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Summary 

The clinical outcome of Plasmodium falciparum (P. falciparum) infection depends on a 

combination of timely treatment, pre-existing immunity and host genetic factors. An 

increasingly important role is attributed to these host genetic factors which are now believed 

to play a critical role in disease pathogenesis. The host red blood cell (RBC) serves an essential 

role in the life cycle of P. falciparum; understanding variations in the molecular and cell 

biology of this cell type leads to essential insights into the variations observed in disease 

outcomes. The aim of this thesis is to study functional RBC variants, characteristics and 

mechanisms by which protection against malaria may be mediated. I investigated three 

distinct characteristics of host RBCs for their effect on malaria pathogenesis and drug 

susceptibility. 

First, I investigated the impact of host iron deficiency on the susceptibility of P. falciparum to 

the front-line antimalarial drug, artemisinin.  Since previous work has shown that artemisinin 

is activated by heme iron and that the efficacy of artemisinin against malaria parasites is 

directly linked to the amount of free heme in the host RBCs, we reasoned that host 

haemoglobin levels may alter the susceptibility of P. falciparum to artemisinin.  Fortunately 

for public health programs in Sub Saharan Africa, low iron status in the host did not impact 

artemisinin activity or the susceptibility of artemisinin-resistant parasites.  

Second, I investigated the association of the Q248H polymorphism in the ferroportin gene 

with malaria pathogenesis. Ferroportin is an iron exporter found in RBCs. The Q248H 

polymorphism has been previously reported to decrease the degradation of ferroportin by 

hepcidin and to be associated with protection from malaria. To further investigate this, I 

investigated ex vivo P.falciparum growth in RBCs from pregnant women and children in rural 

Gambia with this polymorphism. I observed no excess malaria growth in Q248H RBCs ex vivo. 

This indicates that the Q248H mutation does not deprive malaria parasites entirely of iron.  

Third, I investigated the role of polymorphisms in the human gene ATP2B4 on the erythrocytic 

lifecycle of P. falciparum. ATP2B4 codes for PMCA4b, the major plasma membrane calcium 

pump in RBCs. Recent genome wide association and cross-sectional studies have identified 

novel polymorphisms associated with decreased malaria risk in ATP2B4. I focused on a variant 

haplotype in ATP2B4 composed of 17 single nucleotide polymorphisms (SNPs) that are in 

strong linkage disequilibrium. I found a reduced rate of PMCA4b expression, calcium 

expulsion and P. falciparum growth in RBCs from participants homozygous for the mutant 
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haplotype. I concluded that this variant ATP2B4 haplotype, which has a high minor allele 

frequency in West African populations, protects against severe malaria by controlling parasite 

density.  
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1.1 Malaria Epidemiology and Life cycle 

Malaria remains a major public health problem. Over the past decade, effective control 

measures and increased accessibility to treatment have resulted in a sharp decline in both 

the incidence of malaria and the malaria related mortality rate1,2,3. However, this decline 

seems to have stalled in recent years and malaria has even resurged in certain regions4. In 

2017, 216 million infections and about half a million deaths globally were attributed to 

malaria4. 80% of this global burden is found in sub Saharan Africa and is caused by 

Plasmodium falciparum (P. falciparum),  the deadliest species of the malaria parasite2,4. 

The life cycle of the Plasmodium parasite is complex;  involving  both a human and mosquito 

host, and a continuous change in structure during the different stages of the life cycle.  During 

a blood meal, an infected mosquito injects sporozoites into the blood stream of the human 

host. The sporozoites travel to the liver where they infect hepatocytes. After a clinically silent 

period of 7-10 days, merozoites are released from the hepatocytes into the bloodstream 

where they infect host RBCs. After invasion, parasites progress through a 48 hour cycle, in 

which they develop from the ring stage, to trophozoites and schizonts. Eventually, new 

merozoites are released into the blood stream and go on to invade new RBCs. During the 

erythrocytic stage, some of the asexual parasites develop into gametocytes, the sexual stage 

of the parasite1,2. Possible triggers for gametocytogenesis include stress and parasite genetic 

makeup5. Gametocytes are subsequently ingested by a mosquito during a blood meal and the 

cycle restarts1. 

 

1.2 Clinical Malaria 

Clinical symptoms of malaria are observed during the erythrocytic stage of the P. falciparum 

life cycle. The majority of malaria infections are thought to remain asymptomatic and 

clinically undetected2,6. Malaria is ‘uncomplicated’ when non-specific symptoms (including 

fever, sweating, general weakness, enlarged spleen, mild jaundice, liver enlargement and 

mildly increased respiratory rate) are present without clinical or laboratory signs of organ 

dysfunction1,2,6,7. Malaria can also present as ‘severe’ when it is complicated by serious organ 

failure(s) or significantly abnormal haematologic or metabolic indices. Severe malaria is not a 

single clinical entity: it can manifest as cerebral malaria, severe anemia, haemoglobinuria, 

acute respiratory distress syndrome, abnormalities in blood coagulation, acute kidney failure, 

metabolic acidosis, retinal abnormalies, hypoglycemia, and hyper-parasitaemia (where more 
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than 5% of RBCs are infected)7,8,9,10,11. The mechanisms that determine the clinical 

presentation of malaria in each individual case are incompletely understood. However, all are 

thought to be influenced by host age, immunity, and genetic background, as well as by 

environmental conditions and parasite genetics12,13,14. Host genetic factors are estimated to 

account for one quarter of the total variability in malaria severity16 and malaria infection is 

thought to be the evolutionary driving force behind multiple human genetic human 

polymorphisms and disorders17. 

 

1.3 Malaria Pathogenesis 

1.3.1 RBCs and PfEMP1 

P. falciparum undergoes both morphological and metabolic changes in RBCs as it matures 

from rings to schizonts18,19,20. During this process, many changes are also observed in the 

infected RBC. One of the important features is that the parasite remodels the RBC cytoplasm 

and exports its own proteins onto the cell surface21,22,23–25. P. falciparum erythrocyte 

membrane 1 (PfEMP1) is among the best studied of these exported proteins. It is trafficked 

to the membrane of the RBC where it forms prominent dense protrusions known as ‘knobs’. 

The knobs are believed to be responsible for critical features of P. falciparum pathogenesis, 

such as cytoadherence and antigenic variation26–28. 

PfEMP1 is encoded by the highly polymorphic var genes, of which about 60 versions are found 

in each parasite genome across all its 14 chromosomes. The var genes are distributed on the 

telomeric and central region of the chromosomes with the most polymorphic found on the 

telomeric region. Each P. falciparum strain has a different set of var genes and only one var 

gene is expressed at a time. This is responsible for the notable antigenic variation observed 

in P. falciparum infection which contributes to the parasite’s ability to evade the immune 

system26,29–31.  

PfEMP1 is the main P. falciparum ligand involved in adherence of infected RBCs to host 

endothelial cells, a phenomenon known as sequestration26,32–34. The extracellular domain of 

the PfEMP1 ligand expressed on the surface of the infected RBC consists of the Cysteine Rich 

Interdomain Protein (CIDR) and the Duffy binding ligand (DBL) domains which each bind 

different host receptors33. There are various receptors on the host endothelial cells of 

microvascular walls which have been implicated in parasite sequestration, including CD36, 
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ICAM1 and Chondroitin sulphate A (CSA)26,32–34. CD36 is expressed in endothelial cells of most 

organs but with a conspicuous absence in brain endothelial cells, which express 

predominantly ICAM132. Recently endothelial protein C receptor (EPCR), an anti-coagulant, 

has been found to play a very important role in sequestration. It is reported to be a binding 

partner of PfEMP1 and its down regulation leads to the down regulation of cerebral 

malaria33,35,36,8. CSA expressed in the placenta is responsible for mediating sequestration of 

P. falciparum in the placenta during pregnancy26,32. Cytoadherence in P. falciparum infection 

is not limited to sequestration of infected RBCs in host microvasculature: It can also result in 

rosetting and clumping of infected RBCs. Rosetting is a result of infected RBCs binding to the 

complement receptor 1 (CR1) of uninfected RBCs33,8 whereas clumping is infected RBCs stuck 

together as a result of platelet agglutination37,8.   

1.3.2 Molecular basis of pathogenesis 

Sequestration plays a central role in P. falciparum pathogenesis and is believed to be the main 

cause of the complications observed in severe malaria. It may be one mechanism the parasite 

uses to escape from blood circulation and thus immune attack and destruction by the 

spleen8,33. As a result, parasitised RBCs obstruct blood flow which subsequently impairs 

oxygen distribution in vital organs leading to hypoxia. This leads to an overproduction of lactic 

acid which results to a switch from aerobic to anaerobic glycolysis and a drop in blood pH7–

9,38,39. Lactic acidosis contributes to other pathology associated with severe malaria such as 

respiratory distress9, neurological dysfunction (observed in cerebral malaria), and 

hypoglycaemia8,40. 

Hypoxia also contributes to the activation of pro-inflammatory cytokines which plays an 

important role in malaria pathogenesis as well. Abundance of pro-inflammatory cytokines 

such as interleukins (IL-1, 6, 8), tumour necrosis factor alpha (TNF-) alpha and interferon 

(IFN)-gamma has been linked to respiratory distress and cerebral malaria, as well as the up 

regulation of the endothelial receptors involved in sequestration33,41,42. However, another 

suggested pathway of activation of pro-inflammatory cytokines is during egress of matured 

schizonts. When schizonts burst to release merozoites, parasitic waste products and toxic 

material from both the parasite and the RBC are released in the bloodstream. Some of these 

elements such as haemozoin, a by-product of parasitic metabolism also referred to as the 

malaria pigment, and parasite glycosylphosphatidylinositol (GPI) are reported to induce the 



 

  12 

activation of pro inflammatory cytokines43–45. This usually coincides with the cyclic pyrogenic 

episodes of fever and chills, the most common clinical feature of malaria46.  

Although the clinical presentation of malaria is initiated by the presence of the parasite, the 

progression and cascade of events that eventually lead to systemic dysfunction is in large part 

due to the host’s response to the presence of parasites. There are, however, host genetic 

polymorphisms that can modulate the progression of tissue pathology and therefore 

minimise disease severity.  

 

1.4 Host Factors 

It is believed that P. falciparum parasites have been a strong selection force in human 

evolution. The human genome contains multiple polymorphisms associated with resistance 

to severe malaria. Many of these genetic changes are seen in proteins associated with the 

RBC structure or function and are predominant in malaria endemic regions47–49,50. Initially, all 

of these genetic changes were associated with haemoglobin disorders of RBCs known as 

haemoglobinopathies. 

1.4.1 Haemoglobinopathology 

Haemoglobinopathies are the most common human genetic disorder47,48 and were linked to 

malaria protection first by Haldane in 1946. Haldane proposed what he called the 

‘heterozygous advantage’ reporting that a heterozygous genotype of β thalassemia, a 

haemoglobin disorder, is linked to malaria protection due to disease pressure as per the 

geographical distribution of the polymorphism51. This hypothesis was extended to sickle cell 

in less than a decade and subsequently to other haemoglobinopathies52. 

Haemoglobinopathies are a result of alterations in either the structure or expression level of 

α or β globin of haemoglobin. Examples of these are: α thalassemia and β thalassemia, 

haemoglobin S (HBS), haemoglobin E (HBE), haemoglobin C (HBC) etc47,49,53,54,48. Mostly, 

people who are homozygous for these polymorphisms have serious medical conditions while 

heterozygous people are asymptomatic and have increased resistance to severe 

malaria49,53,54.  

HBS (sickle cell trait) confers the strongest protection from malaria known to date. A child 

who is heterozygous for HBS is ten times less likely to die from severe malaria than a child 

without the trait48,55. However, children who are homozygous for HBS usually do not live to 
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adulthood unless specialised medical care is available. HBS causes a simple substitution of 

valine with glutamate in the β globin chain which causes deformation in the RBCs into a sickle 

shape under certain circumstances56. In HBS carriers (individuals heterozygous for HBS) 

sickling occurs only at the relatively low oxygen concentrations found in the physiologic 

environment encountered during sequestration of the infected RBCs in end-organ 

microvasculature. As a result of the cell distortion caused by the “sickling,” parasite growth 

stalls, and clinical disease in the host is minimised51,57.  A related observation in HBS carriers 

of weakened cytoadherence caused by decreased PfEMP1 expression on infected RBCs may 

also explain reduced disease progression58–60,61. The protection against severe malaria 

conveyed by HBS carrier status likely reflects additional mechanisms, some understood, some 

as yet elusive, that underscore the complex evolutionary relationship between host and 

parasite55.  

HBC also results from a polymorphism in the β globin of the haemoglobin with a substitution 

of lysine for glutamate. This polymorphism however seem to be restricted in West 

Africa62,63,28. Heterozygotes are protected from malaria, but unlike HBS, homozygotes do not 

have significant medical complications47.  Its mechanism for  protection is linked to reduced 

sequestration and cytoadherence52,61,64.  

HBE on the other hand is mostly found in South East Asia. It is also as a result of a single 

replacement of glutamate by lysine on the β chain of the haemoglobin65. HBE RBCs are usually 

microcytic and have low mean corpuscular volume66. The mechanism of protection by HBE is 

not clear47, however it has been associated with reduced invasion, growth and enhanced 

phagocytosis65.  

Both α and β thalassemia are a result of impairment in globin protein production56. α 

thalassemia usually leads to mild haemolytic anaemia which may elicit a high level of anti-

malarial antibodies thus mediating a complement based lysis of infected RBCs54. α 

thalassemia has also been reported to inhibit cytoadherence; however, lower parasite density 

has not been observed28. Intriguingly, the protective effect against malaria is lost in 

individuals harbouring both α thalassemia and HBS trait, and this termed to be a negative 

epistasis67. β thalassemia on the other hand is identical to HBS in terms of clinical outcome. It 

can be fatal as it leads to severe anaemia probably due to ineffective erythropoiesis. However, 

just like α thalassemia, high level of binding antibodies to infected RBCs is observed. 
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Furthermore, parasite growth has been observed to stall with β thalassemia in vitro68 and 

there is reduced malaria risk in Kenyans69.  

