRBCs and ICAM-1 on brain endothelial 
cells from patients who died of malaria (Turner et al., 1994). A recent study from 
Kenya, showed a correlation between cerebral malaria and ICAM-1 binding under 
flow-conditions (Ochola et al., 2011). However, a number of earlier studies on clinical 
isolates assessed in static assays have not found any significant correlation between 
ICAM-1 binding and the severity of malaria (Ockenhouse et al., 1991, Heddini et al., 
2001a, Newbold et al., 1997, Rogerson et al., 1999, Udomsangpetch et al., 1996). 
Clearly, more data are needed to determine the role of ICAM-1 in malaria 
pathogenesis. 
 
Heparan sulfate 

Heparan sulfate (HS) and heparin belong to the family of glycosaminoglycans (GAGs). 
Heparin and HS are composed of the same building blocks, namely glucosamine and 
glucuronic or iduronic acid with both N- and O-sulfatation. HS is present on all cells in 
the body including red blood cells (Vogt et al., 2004). It has been shown that both HS 
and heparin bind directly to the DBL1α domain of PfEMP1 (Vogt et al., 2003, Chen et 
al., 1998a) and that avid interaction requires at least a 12-mer (3.6-kDa) fragment of 
heparin as well as N-sulfatation, 6-O-sulfation and 2-O-sulfation (Barragan et al., 
2000a). Both laboratory strains and clinical isolates have been shown to bind to HS 
expressed on endothelial cells (Vogt et al., 2003). A study from Kenya has shown that 
binding of HS and heparin to pRBCs is more pronounced in isolates obtained from 
children with severe malaria than from those with mild malaria (Heddini et al., 2001b). 
See also section 1.5.6. 
 
CSA and other receptors associated with PAM 

The GAG chondroitin sulfate A (CSA), is the only receptor to which pRBCs bind that 
has been strongly correlated with a specific type of severe disease, namely pregnancy-
associated malaria (Fried and Duffy, 1996). CSA is present on the syncytiotrophoblasts 
in the placenta, and during pregnancy women become susceptible to a unique subset of 
parasites that specifically recognize this receptor. These parasites express a certain 
PfEMP1 molecule named VAR2CSA, which contains adhesive domains with 
specificity for CSA (Buffet et al., 1999), see section 1.6.1. This is supported by the 
observation that parasites with a disrupted var2csa gene lose their ability to bind CSA 
(Viebig et al., 2005, Duffy et al., 2006b).  
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Another GAG, hyaluronic acid (HA), has also been shown to be a receptor in the 
placenta, and a majority of placental isolates have been reported to bind both CSA and 
HA (Rasti et al., 2006, Beeson et al., 2000). In addition, pRBCs from pregnant women 
have been found to bind non-immune immunoglobulins (Ig), possibly bridging pRBCs 
to the syncytiotrophoblasts (Flick et al., 2001, Rasti et al., 2006).  
 
Other receptors 

There are a number of other host cell receptors that have been suggested to bind to 
pRBCs, and the most common will be outlined below. It should be noted that no 
correlation between these receptors and severe malaria has been established. However, 
there are only a few studies addressing this question, and more research is needed to 
establish the function of the below-mentioned receptors in malaria infection.  
 
P-selectin is a glycoprotein that is expressed on endothelial cells and activated platelets. 
It mediates rolling of pRBCs and promotes their adhesion to CD36 (Udomsangpetch et 
al., 1997). PfEMP1 is the leading parasitic ligand candidate, since purified PfEMP1 can 
bind to P-selectin (Senczuk et al., 2001).  
 

Thrombospondin is a glycoprotein that is released into plasma in response to platelet 
activation, and it is found on macrophages and endothelial cells. pRBCs bind to 
trombospondin both under static and flow condition (Heddini et al., 2001b, Roberts et 
al., 1985, Rock et al., 1988). The parasite ligand has not yet been determined.    
 

PECAM-1 (Platelet endothelial cell adhesion molecule 1) is a member of the 
immunoglobulin superfamily and is expressed on endothelial cells, monocytes, platelets 
and granulocytes. Both pRBCs from clinical isolates and laboratory strains have been 
shown to bind to PECAM-1 on endothelial cells (Treutiger et al., 1997, Heddini et al., 
2001a). PECAM-1-binding occurs independently of rosetting (Treutiger et al., 1997, 
Newbold et al., 1997), and there is no significant correlation to malaria severity 
(Heddini et al., 2001b). PfEMP1 is the most probable ligand for PECAM-1, since 
different domains of the adhesion have been demonstrated to bind this receptor (Chen 
et al., 2000). 
 

E-selectin is a glycoprotein that is expressed on stimulated endothelial cells. Although 
shown with laboratory strains, studies on field isolates have failed to detect any 
significant adhesion (Udomsangpetch et al., 1996, Udomsangpetch et al., 1997, 
Newbold et al., 1997). The parasite ligand is still unknown.  
 

VCAM-1 (Vascular cell adhesion protein 1) is a member of the immunoglobulin 
superfamily and is expressed on cytokine activated endothelial cells. Adhesion of 
pRBCs to VCAM-1 has been shown in vitro but only for laboratory strains 
(Udomsangpetch et al., 1996, Udomsangpetch et al., 1997, Newbold et al., 1997). The 
parasite ligand remains unknown. 
 
1.5.6 Rosetting  
Rosetting is defined as one pRBC bound to two or more unparasitized RBCs (Figure 3), 
and this phenomenon occurs in early trophozoite stages when PfEMP1 molecules have 
appeared on the pRBC surface. This phenomenon was first detected in laboratory 
strains in vitro but later also in fresh clinical isolates obtained from malaria-infected 
patients (Udomsangpetch et al., 1989, Wahlgren et al., 1992, Carlson et al., 1990, Ho et 
al., 1991a, Chotivanich et al., 1998). Parasites that form rosettes cause greater 
obstruction in the microvasculature than parasites that do not form rosettes and can thus 
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contribute to severity of disease (Kaul et al., 1991, Nash et al., 1992). The rosetting 
phenotype is not present in all P. falciparum isolates, and a great number of studies 
have shown a correlation between rosetting and the severity of malaria in Africa, both 
severe anemia and cerebral malaria (Treutiger et al., 1992, Heddini et al., 2001b, 
Roberts et al., 2000, Carlson et al., 1990, Carlson et al., 1994, Rowe et al., 1995, 
Newbold et al., 1997, Normark et al., 2007). There is also one report on correlation 
between parasitemia and rosetting (Rowe et al., 2002b). However, in south-east Asia 
the picture is somewhat different. Malaria transmission is lower and severe malaria 
affects all age groups. Multiorgan failure is a common symptom in south-east Asia, and 
correlation between rosetting and severity of the disease has only been found in some 
studies (Ho et al., 1991b, Udomsangpetch et al., 1996, Angkasekwinai et al., 1998).  
 

 
 

Figure 3. Rosetting in a clinical isolate. Trophozoite pRBC (arrow) binding several uninfected RBC. 
  

The DBL1α (Duffy binding like domain 1) domain of PfEMP1 has been shown to be 
the rosetting ligand (Rowe et al., 1997, Chen et al., 1998a), and this will be discussed in 
detail in section 1.6.1. Receptors involved in rosetting include: 
 
Complement receptor 1: Complement receptor 1 (CR1) is part of the complement-
mediated immune system and is present on RBCs and leukocytes. CR1-deficient RBCs 
are unable to form rosettes, first shown in a study of a number of laboratory strains 
(Rowe et al., 1997). A report from Papua New Guinea demonstrated that CR1-
deficiency is common in high-transmission areas and protects against severe malaria 
(Cockburn et al., 2004). In addition, soluble CR1 and monoclonal anti-CR1 antibodies 
are able to disrupt rosettes, both in laboratory strains and clinical isolates from Kenya 
and Malawi (Rowe et al., 2000). 
 

Blood group A: The blood groups are composed of trisaccharides (blood group A and 
B) or disacharides (blood group O) attached to RBC surface glycoproteins and 
glycolipids. Rosetting isolates have a preference for either A or B blood group, forming 
larger and stronger rosettes in RBCs from the preferred group (Carlson and Wahlgren, 
1992, Treutiger et al., 1999, Udomsangpetch et al., 1993, Rowe et al., 1995, 
Chotivanich et al., 1998, Barragan et al., 2000b, Rowe et al., 2007). When P. 

falciparum parasites are cultured in RBCs with the O group antigen, the rosettes are 
smaller and weaker than the rosettes formed in A or B blood (Barragan et al., 2000b, 
Carlson and Wahlgren, 1992). The trisaccharide of blood group antigen A and B, but 
not the disaccharide from blood group antigen O, can disrupt rosetting in the 
corresponding blood group (Carlson and Wahlgren, 1992, Barragan et al., 2000b). A 
study from Mali has shown that children with blood group O are protected against 
severe malaria due to reduced rosetting (Rowe et al., 2007). A meta-analysis on studies 
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correlating blood group and severity of malaria infection has also confirmed that blood 
group A is associated with severity whereas blood group O is more prevalent in mild 
disease (Loscertales et al., 2007). 
 

Heparan sulfate: HS is present on red blood cells and is a receptor involved in 
rosetting. Previous studies have shown that HS and heparin can disrupt rosettes 
(Carlson et al., 1992, Chen et al., 1998a, Rowe et al., 1994, Vogt et al., 2004). In 
addition, modified heparin without anti-coagulant activity can disrupt rosettes both in 
laboratory strains and in clinical isolates (Vogt et al., 2006) (Paper III), see section 
1.8.2. 
 
Serum proteins: Proteins present in serum including non-immune IgM (Scholander et 
al., 1996, Ghumra et al., 2008), non-immune IgG (Flick et al., 2001), von Willebrands 
factor and fibrinogen (Treutiger et al., 1999) have been shown to be essential for rosette 
formation. The involvement of serum proteins in rosetting was first shown by 
transmission electron microscopy visualizing rosetting parasites, in which fibrillar 
strands containing IgM were seen to connect pRBCs and RBCs. Further, binding of 
non-immune Ig to the pRBC surface of clinical isolates from children is common and 
associated with severe disease (Heddini et al., 2001b, Scholander et al., 1998, Rowe et 
al., 2002c). 
 
1.5.7 Additional adhesion types 
Autoagglutination 

pRBCs can also bind to each other, a phenomenon called autoagglutination. This is 
commonly seen in clinical isolates cultivated in non-immune sera and has been 
associated with disease severity (Carlson et al., 1990, Roberts et al., 2000).  
 

Platelet-mediated clumping 

Binding of pRBCs to platelets, so called platelet-mediated clumping, occurs in some 
but not all P. falciparum isolates (Wahlgren et al., 1995). Platelets have been shown to 
co-localize with sites in the brain microvasculature where pRBC cytoadhesion is 
frequent (Grau et al., 2003). Platelets have CD36 on their surface and anti-CD36 
monoclonal antibodies have been shown to reduce platelet-mediated clumping in 
clinical isolates from malaria-infected children (Pain et al., 2001a). In the same study, 
platelet-mediated clumping was associated with severe malaria.  
 

Adhesion to cells of the immune system 

pRBCs have also been shown to interact with cells of the immune system such as 
dendritic cells, monocytes and T-cells and may in this way influence the immune 
response to the infection (Ndungu et al., 2006, Urban et al., 1999, Wahlgren et al., 
1995).  
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1.6 ANTIGENIC VARIATION  
Infectious agents have developed different ways to escape the immune system in order 
to establish chronic infection to enhance the possibility to be transmitted to a new host. 
One such mechanism is antigenic variation, which enables the pathogen to avoid the 
evolving immune response by switching surface-exposed molecules. Antigenic drift is 
one form of antigenic variation, which occurs through random mutations in the 
genome, thus creating great genetic diversity. Pathogens that employ this type of 
random variation for their surface antigens are mainly viruses, including HIV and 
influenza. A second form of antigenic variation is programmed variation, where only 
one variant out of a large gene family is expressed at a time. Examples of pathogens 
that employ this type of antigenic variation include the protozoans Plasmodium 

falciparum (var genes) (Smith et al., 1995, Baruch et al., 1995, Su et al., 1995), 
Trypanosoma brucei (vsg genes) (Borst, 2002), bacteria such as Borrelia hermsii (vmp 

genes) (Barbour, 1988) and fungi such as Candida spp (als genes) (Hoyer, 2001). 
Clonal switching of the expressed variant antigen allows these pathogens to survive 
despite a mounting immune response against previously expressed variants.  
 