1.4.2 Enzymopathology  

Enzymopathies are alterations of RBC enzymes due to point mutations and also have been 

associated with protection against severe malaria. Examples are glucose-6 phosphate 

dehydrogenase (G6PD) deficiency and pyruvate kinase deficiency70. G6PD is found in the 

cytoplasm of RBCs and involves the pathway leading to synthesis of pentose. The deficiency 

is associated with multiple mutations on the 13th exon of the gene and is also found in people 

living in malaria endemic regions71. Clinically it is asymptomatic and rarely fatal. It was 

discovered when investigating haemolysis observed in people that were treated with the 

antimalarial piperaquine49. G6PD protection against malaria has been linked to the high 

oxidative stress induced by the deficiency 48. This leads to the premature damage of infected 

RBCs and thus higher phagocytosis72.  

Pyruvate kinase is involved in the production of ATP during glycolysis. The deficiency is 

associated with shortened RBC half-life. Protection against malaria however has just been 

shown in murine models in vitro where decreased invasion and high phagocytosis of infected 

RBCs was observed73. 

1.4.3 Immunogenetics 

There are also reported polymorphisms in genes expressed by immune cells associated with 

malaria protection. For example, HLA class 1 BW55 which is frequently found in sub Saharan 

Africa is associated with protection against severe anaemia and cerebral malaria74. Further 

immune system elements associated with protection against malaria are involved in 

pathogenesis, such as CR1, TNF-, nitric oxide synthase 2 (NOS2), etc.48,49,54,75. CR1 related 

protection was observed in Kenyans76; however, this observation was not replicated in an 

investigation in Gambians77. Polymorphisms in NOS2 gene promoter increases nitric oxide 

(NO) which conveys some protection against malaria49,48. Impairment of NOS2 expression 

leading to reduced levels of NO and its precursor l-arginine has been observed in severe 

malaria. Furthermore, endothelial dysfunction observed in severe malaria has been reported 

to be reversible by l-arginine75,78. Polymorphisms TNF308A and TNF376A on TNF are also 

associated with altered malaria susceptibility79,80,81 
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As evidenced by the discussion above, there is a continuous evolution of the human genome 

in the face of severe malaria and a constant battle to tame the progression to severe disease.  

1.4.4 Iron deficiency Anaemia 

Iron deficiency (ID) is the most common cause of anaemia and accounts for over 50% of 

anaemic cases82. Iron deficiency anaemia (IDA) is associated with protection from malaria and 

iron supplementation is observed to increase malaria risk. In 1974, Masawe et al. observed 

an increase in susceptibility to malaria in patients admitted in a ward treated with iron 

supplementation83. This opened a flood of investigations on the complex relationship 

between iron and malaria. For one, the burden of malaria and IDA are observed together in 

low-income countries among children and pregnant women.   

The main cause of iron deficiency anaemia (IDA) is iron dietary deficiency. However other risk 

factors of IDA may include socioeconomic factors, existence of chronic diseases or genetic 

variation limiting iron absorption84–86,87. IDA is mostly observed in pregnant women, women 

of reproductive age and children under 5 years of age88–90. Furthermore, most of the burden 

of IDA is observed in low-income countries88,91,92,93. For example, in sub-Saharan Africa, IDA 

is observed in over 50% of pregnant women and children under the age of 5 years85,91,93. 

Nevertheless, the prevalence of ID in anaemic children in sub-Saharan Africa is observed in 

review85,91 to be variable depending on local situation and can range from 5% as observed in 

Sierra Leone to over 51% in Kenya. This depends on probable lack of accurate epidemiological 

data due to confounders such as inflammation and other infections present in these 

populations85,94. For example, in The Gambia, in recent years IDA is observed in 25% of 

children under 5 years of age85,95. The high risk of IDA in these groups is due to their high need 

of iron which is probably not met by their dietary intake96. Children under 5 years of age, 

growing rapidly,  require at least 30% of their iron to be from dietary sources90,97. Lack of iron 

in this population can result in poor cognitive development, delayed intellectual abilities and 

failure to thrive, an altered immune response and increased susceptibility to infections91,98,87. 

Pregnant women, due to the accommodation of a growing foetus, also have high dietary iron 

requirements89,97,99 and lack thereof can result in preterm labour, low birth weight87,100 and 

neonatal mortality91. Furthermore, women of reproductive age, due to their monthly 

menstrual bleeding need adequate iron intake to compensate for this iron loss93,94. One of 

the most effective way to manage IDA is by administration of iron supplements or 
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biofortification which has been associated with increased risk of malaria and other infectious 

diseases.  

Iron metabolism and IDA: Iron from dietary intake is usually absorbed in the enterocytes of 

the duodenum in the ferrous state (Fe2+). Ferric iron (Fe3+) cannot be absorbed and is usually 

reduced to Fe2+ iron before absorption. Fe2+ in the enterocytes is either stored in the form 

of ferritin by binding to apoferritin or is released to the blood circulation101. Fe2+ iron is 

exported by ferroportin (FPN) to the blood circulation and is turned to Fe3+ again and binds 

to the apotransferrin, the iron transporter. About 75% of transferrin-bound iron makes its 

way to the bone marrow for erythropoiesis and the rest goes to the liver and other tissues for 

storage. Transferrin bound iron enters the liver through the transferrin receptor (TfR) found 

on the surface. Fe3+ is then oxidised to Fe2+ which binds to apoferritin for storage. Iron 

stored in the liver can be used as needed by the body and it is transported out of the liver by 

ferroportin. Iron from old or malfunctioning RBCs can be recycled by macrophages in the 

spleen. These macrophages phagocytise the RBCs and their iron is either stored within 

ferritin, incorporated into iron-containing proteins or exported to the extra-cellular space by 

ferroportin. Outside the cell, iron will  bind to transferrin to be transported to bone marrow 

for erythropoiesis or other tissues for absorption101,102  

Ferroportin is a well characterised iron exporter expressed in hepatocytes, macrophages and 

enterocytes. Ferroportin is regulated by hepcidin, a hormone produced by hepatocytes that 

plays a central role in iron homeostasis103–105,106. Hepcidin degrades FPN thereby inhibiting its 

activity of iron exporter106. Hepcidin lowers circulating and tissue iron levels by inhibiting 

ferroportin from exporting iron from macrophages for erythropoiesis and from enterocytes 

(dietary iron)107–109. In iron homeostasis, when enough iron is exported to plasma and loaded 

to transferrin, hepatocytes are signalled to release hepcidin to inhibit ferroportin from 

exporting more iron from the cells to the plasma104,106,110. In a state of iron deficiency, 

hepcidin is downregulated allowing ferroportin to export iron for erythropoiesis and 

absorption111. Furthermore, since in iron deficiency host iron reservoirs are depleted, ferritin 

synthesis is also halted while expression of TfR is increased101. Consistently, lower ferritin and 

transferrin levels are observed in IDA112. For that reason, WHO defined IDA by ferritin level 

adjusted for age and inflammation. However, Muriuki 2020113 showed that this guideline 

underestimates the prevalence of IDA and that transferrin saturation (TSAT) level is the better 

indicator. 
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Effect of IDA on malaria pathogenesis: Malaria disease is usually characterised with anaemia 

and prevention of malaria can reduce incidence of anaemia. In Kenya, decrease in IDA was 

observed in children when malaria transmission was interrupted114. Furthermore, IDA was 

observed to increase in Gambian and Kenyan children after an uninterrupted malaria 

season95. The anaemia observed in malaria infection is generally associated with acute 

haemolysis of parasitised RBCs115. Hepcidin upregulation is also observed during malaria 

infection and this induces IDA116. As all living things require iron, increases in hepcidin 

decrease iron availability to the infectious parasite111,117. This could be one way that IDA 

inhibits and protects the host from the malaria parasite. Consequently, iron supplementation 

may increase iron abundance and risk of malaria susceptibility. Indeed, multiple studies have 

observed this: In Gambian IDA children, iron supplementation increased risk of malaria118. A 

very popular trial in Pemba was prematurely terminated due to severe adverse effect of 

malaria outcome observed in children following iron supplementation. The severe adverse 

effect was observed especially in children with normal baseline iron levels119. Consistently, 

Zambian children with adequate baseline iron levels have increased risk of malaria following 

iron supplementation120. On the contrary, a Cochrane review40 of a meta-analysis of multiple 

trials in children did not observe any influence of baseline iron status on risk of malaria 

following iron supplementation. However, they noted that risk of severe malaria outcome is 

not associated with iron supplementation if this is accompanied with effective malaria 

surveillance and treatment121,122. For example, iron supplementation coupled with 

intermittent preventive treatment (IPT) with sulphadoxine pyrimethamine (SP) was very 

effective in treating IDA without increased risk of malaria123. As a consequence, the world 

health organisation (WHO)’s current recommendation for management of IDA in malaria 

endemic regions is to accompany iron supplementation with effective infectious disease 

control124 .  

The mechanisms by which iron supplementation may increase malaria risk still remain 

obscure. Our group used in vitro models to investigate this mechanism and also studied 

malaria pathogenesis in IDA. Results from these studies showed that IDA alters the parasite’s 

multiplication ex vivo by reducing the amount of daughter merozoites generated by schizonts 

and also inhibits parasite invasion in IDA RBCs125. Iron supplementation was observed to 

increase reticulocytes (new RBCs), evidence of increased erythropoiesis; this corresponded to 
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increased parasite growth ex vivo125–127. The same effect was observed in Gambian children 

and pregnant women126,127. Parasites’ preference for reticulocytes was reported by a number 

of studies125,128–130. Furthermore, delayed treatment with dietary iron in children infected 

with malaria doesn’t increase risk of malaria131. Cusick 2020131 observed that children with 

anaemia secondary to severe malaria did not experience relapse when given delayed iron 

treatment (28 days after malaria treatment). A possible explanation for this is that the 

parasites had already been cleared before the increased erythropoiesis and abundance of 

reticulocytes following iron supplementation.  

 

Iron metabolism by parasites: The malaria parasite requires iron to replicate and grow; 

however its source of iron is not clear. Host reservoirs of iron potentially available to the 

malaria parasite are found primarily within RBCs’ haemoglobin, ferritin and transferrin132. 

These are all  diminished in hosts with IDA, which correlates with lower malaria risk112. Iron 

supplementation reverses this and improves host iron load and increased susceptibility to 

infection. Interestingly, the malaria parasite is not thought to use iron of haem from 

haemoglobin133. It metabolises haemoglobin to get its required amino acids, in the process 

releasing hematin, a pro-oxidant which is toxic both to the parasite and to the host RBC.  The 

parasite detoxifies haem by transforming it to a chemically inert crystal called haemozoin134. 

Free residual haem is believed to be present in the RBCs as the parasite digests haemoglobin. 

This is available for the parasite to oxidise forming oxygen radicals that can lead to oxidative 

stress. Increase in oxidative stress is detrimental to parasites and forms the basis of the 

mechanism of action of very potent antimalarials such as artemisinin135. Increase in oxidative 

stress mediated by NO has been observed following the use of iron chelators and also in 

IDA136.  

 

Artemisinin, Iron and Malaria: Artemisinin combination therapies are the current first line 

drugs for treatment of P. falciparum and have played a major role in the significant decline of 

malaria137. Artemisinin is activated though cleavage of its endoperoxide ring by the iron in 

haem; as a consequence of this reaction,  reactive oxygen species (ROS) are produced which 

result in rapid parasite clearance135,138,139. RBCs from IDA individuals generally manifest 

increased oxidative stress but also have decreased levels of free haem136,140.  The efficacy of 

artemisinin against malaria parasites has been linked to the amount of free haem in the host 
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RBCs141. The level of free haem increases as the parasite digests haemoglobin during its 48-

hour intraerythrocytic life cycle and is greatest at the trophozoite stage. Consequently, 

artemisinin activity is lower in early ring-stage parasites than matured trophozoites135,142. 

Consistent with this, artemisinin-resistant P. falciparum isolates show resistance only during 

the ring stage in vitro141. Mutations in PfKelch13, which confer resistance to artemisinin, 

decrease the endocytosis of haemoglobin in the young ring stage, which decreases the 

availability of free haem and thereby decreases the activation of artemisinin143. RBCs from 

individuals with IDA have low levels of haemoglobin and thus free haem but an increase in 

oxidative stress136. As a result, this could decrease the activity of artemisinin in individuals 

with IDA. On the other hand it can also be argued that the increased baseline ROS in IDA136 

could potentially amplify the activity of artemisinin. For example, there is evidence that in 

vitro artemisinin activity is enhanced by the addition of free radical–generating compounds 

such as doxorubicin and miconazole144. IDA therefore has the possibility of either enhancing 

artemisinin sensitivity or resistance in malaria infected individuals.  

Emergence of artemisinin resistance threatens the global advances in malaria control145. 

However, artemisinin resistance and delayed parasite clearance is still rare in Africa. 

Nonetheless it is worth noting that recently, tolerance of artemisinin has been observed in 

Gambian parasite isolates146. The Gambia is a malaria endemic region with a high burden of 

IDA. As per WHO recommended policy124, IDA management will involve iron supplementation 

coupled with malaria control. Artemisinin based therapy is the current first line antimalarial 

in the region and has been introduced as IPT (DHA-PQ) for prophylaxis for malaria 

control147,148. As consequence, iron supplementation for IDA management may increase or 

decrease artemisinin efficacy. It is therefore important to evaluate host factors, such as the 

high rate of IDA in sub-Saharan Africa, that might have an influence on artemisinin treatment 

outcome. 

Objective 1: Determine the effect of host IDA on artemisinin activity in sub-Saharan Africa. 

 

Human Iron homeostasis and Malaria: Multiple genetic polymorphisms have been shown to 

cause disruptions in human iron homeostasis104,149. One such disorder is hemochromatosis 

which usually leads to iron overload in the liver and other organs110,150. Hemochromatosis can 

be caused by many polymorphisms but the most common type is on the HFE (for 

Hemochromatosis Fe) gene which is found mostly in Caucasian Europeans150. HFE 
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polymorphisms cause abnormally low hepcidin levels and thus high plasma iron levels which 

leads to iron overload150,110,150. Another disorder is known as Iron Refractory Iron Deficiency 

Anaemia (IRIDA). In this condition, polymorphisms on TMPRSS6, a gene involved in the down 

regulation of hepcidin, leads to hepcidin upregulation. Individuals with the polymorphisms do 

not seem to absorb iron when given iron supplementation due to excessive hepcidin levels.  

Polymorphisms on FPN1 or SLC40A1, the gene for ferroportin, can also have profound effects 

on iron homeostasis110,150. Unlike the HFE polymorphisms which are common in Caucasians, 

SLC40A1 mutations are mostly found in Africans150,151. SLC40A1 polymorphisms lead to loss 

of function of ferroportin known as ferroportin disease (FD) or gain of function known as 

ferroportin-like hemochromatosis. Loss of function in FD is usually due to internalisation and 

degradation of ferroportin leading to accumulation of iron in cells. Ferroportin-like 

hemochromatosis is usually as a result of the polymorphisms rendering ferroportin insensitive 

to its regulator hepcidin. This leads to the excess efflux of iron and thus leads to iron overload 

in organs as observed in classic hemochromatosis104,149,150  . 

Ferroportin is generally known to be expressed in hepatocytes, macrophages and 

enterocytes; however, its expression has recently been reported on RBCs. Furthermore, it has 

been demonstrated to be essential to maintain the integrity of RBCs in murine models152.  

Additionally, a polymorphism (Q248H) found on the FPN1 or SLC401A gene149–152 was 

reported to be associated with protection against malaria152. This polymorphism results in 

ferroportin insensitivity to hepcidin and hence gain in function. The authors reasoned that 

erythroblasts with this polymorphism will experience enormous iron loss, decreased 

haemoglobin production and hence lower haemoglobin in the RBCs. These RBCs will 

therefore be unfavourable for P. falciparum. The authors showed that an abundance of 

ferroportin on RBCs leads to a lack of iron accumulation in the cell resulting in oxidative stress 

as observed in iron deficiency. The authors used a ferroportin knock-out mouse model to 

demonstrate that mice that do not express ferroportin are more susceptible to P. berghei 

malaria than mice that do express ferroportin. Furthermore, the Q248H was associated with 

protection from P. falciparum by decreasing placental malaria in Ghanaian pregnant women 

and parasite density Zambian children152. 

Although authors claimed that this work helped explain why iron deficiency protects from 

malaria and iron supplementation increase malaria risk, but there are several major 

weaknesses in this report. (1) The confounding effects of anemia, sickle cell trait and G6PD 
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were not controlled for in the clinical studies. (2) No in-vitro experiments were presented with 

P. falciparum laboratory or field isolates. (3) The finding that a rise in ROS and increase in 

malaria growth is found in ferroportin knock out (KO) mice is contradictory to general 

knowledge of ROS being harmful to the malaria parasite,153 154 forming the basis of 

artemisinin mode of action, as discussed earlier155. It will be important to address the major 

weaknesses of this report and confirm the claim that FPN1 polymorphism Q248H may protect 

from malaria. For example, an in vitro approach assessing Plasmodium growth in RBCs from 

individuals with this polymorphism while controlling for other confounders is one way to do 

this.  

Objective 2: Investigate and confirm the protective effect of the Q248H polymorphism 

against malaria. 

 

1.5 Current Directions: Genome Wide Association Studies (GWAS)  

Over a decade ago, genome wide association analysis became available as a way to discover 

novel mechanisms of malaria protection48. In order to surmount the problem of insufficient 

sample size (one of the suspected reasons for the low rate of replication of findings between 

studies), malaria research groups across the world came together to form Malaria Genomic 

Epidemiology Network (MalariaGEN). This permitted thousands of deoxyribonucleic acid 

(DNA) samples to be collected in multiple countries and amalgamated to make large scale 

data sets and form a global infrastructure for genomic epidemiology of malaria48. As a result, 

in addition to the already known variants (HBS, HBC, G6PD etc) multiple newly identified 

single nucleotide polymorphisms (SNPs) were associated with P. falciparum malaria 

protection.  Some of these new polymorphisms were found in the genes: ATP2B4, FREM/GYP, 

MARVELD3, GNAS, ADORA2A and CD40L156–161. ATP2B4 which codes for an RBC major calcium 

pump has demonstrated some of the clearest associations with altered susceptibility to 

severe malaria observed so far (Table 1)157–159,162,163,164. The observations on the relationship 

between several SNPs in ATP2B4 and risk of malaria was first demonstrated in Ghanaian and 

Gambian populations156 and was subsequently replicated in other African162,163, Asian and 

oceanic populations163. 

FREM/GYP variants on the other hand are prevalent in East Africa but rarely found in West 

Africa. FREM/GYP is a locus that lies close to a cluster of genes encoding the glycophorins and 

FREM3. The glycophorins are RBC receptors essential for P. falciparum invasion159.  
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MARVELD3 gene association with malaria protection was observed in Ghanaian population 

but not in Gambians156 nor in subsequent GWAS157,159, 158. However, it codes for tight junction 

proteins found in epithelial and vascular endothelial cells and such structural variants could 

influence the blood brain barrier (BBB) function and thereby impact the pathogenesis of 

cerebral malaria156. 

Host stimulating G protein signalling pathways are necessary for invasion of  P. 

falciparum160,161. ADORA2A, coding for a G protein signal transduction pathway, has a locus 

that is associated with severe malaria susceptibility160. The association with malaria 

protection is obscure as no further studies on these proteins’ signalling pathways were 

identified. 

Furthermore, recently GWAS of samples from Africa, Asia and Oceania identified a novel SNP 

(rs62418762) strongly associated with severe malaria protection. This SNP is located on 

chromosome 6 between MAP3K7 and EPHA7 with no functional effect identified yet164. 

Functional studies have been urged156,162,164,165  to investigate the mechanisms by which these 

newly identified loci can influence pathogenesis and potentially contribute to development 

of new antimalarial strategies. The candidate locus identified from GWAS for such 

investigations in Gambian population appears to be ATP2B4. Polymorphisms in ATP2B4 are 

amongst the strongest that have been associated with altered severe malaria risk.  

 

 

Table 1: Summary of studies associating ATP2B4 to malaria susceptibility 

Study Study type Sample origin Sample 

size 

Methodology ATP2B4 

Association to 

severe malaria 

Timmann et al., 2012.  

Nature 489 (7416): 443–

446.156  

Genome wide 

association study 

The Gambia and 

Ghana 

7908 Genotyping of samples 

and imputation of 1000 

genome data (as 

replication). genome wide 

significance set at P<5x10-5 

Imputation significance set 

at P< 10-5 

Logistic regression 

model O.R = 0.65; 

P= 1.3x 10-7 

Band et al. 2013.  

PLoS Genetics 9 (5).158  

Meta-analysis 

(MalariaGEN) 

The Gambia, 

Malawi and 

Kenya 

12000 Imputation of MalariaGEN 

data and fixed effects 

meta-analysis 

P< 1x10-6 
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Table2:  ATP2B4 SNPs associated with malaria susceptibility and PMCA4b function by different studies. 

Genomic locations of the SNPs were determined by dbSNP (NIH NCBI) online tool. 1000 genome data was 

used to analyse the population genetics of the SNPs and determine their frequencies in different 

populations: In malaria endemic population (Africa) in general and then specifically in Gambian 

population. Frequency in non-malaria endemic population European (Caucasian) is also presented for 

comparison.  

 

Rockett et al. 2014. 

Nature Genetics 46 (11): 

1197–1204.157  

Association study: 

selected specific 

gene regions 

(MalariaGEN) 

12 locations in 

Africa and Asia 

including The 

Gambia 

29331 Genotyping of 27 gene 

region selected based on 

previous report of 

association. Evidence of 

association set at P<1x10-4 

Logistic regression 

model O.R 0.77; P= 

7.6x 10-7 

Band et al. 2015. Nature 

526 (7572): 253–

257.159  

 

Genome wide 

association study 

(MalariaGEN) 

8 African 

countries 

including The 

Gambia 

11552 Genotyping of samples 

and Imputation of 1000 

genome data. Genome 

wide significance set at 

P<5x10-7 

Model averaged 

Bayes Factor BFavg 

= 4.4 x10-5 

Ndila et al. 2018. The 

Lancet 

Haematology: 333–

345.162  

Association study: 

selected specific 

gene regions 

Kenya 6193 Genotyping of 70 

candidate severe malaria 

associated genes. 

Association significance 

set at P<0.005 

O.R= 0.76; P=0.001 

Gouveia et al 2019. PLoS 

Genetics 15 (3): 1-21163 

Genome wide 

association study 

Uganda 758 Samples genotyped 

using Illumina Infinium 

HumanOmni5-4v1 

genotyping array on 4.3 

million SNPs 

P= 0.001 

Malaria Genomic 

Epidemiology Network 

2019. Nature 

communications 10 (1) 

5732164 

Genome wide 

association study 

(MalariaGEN) 

Sub-saharan 

Africa, Vietnam 

and Papua New 

Guinea 

17,000 Genotyping of samples  
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SNP ID Location MAF in African 

population (1000 

genome) 

MAF in Gambian 

population (1000 

genome) 

MAF in Caucasian  

population (1000 

genome) 

References 

rs10751450 Intron 0.426 0.385 0.089 Lessard et al 2017166 

rs10751451 Intron 0.366 0.310 0.083 MalariaGen 2019164; 

Lessard et al 2017166 

rs107541452 Intron 0.365 0.310 0.083 Lessard et al 2017166 

rs11240734 Intron 0.365 0.310 0.102 

 

Gouveia et al. 

2019163 

rs1541252 5’ UTR 0.365 0.310 0.083 Zambo et al. 

2017167; Gouveia et 

al. 2019163 

rs1541253 

 

5’ UTR 0.365 0.310 0.083 Zambo et al. 2017167 

rs1541254 5’ UTR 0.365 0.310 0.083 Rockett et al. 

2014157;  Ndila et al. 

2018162 

rs1541255 5’ UTR 0.365 0.310 0.083 Rockett et al. 

2014157;  Ndila et al. 

2018162 

rs1419114 Exon 3 0.365 0.310 0.083 Zambo et al. 

2017167; Gouveia et 

al. 2019163 

rs10900585 Intron 0.418 0.363 0.086 Timmann et al.  

2012156; Rockett et 

al. 2014157; Ndila et 

al. 2018162 

rs2365860 Intron 0.365 0.310 0.083 Timmann et al. 

2012156 

rs10900588 Intron 0.365 0.310 0.083 Gouveia et al. 

2019163 

rs10900589 Intron 0.365 0.310 0.083 Timmann et al. 2012 

rs2365858 Intron 0.365 0.310 0.083 Timmann et al. 2012 

rs4951074 Intron 0.371 0.358 0.084 Timmann et al.  

2012156; Rockett et 
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1.6 ATP2B4 

ATP2B4 codes for RBC Plasma Membrane Calcium ATPase (PMCA4) which is the major high 

affinity calcium transporter of cells. PMCAs are found ubiquitously in different tissues in 

eukaryotic cells and are responsible for the expulsion of calcium from the cytosol168–170. There 

are four isoforms of the PMCAs: PMCA1, PMCA2, PMCA3 and PMCA4. PMCA isoforms 1 and 

4 are the most ubiquitous and are expressed by most tissues, whereas isoforms 2 and 3 are 

expressed in a more restricted manner usually in excitable tissues such as the brain and 

muscles. Each of these isoform’s transcripts can undergo alternative splicing. PMCA4b is a 

splice variant of PMCA4, expressed in RBCs and encoded by ATP2B4168 (Chapter2). It is found 

on chromosome 1 and has 21 exons. PMCA4b is a powerful ATP dependent calcium pump 

that expels calcium ions (Ca2+) from the RBC to maintain the low calcium cytosolic 

environment which is important for the cell’s homeostasis169–171.  

1.6.1 Calcium and the RBC 

Ca2+ has profound effects on cellular health in all tissues and cell types; it serves a particularly 

critical regulatory function in RBCs, due to their typically low cytosolic Ca2+ levels. Decades 

ago, calcium was thought to be absent from the RBCs172. We now know that the calcium 

concentration of RBCs is maintained in the range of 30 to 60nM whereas blood plasma 

calcium level is about 1.8mM171. Ca2+ influx in the RBC is passive as the RBC membrane is 

permeable to Ca2+ through the passive calcium pathways173.  

High intracellular Ca2+ in RBCs has been shown to lead to profound morphologic and 

functional abnormalities. Its impact on deformability via its effects on the cytoskeleton, 

membrane and overall volume of the RBC are of particular interest in malaria research171,174–

al. 2014157; Ndila et 

al. 2018162 

rs3851298 Intron 0.313 0.292 0.082 Gouveia et al. 

2019163 

rs2228445 Exon 3 0.328 0.301 0.082 Zambo et al. 

2017167; Gouveia et 

al. 2019163 
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177. Changes in cytosolic Ca2+ can result both from disorders of Ca2+ plasma membrane pumps 

like PMCA4b, as well as disorders of Ca2+ influx. 

Ca2+ plays a role in control mechanisms that maintain the cell integrity by the regulation of 

other RBC ions such as Na+ and K+ 171,177. Na+ entry and K+ loss are balanced under physiological 

conditions and an increase in Ca2+ induces K+ loss which disrupts the entry of Na+ in RBCs 

thereby leading to dehydration of the cell. This is because loss of KCl causes water to follow 

osmotically and therefore causes the cell to shrink171,177,178. This loss of Na+ and K+ ions due to 

increased calcium was first demonstrated by Gardos in 1958, and the K+-specific membrane 

protein responsible for this shift is known as the Gardos channel179. An increase in 

erythrocytic Ca2+ concentration activates the Gardos channel which ultimately leads to cell 

dehydration and volume loss with a consequent reduction in RBC deformability. 

Deformability is also adversely affected by cytoskeletal changes which also results from 

changes in Ca2+ concentration especially near the cell membrane171,177,178.  This change in cell 

size and structure leads to pathologies of the microvasculature and premature clearance of 

RBCs171,175.  

Interestingly, normal RBC ageing is also closely linked to a progressive increase in intra-cellular 

Ca2+ concentration171,175. This is attributed in part to decreased ATP availability during cellular 

aging which reduces PMCA4b activity. Another proposed mechanism is that higher cytosolic 

Ca2+ leads to hyper activation of the pump which will deplete ATP rapidly175. It has also been 

theorised to be the result of increased permeability of the RBC cell membrane to Ca2+  (similar 

to what is observed in sickled cells) for which PMCA4b is not able to compensate171. Although, 

Ca2+ permeability is passive and slow, this can be up regulated up to five times in sickled cells 

and aging RBCs. Therefore, abnormal increase of Ca2+ in RBCs can lead to premature 

senescence171,178. Secondly, increased cytosolic Ca2+ can lead to increased inter-RBC adhesion. 