Highly variable gene families are commonly clustered towards the telomeres of the 
chromosomes, and the gene families in Plasmodium is no exception. The gene synteny 
between different malaria species is high for central parts of the chromosomes but low 
for the subtelomeric regions - pointing at a gene expansion of variable protein families 
(Kooij et al., 2005). The best-characterized surface molecule is the P. falciparum-
infected erythrocyte membrane protein 1 (PfEMP1), which is encoded for by the var 
gene family. PfEMP1 has been shown to be responsible for both antigenic variation 
and malaria virulence. The surface location of the protein allows it to participate in host 
cell receptor binding but at the same time makes it vulnerable for the immune system. 
Antigenic variation is therefore a balance between exhibiting efficient binding 
properties and avoiding exhaustion of the antigenic repertoire. The SICAvar genes are 
var orthologs in P. knowlesi  (Korir and Galinski, 2006), and the corresponding SICA 
proteins were the first variant antigens to be described in malaria parasites (Brown and 
Brown, 1965). The largest gene family identified in Plasmodium is the pir 
(Plasmodium interspersed repeat) superfamily, which includes the vir genes in P. vivax 
(del Portillo et al., 2001), kir genes in P. knowlesi (Pain et al., 2008), yir genes in P. 

yoelii, bir gene in P. berghei and cir genes in P. chabaudi (Janssen et al., 2002). The 
genes included in this superfamily share a similar gene structure and although different 
functions such as immune evasion, signaling, trafficking and adhesion have been 
postulated, their functions still remain unknown (Cunningham et al., 2010). In P. 

falciparum it has been suggested that rif genes (encoding RIFIN, repetitive interspersed 
protein) (Fernandez et al., 1999), stevor genes (encoding STEVOR, sub-telomeric 
variable open reading frame protein) (Blythe et al., 2008) and PfMC-2tm (encoding 
PfMC-2tm, P. falciparum Maurer's cleft two transmembrane protein) (Sam-Yellowe et 
al., 2004) are members of the pir superfamily (Janssen et al., 2002).  However, due to 
the low amino acid similarity and lack of conserved gene structure, this hypothesis is 
under debate (Cunningham et al., 2010). RIFINs and STEVORS are presented in detail 
in section 1.6.3.  
 
1.6.1 PfEMP1 
This important adhesin was discovered in the 1980s by radio-iodination of the pRBC 
surface followed by detergent fractionation and electrophoresis analysis (Leech et al., 
1984). The same study showed that the identified antigens were sensitive to trypsin 
cleavage and that they varied in size depending on parasite strain. The antigen was also 
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found to be strain-specific as shown by immunoprecipitation with homologous and 
heterologous sera, giving rise to the name variant surface antigen (VSA). This protein 
family was later shown to be encoded by the var gene family with around 60 genes per 
haploid genome distributed on all 14 chromosomes (Su et al., 1995, Baruch et al., 1995, 
Smith et al., 1995, Gardner et al., 2002).  
 
1.6.1.1 var gene structure and location  

The majority of the var genes are located near the telomere associated repeat elements 
(TARE 1-6), in a tail-to-tail orientation with one to three var genes interspersed by rif 
genes or alternatively followed by multiple copies of rif or stevor genes (Gardner et al., 
2002) (Figure 4A). However, more than one third of the var genes are located internally 
on chromosomes 4, 7, 8 and 12, either singly or in a head-to-tail orientation. var genes 
have a two-exon structure (Figure 4C). The first exon encodes the diverse extracellular 
binding region and a transmembrane domain of 25-30 amino acids (Smith et al., 
2000b). The second exon encodes the conserved cytoplasmic ATS (acidic terminal 
segment) domain, which anchors the protein within the host cell cytoskeleton (Smith et 
al., 2000b, Su et al., 1995). In the P. falciparum reference strain 3D7, there are 59 full-
length var genes with a size ranging between 8 and 14 kb (Gardner et al., 2002). 
 
Gene recombination is an important mechanism that generates var gene sequence 
diversity (Taylor et al., 2000b, Freitas-Junior et al., 2000, Mu et al., 2005, Dahlbäck et 
al., 2006, Ward et al., 1999), and numerous studies have confirmed that the global var 
gene repertoire is wide with little sequence overlap between different P. falciparum 
isolates (Albrecht et al., 2006, Barry et al., 2007, Bull et al., 2005, Fowler et al., 2002, 
Kirchgatter and Portillo Hdel, 2002, Kyes et al., 1997, Kyriacou et al., 2006, Taylor et 
al., 2000b). Since Plasmodium parasites are haploid during the vertebrate stage of 
infection and replicate by mitotic division, recombination has mainly been shown to 
occur during meiosis in the mosquito stage. However, there are also recent indications 
of recombination during mitotic division (Duffy et al., 2009).  
 
Despite this sequence diversity, var genes can be subdivided into four different groups 
(A-C, E) depending on their 5´ upstream promotor sequences called ups (Figure 4A). 
UpsA var genes are always located subtelomerically and are transcribed towards the 
telomere. UpsC genes are always located internally, while upsB genes can be found at 
both locations (Gardner et al., 2002, Kraemer and Smith, 2003, Lavstsen et al., 2003). 
UpsB genes located subtelomerically are transcribed towards the centromere. The 
fourth group, upsE, corresponds to the upstream sequence of the var2csa gene and is 
discussed in more detail in the following section. Downstream sequences of var genes 
show less conservation; however, upsA var genes have similar 3’ non-coding 
sequences (Gardner et al., 2002, Kraemer and Smith, 2003). Comparison of different P. 

falciparum strains confirms this group organization (Voss et al., 2000, Volkman et al., 
2007, Kraemer et al., 2007), and there is mounting evidence indicating that var genes 
are more prone to recombine within ups-groups than between groups (Gardner et al., 
2002, Kraemer and Smith, 2003, Lavstsen et al., 2003, Bull et al., 2008), thereby 
globally maintaining the nature of the distinct gene groups.  
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Figure 4 A. Chromosomal positions of the variant gene families in P. falciparum. B. Protein structure of 
PfEMP1 and identified receptors. Important proteins for knob formation and PfEMP1 anchoring are also 
depicted. C. Gene structure of var genes. Courtesy of Dr Johan Normark. 
 
1.6.1.2 Atypical var genes 

There are three atypical var genes named var1csa (also known as varCOMMON), 
var2csa and var3. These var genes appear in a limited number of sequence variants and 
are found in the majority of parasite isolates. They share little sequence identity with 
other members of the var gene family indicating that they might undergo self-
recombination (Kraemer et al., 2007). The first, var1csa, has been shown to be a 
truncated gene, which lacks the transmembrane domain, the intron and exon two with 
the ATS-domain. This truncation has been found both in the genome reference strain 
3D7 and in clinical isolates (Winter et al., 2003). The gene is called var1csa since its 
DBL3γ domain experimentally has been shown to bind to CSA (Buffet et al., 1999, 
Reeder et al., 1999). var1csa is found in the majority of clinical isolates from different 
geographical regions and displays an atypical transcription pattern with transcription 
throughout the intraerythrocytic life cycle (Lavstsen et al., 2003, Kyes et al., 2003, 
Winter et al., 2003, Rowe et al., 2002a) (Paper I). Although this conserved gene is 



 

20 

commonly transcribed, it has not been shown to be translated into protein and exposed 
on the pRBC surface (Winter et al., 2003). This gene was previously placed into a 
separate ups group, upsD (Lavstsen et al., 2003), but it is now considered to be part of 
the upsA group where it is annotated as an upsA2 gene (Kraemer et al., 2007). The 
function of this gene is still unknown.  
 
The second atypical var gene is the upsE var gene, var2csa. The PfEMP1 encoded by 
var2csa has been implicated in pregnancy-associated malaria, binding to CSA present 
in the placenta (Tuikue Ndam et al., 2005, Duffy et al., 2006a) as well as to non-
immune immunoglobulins that possibly enhance the placental binding (Flick et al., 
2001, Rasti et al., 2006). var2csa shows, compared to the other var genes, high 
sequence conservation with around 70-90% amino acid identity in isolates obtained 
from different geographic regions (Salanti et al., 2003, Trimnell et al., 2006, Dahlbäck 
et al., 2006, Kraemer and Smith, 2003). One could ask whether pregnant women are 
such an important reservoir for parasite transmission, or if VAR2CSA has important 
roles at other stages of the parasite’s life-cycle, which could explain why the protein is 
so conserved within the parasite population. Interestingly, long-term propagated 
adhesive clones of 3D7 successively and spontaneously switch to var2csa transcription 
(Mok et al., 2008). This was matched by the loss of PfEMP1 surface expression, 
suggesting that the presence of var2csa transcripts is a default variant in these particular 
parasites during in vitro cultivation. 
 
Given the high genomic plasticity in the subtelomeric regions, there must be a strong 
positive pressure to maintain var1csa and var2csa genes. This might imply an 
important function also for var1csa. Interestingly, homologs of both var1csa and 
var2csa are present in P. reichenowi, a chimpanzee malaria parasite that is estimated to 
have diverged from P. falciparum five to seven million years ago (Escalante et al., 
1995).  
  
The third and last atypical gene is var3, which is an unusual short var gene (Gardner et 
al., 2002). It groups within in the upsA genes and is the smallest known var gene. var3 
was found in almost all isolates in a study on 22 laboratory strains from different 
geographical origins (Trimnell et al., 2006). The authors detected mosaic polymorphic 
blocks shared between different var3 genes, which might indicate that these sequences 
recombine amongst each other. No var3 homologue could be detected in the P. 

reichenowi genome (Trimnell et al., 2006). 
 
1.6.1.3 PfEMP1 structure 

The var gene encoded PfEMP1 antigen is a multi-domain protein of 200-350 kDa 
(Figure 4B). A short region in the N-terminus contains the sequence signal for export 
beyond the PVM as described above (Marti et al., 2004). The remaining part of the N-
terminus has a number of tandemly arrayed cysteine-rich domains, referred to as Duffy-
binding like (DBL) and cysteine-rich inter-domain region (CIDR). Occasionally, the N-
terminus also contains the interspersed C2 interdomain. Despite having less than 20% 
sequence identity, the DBL and CIDR domains have similar structures based on three 
helix bundles (Higgins, 2008, Klein et al., 2008). The DBL and CIDR domains are 
numbered consecutively from the N-terminus and have been classified into seven DBL 
types (α, α1, β, γ, δ, ε and X) and four CIDR types (α, α1, β and γ) based on domain 
sequence similarities (Smith et al., 2000b). The DBL domain belongs to the parasite 
adhesion domain superfamily, and the various functions in different malaria proteins 
are discussed in greater detail in section 1.6.4. Variable domain composition and 
sequence polymorphism create great flexibility in the appearance of PfEMP1. The 
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majority of PfEMP1 proteins contain two to seven DBL domains and one to two CIDR 
domains. In addition, the most N-terminal part of the protein is, in the great majority of 
PfEMP1 molecules, irrespective of group, composed of a DBL1α and a CIDR1-head 
structure. However, as discussed above, the sequence diversity is vast, and three 
laboratory strains of different geographical origins have been shown to share less than 
50% amino acid identity (Kraemer et al., 2007).  
 

Among the different domains, DBL1α has the highest degree of conservation among all 
PfMEP1 domains (Flick and Chen, 2004, Kraemer et al., 2007), and this domain has 
been shown to mediate rosetting and endothelial binding of pRBCs via heparan sulfate, 
blood group A antigen, and complement receptor 1 (Chen et al., 1998a, Vogt et al., 
2004, Vogt et al., 2003, Carlson and Wahlgren, 1992, Rowe et al., 1994) (Figure 4B). 
The CIDR1α domain from upsB and upsC type var genes has been shown to bind to 
CD36 and IgM (Miller et al., 2002, Smith et al., 1998, Baruch et al., 1997, Robinson et 
al., 2003). In contrast, PfEMP1 molecules of upsA type do not adhere to CD36 and 
carry a CIDR1α1 subtype or a CIDR1γ (Robinson et al., 2003). The DBLβ-C2-domain, 
which is encoded by upsB var genes, is the ligand for ICAM-1 binding (Springer et 
al., 2004, Smith et al., 2000a, Chattopadhyay et al., 2004, Howell et al., 2008).  
 
VAR2CSA is composed of only DBL domains and thus does not have the typical head 
structure consisting of DBL1α and CIDR1. It consists of six domains named DBL1-3X 
and DBL4-6ε (Trimnell et al., 2006, Bockhorst et al., 2007). Four of the six DBL 
domains exhibit affinity for CSA: DBL2X, DBL3X, DBL5ε, DBL6ε (Gamain et al., 
2005, Avril et al., 2006, Khunrae et al., 2009), see Figure 4B. However, the highest IgG 
titers and inhibition of pRBC binding to CSA is achieved with the full size VAR2CSA 
(350 kDa) (Khunrae et al., 2010, Srivastava et al., 2010). In a recent paper, Bigey et al., 
demonstrated that antibodies towards the NTS (N-terminal segment)-DBL2X 
efficiently inhibit pRBC adhesion to CSA in a manner similar to that of antibodies 
raised towards the entire NTS-DBL6ε (Bigey et al., 2011).  
 