This is comparable to the effect of lysophosphatidic acid (LPA), an RBC-to-RBC adhesion agent 

released by platelets. These adhesions observed were reported to be big enough to be of 

significance inside a blood clot or in a vaso-occlusive event such as what occurs in sickle cell 

crisis176. Finally, increased Ca2+ content in the cell also has been reported to lead to oxidative 

stress and unusual high NO171. Keeping low concentration of Ca2+ is therefore indispensable 

for RBC integrity. 
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1.6.2 Calcium and Plasmodium 

Calcium distribution in Plasmodium: The regulation of low Ca2+ content is not just an optimal 

physiological condition in RBCs but other eukaryotic cells as well168. However, in these other 

cells maintaining such low calcium concentration depends on both PMCA efflux and 

compartmentalisation. In other eukaryotic cells Ca2+ is stored in organelles such as the 

endoplasmic reticulum (ER) where it is released upon appropriate signals for other uses168,180. 

However, because RBCs lack organelles, the only way of maintaining low Ca2+ is through 

calcium pumps such as PMCA4b, underscoring its critical role in calcium homeostasis171. In 

unicellular eukaryotic cells such as Plasmodium, two Ca2+ stores have been identified: the ER 

and the acidic store. The ER store seems to serve as a transient store where the quantity 

increases with a rise in extracellular Ca2+ concentration. This is not observed with the acidic 

store. Ca2+ released from the ER is observed to be taken up by the acidic store making it the 

Ca2+  reservoir within the parasite180,181,182,. 

Calcium dependent enzymes: Ca2+ is said to serve as a vital intracellular messenger as P. 

falciparum, and rodent malaria parasite, P. berghei genomes encode multiple proteins with 

putative calcium binding domains180,183. A good example is calcium dependent kinases180,183. 

Protein phosphatases are other important calcium dependent effectors in Plasmodium180,183. 

Another classic calcium regulated protein is phosphoinositide phospholipase (PI-PLC)180. 

There are other parasite proteins that lack calcium binding domains but require calcium for 

full activation such as the indispensable parasite serine sub-like protease 1 (SUB1) which is 

implicated in Plasmodium egress180,184,185. The other calcium dependent signaling proteins 

implicated in egress are perforin 1 and 2186. 

Role of calcium in merozoite egress and invasion: Parasite egress, meaning release of 

merozoites, is critical for dissemination of parasites to infect more RBCs thus directly affecting 

disease progression. Shortly before egress, a sharp increase in Ca2+ is observed in the parasite 

cell followed by swelling of the parasitophorous vacuole (PV) and degradation of its 

membrane and the erythrocytic membrane180,184–186. One such protein involved in the 

proteolytic events leading to the degradation of the membranes is SUB1. There is evidence 

that shortly before egress, SUB1, which is calcium dependent, is secreted into the PV where 

it acts with other proteins to initiate egress180,184,185. Perforin like protein expressed during 

asexual blood stage has been experimentally shown to localise to the RBC and PV membrane 

upon calcium dependent discharge from micronemes. It is also involved in the 
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permeabilisation of the infected RBC which serves as a signal for egress185,186. CDPK5 is 

another calcium effector protein kinase expressed in matured schizonts and crucial for egress. 

Inhibition of increase in calcium has been shown to bring about lack of swelling of the PV, 

blocking the discharge of CDPK5 and thus absence of egress180. 

The role of calcium in invasion has been established181,183,187 as well. It is however still unclear 

whether the origin of the Ca2+ involved is solely extracellular, from the plasma, or whether 

intracellular erythrocytic Ca2+ from the parasite also plays a role180,183.  

The role of Ca2+ in parasite development in RBCs post invasion is understudied but an 

increasing level of Ca2+ is observed as the parasite grows from rings to schizonts and a 

depletion of calcium results in an arrest of growth183,187–191.  

Calcium and Plasmodium sexual stage:  Gametogenesis is one of the best characterised Ca2+ 

dependent process in Plasmodium. Using P. berghei in murine models, it has been shown that 

upon release of Ca2+ from the acidic store, a cascade of events follows with the activation of 

protein kinases that leads to development of mature gametes180.  

Calcium regulation of the parasite’s life cycle doesn’t stop with the erythrocytic stage as it has 

been reported to be involved in the sexual development of the parasite in the mosquito from 

ookinetes motility, oocyst formation to sporozoite motility. It has also been implicated in liver 

stage development of P. berghei180. 

Plasmodium calcium acquisition: Calcium is therefore very crucial to every stage of the 

parasite development especially in its erythrocytic stage. Given that RBCs maintain very low 

Ca2+ concentration, the question of how the parasite meet its calcium need in this cell type 

for a critical life stage, naturally arises. There have been a number of attempts to answer this 

question and many hypotheses have been proposed183,188,190–192. The most popular is that the 

parasite gets its calcium need from the plasma183,188,191,192, probably by an unrecognised Ca2+ 

protein that the parasite inserts into the host RBC membrane.  

One of the many reasons this hypothesis is popular is that as part of the parasite’s survival 

strategies, it dramatically alters the permeability of the RBC plasma membrane in order to 

take up indispensable nutrients and excrete toxins23,193. The infected RBC membrane has 

been reported to be also permeable to phospholipids, anions, cations etc23,193,194; however, 

the mechanism of Ca2+ permeability remains unsolved. Several studies have compared Ca2+ 

content between infected and non-infected RBCs and observed that the Ca2+ concentration 

is significantly higher in infected RBCs 183,188–191. Other studies went further to show that this 
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is because Ca2+ increases gradually in infected RBCs188–192. However, the use of a Ca2+ channel 

blocker verapamil doesn’t show any decrease in Ca2+ content suggesting that calcium in 

infected RBCs could be acquired using a different channel (verapamil non-dependent)183,188. 

Evidence from using calcium fluorescent dyes shows that the PV is accountable for the 

majority of the Ca2+ content observed in infected cells and that the Ca2+ concentration of the 

host cytosol is identical between infected and non-infected cells188,192. This led to another 

hypothesis, that because the PV is formed during invasion, it engulfs extracellular plasma 

contents which includes high concentration of Ca2+ 192. This means that the parasite which is 

engulfed in the PV is not exposed to low Ca2+ concentration of the RBC cytoplasm but, to a 

high Ca2+ content identical to that of plasma Ca2+ concentration. Further evidence to support 

this claim showed calcium tagged fluorescent dyes fluo-3 were trapped in the PV after 

invasion from an extracellular medium loaded with fluo-3 Ca2+ 192. Furthermore, there was a 

steep gradient observed between Ca2+ concentration of the cytoplasm of the RBC and the PV 

by 400 folds. The PV calcium was shown to be what is used by the parasite and that getting 

rid of it and exposing parasites to erythrocytic cytoplasm calcium leads to Ca2+ depletion in 

the parasite’s organelles and Ca2+ stores which eventually led to parasite cell death. 

Therefore, the Ca2+ level in the PV affects the maturation of the intraerythrocytic parasites192. 

This doesn’t however explain the mechanism for increasing Ca2+ observed183,187–191 as the 

parasite matures. 

1.6.3 Working models:  

A hypothesis that could explain how the parasite meets its calcium need  and the increasing 

Ca2+ in infected RBCs is linked to the inverted position of the PMCA4b pump after invasion192. 

During invasion, there is an invagination of the RBC plasma membrane where the outer part 

of the RBC membrane along with all its receptors would face the parasite whilst forming the 

PV (Figure 1A). The PMCA4b continuing its activity of Ca2+ efflux from the RBC cytoplasm in 

this position will instead emit Ca2+ to the PV192. This model can explain: (1) How Plasmodium 

meets its calcium need in the RBC and (2) The increasing Ca2+ observed as the parasite 

matures through continuous supply of Ca2+ to the PV by PMCA4b. (3) How ATP2B4 

polymorphism may protect from malaria. 
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ATP2B4 polymorphism that will impair the activity of the PMCA4b pump would impair the 

continuous supply of calcium to the PV for the parasite’s need. Considering how indispensable 

calcium is for the biological activities of the parasite, this would also impair parasites’ growth 

in the RBCs. 

A second model that can also explain the effect of the ATP2B4 polymorphisms is as proposed 

by Lessard et al 2017166. The ATP2B4 polymorphisms that will impair PMCA4b expression and 

activity will result in increased cytosolic Ca2+ concentration. As discussed above, the increase 

in cytosolic Ca2+ disrupts the ion homeostasis of the RBCs and results in dehydration of the 

cell similar to what occurs in sickle cell disease (SCD). Dehydration causes the cell to shrink 

which leads to premature clearance of RBCs166. Therefore, dehydrated RBCs will not be 

optimal for P. falciparum growth and will further be cleared rapidly from circulation (Figure 

1B). 

 

 

 

Figure 1: Proposed models of how ATP2B4 polymorphisms could protect from malaria: A) Invagination of 

RBC membrane during invasion and formation of the parasitized vacuole with the inverted PMCA4b 

ensures supply of Ca2+ to the parasite. RBCs with ATP2B4 polymorphisms will supply less calcium to the PV 



 

  31 

and parasite. B) RBCs with ATP2B4 polymorphisms will have increased concentration of Ca2+ resulting to 

dehydration.  

 

 

 

We therefore hypothesise that RBCs from individuals with ATP2B4 variant haplotype will (a) 

have altered PMCA4b expression (b) decreased Ca2+ expulsion and (c) diminished growth of 

P. falciparum parasites in vitro than RBCs from individuals without these polymorphisms 

(Objective 3). 

Evidence in support of this hypothesis includes: (1) As summarised in tables 1 and 2, recent 

GWAS and cross sectional studies have associated ATP2B4 gene with severe malaria 

protection156–161 (2) These polymorphisms are found in high frequency amongst people living 

in malaria endemic areas as per 1000 genome database 

(http://www.ensembl.org/Homo_sapiens/Info/Index). (3) Previous work has found 

decreased expression and function of PMCA4b in individuals with polymorphisms in the 5’UTR 

of ATP2B4 167. 

 

1.7 Conclusion 

Host factors play an important role in the outcome of a P. falciparum infection. The 

haemoglobinopathies have long been associated with protection from severe malaria. IDA 

has also been observed to protect from malaria while iron supplementation reverses this 

effect125–127. Iron supplementation is therefore recommended to be accompanied with 

effective malaria control124. Antimalarials are the most effective control measure and 

artemisinin is the current frontline drug. IDA may affect the activity of artemisinin. Therefore, 

it is important to evaluate the effect of IDA on artemisinin in The Gambia, a malaria endemic 

area where IDA is prevalent. Furthermore, polymorphisms on FPN gene, important in iron 

homeostasis, have been implicated in malaria protection152. However, there is insufficient 

evidence to support this claim. Therefore, work is needed in a different population to confirm 

ferroportin’s role in malaria protection.  

Recently, GWAS has been introduced as a way to identify genetic polymorphisms associated 

with human diseases by using large sample sizes. As a result, many newly identified 

polymorphisms have been associated with protection from severe malaria. Functional studies 

http://www.ensembl.org/Homo_sapiens/Info/Index
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are needed to identify the mechanisms by which such protection may be mediated. ATP2B4 

has been highly reproducible in showing a strong association with malaria susceptibility156–

161. Furthermore, there is evidence suggesting an important role the functional variant could 

have in disease outcome167,195. Additionally, ATP2B4 polymorphisms have been associated 

with low parasitemia in Kenya162,196 and reduced risk of malaria in pregnancy in Ghanaians 

197. Understanding the mechanisms by which this human genetic polymorphism confers 

protection against malaria may offer additional insights into parasite biology and malaria 

pathogenesis. These could lead to development of novel antimalarial strategies. 
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1.8 PhD Aims and Objectives 

 
Aims 

Host factors, especially RBC variants, influence malaria pathogenesis and may influence 

malaria control. Furthermore, recently, newly discovered RBCs variants have been associated 

with malaria infection outcome. 

The aim of this PhD is to study the molecular mechanisms by which these RBC variants may 

alter malaria disease outcome in people living in a malaria endemic region (The Gambia). 

 

Objectives:  

1. Determine the effect of host IDA on artemisinin activity in The Gambia 

2. Investigate and confirm the protective effect of FPN polymorphism (Q248H) on 

malaria  

3. Demonstrate the impact of the ATP2B4 variant haplotype on PMCA4b protein 

expression, RBC calcium transport and P. falciparum growth 

4. Investigate and understand the effect of the ATP2B4 variant haplotype on malaria 

pathogenesis in vitro  
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Abstract 

Plasma membrane calcium ATPases (PMCAs), found on the plasma membranes of most cell 

types, are highly specific calcium ion transporters responsible for intracellular calcium 

homeostasis. The PMCA gene family codes for four isoforms, PMCA1, PMCA2, PMCA3 and 

PMCA4. The diversity of the PMCA family is further enhanced by alternative splicing of each 

isoform. Recent research has shown that the role of PMCAs extends beyond expelling 

cytosolic Ca2+. Emerging evidence indicates that PMCAs are involved in cellular signalling 

pathways through interaction with specialized regulatory proteins, which lead to signal 

transduction and regulation of downstream cellular processes. PMCA4 is the isoform that has 

the largest number of interactions with regulatory proteins. This review focuses on the 

structure, regulation and function of PMCA4 highlighting its distinct biochemical and 

regulatory properties. It also discusses the many roles of this molecule in a wide variety of 

pathophysiological disorders including male fertility, cardiac malfunction, cancer, 

neurodegenerative disorders, hypertension, bone mineralization, platelets dysfunction, T cell 

dysfunction, familial spastic paraplegia, mean corpuscular haemoglobin concentration of 

erythrocytes and malaria. 
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1. Introduction 

Plasma Calcium ATPases (PMCAs) are calcium ion (Ca2+) pumps found on the plasma 

membrane of most cell types and play a key role in intracellular calcium regulation and 

homeostasis. PMCAs were first described and isolated in erythrocytes in 19661 and have 

subsequently been identified in all tissues2–6. The PMCA gene family codes for four isoforms, 

PMCA1, PMCA2, PMCA3 and PMCA4. The diversity of the PMCA family is further enhanced 

by alternative splicing of each isoform7 which results in over twenty-four splice variants8. The 

main differences between the isoforms and splice variants are found in the C terminal region, 

which contains the main regulatory and protein interaction domains9. Each splice variant is 

thought to have a specialised function suitable for the cell type(s) it is found in. For example, 

PMCA2 and PMCA3 are mainly found in excitable cells6,10 and both pump Ca2+ more quickly 

than PMCA1 and PMCA411,12. PMCA1 and PMCA4 however are distributed ubiquitously and 

splice variants PMCA1b and PMCA4b have been found in all tissues tested so far8. For detailed 

review on tissue distribution of PMCA isoforms, see Strehler et al 20018. PMCA4b is most 

abundant in non-excitable tissues that do not require rapid calcium variations11. It has a very 

low basal activity and slower rates of activation and deactivation12,13. In fact, PMCA4b is the 

slowest Ca2+pump of all members of the PMCA family11.  

Recent research has shown that the role of PMCAs goes beyond expelling cytosolic Ca2+ and 

maintaining Ca2+ homeostasis. There is emerging evidence that PMCAs are involved in cellular 

signalling pathways through interaction with specialized regulatory proteins12,14–21. Such 

interactions can (1) alter PMCA’s abundance in a specific microdomain of the plasma 

membrane22 (2) form a complex between PMCA and other molecules23 and (3) change the 

function of the protein15. All of these can lead to signal transduction and regulation of 

downstream cellular processes24–28. A diverse range of proteins interact with PMCA isoforms 

and splice variants12,14–19. PMCA4b has been associated with more proteins than the other 

isoforms for interaction. Disruption of any of these interactions may lead to disruption of the 

physiological processes of PMCA4b29–32. Furthermore due to the ubiquity of PMCA4b, 

disruption of its function may cause diverse pathophysiology. For example, recently, PMCA4b 

polymorphisms have been associated with severe malaria susceptibility (a major global health 

issue). In this narrative review, we describe the general characteristics of the PMCA4b, its 

regulation and functions. We further focus on PMCA4’s role in multiple pathophysiology 

including malaria. 
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2. General Characteristics 

2.1. Alternative Splicing and Isoforms  

PMCA has four basic isoforms each encoded by a different gene. PMCA1, PMCA2, PMCA3 and 

PMCA4 are encoded by ATP2B1, ATP2B2, ATP2B3 and ATP2B4 respectively. Each of these 

genes is subject to alternative splicing further increasing the diversity of the enzyme. There 

are two main splice sites, A and C  (Figure 1), for all the genes5,8,33–35. Two other splice sites B 

and D have been proposed, but they remain under characterised and controversial8,24. 

Alternative splicing at sites A and C of the four PMCA genes produces at least 24 splice 

variants8. The numerous variants of PMCA isoforms have different speeds of calcium flow11 

and partner proteins8,24,33.  

Splice site A is found in the first cytosolic loop between the phospholipid binding (PL) domain 

and the autoinhibitory sequence (Figure 1). Splicing at site A in human PMCA4 involves a 36 

base pair (BP) cassette exon which can be included or excluded from the mature mRNA to 

result in splice variants x and z respectively35. There is lack of in vitro and ex vivo evidence for 

a functional effect of alternative splicing at splice site A. However, it may impact the structure 

and function of the PMCA pumps by altering the structure of the second cytosolic loop, 

phospholipid activation and autoinhibition of the pump8,24 

Splice site C is found in the C-tail within the calmodulin binding domain7 (Figure 1). Splicing 

for PMCA4  at site C can result in either the inclusion (type ‘a’) or exclusion (type ‘b’) of the 

178 BP exon 215,34,36 (Figure 2). The exclusion of this exon results in PMCA4b with 21 exons 

and PMCA4a with 22 exons (Figure 2). Inclusion of this exon changes the reading frame and 

introduces a premature STOP codon which causes truncation of the C-tail in the ‘a’ variants. 

There is some evidence of a third splice variant ‘d’ which includes a 114 BP cassette exon33; 

however, there  is insufficient evidence to support this claim and we will limit this review to 

a discussion of the two main splice variants ‘a’ and ‘b’ (Figure 2). Alternative splicing at site C 

has major effects on the function of the splice variants produced. Although the catalytic site 

remains conserved in both ‘a’ and ‘b’ splice variants, the variants differ in calmodulin binding 

affinity, C-tail structure, regulatory mechanisms and function7,8.  For example, the ‘a’ variants 

have a truncated C-tail compared to ‘b’ variants and therefore lack both the PDZ binding 
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sequence and a protein kinase binding site which both mediate pump activation and calcium 

dependent signalling networks8,33,37 

 

2.2. Structure 

The PMCA proteins contain 10 transmembrane helices (M domain) which are connected by 

short loops at the exterior of the membrane known as the putative extracellular domains 

(PED) (Figure 1). Inside the cytoplasm, there are three major cytosolic units; two cytosolic 

loops and an extension following the 10th transmembrane unit forming the COOH 

terminal38,39(Figure 1). 

The first cytosolic loop (transduction domain, A) contains splice site A and is between 

transmembrane segment 2 and 3.  It initiates the conformational changes during Ca2+ 

transport40. It is characterised by a phospholipid binding region (PL) and a site involved in 

auto-inhibition of the pump. The second cytosolic loop, located between transmembrane 

segment 4 and 5, contains the catalytic region of the pump9,33. It contains the nucleotide 

binding domain (N) for ATP binding and the phosphorylation (P) domain for aspartate residue 

that forms the aspartyl phosphate intermediate during ATP hydrolysis40. Furthermore, just 

like the first cytosolic loop it also contains a binding site for autoinhibition41 (Figure 1). The N 

and COOH termini are the least conserved regions of the pump between the four basic 

isoforms. The N terminus consists of approximately 80-90 amino acids and is the binding site 

for 14-3-3-e, a protein that interacts with PMCA4b12,29.  The COOH terminal has an extended 

120 amino acid and is referred to as the C-tail42.  It contains the alternative splice site C that 

generates splice variants ‘a’ and ‘b’ and calmodulin binding domain (CBD) (Figure 1). In the 

absence of Ca2+ and calmodulin, the CBD binds two sites on the first and second cytosolic loop 

and keeps the pump in an inactive state41,43,44.(Figure 1). Furthermore, the C- tail  contains  

protein kinase phosphorylation sites, target sequence for proteases such as calpain and 

caspase and the PDZ binding domain9,33.  

 

2.3.   Regulation   

The Calcium- calmodulin (Ca-CaM) complex is the main activator and regulator of PMCAs. An 

increase in cellular Ca2+ leads to Ca2+ binding to calmodulin and formation of the complex 

which attaches to the CBD and eases the autoinhibition of the pump45. This switches the 

pump from an inactive state to an active state46. PMCA splice variants have different 
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sensitivity to calmodulin and calcium which affects their activation and deactivation rates.  

Splice ‘b’ variants have less sensitivity to calcium than ‘a’ variants and hence have a slower 

activation rate. Triggering of calcium pumping by 'b' variants requires a significantly higher 

concentration of calcium than ‘a’ variants11,13. .Calmodulin affinity on the other hand 

determines the rate at which PMCA splice variants deactivate. High affinity to calmodulin 

ensures a slow deactivation rate11,47,48. The ‘b’ variants have a very high affinity for calmodulin 

consequently, detachment of calmodulin takes longer resulting in slower deactivation rate.  

The ‘b’ variants therefore have a slower activation and deactivation rate than the ‘a’ 

variants11,13.  

A typical example is PMCA4b, which has the slowest activation and deactivation rate of all 

PMCA isoforms. PMCA4b’s activation half time is 1 minute compared to 20 seconds for 

PMCA4a and the deactivation can take up to 23 minutes compared to less than a minute in 

PMCA4a49. Additionally, negligible levels of basal activity are observed with PMCA4b and it 

appears to be the only pump with absolute autoinhibition11,47. The ‘a’ variants on the other 

hand, have a relatively high basal pumping activity. They are more sensitive to calcium for 

activation and less dependent on calmodulin.  They can be activated in moderate calcium 

concentration levels, sometimes even without calmodulin11,13. The response to calcium 

fluctuations in the cells therefore differs among splice variants9,11,13. Calcium fluctuations lead 

to calcium spikes which are important in cellular calcium signalling. The intensity and 

frequency of calcium spikes determines the calcium signal13. In fast acting splice variants such 

as type ‘a’ the spikes tend to be intense and steep following calcium influx. However, in ‘b’ 

splice variants with a high affinity for calmodulin and a slow inactivation rate, the first spike 

is very intense and steep but subsequent spikes are less intense9,13. 

Although Ca-CaM is the most well studied activator, PMCA can also be activated by 

phospholipids. Acidic lipids such as Phosphatidylserine, phosphatidylinositol and 

phosphatidic acid activate PMCA by increasing its affinity for Ca2+ 28,50,51.   

Furthermore, PMCA activity can be regulated by phosphorylation. Protein kinase A and C (PKA 

and PKC) are the two identified kinases involved in PMCA phosphorylation8. PMCA1b is 

reported to be the only one regulated by PKA and this increases its calcium sensitivity and 

thus speed52. PKC phosphorylates isoforms PMCA2, PMCA3 and PMCA4 but little or no 

phosphorylation is seen in splice variants PMCA2b and PMCA3b53. PKC phosphorylation of 

PMCA4b removes part of the autoinhibition and partially activates the pump54–56. It was, 
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however, later shown that PKC phosphorylation actually alters total autoinhibition of the 

PMCA57.  

PKC phosphorylation of the ‘a’ variants inhibits PMCA2a and PMCA3a by preventing 

calmodulin activation thereby maintaining them at constant basal activity53. In PMCA4a, 

however, phosphorylation doesn’t inhibit calmodulin activation but rather can be blocked if 

calmodulin has already bound to the pump58.  

Proteolytic activity also affects PMCA activity52,59–62. PMCA is sensitive to proteases, calpain 

and caspase, which can 1) cleave off the C-tail, removing the CBD, which results in permanent 

activation of the pump61–64 or 2) total degradation of PMCA, resulting in its loss of  

function60,61,65.  

  

2.4. Function 

Recently, the role of PMCA in cellular calcium-dependent signalling has been well 

characterised. A main driver for this is the ability of PMCA interaction with other proteins. 

PMCAs interact with many other proteins, mostly via the type 1 PDZ domain proteins. PDZ 

binding domain is only observed in ‘b’ splice variants and PMCA4b has a different PDZ binding 

amino acid sequence (ESTV) compared to other splice variants (ETSL)37. For that reason, 

PMCA4b exclusively interacts with more PDZ proteins at its C-tail (Figure 1) compared to other 

splice variants.  A good example is the family of the Membrane Associated Guanylate Kinases 

(MAGUK), including PSD-95/SAP90 PSD93, SAP97, SAP102 and the Calmodulin dependent 

serine protein kinase (CASK). PMCA4b interacts promiscuously with all MAGUK family 

proteins whereas PMCA2b’s interaction is selective16,37. Interaction with MAGUK actually 

serves to fine tune PMCA activity by controlling its abundance spatially. For example, 

postsynaptic-density-95 (PSD-95) was shown to increase PMCA4b levels and it redistributes 

the pump into clusters that are restricted to specific sites on the plasma membrane22. Another 

PDZ protein involved in membrane targeting of PMCA is PMCA Interacting Single PDZ Protein 

(PISP). PISP interacts promiscuously with all PMCA ‘b’ splice variants and this interaction 

mediates PMCA distribution to plasma membranes18. This is one of the only few proteins that 

interacts with all ‘b’ splice variants as most of the PDZ domain interacting proteins are splice 

variant specific. For example, PDZ domain protein Na/H exchanger regulatory factor (NHERF) 

interacts only with PMCA2b and not PMCA4b17. NHERF like the MAGUK family and PISP is also 

involved in spatial distribution of PMCA by apical targeting of PMCA in endothelial cells17. This 
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is the only PDZ interacting protein reported so far that binds to another splice variant and not 

PMCA4b. CLP36 is another PDZ motif protein whose interaction with PMCA4b also recruits it 

to the actin cytoskeleton in activated platelets66–68. PMCA4b also interacts with neuronal 

Nitric oxide synthase (nNOS1), a cardiac function regulator. This interaction has a negative 

effect on NOS by inhibiting the synthesis of nitric oxide15. NOS1 is calcium dependent and 

PMCA4b-NOS1 interaction will decrease calcium concentration in the proximity inhibiting its 

activity in cardiac contractility69. PMCA4b is also a negative regulator for CASK, a member of 

the MAGUK family proteins. CASK’s activity as a protein complex organiser is calcium 

dependent and close proximity with PMCA4b leads to local calcium depletion14. CASK is 

crucial in brain neuronal synapses and the effect of PMCA4b’s inhibition may affect have an 

effect on synaptic activity14,24. 

PMCA interacts with other non PDZ proteins on other regions of the pump. For example, 

PMCA4 and PMCA1 interact with alpha1-syntrophin on the main cytosolic loop of the pump. 

PMCA4’s interaction with alpha1-syntrophin forms as part of a complex with PMCA4b-NOS1 

interaction. The PMCA4-NOS1-alpha1-syntrophin complex further enhances inhibition of 

NOS123. Another non PDZ protein that interacts with PMCA4b (on the second cytosolic loop) 

is ras-associated factor1 (RASSF1), a proapoptotic tumour suppressor. This interaction leads 

to the inhibition of the Erk pathway important in cellular apoptosis19. The N terminal of 

PMCA4 has also been shown to be an interacting site for proteins such as 14-3-3ε, a small 

acidic protein that influences multiple cellular processes12 . This interaction impairs PMCA4 

activity of calcium efflux12,20. PMCA4 interacts also with calcineurin on the main cytosolic 

loop. Calcineurin is a calcium and calmodulin dependent kinase therefore its interaction with 

PMCA4 depletes calcium in the vicinity resulting in its inhibition21. This can have as 

consequences a decreased activation of nuclear factor activated T cells (NFAT)70,71. 

Additionally, interaction of PMCA4 and calcineurin can impair vascular endothelial growth 

factor (VEGF) which stimulates endothelial cell and blood vessel formation in angiogenesis72. 

  

 

3. PMCAs and associated disorders 

PMCA1: Homozygous deletion of PMCA1 is lethal during murine embryogenesis. This 

confirms its indispensable role as a housekeeping protein in mice73,74. In humans, GWAS have 

identified SNPs on PMCA1 linked to susceptibility to coronary artery disease, systolic blood 
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pressure and hypertension in Asian populations75–77. Furthermore, elevated hypertension 

was also observed in ATP2B1 vascular smooth muscle knock-out mice78.  PMCA1 has also been 

linked to cancers - it has been reported to be inactivated in oral carcinogenesis79.  

  

PMCA2: PMCA2 is mostly found in brain, heart and other excitable tissues such as skeletal 

and striated muscles2–4,6,80. Its abundance is also linked to the central nervous system related 

tissues, hair cells and mammary glands81–84. Genetic defects in PMCA2 cause abnormalities in 

the vestibular system, cerebellar Purkinje neuron and organ of Corti which leads to the 

hearing deficit85–90 and loss of balance phenotypes85,87,91. In humans, the hearing loss 

phenotype is only observed when genetic defects in PMCA2 are accompanied with 

homozygous point mutation in the cadherin 23 gene92,93. Additionally, PMCA2 regulates 

calcium in the retina thereby controlling transmission of visual signals to the synapses. 