1.6.1.4 Correlation between disease and var gene expression 

When a parasite switches PfEMP1 molecules on the RBC surface, the adhesion 
phenotype may also be altered. However, in the human host the circulating pool of 
parasites is often a collection of various clones. Within one parasite clone there might 
also be differences in var expression profile, making the parasite population truly 
heterogeneous. There are indications of tissue specific var gene expression implying 
that subgroups of PfEMP1 are enriched in different tissues depending on expressed 
ligands (Montgomery et al., 2007). Taken together, these observations complicate 
studies on var genes. However, the specific binding characteristics of PfEMP1 variants 
that are dominantly expressed in a parasite population are likely to determine the 
disease outcome.  
 
In a number of studies, var genes associated with severe malaria are typically of upsA 
and B type, while var genes transcribed in children with mild or uncomplicated malaria 
are often of upsC type (Jensen et al., 2004, Kaestli et al., 2006, Bull et al., 2005). 
Several studies have also demonstrated that rosetting parasites more frequently 
express var genes belonging to the upsA group (Bull et al., 2005, Kyriacou et al., 
2006, Vigan-Womas et al., 2008, Rowe et al., 1997) (Paper II). The cysteine content 
of the DBL1α domain co-varies with the upstream grouping of the var genes. UpsA var 
genes have one or two cysteines, while non-group A genes have three to five cysteine 
residues within a defined area on the DBL1α (Gardner et al., 2002). Accordingly, a low 
cysteine content in transcribed DBL1α domains, thus transcribed from upsA var genes, 
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correlates with rosetting (Bull et al., 2005, Normark et al., 2007) and also to the 
occurrence of severe malaria (Kirchgatter and Portillo Hdel, 2002, Normark et al., 
2007).  
 
Normark et al. have shown in a study in Uganda, that different amino acid motifs in the 
NTS-DBL1α domain transcribed by patient isolates are associated with severe or mild 
malaria (Normark et al., 2007). In this study var gene transcription was profiled in 
clinical isolates from 93 children with either mild or different states of severe malaria, 
by DBL1α PCR-amplification and sequencing. The collected sequences were examined 
with a novel method of region alignment of homology areas (MOTIFF) in order to 
identify degenerate sequence motifs that were correlated with specific disease states. A 
number of degenerated motifs in the DBL1α domain were identified e.g. three motifs 
were associated with a high rosetting phenotype, three motifs were associated with 
severe malaria and 10 motifs were associated with mild disease and/or a non-rosetting 
phenotype. The key DBL1α motifs identified were also detected in in vitro adapted 
strains. Interestingly, when the motifs were mapped in the predicted tertiary structure of 
the DBL1α domain, the motifs were mainly located in semi-conserved α-helical 
sequences. In addition, the location of the motifs coincided to a high degree with 
binding faces of DBL domains from other Plasmodium proteins (the DBL family of 
proteins is discussed in greater detail in section 1.6.4.). In Paper IV, a subset of the 
identified motifs is further explored in terms of sequence surface exposure and ability 
to induce antibodies. 
 
1.6.2 var gene transcription and regulation 
var gene expression is believed to occur in a mutually exclusive manner, i.e. only one 
var gene at a time is transcribed, and the corresponding PfEMP1 protein is translated 
and transported to the surface of the pRBC (Scherf et al., 1998, Chen et al., 1998b). 
This mechanism allows the parasite to escape the host immune response but also 
protects it from exhausting its var gene repertoire. The PfEMP1 protein appears on the 
surface of the pRBC in early trophozoite stage, and this coincides with the appearance 
of the adhesion phenotype. However, there is conflicting evidence regarding the peak 
of var gene transcription and the number of short- and full-length var gene transcripts 
within the course of the erythrocytic life cycle. By employing reverse transcriptase 
PCR (RT-PCR)-based methods, it was suggested that a single cloned P. falciparum 
parasite simultaneously transcribes multiple short- and full-length var genes during 
early ring stage but that transcripts of only one var gene dominate during the 
trophozoite stage (Chen et al., 1998b, Fernandez et al., 2002, Scherf et al., 1998, Mok 
et al., 2007). Based on results obtained by using Northern blot to detect mRNA, others 
argue that a single var gene is transcribed in ring stage pRBCs and that no transcripts 
are detected in the more mature trophozoite stage (Smith et al., 1998, Kyes et al., 2000, 
Taylor et al., 2000a). The sensitivity of the techniques differs, which could reconcile 
these different results. RT-PCR is very sensitive and can pick up background 
transcription, while Northern blot might not detect low level transcripts. However, 
studies on single cells from parasite strains 3D7 or CS2 panned on ICAM-1 or CSA, 
report that several full-length var genes are transcribed both in ring and trophozoite 
stages as detected by both RT-PCR and Northern blot techniques in clonal parasites 
(Noviyanti et al., 2001) and single cells (Duffy et al., 2002). There are also some 
reports using quantitative-PCR (Q-PCR), and then several var gene transcripts, not 
necessary full-length, are detected both in ring and trophozoite stages in clonal parasites 
(Zhang et al., 2011, Janes et al., 2011, Dahlbäck et al., 2007) and (Papers I and II). 
Still, overall it is agreed that one var gene transcript is dominantly translated into a 
single variant PfEMP1 in late ring stage parasites and mature trophozoite stages. 
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How P. falciparum regulates antigenic variation is under intense research focus. 
However, the precise mechanisms are still unclear. Regulation must be comprised of: i) 
memory of earlier expressed variants, ii) a switching mechanism for new variants, and 
iii) expression of the same gene in the majority of the progeny parasites. In recent years 
some details about var gene regulation have been elaborated, and these will be 
reviewed here. The var gene regulation is believed to depend on several different tiers: 
 

Transcription factors 

Unlike for the vsg genes in T. brucei, no detectable DNA rearrangement, such as gene 
conversion into an active site, has been observed in P. falciparum. Therefore, var gene 
expression is believed to be regulated at the transcriptional level. Vsg genes in T. brucei 
are transcribed by RNA polymerase I, however, this is not the case for var gene 
transcription in P. falciparum. Two studies have shown that var genes, like all other 
protein-encoding genes in the parasite genome, are transcribed by RNA polymerase II 
(Kyes et al., 2007a, Schieck et al., 2007). Experiments using episomal constructs 
containing a var 5’promotor driving a drug resistance, have demonstrated that all 
endogenous var transcription could be turned off (Dzikowski et al., 2006, Voss et al., 
2006, Dzikowski and Deitsch, 2008). This indicates that production of a functional 
PfEMP1 is not necessary for an active var gene expression.  
 
A couple of years ago, a large family of transcription factors, the ApiAP2, was 
identified in apicomplexan parasites (Balaji et al., 2005). This family of transcription 
factors is related to the AP2 family in plants, in which they function either as repressors 
or activators. The four amino acid residues important for DNA binding are conserved 
in all apicomplexan parasites (Lindner et al., 2010, De Silva et al., 2008). Although the 
majority of ApiAP2 proteins are conserved among Plasmodium ssp, two proteins have 
been found to be species-specific. One is present only in primate malarias, implying 
that this protein has a specific role (Painter et al., 2011). The ApiAP2 transcription 
factors have been shown to be involved in various transition steps in the malaria 
parasite such as the ookinete (Yuda et al., 2009) and sporozoite development (Yuda et 
al., 2010). In addition, the majority of ApiAP2 are expressed during the 
intraerythrocytic stages (Bozdech et al., 2003, Le Roch et al., 2003). A study on P. 

falciparum has demonstrated that an ApiAP2, referred to as PfSIP2, interacts with 
DNA motifs upstream of upsB var genes, and this fact suggests a role for this 
transcription factor in var gene regulation (De Silva et al., 2008). Together these data 
indicate that ApiAP2 transcription factors are important for gene regulation, including 
some var genes, during the erythrocytic life cycle. However, the impact of ApiAP2 is 
still largely unexplored, and the interactions with other proteins such as RNA 
polymerase II and the specific functions of the different family members will be central 
to the understanding of this family of transcription factors. 
 

Location in the nucleus 

All var genes, regardless of ups-type, are located in the nuclear periphery (Duraisingh 
et al., 2005, Ralph et al., 2005, Voss et al., 2006, Marty et al., 2006), usually in 
telomeric clusters that are believed to promote ectopic recombination (Freitas-Junior et 
al., 2000). However, centrally located var genes have been shown to be located both 
outside and within clusters (Ralph et al., 2005). There are several studies demonstrating 
that var gene transcription occurs in a specific perinuclear site in which active var 
genes are located, alone or in a cluster (Duraisingh et al., 2005, Freitas-Junior et al., 
2005, Tonkin et al., 2009, Marty et al., 2006, Voss et al., 2006). In a study using 
fluorescence in situ hybridization (FISH) to detect the active var gene in the laboratory 
strain FCR3, the active var gene relocated away from the silent cluster of telomeres, 
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possibly to a nuclear pore, where the transcription was shown to occur (Ralph et al., 
2005). However, since var genes are located together on the telomere ends, additional 
layers of control must exist to prevent transcription of adjacent var genes.  
 
Chromatin structure  

P. falciparum seems to lack normal eukaryotic transcriptional machinery but has many 
histone-modifying proteins (Gardner et al., 2002, Miao et al., 2006). Histone 
deacetylation has been shown to silence some var genes by marking chromatin through 
deacetylation of histone tails (Duraisingh et al., 2005, Freitas-Junior et al., 2005). 
PfSir2 is a histone deacetylase of parasitic origin with similarity to yeast Sir (silent 
information regulator). PfSir2 binds to telomeric chromatin, possibly through TARE6 
(also known as rep20) (Duraisingh et al., 2005). PfSir2 spreads into the coding regions 
where it deactylases the histones and increases the heterochromatin density, thereby 
silencing them. However, this has only been shown for upsE and upsB var genes 
(Duraisingh et al., 2005). UpsC-type var genes, which are localized internally on the 
chromosomes, may therefore need another type of transcriptional control. Knock-out 
experiments of the PfSir2 demonstrated that upsA and upsE, but interestingly not upsB 
var genes, were upregulated (Duraisingh et al., 2005). A study in T. brucei has shown 
associations between Sir2 and DNA repair, indicating that factors involved in gene 
regulation could also facilitate gene recombination (Alsford et al., 2007).  
 
Specific histone methylation (H3 trimethylated at lysine 9, H3K9me3) of both 5’ 
upstream and coding regions throughout the erythrocytic life cycle is important for 
silencing of both subtelomeric and central var genes (Chookajorn et al., 2007, Lopez-
Rubio et al., 2007). A study on var2csa using chromatin immunoprecipitation has 
shown that the 5’ upstream region of the actively transcribed var gene is highly 
enriched for di- and trimethylation on H3 lysine 4 (H3K4me2 and H3K4me3). During 
the more mature trophozoite and schizont stages, when no var gene transcription 
occurs, var2csa lost the H3K4me3 mark but maintain the dimethylation, indicating that 
the latter possibly functions as a memory mark (Lopez-Rubio et al., 2007, Salcedo-
Amaya et al., 2009, Flueck et al., 2009). Proteins that recognize specific histone 
modifications could also be involved in this intricate regulation, one example being the 
heterochromatin protein 1 (HP1), which is present in the P. falciparum genome. HP1 
possesses a chromo domain that can associate with methylated H3K9 and thereby 
potentially mediate gene silencing (Scherf et al., 2008, Flueck et al., 2009, Perez-
Toledo et al., 2009, Chookajorn et al., 2007). Interestingly, one of the ApiAP2s, 
PfSIP2, colocalizes with HP1, suggesting that there might be interactions between 
transcription factors and the epigenetic machinery (Flueck et al., 2009). 
 
Intron silencing 

The var gene intron has been shown to have promoter activity and to produce sterile 
transcripts (Calderwood et al., 2003, Dzikowski et al., 2007). In contrast to the 
upstream var gene promoter, the introns seem to be simultaneously active. Transcripts 
from var gene introns have been shown to promote cis-linked var gene silencing 
through a pairing mechanism, and episomally-expressed var genes without introns have 
been demonstrated to be constitutively transcribed (Frank et al., 2006, Dzikowski et al., 
2007, Voss et al., 2006, Deitsch et al., 2001). An example of a constitutively expressed 
endogenous var gene is the truncated var1csa (also called varCOMMON), which lacks 
the C-terminal region of exon one, the intron and exon two. This gene has a peculiar 
transcription pattern and is transcriptionally active throughout the erythrocytic life 
cycle in contrast to other var genes, which normally are transcribed until early 
trophozoite stage (Winter et al., 2003, Normark et al., 2007). However, the majority of 
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studies on var gene introns have been conducted on transgenic parasites with inducible 
promoters and studies on other var genes in their native context have not supported this 
intron-counting mechanism. Using a microarray approach, no transcriptional activity 
was detected for the exon two of var2csa in the silent state, indicating that at least this 
atypical var gene is not dependent on intron promoter activity (Ralph et al., 2005). In 
summary, the role of introns in var gene regulation and silencing remains controversial, 
and there is a need for studies in the natural chromosomal context.  
 