Therefore, malfunction of PMCA2 has been shown to lead to defective synaptic signalling 

causing impaired retinal function94,95. PMCA2 is also important in neuronal maladaptive 

responses as it regulates neurons that mediate pain processing96. Furthermore, regarding its 

importance in mammary glands, knock out of PMCA2 has been shown to reduce calcium 

concentration in milk in lactating mothers97. PMCA2 is also reported to be upregulated in 

human breast cancer98,99. 

  

PMCA3: PMCA3 is found in similar tissues as PMCA2 but its distribution is more restricted2–

4,6,80. It is mostly found abundant in choroid plexus, cortex, cerebellum of the brain as well as 

skeletal muscles2,6,100,101. PMCA3 KO has been reported to present increased sleep 

duration102. Mutations on ATP2B3 have also been observed in aldosterone producing 

adenoma (APA) and aldosteronism resulting to hypertension103,104. Furthermore, similar to 

PMCA2, SNPs on PMCA3 have been shown to cause cerebellar ataxia105–107
. 

  

 PMCA4: PMCA4 is involved in a wide variety of physiological processes and diseases (Figure 

3). 

 

3.1. Male fertility  

PMCA4 has been linked to male fertility in animal models.  PMCA4 is important in 

spermatogenesis and sperm maturation evidenced by its presence in the testis and 
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epididymis in both murine108 and rat109 model. PMCA4 protein is believed to be transferred 

to the germ cell as it makes its journey from testis to epididymis during maturation. For 

example, incubation of spermatozoids with epididymal luminal fluid (ELF) increases its 

PMCA4a concentration two fold108–110. In bovine110, a switch from PMCA4b to PMCA4a was 

observed as sperm matures from testis to epididymis: PMCA4b was observed to be the main 

splice variant in the testis and corpus epididymis while PMCA4a was observed in caudal 

epididymis during the later stage of sperm maturation110.  As we discussed earlier, PMCA4a 

has a higher sensitivity to calcium and faster activation rate than PMCA4b. The abundance of 

PMCA4a in the later stage of sperm maturation translates to the sperm’s need of high calcium 

turnover for its hyperactivated motility needed to reach the egg for fertilisation. As 

consequence, PMCA4 KO male mice are thought to be infertile due to loss of hyper motility 

in their sperm cells73,111. In humans, however, so far,  there is no evidence that  PMCA4 genetic 

variants are associated with male infertility112. 

 

3.2. Cardiac disorders 

PMCA4 is important  in the heart and reduction in its expression has been linked to cardiac 

disorders113. PMCA4 is important in signalling in cardiomyocytes. The implication of PMCA4 

in the regulation of calcium signal in cardiomyocytes is extensively reviewed by Oceandy et al 

2011114. Furthermore, Cartwright et al 2011 well characterised PMCA4’s implication in 

pathophysiological cardiac function113. For both works, the important role of PMCA4b and 

nNOS interaction was highlighted.  

As discussed earlier PMCA4b is a negative regulator of (nNOS)15 through  its PDZ binding 

domain. nNOS is calcium dependent and PMCA4 overexpression decreases calcium 

concentration in the milieu and inhibit its activity15,23. As evidenced, in mice, overexpression 

of PMCA4b leads to inhibition of nNOS and cardiac contractility whereas removal of PDZ motif 

shows no reduction of contractility68,69. PMCA4b also has a structural role in tethering nNOS 

to a specialised location in the cardiac cell membrane. Localisation of nNOS to the cell 

membrane has a functional role in the regulation of cGMP and cAMP that are involved in 

cardiac contractility115.  

PMCA4b’s effect on inhibition of nNOS is further enhanced by the binding of alpha1-

syntrophin to PMCA4b23. Mutations on the alpha1-syntrophin gene inhibit binding to PMCA4 
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which can lead to overexpression of nNOS resulting  in cardiac arrhythmia116. PMCA4b is 

important in cardiac function through its interaction with nNOS and alpha-syntrophin.  

 

3.3. Hypertension 

PMCA4 and PMCA1 are both expressed in vascular smooth muscle (VSMC) and  regulate its 

integrity and calcium homeostasis29,113. Calcium homeostasis mediates the  contractile state 

of VSMC, which determines resistance to flow and diameter of small arteries113. An 

association of genetic polymorphisms in PMCA1 with hypertension has been found by GWAS 

in Asian populations75–77. However, PMCA4’s role in hypertension has been established in 

only in murine models117,118. Transgenic mice overexpressing PMCCA4b have increased blood 

pressure compared to controls117,118. No association of genetic polymorphisms in the PMCA4 

gene to hypertension in humans has been found to date. 

  

3.4. Cancer 

Polymorphisms in the gene for PMCA4 have been linked to outcomes of multiple types of 

cancer, including metastatic melanoma, pancreatic adenocarcinoma, colon and breast 

cancer119–121. Specifically, PMCA1 and PMCA4 are expressed at a similar level in healthy 

human colon. In cancerous colon cells however, there is a significant decrease of PMCA4b 

expression122  and treatment of colon cancerous cells with differentiation agents can lead to 

over-expression of PMCA4123,124. Additionally, reduced PMCA4b’s expression hinders 

interaction with RASSF1 and impairs the Erk pathway leading to apoptosis19.  

Similar observations have been seen in breast cancers: In healthy breast epithelium, there is 

normal expression of PMCA4, but PMCA4 expression is significantly reduced in cancerous 

breast cells99.  Similar to colon cancer, induction of differentiation of breast cancer cells by 

HDACis, leads to high expression of PMCA4b125. These results in the suggestion that high 

PMCA4b may contribute to normal development of breast epithelium and may be lost in  

tumorigenesis125. 

 

3.5. Neurodegenerative disorders 

PMCA4 is present in the cortex, hypothalamus and the dorsal root ganglion2,4,96,126,127. 

Calcium homeostasis plays an important role in brain aging. Multiple studies in rats   have 

demonstrated an increase in Ca2+ levels in the synaptosomes, hippocampus and synaptic 
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plasma membranes of aged rats compared to younger ones128,129. This increase of calcium 

could be linked to decreased expression or activity of PMCA in the aged brain130,131. The 

importance of calcium homeostasis in the aging brains led to the calcium hypothesis132 which 

implies that disruption of calcium homeostasis is a driver of neuronal degeneration associated 

with age as observed in Alzheimer’s diseases (AD)132,133. Consistent with decrease of PMCA4 

activity in the aging brain, a decrease in PMCA4 activity was observed in brain cortex from 

patients with AD compared to brains from healthy controls134,135. The decrease in PMCA4 

activity is linked to amyloid beta peptide (AB). AB accumulates in the brain and directly 

inhibits PMCA4b leading to dysregulation of calcium homeostasis134–136. AB on the other hand 

can be inhibited by calmodulin. Calmodulin competes for PMCA4b making it inaccessible to 

AB137. Additionally in patients with AD, calmodulin is reduced by 50% in the cortex138. PMCA4 

has also been implicated in schizophrenia. Isotope labelling and shotgun proteomics analysis 

on brain samples of schizophrenic patients and non-schizophrenic patients, show proteins 

associated with schizophrenic brain samples were involved in myelin/oligodendrocyte and 

calcium homeostasis. PMCA4 was the only isoform found to be upregulated139. Link of calcium 

homeostasis to schizophrenia was further established in a review140 discussing altered 

calcium homeostasis in synaptic connections. 

 

3.6. Platelet Activation  

Elevated levels of cytosolic calcium concentration are important for platelet activation. This 

is in part achieved by influx of calcium ions extracellularly or from intracellular calcium 

stores141. PMCA4b is the most abundant isoform in platelets142 andmegakaryocytes143. 

PMCA4 inhibition promotes platelet activation144. PMCA4b is recruited to the cytoskeleton 

during platelet activation through its interaction with CLP3666–68.  

 

3.7. T cell activation  

PMCA4 is the calcium extrusion pump on T cells responsible for maintaining the calcium 

environment needed along with Orai channels for T cell activation145. T cell activation is 

dependent on high levels of cytosolic calcium concentration which activates nuclear factor of 

activated T cells (NFAT)145. PMCA4 physically interacts with stroma interacting molecule-1 

(STMI-1) to change the spatial distribution of PMCA4 to favour NFAT activation and calcium 

entry 146. Reduced calcium signal as a result of decreased expression of Orai and STMI and 
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increase in PMCA4 expression is observed in CD8+ T cells of elderly mice. This impairment in 

calcium signal led to loss of cytotoxic efficiency of CD8+ T cells147. 

 

3.8. Bone density 

PMCA4 is found in both osteoblast and osteoclast cells148,149 and is thought to be critical for 

the maintenance of optimal Ca2+ homeostasis which  is necessary for bone mineralisation. 

PMCA4 has an inhibitory effect on osteoclastogenesis through the regulation of Ca2+ 

oscillations.  Evidence from murine models has shown the PMCA4b KO mice have increased 

numbers of osteoclasts and a resultant reduction in bone mineralisation148. Furthermore, 

ATP2B4 gene expression was observed to be significantly higher in Chinese women aged 20-

45 with high bone mass compared to those with low bone mass148.  

 

3.9. Familial spastic paraplegia 

A missense mutation (R268Q) in PMCA4b has been associated with Familial spastic paraplegia 

(FSP) in one Chinese family. Computational analysis deduces that such mutation may cause 

PMCA4 protein misfolding thus affecting its structure150,151. 

  

3.10. Red blood cells dehydration 

PMCA4b is the most abundant isoform in red blood cells (RBC) and it maintains the low (30 

to 60nM) Ca2+ level important for RBC homeostasis152–154. Decreased ATP2B4 expression leads 

to an increase in Ca2+ concentration in the RBC cytoplasm which activates the Gardos channel 

and causes  cell dehydration154–157. The increase in Ca2+ triggers  K+ loss which disrupts the 

entry of Na+ in RBCs and causes water to follow osmotically out of the cell resulting in  cell 

shrinkage154–157  and  an increase in Mean Corpuscular Haemoglobin Concentration158. 

ATP2B4 polymorphism rs7551442 has been associated with an increase in MCHC by GWAS159. 

This SNP has also been associated with decreased ATP2B4 expression158.  

  

3.11. Severe malaria 

Polymorphisms on ATP2B4 gene have been associated with protection from severe malaria 

through GWAS analysis160–162. So far, there are approximately 17 SNPs associated with 

protection from Plasmodium falciparum malaria (Table 1) and most of them are found in non-

coding regions of the gene (introns and 5’UTR)158,160–165. So far, it is unclear which of these 
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polymorphisms is the causal variant of severe malaria protection; however, authors have 

proposed that rs10751451, located in erythroid enhancer, is the causal variant165. This 

polymorphism disrupts the binding of the transcription factors, GATA1 and TAL, to their 

binding sites158,165,166. CRISPR cas9 deletion of the erythroid enhancer has shown decreased 

expression of ATP2B4158. However, it was also shown that RBCs with polymorphisms on the 

5’UTR (rs1541252, rs1541253, rs1541254) have reduced expression of PMCA4b protein and 

reduced calcium expulsion166. Additionally, some of polymorphisms (rs10090585 and  

rs1541252) has been associated with protection against malaria in pregnancy in Ghanaian 

women167 and reduced parasite density in Kenyans164. 

The mechanism of protection from severe malaria conferred by these polymorphisms 

remains unknown. However, due to the observed impairment of PMCA4b function caused by 

these polymorphisms, it can be speculated to be as a result of altered calcium homeostasis in 

RBCs166. Plasmodium, the parasite species that causes malaria disease is an obligate RBC 

parasite. Disruption in calcium homeostasis in the RBCs could affect Plasmodium’s 

propagation. Evidently, calcium has been shown to be very vital in Plasmodium’s cycling stage 

in the RBCS168–172.  

The role of calcium in parasite egress has been well characterised168–171. Parasite egress 

(release of merozoites) is critical for dissemination of parasites to infect more erythrocytes 

thus directly affecting disease progression. Shortly before egress, a sharp increase in Ca2+ is 

observed in the parasite cell followed by swelling of the parasitophorous vacuole (PV) and 

degradation of its membrane and the erythrocyte membrane168–171. One such protein 

involved in the proteolytic events leading to the degradation of the membranes is sub-like 

protease 1 (SUB1). It has been reported that shortly before egress, SUB1, which is calcium 

dependent, is secreted into the PV where it acts with other proteins to initiate egress168–170. 

CDPK5 is another calcium effector protein kinase expressed in matured schizonts and crucial 

for egress. Inhibition of rise in calcium has been shown to impair swelling of the PV, blocking 

the discharge of CDPK5 and thus absence of egress168. 

The role of calcium in parasite invasion in erythrocytes has been established173–175 as well. It 

is however still unclear whether the origin of the Ca2+ involved is solely extracellular, from the 

plasma, or intracellular erythrocytic Ca2+ from the parasite168,173. The role of Ca2+ in parasite 

development in RBC post invasion is understudied but an increasing level of Ca2+ is observed 

as the parasite grows from rings to schizont stages and also, depletion of calcium results in 
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an arrest of parasite growth173,174,176–179. Calcium is therefore very crucial in every stage of the 

parasite erythrocytic development. The question naturally arises of how Plasmodium meets 

its calcium need in the RBCs that is a very low calcium environment154. The answer has been 

proposed to be through the parasitophorous vacuole (PV) formed during invasion: 

Invagination of the plasma membrane causes PMCA4b to be in an inverted position and the 

direction of calcium expulsion is towards the parasitophorous vacuole180. Therefore, reduced 

PMCA4b expression and function rendered by the SNPs associated with malaria166 will alter 

the parasite’s calcium supply in the red blood cells and potentially inhibits its development. 

On the other hand, it has also been argued that since these SNPs impair ATP2B4 expression 

and function, this results in increased calcium concentration in the RBC cytosol. This will alter 

the RBC physiology leading to dehydration and thus a hostile environment for parasite 

development158. 