Taken together, regulation of var gene transcription appears to involve multiple 
mechanisms such as transcriptional regulation, nuclear reposition, histone 
modifications and pairing between promoters. Stage-specific stability or degradation of 
mRNA may also play a role in gene regulation, since mRNA decay rates have been 
shown to vary substantially between different stages during the erythrocytic life cycle 
(Shock et al., 2007). In addition, by using gene-specific nuclear run-on assays, 
differences between mRNA levels and transcription activity were detected (Sims et al., 
2009).  
 
Moreover, there is mounting evidence that control mechanisms differ for different var 
gene groups, partly depending on their chromosomal position. A study using the 
laboratory strain NF54 revealed that the different upstream promoter regions have 
different on- and off-switch rates, with the centrally located upsC var genes switching 
off much more slowly than subtelomeric upsA, upsB, or upsE var genes (Frank et al., 
2007). In addition, the switching rates are believed to be intrinsic to each var gene. For 
example, studies on laboratory strains have shown switching rates from 2% in vitro 
(Roberts et al., 1992, Horrocks et al., 2004) to 16% in human volunteers (Peters et al., 
2002). However, none of these studies used Q-PCR or clinical isolates, which 
complicates the extrapolation of the data to a clinical setting. Another recent study 
observed a highly structured switching pattern, and suggested  a “single-many-single” 
pathway in which a dominantly transcribed var gene switches via an intermediate var 
gene to a new dominantly transcribed var gene (Recker et al., 2011). There are a 
number of studies indicating that laboratory strains, grown without enrichment for a 
particular binding phenotype, such as 3D7 and FCR3, preferably express upsB and 
upsC genes (Salanti et al., 2003, Horrocks et al., 2004, Jensen et al., 2004, Frank et al., 
2007, Sharp et al., 2006, Dahlbäck et al., 2007). These results suggest that there may be 
a hierarchical expression of var genes, starting with upsA var genes encoding a highly 
adhering PfEMP1. Another option would be that upsA var gene expression is in some 
way selected for in non-immune individuals since upsA var genes are associated with 
severe malaria and rosetting. 
  
1.6.3 Other variant surface antigens 
rif/RIFIN 

The 30-45 kDa RIFIN proteins are encoded by the rif (repetivive interspersed family) 
gene family. This gene family holds 159 gene copies in the 3D7 genome strain 
(Gardner et al., 2002), and all gene copies are located subtelomerically in conjunction 
with var and stevor genes. The rif gene has a two-exon composition and can be 
subdivided into two groups (A and B RIFINS) depending on the presence of a 
consensus sequence located approximately 100 amino acids from the N-terminus 
(Gardner et al., 2002, Joannin et al., 2008). These two groups have a differential 
expression, with group A RIFINs co-localizing with Maurer’s clefts, while group B 
RIFINs are localized within the parasite (Petter et al., 2007, Haeggström et al., 2007). 
RIFINs were first identified using surface iodination experiments of pRBCs, 
demonstrating that this gene family is present on the pRBC surface and might thus 
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participate in immune evasion mechanisms (Kyes et al., 1999, Fernandez et al., 1999). 
Interestingly, RIFINs have also been found at the merozoite apex (Petter et al., 2007). 
Certainly, the large repertoire of rif genes and the clonal variations imply that they are 
under immune pressure. Moreover, it has been shown that plasma from semi-immune 
adults recognizes different recombinant RIFIN proteins (Abdel-Latif et al., 2002) and 
that asymptomatic children have significantly higher antibody levels towards RIFINs 
than children with severe malaria (Abdel-Latif et al., 2003). However, the precise 
function of RIFINs remains elusive. 
  
stevor/STEVOR 

The stevor (sub-telomeric variable open reading frame) gene family is related to the rif 
gene family. However, the stevor genes are less polymorphic than the rif genes. Similar 
to rif genes, stevor genes consist of two exons. There are around 30-40 copies per 
genome located on all chromosomes, making it the third largest gene family in P. 

falciparum (Gardner et al., 2002, Cheng et al., 1998). In addition, seven stevor copies 
have been mapped towards the centromer (Cheng et al., 1998). Like RIFINS, STEVOR 
proteins are small, around 30-40 kDa (Gardner et al., 2002). Distinct sets of stevor 
genes are transcribed both in the asexual intraerythrocytic cycle during the trophozoite 
and schizont stages (Cheng et al., 1998), in gametocytes (Sutherland, 2001) and in 
sporozoites (Florens et al., 2002). Immunofluorescence microscopy assays have 
revealed that STEVOR proteins are localized in Maurer’s clefts as well as on the pRBC 
membrane (Lavazec et al., 2006, Blythe et al., 2008, Niang et al., 2009). The study by 
Blythe et al, also showed that stevor genes are more expressed in clinical isolates than 
in laboratory strains and that the latter do not require STEVOR for survival. 
Interestingly, genes of the stevor family appear to have switching rates similar to that of 
the var genes when examined in a laboratory strain (Lavazec et al., 2007). Moreover, 
STEVORs have been detected on the apical end of merozoites and in rhoptries (Khattab 
et al., 2008, Khattab and Meri, 2011, Blythe et al., 2008) suggesting a role in invasion.  
 
surf/SURFIN   

The surf (surface associated interspersed) gene family consists of 10 members 
including three pseudogenes in the 3D7 genome, all located within or close to the 
subtelomeres (Gardner et al., 2002). Similar to STEVORs, the corresponding proteins, 
SURFINs, are located in the Maurer’s clefts, on the pRBC surface and in the apical 
region of merozoites (Mphande et al., 2008, Winter et al., 2005). 
 
In summary, there are a number of variant gene families in P. falciparum besides the 
var genes. The gene copy numbers and polymorphisms indicate that they are under 
immune pressure. However, to date, their exact functions are not known.  
 
1.6.4 DBL domains 
DBL domains are present in proteins belonging to the DBL superfamily. In P. 

falciparum this family includes both the PfEMP1 family of surface antigens and the 
EBL (erythrocyte-binding like) family of invasion proteins with members such as 
EBA-140, EBA-165, EBA-175, EBA-181, MAEBL and Pf332 (Adams et al., 2001, 
Adams et al., 1992, Moll et al., 2007a). The EBL family also includes the invasion 
ligands Pk-DBL in P. knowlesi and Pv-DBL in P. vivax, which both bind the Duffy 
antigen receptor for chemokines (DARC). In DBL proteins, a variable number of DBL 
domains are involved in various receptor-ligand interactions. As described above, the 
DBL domains are conserved within species and are therefore probably vital for the 
parasite. The domains exhibit a conserved spacing of cysteines and hydrophobic 
residues but show otherwise little homology between each other. DBL domains that 
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have been crystallized to date include domains of EBA-175 (Tolia et al., 2005), Pk-

DBP (Singh et al., 2006), Pv-DBP (Batchelor et al., 2011), DBL3X and DBL6ε of 
VAR2CSA PfEMP1 (Higgins, 2008, Singh et al., 2008, Khunrae et al., 2009) and 
recently the DBL1α domain of the PfEMP1 expressed in the laboratory strain, Palo 
AltovarO (Juillerat et al., 2011). All these display a similar tertiary structure, which is 
believed to be the result of conserved cysteines and homology blocks. The EBLs 
involved in invasion all contain 12 conserved cysteines as well as a number of 
conserved tryptophan residues (Adams et al., 1992). The ten first cysteines can 
normally be found in the DBL domains of PfEMP1 molecules (Smith et al., 2000b). 
Interestingly, the ability of proteins to form a similar tertiary structure, despite marked 
sequence variation, has also been described for the VSG molecules covering the surface 
of Trypanosomes (Carrington and Boothroyd, 1996, Blum et al., 1993).  
 
  
1.7 THE ROLE OF ANTIBODIES IN IMMUNITY TO MALARIA 
Natural immunity to malaria is not sterile, and individuals living in endemic areas 
only acquire protective immunity after recurrent exposure to the parasite (Bull et al., 
1999, Jones et al., 2000, Trape et al., 1994). One proof of this is the high malaria-
associated mortality and morbidity among young children in endemic areas, while 
circulating parasites are common in older children and in adults, with or without mild 
symptoms (Figure 5). In line with these findings, several studies have shown that 
immunity to severe disease is the first level of immunity that develops in children in 
endemic areas (Gupta et al., 1999, Bull et al., 2000, Nielsen et al., 2002). Immunity to 
malaria is believed to be acquired stepwise involving: i) immunity to severe malaria, 
ii) immunity to clinical disease, and iii) immunity to the parasite (McGregor, 1974), 
see Figure 5. Individuals living in areas with a high exposure to the P. falciparum 
parasites reach the different levels of immunity faster than individuals with a low 
malaria exposure. However, immunity to circulating parasites may never be acquired. 
In addition, interruption of exposure can lead to loss of immunity (Riley et al., 1994), 
implying that constant exposure may be needed to maintain protection. It can be 
concluded that malaria immunity is dependent on age, transmission intensity and 
exposure to the parasite. However, regardless of previous exposure and immunity, 
women are again susceptible to severe malaria during pregnancy (PAM) (Brabin, 
1983). Analogous to severe malaria in children, women become resistant to PAM 
after repeated pregnancies and infections (Fried et al., 1998, Staalsoe et al., 2001). 
Severe disease during the first months of life is rare in children born to mothers in 
endemic areas (Brucechwatt, 1952, Snow et al., 1998), probably because of placental 
transfer of immunoglobulin G (IgG) (Edozien et al., 1962, Logie et al., 1973, Cohen 
et al., 1961), which lasts for three to six months (Wiener, 1951).  
 
Protective immunity to malaria is thus multifaceted and includes immune-responses 
to pre-erythrocytic as well as to erythrocytic stages. It is assumed that humoral 
responses are central in blood-stage immunity (Langhorne et al., 2008). In mouse 
models, parasite elimination has been shown to be dependent on B-cells and 
antibodies (Langhorne et al., 1998). This has also been demonstrated in humans, in 
which passive transfer of IgG from clinically immune adults to children infected with 
P. falciparum parasites resulted in a decrease in parasitemia and a reduction of 
clinical symptoms (McGregor et al., 1963, Cohen et al., 1961). The manner in which 
antibodies confer protection to malaria infection and disease involves: i) inhibition of 
merozoite invasion (Blackman et al., 1990), ii) antibody-dependent cellular killing 
mediated by cytophilic antibodies (IgG1 and IgG3) (Bouharountayoun et al., 1995,), 
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and iii) greater clearance of pRBCs by antibody binding to the host cell surface, and 
inhibition of sequestration in the microvasculature (Bull et al., 1998).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Schematic illustration on acquisition of immunity to malaria in endemic areas. Adapted from 
(Marsh and Kinyanjui, 2006). Courtesy of Dr Sandra Nilsson. 
 

1.7.1.1 Antibodies to PfEMP1 

A number of studies indicate that the variant surface antigen PfEMP1 is a major target 
of the host immune response (McGregor, 1974, Jones et al., 2000, Ofori et al., 2002, 
Kinyanjui et al., 2003, Bull et al., 1998, Marsh and Howard, 1986, Marsh et al., 1989, 
Snow et al., 1997, Nielsen et al., 2002). Antibodies to PfEMP1 are believed to confer 
protection by blocking sequestration (rosetting and cytoadherence) and by opsonizing 
pRBCs for phagocytosis (Vigan-Womas et al., 2011, Fried et al., 1998, Carlson et al., 
1990, Ghumra et al., 2011, Moll et al., 2007b, Chen et al., 2004). However, it is not yet 
fully understood how immunity to the highly variable PfEMP1 antigen develops. There 
are two main hypotheses: one suggests that immunity consists of strain-transcending, 
cross-reactive antibodies to a few highly conserved epitopes, and the other implies that 
immunity is comprised of a large pool of strain-specific antibodies (Jeffery, 1966). Also 
more recent studies, using in vitro adapted laboratory P. falciparum strains, show that 
antibodies to PfEMP1 are mainly strain-specific (Vigan-Womas et al., 2011, Ghumra et 
al., 2011). However, a number of reports have demonstrated varying degrees of cross 
reactivity on a serological level using either sera from malaria-infected individuals on 
heterologous parasites or sera from PfEMP1-immunized animals on heterologuos 
PfEMP1 proteins (Ofori et al., 2002, Giha et al., 1999b, Giha et al., 1999a, Dodoo et 
al., 2001, Avril et al., 2011, Moll et al., 2007b). It has also been shown that Aotus 
monkeys with a cleared P. falciparum infection are partially protected against severe 
malaria when challenged with a heterologuos P. falciparum strain (Jones et al., 2000).  
 
It has been hypothesized that immunity to a number of semi-conserved epitopes on 
disease-promoting PfEMP1s could contribute to antigenic cross-reactivity, especially 
within var gene groups such as upsA genes (Kyes et al., 2007b). Indeed, there is 
serological evidence that the surface antigens associated with severe disease are less 
antigenically diverse than isolates obtained from individuals with mild infections 
(Bull et al., 2000, Nielsen et al., 2002, Bull et al., 2005, Jensen et al., 2004, Moll et 
al., 2007b, Bull et al., 2008). However, regarding the PAM-related and relatively 
well-conserved VAR2CSA PfEMP1, several studies have demonstrated that the 
antibody response in multigravidae women to a great extent, is focused on 
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polymorphic regions in VAR2CSA (Dahlbäck et al., 2006, Barfod et al., 2007, 
Beeson et al., 2006). Whether immunity to PAM and severe malaria is conferred by a 
repertoire of antibodies recognizing a collection of polymorphic epitopes shared 
between different PfEMP1, or if there is a low level of antibodies that recognize 
highly conserved epitopes, remains elusive.  
 
 
1.8 TREATMENT OF SEVERE MALARIA 
1.8.1 Anti-parasitic treatment 
In the intraerythrocytic stages of the P. falciparum life cycle, the parasite uses 
hemoglobin from the RBC cytosol as a source of amino acids. The parasite hydrolyzes 
hemoglobin to small peptides and detoxifies heme in the form of hemozoin. This 
pathway is used in anti-parasitic drugs called quinolines, with members such as 
quinine, chloroquine and mefloquine. These drugs inhibit the degradation of 
hemoglobin to hemozoin, which creates free heme metabolites that are toxic to the 
parasite (Fitch, 2004). Another group of anti-malarials are the antifolates that inhibit the 
folate metabolism in the parasite, thereby depriving the parasite of co-factors essential 
for DNA synthesis. This group includes drugs such as sulfadoxin and pyrimethamine, 
(SP) (Ferone, 1977). A third group is the artemisinine-derived anti-malarials, which are 
produced from the herb Artemisia annua, and its mode of action is not fully understood. 
However, it is believed that artemisinine exhibits antimalarial effects by free radicals 
that react with parasite enzymes and lipids (Crespo et al., 2008). Due to resistance 
towards chloroquine and SP, the first line treatment for mild P. falciparum malaria is 
now artemisinin-based combination therapy (ACT) (WHO, 2010a). For severe malaria 
the recommended treatment is intravenous artemisinin derivatives such as artemether, 
with second line treatment being intravenous quinine (WHO, 2010a).  
 
1.8.2 Adjunct treatment 
Adjunct treatment to malaria consists of management of malaria-related symptoms 
such as convulsions, fever, coma, anemia, metabolic disturbances, respiratory distress 
and renal failure. This includes blood transfusion, antipyretic drugs, glucose-containing 
infusion, diuretics and dialysis (WHO, 2010a). However, some of the adjunct 
treatments that previously have been recommended by WHO have now been 
abandoned due to adverse effects. Examples include treatment with corticosteriods, 
adrenalin and anticonvulsant therapy (WHO, 2010a). Heparin was also previously used 
in the treatment of severe malaria, especially when malaria was accompanied by 
disseminated intravascular coagulation (Jaroonvesama, 1972, Munir et al., 1980, 
Rampengan, 1991, Sheehy and Reba, 1967, Smitskamp and Wolthuis, 1971), but it was 
withdrawn due to its strong anticoagulant action, which led to side effects such as 
intracranial bleeding (WHO, 1986).  
 
1.8.2.1 Rosette disrupting substances as potential adjunct treatment 

Since sequestration results in malaria pathology by physical obstruction and metabolic 
disturbance in the microvasculature, adjunct treatment could be directed at blocking or 
reversing parasite adhesion. A number of compounds that block cytoadhesion are 
currently being investigated and include Levamisole (Ho et al., 2005, Dondorp et al., 
2007) and N-acetylcysteine (Gruarin et al., 2001), which both inhibit CD36 binding. 
Inhibition of rosetting is another approach for adjunct treatment. As described above, 
heparin can disrupt rosettes by binding to the DBL1α domain of PfEMP1. However, 
due to its strong anticoagulant activity is it not suitable as a rosette-disrupting drug. 
Heparin devoid of its anticoagulant activity can be obtained through oxidation of the 
pentameric sequence responsible for the binding to antithrombin III (Lindahl et al., 
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1979, Petitou et al., 1988). This oxidation leads to a depolymerization of the 
glycosaminoglycan, generating low anticoagulant heparin (LAH) (Fransson, 1978, 
Lindahl et al., 1979, Vogt et al., 2006).  
 
The molecular weight distribution and chemical composition of LAH is similar to that 
of the low molecular weight heparin (LMWH) that is frequently used in the clinic as an 
anticoagulant. However, the anticoagulant activity of LAH is much less than that of 
either standard heparin or LMWH. The pentamer responsible for the anticoagulant 
activity is not essential for binding to the DBL1α domain (Barragan et al., 2000a, Vogt 
et al., 2006, Skidmore et al., 2008), and the oxidation does not affect the rosette-
disrupting capacity or the inhibition of endothelial binding mediated by DBL1α (Vogt 
et al., 2006). Several studies have shown that LAH is able to disrupt rosettes and reduce 
cytoadherence in experiments with laboratory strains and in vitro adapted isolates from 
malaria patients in Uganda. In addition, LAH has been studied in rat and macaque in 

vivo models. In these, human RBCs parasitized with P. falciparum were 99mTC labeled 
and visualized with a gamma camera (Vogt et al., 2006, Pettersson et al., 2005). An 
intravenous (i.v.) injection of LAH blocked up to 80% of pRBC from binding to the 
microvasculature of the rat and also released previously sequestered pRBCs into the 
circulation. In the corresponding monkey model, 55% of the sequestration was reduced 
after i.v. treatment of the animal. Furthermore, LAH inhibited merozoite invasion of 
RBCs in vitro. In Paper III, the rosette-disrupting capacity of LAH is further studied 
on clinical isolates from malaria-infected children in Cameroon. 
 
Another sulfated glycoconjugate, curdlan sulfate (CRDS), has also been shown to 
effectively disrupt rosettes and inhibit parasite invasion (Kyriacou et al., 2007, Havlik 
et al., 1994). In a study from Kenya, CRDS was shown to disrupt rosettes in the 
majority of parasite isolates from Kenyan children (Kyriacou et al., 2007). However, 
CRDS has not been demonstrated to specifically bind PfEMP1, and therefore the 
underlying mechanism of rosette disruption is currently unknown. Interestingly, a 
clinical trial performed with a small number of patients in Southeast Asia showed that 
fever clearance was shortened in patients receiving CRDS compared to the placebo 
group (Havlik et al., 2005). However, there was no difference in mortality, parasitemia 
or coma resolution between the two groups. 
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2 SCOPE OF THE THESIS  
 
The objective of this thesis was to increase the understanding of the pathogenesis of 
malaria. We did this by characterizing the variant surface antigen PfEMP1, both at a 
genotypic and phenotypic level, in clinical isolates and in laboratory strains. We also 
examined the potential of low anticoagulant heparin to disrupt the PfEMP1-dependent 
virulence mechanism, rosetting, in a clinical setting. 
 
 
 
SPECIFIC AIMS 
 
PAPER I 
To investigate var gene transcription profiles during distinct developmental stages of 
the parasite life cycle in P. falciparum clinical isolates. 
 
 
PAPER II 
To study var gene transcription and PfEMP1 expression in the rosetting and 
cytoadhesive clone FCR3S1.2. 
 
 
PAPER III 
To investigate if low anticoagulant heparin has rosette-disrupting activity against a 
broad range of clinical isolates collected directly from malaria-infected children. 
 
 
PAPER IV 
To identify potential surface-exposed sequences, corresponding to PfEMP1 DBL1α 
motifs, which are associated with severe or mild malaria. 
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3 EXPERIMENTAL CONSIDERATIONS 
 
All materials and methods used for the experiments presented in this thesis are 
described in Papers I-IV. Experimental procedures of special consideration including 
their strengths and weaknesses are reviewed here. 
  
3.1 PARASITES AND IN VITRO CULTURE CONDITIONS 
Both laboratory parasite strains and clinical parasite isolates were used in the studies 
included in this thesis. The Ugandan isolates used in Papers I and IV were part of an 
earlier project in the group and were collected in Uganda in 2002 and 2003 as 
previously described (Normark et al., 2007). In summary, venous blood was drawn 
from children under the age of five with different states of active P. falciparum 
infection as diagnosed by Giemsa-stained blood smears and clinical examination. 
Patients were recruited in two locations in Uganda: at the district hospital in Apac, 
which is situated in a malaria holoendemic area (Yeka et al., 2005) 250 km north of 
Kampala, and at the Mulago hospital, located in the capital, Kampala. 
 
The Cameroonian isolates used in Paper III were collected in the Buea district in the 
southwestern part of Cameroon in 2007. In this region, malaria transmission takes place 
throughout the year but peaks during the rainy season that lasts from April to October 
(Kimbi et al., 2004). The study included malaria-infected children between six months 
and 14 years of age. The diagnosis was based on Giemsa-stained blood smears and 
clinical examination. Complicated P. falciparum malaria was defined as a patient 
requiring hospital admission and quinine or artemether infusion because of anemia, 
hyperparasitemia (parasitemia >5%), or severe symptoms including hyperpyrexia, 
seizures and prostration. Children with a positive blood smear for P. falciparum 
without complicating manifestations were classified as mild malaria and were treated as 
outpatients with treatment per os. After informed consent from the parents, blood was 
withdrawn from patients with a parasitemia above 10 000 pRBC/µL blood and was 
collected in EDTA tubes. Heparinized tubes were avoided since the aim of the study 
was to perform rosette disruption assays and heparin is known to be an efficient rosette 
disrupting agent. Separation of RBCs, leukocytes, and plasma was done using standard 
methods. The RBCs were collected and washed before they were transferred to malaria 
culture medium supplemented with 10% inactivated human AB+ non-immune Swedish 
sera. The parasite isolates were grown for approximately 24 hours to allow for 
maturation of the ring-stage parasites into trophozoites so that rosette disruption assays 
could be performed.  
 
All isolates and strains were cultivated using standard methods as developed by Trager 
and Jensen (Moll et al., 2008, Trager and Jensen, 1976) with the modifications that all 
in vitro adapted Ugandan isolates were cultivated in a gas mixture of 90% NO2, 5% O2 
and 5% CO2 and shaking incubation replaced the static candle jar technique. This 
improved method has been shown to facilitate the establishment of fresh clinical 
isolates to in vitro cultivation and to reduce the number of double-infected red blood 
cells. Otherwise, double-infected RBCs are a quite common phenomenon in static 
cultivation.  
 
Parasites were kept synchronous using 5% sorbitol (w/v). 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 pRBCs present in the culture. 
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A rosette was defined as at least two unparasitized RBCs bound to one pRBC. The 
rosetting phenotype was maintained with Ficoll enrichment (Moll et al., 2008).   
 
3.2 DBL1ΑLPHA RT-PCR AMPLIFICATION AND SEQUENCING 
In order to amplify, characterize and classify the DBL1α domain of PfEMP1, many 
research groups have designed primers to short regions of homology within this 
domain. One such primer pair is the degenerated PCR primers (α-AF/α-BR) by Taylor 
et al. (Taylor et al., 2000a), which are aimed at amplifying all DBL1α sequences. 
Unfortunately these primers are biased and tend to amplify a subset of sequences such 
as var1csa (Normark et al., 2007, Kraemer et al., 2003, Kyes et al., 2007a). In Papers I 
and II we therefore also used an additional primer pair (nDBLf/nDBLr), which was 
designed in our group, and which targets two different homology regions (Normark et 
al., 2007). In order to increase the efficiency, the two primer pairs were used both 
separately and in combination (α-AF/nDBLr). When analyzing the genome reference 
strain 3D7 containing 59 full length var genes (Gardner et al., 2002, Kyes et al., 
2007b), 50 individual var genes could be identified using all primer sets. The 
complementary primer pairs nDBLf/nDBLr and nDBLf/α-BR identify an additional 11 
var genes not identified by the α-AF/α-BR primer pair. So as seen, together the three 
degenerate primer pairs target a wide range of var gene sequences, but it should be 
taken into consideration that there may be sequences outside this range that are not 
amplified. 
 
In order to establish the var gene dominance order, mass sequencing was carried out. 
The PCR products were cloned into the TOPO cloning vector and sequencing was 
performed for 48 clones in forward and reverse direction for each primer pair, 
developmental stage and parasite using the Mega Base machinery. The sequences were 
base-called using phred. The reads were clustered using phrap, and the nucleotide 
alignments of the retained clusters were performed using ClustalW. Only reading 
frames with the protein motif, RSFADIGDI, with at most three mismatches, were taken 
into consideration. Since this motif is unique and conserved in all known DBL1α 
genes, we were confident that no non-DBL1α sequences such as DBL2β or 
contaminating human or bacterial sequences were included in the analysis. A 
dominance list for each parasite stage and strain/isolate was made using the formula 
fij = rij/ni, where rij denotes the number of sequences for strain/isolate i in cluster j and ni 
the total number of reads from each strain/isolate i. The fij were then ranked in order to 
create a dominance list. 
 