  

  

4. Conclusion 

PMCA4 has distinct characteristics from other PMCA isoforms: it is widely distributed in 

different tissues, more interactive with other proteins and has different regulatory 

mechanisms. For one, its ubiquity which does not appear to have a housekeeping role as that 

of PMCA1. The reason for this, however, is suspected to be as a result of compensation by 

PMCA1121,181. PMCA4 is also characterised by different biochemical properties compared to 

other isoforms based on its response to calmodulin and calcium. This characterises it as the 

isoform with the slowest activation and inactivation rate. One of the consequences is the 

specific calcium spikes produced resulting in different calcium signalling patterns. PMCA4 also 

has different sensitivity to kinases and proteases which all serve as regulatory elements. 

Furthermore, a major distinct property of PMCA4 is its ability to interact with multiple 

proteins compared to the other isoforms. These interactions have been shown to 1) regulate 

PMCA4 spatially and temporally; 2) inhibit downstream processes important in physiological 

processes such as cardiac function (nNOS) and tumorigenesis (rassf1); 3) inhibit PMCA 

function of calcium expulsion (14-3-3-e). All of these contribute one way or the other to the 

important role it plays in multiple pathophysiological processes. Multiple studies discussed 

here have shown evidence that PMCA4’s altered expression, loss of function, or genetic 

polymorphisms is associated with a variety of pathophysiology and disorders.  
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However, it is worth noting that PMCA4’s implication in most of these disorders has been 

observed in murine models (gene deletion studies) but lacks sufficient evidence in humans. 

For example, one of the best characterised PMCA4 disorders, sperm motility, is yet to be 

proven in humans. Moreover, for the few of the PMCA4 disorders that are due to 

polymorphisms on the ATP2B4 gene, the molecular mechanism is yet to be uncovered.  

Recently, PMCA4’s association with malaria disease160–162, a major public health problem, has 

attracted the attention of global health researchers. PMCA4’s involvement in malaria disease 

severity is actually protective and this offers the opportunity to navigate therapeutic options 

that can contribute to malaria control measures. Determining the mechanism by which 

PMCA4 protects against malaria disease can be used as a therapeutic strategy.  

The importance of PMCAs as therapeutic candidates had been extensively discussed in a 

review by Strehler et al. 2013182. One of the main challenges mentioned is the lack of specific 

PMCA inhibitors. Due to the diversity of PMCAs, acquiring isoform or splice variant specific 

inhibitors remains challenging. Aurintricarboxylic acid (ATA) is so far the only PMCA4 specific 

inhibitor183 and not much work has been found on it. Nevertheless, recently, a new class of 

inhibitors named caloxins have been found184. Caloxins were discovered through screening of 

peptide phage library. It is found to interact with the putative extracellular domain (PED) 

inhibiting structural conformation of PMCA during its activation184. Further work on caloxins 

have shown the discovery of isoform specific caloxins185–188, with caloxin 1b1 specific to 

PMCA4187. However, inhibition of PMCA with caloxins is achieved with quite high 

concentrations (in the M) 184–188.  

More work is needed for the discovery of highly effective and splice variant-specific PMCA 

inhibitors. This will provide a breakthrough in therapeutic options hence treatment and 

management of a variety of diseases. 
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5. Figures 

 

 

 

 

 

Figure 1: Schematic structure of PMCA4 with interacting proteins. Ten transmembrane helices numerated 

with the putative extracellular domain (PED) loops indicated. PMCA is in an inactive state under 

autoinhibition with the calmodulin binding domain (CBD) of the long C-tail binding to the first and second 

cytosolic loop. Interacting proteins with PDZ motif: C-terminal LIM domain protein (CLP36), Membrane 

Associated Guanylate Kinases (MAGUK), Calmodulin dependent serine protein kinase (CASK), PMCA 

Interacting Single PDZ protein (PISP), Na/H exchanger regulatory factor (NHERF), Nitric oxide synthase 
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(NOS1) are indicated here binding to PDZ domain at the C-tail. 14-3-3ε shown at region of interaction on N 

terminal. Calcineurin (CaN), alpha-syntrophin 1 and Ras-associated Factor1 (RASSF1) indicated at binding 

sites on the second cytosolic loop. Phospholipid binding (PL) site shown on the first cytosolic loop. Protein 

kinase (PKC) phosphorylation site also indicated on the C-tail. Splice site A (site A) and splice site C (site C) 

are also indicated on the first cytosolic loop and CBD on the C-tail respectively. 

 

 

 

 

Figure 2: Transcripts of ATP2B4 resulting in PMCA4a and PMCA4b. Constitutive exons that do not undergo 

alternative splicing are the green boxes and the cassette exon that undergoes alternative splicing is the 

yellow box. PMCA4a has 22 exons including cassette exon at position 21, which is spliced out of PMCA4b 

transcript leaving it with 21 exons. 
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Figure 3: Schematic representation of PMCA4 associated disorders. For the purpose of simplification, 

schema illustrates human form- some of these disorders are yet to be studied in humans and have only 

been observed in animal models. 
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Table 1: Studies associating polymorphisms on PMCA4b (ATP2B4 gene) with malaria disease 

 

Study ATP2B4 Single 

Nucleotide 

Polymorphism 

(SNP) 

Study type Sample 

size 

Methodology 

Timmann et al., 2012.  

Nature 489 (7416): 443–446.160 

rs10900585 

rs2365860 

rs10900589 

rs2365858 

rs4951074 

Genome wide 

association study 

7908 Genotyping of samples and 

imputation of 1000 genome 

data (as replication). 

genome wide significance 

set at P<5x10-5 

Imputation significance set 

at P< 10-5 

Band et al. 2013.  

PLoS Genetics 9 (5).163  

Not mentioned Meta-analysis 

(MalariaGen) 

12000 Imputation of MalariaGEN 

data and fixed effects meta-

analysis 

Rockett et al. 2014. Nature 

Genetics 46 (11): 1197–1204.161 

rs10900585 

rs55868763 

rs4951074 

rs1541255 

Association study: 

selected specific 

gene regions 

(MalariaGen) 

29331 Genotyping of 27 gene 

region selected based on 

previous report of 

association. Evidence of 

association set at P<1x10-4 

Band et al. 2015. Nature 526 

(7572): 253–257.189  

 

Not mentioned Genome wide 

association study 

(MalariaGen 

11552 Genotyping of samples and 

Imputation of 1000 genome 

data. Genome wide 

significance set at P<5x10-7 

Ndila et al. 2018. The Lancet 

Haematology: 333–

345.164 

rs55868763 

rs1541255 

rs10900585 

rs4951074 

rs3753036 

Association study: 

selected specific 

gene regions 

6193 Genotyping of 70 candidate 

severe malaria associated 

genes. Association 

significance set at P<0.005 

Bedu-Addo et al (2013). Journal 

of Infectious diseases 207, 

1600-1603167 

10900585 Functional study 834 Evaluate ATP2B4 genotype 

in pregnant women with 

and without malaria 

infection 

Gouveia et al 2019. PLoS 

Genetics 15 (3): 1-21162 

rs11240734 

rs1541252 

rs1419114 

rs10900588 

rs3851298 

rs2228445 

Genome wide 

association study  

1708 Genotyping using the 

Illumina Infinium 

HumanOmni5-4v1 

genotyping array 

Malaria Genomic Epidemiology 

Network 2019. Nature 

communications 10 (1) 

5732165 

rs10751451 Genome wide 

association study 

(MalariaGen 

17000  



 

  75 

 Lessard et al 2017. 1, 1-10 190 

 

 

rs10751450 

rs10751451 

rs10751452 

 

Functional study N/A Deletion of erythroid 

enhancer of ATP2B4 to 

determine gene expression 

Zambo et al 2017. Cell Calcium 
166 

rs1541252 

rs1541253 

rs377342347 

rs1419114 

rs2228445 

rs7551442 

 

Functional study N/A Assess difference in 

PMCA4b expression and 

calcium expulsion in 

erythrocytes with and 

without ATP2B4 

polymorphisms 
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3.1. Study Set up 

3.1.1. Study site and population 

The field and laboratory work for this PhD was carried out in MRCG at LSHTM Keneba field 

site. Keneba is located in the Kiang West district in the Lower River Region (LRR) of The 

Gambia (Figure 2). Research studies on nutrition and other infectious diseases have been 

going on in this region since as early as 1949 and have been supported by MRC UK. 

Subsequently, MRCG at LSHTM became a leading health care provider in the district, running 

daily outpatient, regular antenatal and child immunisation clinics. West Kiang district has 

about 15,000 residents in a total of 36 villages. This population forms a study cohort known 

as the Kiang West Longitudinal Population study (KWLPS)1. The KWLPS comprises of the Kiang 

West Demographic Surveillance System (KWDSS) in conjunction with Keneba Electronic 

Medical Records System (KEMReS) and a biobanking platform called Keneba Biobank. This 

forms a substantial research platform triad, which supports health care provision and 

research within the region1. Every individual in the KWLPS cohort is attributed a unique 

identifier known as their ‘West Kiang Number’ (WKNO) which links their information on all of 

these databases. These databases are comprised of computerised records of West Kiang 

residents, some of which date back to 1949, representing a unique level of life-course 

nutritional and health phenotyping including: birth anthropometry and details of mother’s 

health and nutritional status in pregnancy, detailed serial post-natal anthropometry, active 

health surveillance at child welfare clinics, records of self-referrals to clinic thereafter and 

reproductive histories.  

The Keneba Biobank is currently comprised of approximately 13,500 individuals with 

biological data that includes: DNA, serum, plasma, whole blood, urine, full blood count 

anthropometry, body composition (at baseline) etc. Additionally, genomic data from Illumina 

HumanExome array on 80,000 directly genotyped known and putative functional variants is 

available for approximately 3000 individuals. The Keneba Biobank is of special importance to 

my work. The biobank serves as a research platform for genetic studies in a rural African 

population. One of its research portfolios is to understand genetic variation in response to 

both infection and health interventions. Exploratory research on how genetic factors 

contribute to these complexities can ultimately help to inform future health interventions. 

The main part of my work involved a recall by genotype approach: I recruited individuals of 
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known genotype to serve as study participants. The individuals in the Keneba Biobank are 

permanent residents in the Kiang West region and were recruited via the KWDSS which forms 

the sampling framework for all my data collection. The KWLPS is one of the largest of its kind 

in sub-Saharan Africa and my work benefitted from a large body of existing data, a substantial 

sample size and the possibility to trace and follow-up with participants. 

 

 

Figure 2: Location and map of West Kiang District showing the villages and nearest settlements. 

 

3.1.2.  Research Set up 

 
In order to achieve the objectives of this PhD, I conducted two studies: Study 1 and Study 2. 

In Study 1, I aimed to achieve objective 1 where effect of iron deficiency anaemia (IDA) on 

malaria drug response was investigated. In Study 2, I aimed to achieve objectives 3 and 4 

where I investigated effect of ATP2B4 Single Nucleotide Polymorphisms (SNPs) on malaria 

pathogenesis. Study 2 is a recall by genotype study making use of the Keneba Biobank. 

Objective 3 of this PhD which involves investigating effect of FPN polymorphism (Q248H) on 

malaria protection did not include enrolment of new participants. I used existing data and 

sample sets from previous completed studies for further investigations. 

 

3.2. Ethical approval 
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The study proposals were reviewed and approved by the Scientific Coordinating Committee 

of the MRCG at LSHTM and subsequently ethical approval was granted by the Joint Gambia 

Government/Medical Research Council Ethics committee (SCC number 1477 for study 1 and 

SCC number 1421 for study 2) (Appendix A.1). For both studies, participants or their guardians 

were given information sheets explaining the objectives of the study and the study 

procedures (Appendix A.2). A written informed consent was obtained before recruitment.  

For objective 3, data and samples were used from previous studies: the HIGH and HAPn trial. 

The HIGH trial was approved by the MRCG Scientific Coordinating and The Gambia 

Government/MRC Joint Ethics Committees (SCC 1358) and the UNC IRB (14-1551). 

Parents/guardians were given a full description of the study in their native language and 

provided written signed consent. The HAPN trial was approved by the MRCG Scientific 

Coordinating and The Gambia Government/MRC Joint Ethics Committees (SCC 1357) and the 

UNC IRB (13-3068). Clinical Trials Network registration number is ISRCTN21955180.  

 

3.3. Database development and data management 
 
I sent a request to the data management department for the development of a database for 

the studies. I drafted a data dictionary along with case report forms (CRFs) (Appendix B) that 

was used by data management to build the database. CRFs were finalised to two; screening 

and enrolment forms which captured participants’ inclusion criteria, demographic data and 

sample processing. All other laboratory results generated were exported to the database. 

 

3.4. Recruitment  

3.4.1. Study 1 

Objective 1: Determine the effect of host IDA on artemisinin activity in The Gambia. 

In study 1 I investigated effect of host iron deficiency on artemisinin activity. Study 1 was 

given the name ‘Artemisinin Iron and Malaria’ and as acronym ‘AIM’. 

3.4.1.1. Participants’ recruitment  
I recruited both anaemic and non-anaemic individuals between the ages of 6 and 24 months 

during their attendance at the MRCG at LSHTM Keneba child welfare and routine 

immunisation clinic. The immunisation clinic is run weekly for children in West Kiang district. 

During these visits, children have their haemoglobin checked routinely by the nursing staff 

using a finger-prick blood sample on a Hemocue hemoanalyser (Hemocue hb 301 system).  
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Participants were grouped as anaemic and non-anaemic based on their haemoglobin 

concentration. Individuals with haemoglobin ≥7 and < 10 g/dL, were approached for 

enrolment in the study as part of the anaemic group and individuals with haemoglobin > 11 

g/dL as part of the non-anaemic group. Based on this, I recruited 35 anaemic and 11 non-

anaemic children when all other inclusion criteria and no exclusion criteria were fulfilled. 

Inclusion criteria included caregiver’s assent to donate a blood sample. The exclusion criteria 

were: 1) any acute infection including malaria, 2) congenital disorders and chronic diseases 

including haemoglobinopathies and 3) taking regular medication. All this information was 

captured in the screening and recruitment CRFs. During screening for enrolment, participants 

were identified with their WKNO and were allocated a study ID after recruitment. 

3.4.1.2. Sample collection  
Both anaemic and non-anaemic participants were asked to donate 3 milli litres (mL) of venous 

blood (Figure 3). 0.5 mL blood was collected into an ethylenediaminetetraacetic (EDTA) tube 

and was used for full blood count (FBC), sickle cell trait and active malaria infection tests. 

2.5mL was collected in an acid citrate dextrose (ACD) tube and used for the malaria in-vitro 

drug assays. Study participants with positive malaria and sickle cell trait results were excluded 

from further analysis. Furthermore, these test results were communicated to the subjects’ 

physician and entered into KEMReS.  