3.3 ABSOLUTE QUANTIFICATION OF VAR GENE TRANSCRIPTS IN 

CLINICAL ISOLATES 
Since RT-PCR is only a semi-quantitative method and a stochastic process, we used a 
novel approach to monitor relative var gene transcription in clinical isolates. This 
method was based on the dominance list from the semi-quantitative PCR followed by 
Q-PCR to make absolute quantification of var gene transcription. This method was 
employed both in Papers I and II. Specific primers were produced for the ten most 
dominant var genes in each parasite line and developmental stage. The primers were 
designed to the hypervariable regions VII, G and VIII in the DBL1α sequence, since 
these regions present favourable GC content and a high specificity between different  
var gene species (Smith et al., 2000b). The primer specificity was confirmed by 
BLAST searches of a local DBL1α database and the PlasmoDB database. The 
housekeeping gene, Seryl-tRNA synthetase, was used as an endogenous control as 
previously described (Moll et al., 2007a, Salanti et al., 2003). The primer specificity 
was validated by dissociation curve analysis of each PCR product. The amplification 
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efficiencies were verified by measurement of standard curve concentrations of 
genomic DNA from the corresponding parasite line. Normalization of CT values was 
calculated relative to the seryl-tRNA synthetase. 
 
3.4 PEPTIDE DESIGN 
In Paper IV, a set of peptides were synthesized covering some of the degenerate 
PfEMP1 sequences that were associated with severe or mild malaria in the above 
mentioned Ugandan isolates. A total of six peptides were designed from the 
degenerated motifs: four motifs were associated with severe malaria and two were 
associated with mild disease. These motifs were chosen because of predicted surface 
availability employing prediction program Phyre (Kelley and Sternberg, 2009) and 
visualized by PyMOL (The PyMOL Molecular Graphics System, Version 1.3, 
Schrödinger, LLC). The sequences were extended in order to increase the likelihood of 
mimicking the native secondary structures that the motifs would have in the full-length 
protein. For this purpose, the Phyre webserver was used to model the 3D structures of 
the DBL1α domains from which the sequences originated. Most sequences were part of 
α-helical structures: the selected sequences were therefore extended to include the full-
length predicted α-helices. The peptide sequences were 16-25 amino acids long and an 
N-terminal cysteine was added for conjugation to carrier protein and affinity 
purification.  
 
3.5 FLOW CYTOMETRY ANALYSIS 
In Papers II and IV flow cytometry was used to investigate the capacity of different 
DBL1α antibodies to bind to trophozoite-stage pRBCs (24-30 hours post infection). 
Briefly, pRBCs were incubated with either whole serum (final bleed) or affinity-
purified antibodies. Pre-bleed or non-immune rat/rabbit IgG of the same dilution was 
used as negative control. After incubation with the primary antibody, the pRBCs were 
washed thrice with PBS/fetal calf serum (FCS), and then incubated with a goat anti-
rat/rabbit IgG antibody coupled to ALEXA488. For nuclear staining, ethidium bromide 
was added, and then after additional washes the RBCs were resuspended in PBS/FCS. 
All assays were performed in duplicates. At least 5 000 pRBCs were acquired using 
flow cytometry (FACS). In order to take the day-to-day variability of flow cytometry 
assays into consideration (Williams and Newbold, 2003), we expressed the surface 
reactivity of the pRBC as adjusted geometric mean fluorescence intensity (MFI) and 
calculated the mean fluorescence of the pRBCs with the following formula: 
(pRBCimmune/ pRBCnon-immune) – (RBCimmune /RBCnon-immune). With this formula it was 
easier to compare the different FACS acquisitions, since the adjusted quotient MFI is 
less sensitive to changes in the baseline voltage, and thus removes changes in the FACS 
machine during setup. 
 
3.6 OVERLAPPING PEPTIDE AND ALANINE REPLACEMENT ARRAYS 
In order to map antibody binding in detail, specific peptide arrays containing a large 
number of overlapping peptides were manufactured (Paper IV). This technique has 
previously been used to profile antibody responses toward simian immunodeficiency 
virus and Mycobacterium tuberculosis epitopes (Neuman de Vegvar et al., 2003, 
Gaseitsiwe et al., 2008). We adapted it to a P. falciparum setting. Each array consisted 
of three identical sub-arrays, where each sub-array held a set of 781 overlapping 
peptides, each peptide 15 amino acids long and each peptide shifted by four residues. 
These peptides covered various DBL1α-domains, both from long-term cultivated 
parasites and from Ugandan isolates UAS22, UAS29 and UAS31. The peptides were 
bound chemoselectively to the microarray surface by coupling an active amine (from 
the peptide) to an epoxy-group (from the slide surface). To map the amino acids 
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essential for antibody binding, additional arrays were manufactured in which individual 
alanine point mutations were inserted in parts of the DBL1α sequences. The slides were 
hybridized with total serum or affinity-purified IgG antibodies in a humid chamber, and 
then, after several washing steps, the slides were incubated with secondary goat anti-rat 
or goat anti-rabbit Cy5 antibody. The microarray slides were scanned at a wavelength 
of 635nm using a microarray scanner. To measure the IgG response, the mean 
fluorescence intensity given by the difference between the foreground and the local 
background were used. The data presented represented the average of three subarrays.  
 
This type of peptide array enables mapping of epitopes that are specifically targeted by 
immune sera/IgG. This method also identifies peptides that are more strongly 
recognized by the immue sera/IgG than by the pre-immune sera or non-immune IgG. 
One disadvantage with this technique is that only linear epitopes are displayed, and 
therefore caution must be taken when extrapolating the results to the in vivo setting.  
 
3.7 ETHICAL APPROVALS 
Ethical approval for the human participation in the studies included in this thesis was 
obtained from the ethical research committees in Uganda, Cameroon and at Karolinska 
Institutet. Informed consent was obtained from the parents or guardians of the patients. 
Ethical approvals for the animal immunizations were obtained from the animal ethical 
committee at Karolinska Institutet and Umeå University. 
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4 RESULTS AND DISCUSSION 
 
The results, interpretations and discussions from the four papers included in this thesis 
are outlined here. The results are also discussed in the context of more recent 
discoveries. 
 
4.1 PAPER I 
 
var gene transcription dynamics in Plasmodium falciparum patient isolates 
 
The majority of studies on var gene transcription have been conducted on laboratory 
strains or on clinical isolates that have been cultured for many generations in vitro. 
Moreover, at the time of this project, the majority of the var gene characterizations and 
quantifications were performed by using semi-quantitative reverse transcriptase PCR 
(RT-PCR). We therefore used a novel approach to study var gene transcription along 
the intraerythrocytic developmental cycle of the parasite to elucidate var transcription 
dynamics in clinical isolates from Uganda, both before and after cryopreservation. With 
the improved method we were able to monitor relative var gene transcription using 
semi-quantitative PCR and sequencing followed by an in-depth analysis with 
quantitative PCR (Q-PCR) using specific primers. 
 
We carried out the assay on 14 Ugandan field isolates, sampled both in a rural 
community, Apac, and the capital, Kampala. Nine of the clinical isolates were zero 
generations, i.e. the parasites had not been grown in vitro whereas five of the clinical 
isolates were adapted to in vitro cultivation and grown for 6-11 generations. In addition, 
seven laboratory strains from different geographical locations were included in the 
study. Semi-quantitative PCR with three different primer pairs was carried out both on 
cDNA from parasites in ring- (4-10 h post invasion [p.i.]) and trophozoite- (22-26 h 
p.i.) stage. The amplified sequences were sequenced, and a dominance list was 
assembled for each parasite and time point. We then continued with the in-depth Q-
PCR analysis of the five in vitro adapted clinical isolates and two laboratory strains, 
using cDNA from both ring- and trophozoite-stage parasites as well as cDNA from 
zero generations i.e. RNA was extracted directly from the collected parasite sample. 
Stage- and parasite-specific primer pairs were designed to the ten most dominant var 
genes. Primers to var1csa, var2csa and var3 were also included. 
 
The results from the semi-quantitative PCR indicated that the var gene dominance 
order varied between different developmental stages in 12 of the 21 isolates and strains. 
However, there was a coherency between the stages; the top three var gene candidates 
were often the same in both ring- and trophozoite-stage parasites. Only two out of the 
21 isolates and strains had no var gene in common between the ring- and trophozoite-
stage. There was also a correlation between the results obtained using semi-quantitative 
PCR and Q-PCR in all but one of the seven isolates and strains. These findings led us to 
conclude that the dominance order determined by RT-PCR can be used in future var 
gene characterization studies. However, in order to ascertain the correct dominance, all 
three primer pairs must be taken into consideration.  
 
On the basis of the results obtained from the Q-PCR amplifications we can conclude 
that the var gene transcriptional profile is unique for each isolate and strain. The peak 
in var gene transcription seems to vary between parasites because four of the isolates 
and strains had a higher var gene transcription in early trophozoites than in young rings. 
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One isolate had roughly equal transcript levels between ring- and trophozoite-stage, 
while one isolate and one strain showed higher var transcription in rings than in 
trophozoites. When analyzing one of the Ugandan strains in a time-course study 
(Figure 6), we found that the relative difference in transcription between the primary 
dominant var gene and the others increased as the parasite matured. 
 
Different var gene transcriptional profiles depending on parasite strain have also been 
shown by (Dahlbäck et al., 2007) where NF54 was shown to have the highest var gene 
transcription, around 22 hours p.i., whereas NF54CSA (NF54 parasites enriched for 
CSA binding) experienced the highest peak at approximately 10–15 hours p.i. 
However, when interpreting different studies on var gene transcription, caution should 
be taken since many groups apply different definitions to ring- and trophozoite-stage 
parasites. Moreover, RNA can be harvested at different time points along the 
intraerythrocytic life cycle and, unfortunately, it can therefore be difficult to compare 
different studies. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Time course of var gene transcription in Ugandan isolate UAS31. Transcription levels are 
shown in log2 distances from the endogenous control, seryl-tRNA synthetase. Gene names are given by 
their contig name in the sequence assembly and names in bold italics indicate a two cysteine signature. 

 
In a clonal P. falciparum population the most abundant var gene transcript found in 
each parasite line is expected to be translated into a PfEMP1 molecule that is 
subsequently exposed on the pRBC surface where is mediates specific binding 
properties. In our study each parasite isolate and strain transcribed a number of var 
genes (mean numbers 36 and 33 genes in rings and trophozoites, respectively) although 
they were not necessary full-length. Since our study was on a population level we 
cannot determine if a single parasite actually transcribes more than one var gene. 
However, two recent studies using Q-PCR and RNA-FISH (fluorescence in situ 
hybridization) on laboratory strains have demonstrated that a single parasite can 
transcribe two different var genes simulaneously (Joergensen et al., 2010, Brolin et al., 
2009). If this can be reproduced also in clinical isolates remains to be investigated.  
 
A general observation in our laboratory is that the rosetting rate of in vitro adapted 
parasites is reduced over time, particularly if the parasites are cultivated in static 
conditions. It has been shown that phenotypic changes, such as reduced binding or a 
loss of knobs, can occur as parasites adapt to in vitro conditions (Udeinya et al., 1983, 
Beeson et al., 1999, Biggs et al., 1989, Gysin et al., 1999). We hypothesized that the 
drop in rosetting rate could be an effect of a shift from upsA (containing two cysteines) 
to non-upsA (containing three to five cysteines) var genes. In the present paper the 
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confirmed transcriptional changes in in vitro adapted Ugandan isolates were indeed 
from a signature containing two cysteines (upsA) to var genes containing four cysteines 
(non-upsA) within a defined region of the gene. This finding is supported by two recent 
publications (Janes et al., 2011, Zhang et al., 2011), in which var genes were found to 
switch away from upsA genes upon in vitro adaptation. In the former, a panel of cloned 
parasite lines from the cytoadhesive IT4/FCR3 parasite strain was included, and in the 
latter clinical isolates from adults with mild malaria close to the Chinese-Myanmar 
boarder were examined. One can speculate that this finding might be due to rapid 
down-regulation for upsA var genes and that these virulence-related var genes are 
selected for only in the presence of appropriate receptors. 
 
There is no consensus on how var gene transcription studies should be conducted. Only 
a few studies have used strategies to actively investigate var transcription in 
trophozoites either by collecting trophozoites directly from tissues (placenta, or donated 
organs taken post mortem) (Tuikue Ndam et al., 2005, Fried and Duffy, 2002, 
Montgomery et al., 2007) or by cultivating the clinical parasites from ring to 
trophozoite stages before RNA extraction (Normark et al., 2007). Since the data in this 
study show that the relative intra-isolate var gene transcription dominance order may 
change during parasite maturation, we suggest that the early-trophozoite pRBCs (18-24 
hours p.i.) are the best source of RNA for determining the dominantly transcribed and 
translated var gene. With the method described here RT-PCR successfully determines 
dominant transcripts and supplies a range of top candidates for which the exact 
concentrations can be measured with Q-PCR. This approach makes it possible to 
monitor var gene transcription in detail both in laboratory strains and in clinical 
isolates. 
 
Recent advances during the last couple of years have enabled whole transcriptome 
sequencing (RNA Seq) using next generation sequencing, e.g. 454 pyrosequencing 
(Droege and Hill, 2008), Illumina (Bentley et al., 2008) and SOLiD (Ondov et al., 
2008). This opens up for exiting opportunities for in-depth analyses of the 
transcriptomes of both laboratory strains and clinical isolates.  
 
4.2 PAPER II 
 

var gene transcription and PfEMP1 expression in the rosetting and cytoadhesive 
Plasmodium falciparum clone FCR3S1.2 
 
Using the improved RT-/Q-PCR method described in Paper I we reanalyzed the 
transcribed var gene repertoire in the rosetting and cytoadhesive parasite strain 
FCR3S1.2. Due to its stable and highly rosetting phenotype, FCR3S1.2 is a model 
parasite for severe malaria. This parasite clone is also recognized by sera from children 
in endemic areas (Chen et al., 2004). A previous analysis of the dominant var gene of 
FCR3S1.2 was carried out by using degenerated primers modified after Su et al. (Su 
et al., 1995). At that time the var gene identified as the dominant one was named 
FCR3S1.2var1 (Chen et al., 1998a). However, sera raised against the corresponding 
recombinant protein showed moderate levels of surface reactivity and rosette 
disruption capacity only at high concentrations. This observation led us to reanalyze 
the var gene repertoire and dominance in this strain. We also validated the new 
method described in Paper I and confirmed that the most dominant var gene in Q-
PCR was also translated into PfEMP1 and transported to the surface of the pRBC. 
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The rosetting clone FCR3S1.2 was originally obtained by micromanipulation, i.e. a 
single rosetting pRBC was picked from the FCR3 parasite strain (Chen et al., 2000, 
Fernandez et al., 1998). To map the var gene profile of this parasite clone in detail, we 
extracted RNA from both high and low-rosetting FCR3S1.2 cultures, from parasites 
collected early after micromanipulation, and after several generations of in vitro 
cultivation. With the combined RT- and Q-PCR method, a different var gene, 
FCR3S1.2var2 (var2), was found to be dominantly transcribed. In the RT-PCR analysis, 
this gene was the most dominant var gene with 28% of the reads. Low transcript levels 
of FCR3S1.2var1 (var1) were also detected with 6.3 % of the reads. This var2 
dominance was confirmed with Q-PCR and was shown to be independent of rosetting 
rate or number of generations in culture after cloning. Minor transcripts from other var 
genes such as var1 were also amplified by Q-PCR, particularly in the earlier 
generations of the parasite.  
 
In order to investigate whether the corresponding FCR3S1.2var2 protein was present at 
the pRBC surface, rats were immunized with a recombinant protein corresponding to 
the NTS-DBL1α-domain of the FCR3S1.2var2. The anti-FCR3S1.2var2 sera displayed a 
typical PfEMP1 pattern in immunofluorescence microscopy assays, with vesicular 
structures corresponding to trafficking of PfEMP1 in Maurer’s clefts. Moreover, the 
anti-FCR3S1.2var2 rat sera recognized the pRBC surface of FCR3S1.2 in flow 
cytometry. The serum stained around 75% of the pRBCs corresponding to the rosetting 
rate in the FCR3S1.2 parasite. In addition, these antibodies were functional since they 
disrupted the rosettes of the FCR3S1.2 parasite strain.  
 
Since 1998, the sequence of several Plasmodium genomes has become available (Pain 
et al., 2008, Carlton et al., 2002, Carlton et al., 2008) as well as a number of different P. 

falciparum genomes (Gardner et al., 2002, Kraemer et al., 2007). When var1 was 
described as the dominant var gene in PfEMP1, only a few var genes had been 
sequenced. Moreover, a number of new tools have been developed such as Q-PCR and 
better and faster sequencing techniques. In the present paper we used three degenerated 
primer pairs and sequenced 48 clones per parasite, thus enabling a thorough 
investigation of var gene transcription profile. The activity of previously raised 
antibodies to the NTS-DBL1α FCR3S1.2var1 is likely to be due to cross-reactivity 
between FCR3S1.2var1 and FCR3S1.2var2. Indeed, there are recent indications from our 
group that crossreactivity exists between FCR3S1.2var1 and FCR3S1.2var2 as 
demonstrated by using ELISA with recombinant proteins and sera from endemic areas. 
 
The study validates the method of var gene transcription monitoring described in 
Paper I and shows that var2 is the dominant var gene transcribed in the rosetting and 
cytoadhesive parasite strain FCR3S1.2. The var2 gene (IT4_var60) belongs to the upsA 
var genes, and the encoded protein carries a two-cysteine signature that is associated 
with severe malaria and rosetting. 
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4.3 PAPER III 
 
Low anticoagulant heparin disrupts Plasmodium falciparum rosettes in fresh 
clinical isolates 
 
Earlier studies from our group have shown that low anticoagulant heparin (LAH) can 
disrupt rosettes and reduce cytoadherence both in laboratory strains, in a small set of in 

vitro adapted isolates from malaria patients, and in rat and macaque monkey in vivo 
models of severe malaria (Pettersson et al., 2005, Vogt et al., 2006). These previous 
findings prompted us to study if LAH could disrupt rosettes in a large sample size of 
clinical parasite isolates. As shown in Paper I, it is important to investigate rosettes of 
fresh isolates, since P. falciparum parasites may switch the surface exposed PfEMP1 
molecule early after in vitro cultivation, resulting in a changed rosetting phenotype. We 
therefore set up a field study in Cameroon to examine the capacity of LAHs to disrupt 
rosettes formed by P. falciparum pRBCs obtained directly from children with malaria. 
  
The study was performed in a small town, Buea, in the southwestern part of Cameroon 
during the onset of the rainy season. In total, 1079 children were screened for malaria 
infection. Of these, 63% were found positive for P. falciparum infection. When the 
parasite density was ≥10 000 pRBC/µl, a venous blood sample was taken. This resulted 
in 144 blood samples. Due to logistic matters, 140 isolates were put into culture and 
112 of these successfully matured into trophozoite-stage pRBCs. A total of 47 isolates 
showed a rosetting phenotype and were included in the present study. Two different 
LAHs were tested (DFX232 and sevuparin) at two different concentrations, 100 and 
1000 µg/ml. Rosette disruption was shown in 42 of 47 samples with DFX232 at the 
concentration of 1000 µg/ml and in 18 of 47 samples at the lower concentration, 100 
µg/ml. For the other LAH, sevuparin, the numbers were 39/47 and 25/47 for 1000 
µg/ml and 100 µg/ml, respectively. There was no significant difference in rosette 
disruption between the two batches. Both LAHs had a greater rosette disruption effect 
on isolates obtained from children with complicated malaria than on isolates from 
children with mild malaria (Figure 7). The difference in rosette disruption was 
significant at the lower concentration. A similar trend was observed using the higher 
concentration; however this was not statistically significant.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Rosette disruption effect in isolates from mild (black) and complicated (grey) malaria cases. 
The mean  relative rosetting rate (the proportion of remaining rosettes after treatement compared with the 
control-treated erythrocytes) is shown.   

 
In conclusion, we showed that LAHs disrupted rosettes in 42 of 47 fresh isolates 
obtained from Cameroonian children with mild or complicated malaria, and that 
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rosettes from children with complicated malaria were more sensitive to LAH than were 
rosettes from children with mild malaria. These results taken together with the results 
from the animal models show that LAH is an effective anti-sequestration agent. LAH 
has recently been evaluated in a clinical phase I safety study in male volunteers, 
administrating single escalating doses and multiple dosing, and it was shown to be safe 
to administer at the concentrations tested (unpublished data). A phase I/IIa study is 
currently being conducted in an endemic setting including adults with mild malaria 
(press release, September 23, 2011). 
 
4.4 PAPER IV 
 
A PfEMP1-DBL1α sequence associated with severe Plasmodium malaria generates 
strain-transcending antibodies 
 
The genetic overlap in the var gene repertoire is small, and studies on field isolates 
show great diversity. However, since immunity to severe malaria is the first level of 
immunity acquired to P. falciparum, there might be a sub-group of var genes involved 
in the causation of severe disease. In particular, antibodies to the NTS-DBL1α domain 
of PfEMP1 have been found associated with protection against severe malaria. Still, the 
exact locations of the antibody-binding sites remain unknown. By studying the var 
gene transcription profile of parasites from 93 Ugandan children with different states of 
malaria, our research group has previously shown that short degenerate amino acid 
motifs in the DBL1α domain of PfEMP1 are associated with severe or mild malaria 
(Normark et al., 2007). The key DBL1α motifs identified were also detected in in vitro 
adapted strains.  
 
We hypothesized that some of these sequence motifs could be available at the surface 
of the pRBC and induce a cross-reactive antibody response. In order to explore this 
possibility, we synthesized peptides corresponding to six motifs. Four motifs were 
associated with severe malaria and two with mild malaria. The motifs and surrounding 
amino acids were chosen depending on predictions of surface exposure, secondary 
structure and availability of in vitro adapted parasites predicted to express the motif. 
The synthesized peptides were subsequently used to immunize rabbits and rats. The 
obtained sera reacted with the corresponding peptide in ELISA, and the sera were 
peptide-affinity purified. The purified IgGs were analyzed by FACS, and one set of rat 
sera generated to a motif, named respiratory distress severe malaria (RDSM), stained 
the surface of RBCs parasitized with the UAS22 isolate (the parasite isolate predicted 
to express the specific sequence motif). We analyzed the cross-reactive potential of 
these anti-RDSM antibodies by using a panel of 14 parasites: seven clinical isolates 
from Uganda and seven laboratory strains from different geographical locations. Seven 
out of the 14 parasites tested, both laboratory strains and in vitro adapted clinical 
isolates, recognized the anti-RDSM IgG, to varying degrees, when assayed in FACS 
(see Figure 8A, only the ten isolates and strains with known or predicted DBL1α amino 
acid sequences are included). These results suggest that the identified RDSM sequence 
motif, which consists of the amino acids ALNRKE, is available at the pRBC surface. 
Subsequently, we used a peptide array to map the binding properties of the antibodies. 
The arrays consisted of peptides of 15 amino acids, shifted by four residues, covering 
various DBL1α domains from both long-term cultivated parasites and Ugandan 
isolates. The rat anti-RDSM antibodies reacted selectively with the degenerate RDSM 
peptide sequences of DBL1α domains from the parasites that showed reactivity in 
FACS. In order to map the antibody binding and specificity in detail, alanine 
replacement arrays were produced. For the rat anti-RDSM antibodies, the residues 
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xLNRxx were important for binding to the NTS-DBL1α domain of the clinical isolate 
UAS22 and the laboratory strain R29. Further, we set out to study the cross-reactive 
potential of the antibodies on 135 degenerate RDSM peptide sequences obtained from 
the Ugandan patient isolates. We found that 47 of the 135 peptides reacted to varying 
degrees with the anti-RDSM antibody and that residues xLxxKE/D were crucial for 
binding.  
 

 
 

 
Figure 8 A. Surface recognition of the anti-RDSM antibodies correlated to DBL1α amino acid sequence. 
Only the strains and isolates with known or predicted (by RT-PCR) DBL1α amino acid sequence are 
included. B. Model of the R29 NTS-DBL1α domain and the location of the RDSM peptide within the 
predicted crystal structure. The blue part depicts the RDSM peptide and the red part the motif. The R29 
sequence is modeled on the NTS-DBL1α domain of the laboratory strain Palo AltovarO. 

 
Both rabbits and rats were immunized with the RDSM peptide but only rats induced 
surface reactive antibodies. Instead, the rabbit antibodies reacted with all tested parasite 
strains and isolates on dried monolayers of pRBCs but not at the surface of the pRBCs. 
On air-dried monolayers, the RBC membrane is disrupted, and the antibodies are able 
to detect antigens within the cell. The alanine replacement array revealed that amino 
acids crucial for binding of the rabbit anti-DBL1α-RDSM antibodies were glutamic 
acid (E), valine (V) and tryptophan (W) (ALNRKEVW), at the C-terminus of the 
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sequence, just downstream of the RDSM motif. These two amino acids (VW) are used 
as an anchor when aligning DBL1α-domains (Bull et al., 2007), and this pattern of 
conservation might be the reason why the rabbit anti-DBL1α-RDSM antibodies 
recognized all isolates and strains assayed. One speculation is that the valine and 
tryptophan are exposed during the export of the PfEMP1 in the pRBC cytosol but are 
hidden upon exposure of the protein on the pRBC surface.  
 
The DBL domains of proteins belonging to the DBL superfamily are predicted to have 
similar tertiary structure as shown for a number of crystallized domains from various 
species. The RDSM motif is located in the subdomain 2 of NTS-DBL1α domain 
(Figure 8B). The subdomain 2 has also been shown to harbor epitopes for antibody 
binding in Pv-DBP of P. vivax (Chootong et al., 2010), the DARC binding site in Pk-
DBL of P. knowlesi (Singh et al., 2006), and the glycan-binding sites in DBL6ε 
(Khunrae et al., 2009) and EBA-175 (Tolia et al., 2005), both of P. falciparum. 
Batchelor et al. show in a recent paper that Pv-DBP binds DARC via a receptor-
mediated dimerization mechanism (Batchelor et al., 2011). The dimer interface is 
formed by the two subdomain 2 molecules, creating a positively charged binding 
pocket for DARC. The authors suggest this model to be applicable to receptor 
recognition by other DBL domain-containing proteins as well. However, none of the 
anti-DBL1α-RDSM antibodies in our study showed rosette disrupting capacity (data 
not shown) and preliminary data indicate that the epitopes important for rosetting is 
situated elsewhere on the DBL1α-domain. 
 
Interestingly, Dahlbäck et al. characterized a motif of six amino acids in the same 
location as the RDSM motif, located in the DBL3X domain of the pregnancy-
associated PfEMP1 molecule, VAR2CSA. This motif was associated with parasites 
from primigravidae and thus severe pregnancy-associated malaria (Dahlbäck et al., 
2006). However, if this motif is surface exposed and can induce antibodies remains to 
be elucidated, as the glycan-binding site in DBL3X is postulated to be located in 
subdomain 3 (Khunrae et al., 2009).  
 
The immunogenicity of the RDSM motif seems to be limited, and the antibody-
reactivity was down-regulated upon repeated immunizations. This may suggest that the 
animals at least in-part are tolerized to the epitope and therefore have diminish 
reactivity. A limited immunogenicity has also been seen for some HIV epitopes e.g. the 
monomeric CD4-binding site of gp120 and for epitopes on the surface glycoprotein 
haemagglutinin (HA) on influenza viruses (Karlsson Hedestam et al., 2008). By 
changing carrier protein, adjuvant or length of the peptide the immune response can 
hopefully be increased. Additional studies are needed to establish the role of this 
epitope in malaria immunity and parasite virulence. Issues to be addressed are for 
example the frequency of the RDSM-motif in DBL1α domains of clinical isolates from 
different geographical locations and the role of anti-RDSM antibodies in protective 
immunity. 
 
In summary, the data presented here suggest that the identified PfEMP1-DBL1α 
RDSM sequence is available at the pRBC surface of both clinical isolates and 
laboratory strains and that this motif can induce cross-reactive antibodies.  
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5 SUMMARY  

In Paper I, a method to study var gene transcription in detail was presented. The 
results showed that the var gene transcription profile was unique for each parasite 
isolate and strain and that var gene transcription levels were highest in early 
trophozoite stages in the majority of parasites. Patient isolates revealed a more 
complex transcriptional profile than in vitro clones, and upon in vitro adaption of the 
patient isolates, the parasites switched away from the var gene classified as associated 
with severe malaria, to other var genes groups.  

In Paper II, a model parasite clone for severe malaria was used to confirm that the 
method in paper I correctly identifies the var gene that is transcribed, translated into 
PfEMP1 and transported to the pRBC surface. In addition, it was established that the 
gene, FCR3S1.2var2 (IT4_var60) is the dominant var gene transcribed in the rosetting 
and cytoadhesive parasite strain FCR3S1.2.  

In Paper III, low anti-coagulant heparin was shown to disrupt rosettes in the majority 
of fresh clinical isolates from Cameroonian children with an active malaria infection. 
The rosette disruption effect was more pronounced in isolates from children with 
complicated malaria than in isolates from children with mild malaria. 

In Paper IV, a surface-exposed sequence in the DBL1α domain of PfEMP1, named 
RDSM (Respiratory Distress Severe Malaria) motif, was presented. This sequence, 
composed of the amino acids ALNRKE, was able to induce a cross-reactive antibody 
response, reacting with a subset of parasite isolates and strains. The antibodies that 
recognized the surface of the pRBC also reacted selectively with the sequence motif 
in a peptide-array of NTS-DBL1α domains. A number of residues within the 
sequence motif seemed to be important for binding, and more than one third of 
degenerate peptide-sequences of patient isolates were found to react with the 
antibodies to varying degrees when the residues xLxxKE/D were present in the motif. 
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6 CONCLUDING REMARKS 
 
The most important goal for malaria research is to decrease the global burden of the 
disease. Despite major achievements in malaria treatment during the last decade, the 
mortality rate for severe malaria is around 15-20%, even in well-equipped hospitals, 
and many patients die without receiving qualified care. This emphasizes the need of 
both a vaccine and improved ways to treat malaria infections. The mechanism of 
sequestration in P. falciparum parasites is a potential target for both these strategies. 
Since children in endemic areas develop neutralizing, surface-reacting antibodies 
against PfEMP1, a vaccine or an adhesion-blocking substance that targets this 
important antigen could give protection against severe malaria. However, due to the 
multitude of var genes expressed in the parasites and the limited overlap of sequence 
similarity in the global population of var genes, it is difficult to decide which genes or 
gene sequences to employ for vaccine purposes. Moreover, it is not fully established 
which var genes that are translated into proteins. The studies presented in this thesis 
try to answer some of these questions. However, important issues still need to be 
addressed.  
 

More data on fresh field isolates are needed to elucidate the var gene transcription 
regulation and dynamics in detail. For practical reasons, almost all research on PfEMP1 
has been carried out using laboratory strains, which have been adapted to long-term 
cultivation in vitro. However, P. falciparum is more than the reference strain 3D7 and 
its equals. The papers included in this thesis shed some light on var genes and PfEMP1 
molecules in parasites from endemic areas, pointing at differences between clinical 
isolates and laboratory strains. The results emphasize the need to study parasites as 
early as possible after collection, in order to mirror the in vivo situation of var gene 
transcription and switching. With the use of the recently established next-generation 
sequencing techniques, it will now be possible to explore the var gene dynamics in 
clinical P. falciparum isolates in a fast and inexpensive way. This opens up for new 
important findings in this field. 
 
In order to develop a blood-stage vaccine, it is crucial to identify PfEMP1 epitopes and 
residues important for antibody binding and receptor interaction. The work included in 
this thesis present a surface exposed sequence motif. This RDSM-motif consists of 
amino acids ALNRKE, which induces a cross-reactive antibody response and reacts 
with a subset of parasite isolates and strains. If this motif is shown to be important for 
protective immunity and to be present in clinical isolates from different locations, it 
might be a candidate component in a sub-unit vaccine against severe malaria. In order 
to identify important binding residues on the PfEMP1 molecule, it is of great 
importance to reveal the tertiary structures of the DBL domains. As shown in several 
studies, the domains included in the DBL superfamily seem to have similar tertiary 
structures. Recent data on the invasion ligand PvDBP of P. vivax, propose a mechanism 
of receptor-mediated ligand dimerization, where a binding groove is formed by two 
subdomain-II molecules. It would be of great interest to elucidate whether the PfEMP1 
molecules also dimerize upon receptor binding, as this would provide and confirm 
important information regarding receptor and antibody binding sites. 
 

Compounds that inhibit and disrupt rosetting and cytoadhesion can be important tools 
in the combat against severe conditions such as cerebral malaria. We have described 
how low anticoagulant heparin disrupts rosettes in clinical isolates in vitro. Low 
anticoagulant heparin has recently been evaluated in a clinical phase I safety study and 
a phase I/IIa study is currently being conducted in an endemic setting. By inhibiting 
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rosetting, cytoadherence, and merozoite invasion with a receptor analogue like low 
anticoagulant heparin, a reduction in the sequestered parasite load and parasitemia may 
be achieved. One can speculate that this may reestablish the microcirculation and 
release bound pRBCs into the circulation. This also makes the pRBCs more available 
for i) an immune attack when passing through the spleen and ii) administrated 
antimalarial drugs eg, artesunate or quinine. Heparin is also anti-inflammatory and may 
further affect the more general inflammatory component of severe malaria. The 
production of low anticoagulant heparin is fast, and the compound can be provided as a 
freeze-dried powder, simplifying the distribution in endemic areas. 
 
This thesis has focused on mechanisms of parasite virulence in malaria disease. 
However, it should be remembered that the outcome of a malaria infection is complex 
and not only involves parasite determinants, but also host factors including age, 
immune status, transmission intensity and co-morbidity. In order to fully understand the 
malaria pathogenesis and parasite virulence, all these parameters must be taken into 
consideration.  
 
During the last decade, great advances have been made in the malaria research field 
regarding genome sequencing, tertiary protein structures, gene regulation and invasion 
mechanisms to mention a few. Hopefully, the coming years will be just as successful, 
providing hope for a cure of the devastating disease.  
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7 SAMMANFATTNING PÅ SVENSKA 
 
Malaria är en av de vanligaste dödsorsakerna i Afrika och framför allt är det barn under 
fem år och gravida kvinnor som drabbas. Sjukdomen orsakas av malariaparasiter av 
släktet Plasmodium och sprids via myggor mellan människor där den förökar sig i de 
röda blodkropparna. Unikt för Plasmodium falciparum, den parasit som orsakar 
merparten av svår sjukdom, är dess förmåga att binda till kärlväggar i olika organ 
(cytoadhesion) och till andra röda blodkroppar (rosettering). Denna binding sker med 
hjälp av ett protein, PfEMP1 (Plasmodium falciparum erythrocyte membrane protein 
1), som finns på ytan av den infekterade röda blodkroppen. PfEMP1 är central för 
uppkomsten av sjukdomssymtom samt för parasitens förmåga att skapa en kronisk 
infektion. PfEMP1 kodas av en grupp gener, sk var-gener, vars sekvenser varierar 
mycket och finns i ca 50-60 kopior i varje parasitgenom. Genom att parasiten växlar 
PfEMP1-protein på blodkroppens yta kan malariaparasiten undgå antikroppar som 
bildats mot tidigare varianter av proteinet. Proteinets ständiga ändringar är en viktig 
anledning till att individer i endemiska områden utvecklar skyddande antikroppar mot 
malaria först efter upprepade infektioner. Detta är också någon som väsentligen 
försvårar framställandet av ett vaccin. Den stora mängden gener som kodar för PfEMP1 
i varje parasitgenom och den begränsade likheten mellan dessa gör det svårt att avgöra 
exakt vilka gener eller gensekvenser som är lämpliga att använda. Dessutom är det 
oklart vilka var gener som uttrycks som protein på ytan av den röda blodkroppen. I 
avhandlingen presenteras fyra studier som på olika sätt försöker ge svar på dessa frågor. 
 
I artikel I och II presenteras en ny metod för hur var-gener kan studeras i detalj direkt 
från malariainfekterade individer. Studien visar att parasiter som tas direkt från 
patienter har mer komplexa var-genuttryck än malariaparasiter som odlas i 
laboratoriet under lång tid. När de kliniska isolaten anpassade sig till odling in vitro 
ändrades också deras var-genuttryck. En stor del av den tidigare forskningen har 
baserats på studier av laboratorieisolat vilket alltså är otillräckligt om man vill förstå 
hur PfEMP1 uttrycks och varierar i malariainfekterade patienter.  
 
Heparin, som tidigare visats binda till PfEMP1, kan modifieras så att dess 
antikoagulerande effekt minskas kraftigt. I studie III undersöks hur rosetter kan brytas 
med hjälp av detta modifierade heparin, kallat LAH. Studien genomfördes i Kamerun 
på blod från malariainfekterade barn. LAH bröt rosetter i en majoritet av proverna och 
effekten var mer uttalad i parasitisolat från barn med svår malaria än i isolat från barn 
med mild malaria. Detta pekar på möjligheten att använda LAH vid behandling av 
svår malaria. En klinisk studie har nyligen påbörjats för att utvärdera effekten av 
LAH vid malariainfektion. 
 
I studie IV visas att en sekvens i PfEMP1 som är associerad med svår malaria kan ge 
upphov till korsreaktiva antikroppar. Dessa reagerar både med kliniska isolat och med 
parasitkloner som odlats i laboratoriet under lång tid. Dessutom visar resultaten att 
dessa antikroppar specifikt känner igen PfEMP1 på den infekterade röda blodkroppens 
yta. Den identifierade sekvensen namngavs RDSM (respiratory distress severe 
malaria) och kan vara viktig för det immunsvar som uppkommer vid svår malaria. 
  
Sammanfattningsvis har dessa studier ökat kunskapen om hur PfEMP1 och dess 
kodande gener uttrycks vid malariainfektion och visar på hur svår malaria skulle kunna 
behandlas med läkemedel riktade mot detta protein.  
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