Table 3: Enrolment pack for participants in Study 1 

 

 

 

 

 

 

 

 

Blood collection supplies Number, size 

Consent form (see appendix) 1 

Enrolment form 1  

Pediatric EDTA blood collection tube 1 x 0.5 mL 

Acid citrate dextrose blood collection tube 1 x 2.5 mL 

Butterfly needle 1 x 23G 

Alcohol swab 1 

Gauze 1, 4” x 4” 

Adhesive bandage 1 

Tourniquet 1 



 

  102 

 

Figure 3: Study 1 sample processing flow chart 

 

3.4.2. Study 2 

 
Objective 3: Demonstrate the impact of the ATP2B4 variant haplotype on PMCA4b protein 

expression, RBC calcium transport and P. falciparum growth. 

Objective 4: Investigate and understand the effect of the ATP2B4 variant haplotype on 

malaria pathogenesis in-vitro.  

In study 2 I aimed to achieve objectives 3 and 4 of this PhD. For these two objectives, I 

investigated the cellular mechanism by which ATP2B4 variant haplotype protects from 

malaria. Study 2 was given the name “Genetic Polymorphism of Malaria Pathogenesis” and 

as acronym ‘GiPMiP’. 

3.4.2.1.  Participant’s screening and selection 
Study 2 is a re-call by genotype study where participants of known genotypes are recruited. 

In this case, the genotype of interest is the ATP2B4 SNPs associated with malaria protection. 

I obtained genotype data on some ATP2B4 SNPs (Table 2) of 635 individuals from the Keneba 

Genetic Database. Linkage disequilibrium (LD) analysis (using R package “Genetics”) showed 

high relatedness between these SNPs and that they are all inherited together (Figure 4). 

Nevertheless, I observed that only 23 out of the 635 individuals have homozygous allelic 

mutation for these polymorphisms. Using the KWDHS, I additionally found that all of these 23 

individuals were lost to follow up (migration and death) and therefore would not be available 

for enrolment. I therefore screened their relatives and found 175 individuals who are all 

current permanent residents of West Kiang (Figure 5). However, none of these individuals are 



 

  103 

part of the Keneba Genetic Database. I therefore used their DNA stored in the Keneba Biobank 

for polymerase chain reaction (PCR) genotyping assays (Taqman and High Resolution Melt) to 

determine their ATP2B4 genotypes for the malaria associated SNPs.  

 

Figure 4: LD analysis of 11 polymorphisms associated with malaria protection. Colour shaded boxes 

depending on degree of linkage between paired SNPs. Red, orange and yellow shades represent R2= 0.9, 

0.8 and 0.7 respectively which signify degree of LD, where R2 = 1 is the absolute LD.  

 

3.4.2.2.  Participants’ recruitment  
Due to the strong LD between the SNPs, I observed that for all participants, the SNPs were 

inherited together as a haplotype (Chapter 5). I used KWDHS to identify and locate the 175 

individuals for consent to be enrolled in study. I recruited 96 individuals (31 homozygote 

mutants; 35 heterozygotes and 30 wild type) (Figure 5). I refer to ‘mutants’ (M) as individuals 

who presents homozygous variant alleles, ‘heterozygote’ (H) as individuals who presents one 

variant and one normal allele and ‘wild type’ (WT) as individuals who present homozygous 

normal alleles for all ATP2B4 SNPs of the haplotype. Participants were enrolled in the study 

when all other inclusion criteria and no exclusion criteria were fulfilled. Inclusion criteria 

included consent to donate 5 mL of blood. The exclusion criteria included: sickle cell trait, 

Haemoglobin < 11g/dL, ferritin <12ng/ml, CRP>1mg/dl, history of malaria in the past 3 
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months, known history of any chronic and infectious illness and current use of antimalarial or 

antibiotics. After enrolment, participants were allocated study number to replace their 

WKNO. 

 

 

Figure 5: Study 2 participants’ selection and enrolment 

 

3.4.2.3. Sample collection 
Each participant donated 5 mL of blood (Figure 6). 1 mL was collected into a serum blood 

collection tube for serum retrieval. 1 mL blood was collected in two EDTA tubes, 0.5 mL each. 

The first EDTA tube of 0.5mL was used for FBC, sickle cell trait and active malaria infection 

tests. The second EDTA tube of 0.5 mL was used for DNA extraction (for PCR genotyping to 

confirm participant’s genotype), RBC calcium expulsion and PMCA4b protein expression 

assays. The remaining 3 mL of blood was collected in an ACD tube and used for the malaria 

ex vivo experiments. Study participants with positive malaria and sickle cell trait results were 

excluded from further analysis. Furthermore, these test results were communicated to the 

subjects’ physician and entered into KEMReS.  

 

Table 4: Enrolment packs for participants in Study 2 
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Figure 6: Study 2 sample processing flow chart 

 

3.4.3. Objective 2 

Objective 2:  Investigate and confirm the protective effect of FPN polymorphism 

(Q248H) on malaria 

Blood collection supplies Number, size 

Consent form (see appendix) 1 

Enrolment form (see appendix) 1  

Serum blood collection tube 1 x 1.0 mL 

EDTA blood collection tube 2 x 0.5 mL 

Acid citrate dextrose blood collection tube 1 x 3 mL 

Butterfly needle 1 x 23G/21G 

Alcohol swab 1 

Gauze 1, 4” x 4” 

Adhesive bandage 1 

Tourniquet 1 
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For this objective, no new participants were enrolled nor were any samples collected. I used 

pre-existing data and samples from two previously completed studies2,3 by our group. I 

investigated effect of FPN polymorphism (Q248H) on P. falciparum growth in vitro in RBCs 

collected from Gambian children and pregnant women. 

3.4.3.1. Study and data description  
 The Hepcidin in Global Health (HIGH) study enrolled children (N= 407), ages 6 months-2 

years2. The second study, Hepcidin and Anaemia in Pregnancy (HAPn) study  enrolled 

pregnant women (N = 485)3. For both of these studies, flow cytometry-based malaria growth 

assays were done using RBCs from each subject prior to the initiation of iron supplementation 

flow4,5.  

The following data were available for each of the HIGH and HAPn study participants at Day 0: 

A full hematology panel was measured in EDTA-stabilized blood (Medonic haematology 

analyser). Plasma ferritin, soluble transferrin receptor (sTfR), serum iron, transferrin 

saturation (TSAT), C-reactive protein (CRP), alpha 1-acid glycoprotein (AGP) (Cobas Integra 

400 plus); and hepcidin (Hepcidin-25 (human) EIA Kit (Bachem)) were also measured. 

Genotyping for haemoglobinopathies was performed using haemoglobin electrophoresis. 

Glucose-6-phosphate dehydrogenase (G6PD) enzyme activity was measured by commercial 

kit (R&D Diagnostics Ltd). For malaria assays, 2.5mL of venous blood was drawn directly into 

microvette tubes containing CPDA-1 (Sarstedt, Germany).  

For both studies, donated RBCs were banked from each participant.  I used these RBCs for 

DNA extraction (N = 892) followed by Taqman genotyping to determine FPN (Q248H) 

genotype of the participants. 

 

3.5. Sample Processing  

3.5.1. Serum for iron panel 

Serum tube was stored in an upright position for 30 minutes to allow clotting. Tube was 

then spun at 1500 revolutions per minute (rpm) for 5 minutes. Serum obtained was 

transferred into a pre-labelled cryo-tube with study ID for storage at -80°C. I subsequently 

submitted serum samples to the ‘Keneba Laboratory Services’ to conduct a full iron panel 

(transferrin, total serum iron, ferritin, transferrin saturation) and analysis of C-reactive 

Protein levels. This was done on the COBAS Integra 400 plus biochemistry analyzer (Roche 

Diagnostics) by the designated laboratory technician. 
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3.5.2. Full blood count (FBC) 

I conducted full blood count using 200 µl of whole blood by a Medonic M-series haematology 

analyser (Boule Diagnostics Int AB). Results were printed out and I submitted them to the 

data manager for entry into study database.  

3.5.3. Sickle cell trait test 

Sickle cell trait test was done as previously described6. Blood was mixed with isotonic medium 

prepared (2% sodium bisulphite) on a microscope slide and covered with thin film. I read the 

slides using an optical microscope at 40X magnification for sickling observation of RBCs.  

3.5.4. Malaria test 

I assessed an active malaria infection by microscopy. Thick smear was prepared on a 

microscope slide and stained with 10% Giemsa (Sigma Aldrich). I read the slides at 100X 

against 500 white blood cells (WBC) before determining it as a negative malaria test. A second 

trained microscopist repeated the read to confirm results as per standard operating 

procedure. 

3.5.5. Acid citrate dextrose (ACD) blood collection tube: For malaria assay 

Participants’ donated blood for malaria ex vivo experiments underwent leucocyte depletion. 

I layered blood on 5mL lymphorep (Axis Shield cat. 3773) and spun for 20 minutes at 2500 

rpm without brake. The RBC pellet recovered was washed twice with Roswell Park Medium 

(RPMI)(Sigma Aldrich cat. RO883) and suspended to 50% hematocrit in complete malaria 

growth media (see 3.6.7.). This was stored at 4°C to be used within two weeks. 

 

3.6. Experiments 

Molecular Assays  

3.6.1. Nucleic acid extraction 

3.6.1.1. DNA extraction 

I extracted DNA from 200L blood aliquot using QIAamp DNA mini kit (Qiagen cat. 51306) as 

per manufacturer’s instructions. The sample underwent protein denaturation using protease 

and was further lysed at 56°C for 10 minutes with lysing buffer (AL). The sample was then 

passed through a spin column to capture nucleic acid. The spin column was washed twice with 
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washing buffer (AW1 and AW2) to remove any impurities. The nucleic acid trapped in the 

column was finally eluted with 200uL elution buffer (AE). DNA samples were quantified and 

stored at -20°C until use. 

3.6.1.2. RNA extraction 
I extracted RNA from FCR3-CSA parasite strain grown in participants’ RBCs as described7. 

Tightly synchronised parasites in culture (see 3.6.7.) were harvested at early ring stage (>12 

hours post invasion) at <5% parasitaemia usually at a packed cell volume of about 500L. This 

was resuspended in 1X phosphate buffered saline (PBS) (Sigma Aldrich cat. P4417) to make 

50% haematocrit and TRIzol (life technologies cat. 15596026) was added at 3X the volume. 

This was transferred on ice and 0.2 mL of chloroform (Sigma Aldrich cat. C2432-500) was 

added for every 0.75 mL of sample plus TRIzol. After vigorous vortex, mixture was incubated 

for 10 minutes on ice and spun for 30 minutes at 4000 rpm at 4°C. The upper aqueous phase 

was recovered and 1.6mL of 70% ethanol was added for every 1mL recovered. RNA extraction 

followed with RNeasy mini extraction kit (Qiagen cat. 74104)  as per manufacturer’s 

instructions. The solution was passed through RNeasy mini column and washed with washing 

buffer (RW1) twice. In between the two washes, the column was treated with DNase1 (Qiagen 

cat. 79254) to get rid of any DNA trapped in the column. RNA captured in the column was 

further precipitated with 80% ethanol and eluted with RNase-free water (Qiagen cat. 74104) 

at 30L volume. RNA samples were quantified and stored at   -80°C until used. 

3.6.2. Nucleic acid quantification  

Extracted DNA and RNA samples were quantified using NanoDropTM 2000 Spectrophotometer 

(ThermoFisher Scientific). The type of nucleic acid was specified on NanoDrop software. To 

blank the instrument for reading, I pipetted 1L of elution buffer (AE for DNA; RNase free water 

for RNA) on the sensor pedestal of the machine. 1L of RNA and DNA samples were used for 

quantification. For DNA and RNA samples the ratio 260/280 (1.8-2.1) was used to determine 

purity. 

 

3.6.3. PCR Genotyping 

I used PCR genotyping to determine the ATP2B4 genotype for screening of potential study 

participants. Since all the SNPs are in strong LD and are inherited together as a haplotype, there 
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was no need to genotype for each SNP. I therefore chose five SNPs to genotype (rs2228445, 

rs2365858, rs54951074, rs1541252 and rs10900585). For the first four SNPs, I used TaqMan 

genotyping and for the last SNP, I used High resolution Melt (HRM) genotyping. The reason for 

the different methods was solely due to the unavailability of rs10900585 for TaqMan SNP 

assays (ThermoFisher Scientific, cat. 4351379). Both experiments require the DNA 

concentration to be >2g/L. Therefore, after quantification, DNA samples were diluted as 

required to meet optimal concentration for PCR. 

3.6.3.1. Taqman genotyping 
For SNPs (rs2228445, rs2365858, rs54951074 and rs1541252), I used TaqMan SNP assay mix 

(ThermoFisher Scientific, cat. 4351379) and assay was carried out as per manufacturer’s 

recommendation (ThermoFisher Scientific protocol-MAN0009593) with a minor 

modification. For each SNP, a 25µL reaction was prepared with 1X Taqman Genotyping 

Master Mix (ThermoFisher Scientific cat. 4371355), 1X of TaqMan SNP assay mix 

(ThermoFisher Scientific cat. 4351379) and DNA sample at about 1ng/L. Reaction was run 

on CFX96 Touch Real-Time PCR detection system (BIO-RAD) at cycling conditions as follows: 

95°C for 10 minutes, 95°C for 30 seconds- 60°C for 1 minute for 55 cycles. Allelic distribution 

plot for each SNP was analysed and exported to a spreadsheet for records (Figure 7).   

 

 

 

Figure 7: Example of allelic distribution plot of TaqMan genotyping obtained for ATP2B4 SNPs. Figure shows 

plot for rs1541252. TaqMan probes are tagged with HEX and FAM dyes. Blue cluster, positive for VIC is wild 
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type, orange cluster positive for FAM is mutant and green cluster positive for both FAM and VIC is 

heterozygous genotype.  

 

3.6.3.2. High Resolution Melt (HRM) genotyping 
For rs10900585, HRM genotyping was carried out using a LightSNiP mix (TIB MOLBIOL) and 

experiment was run on the LightCycler®96 System (Roche Diagnostics). After numerous 

attempts and tests, I optimised a 10 µL reaction as follows: 0.75X concentration of 

Lightscanner® Master Mix (BioFire Defense cat. HRLS-ASY- 0002), 1X concentration of 

LightSNiP reagent mix (TIB MOLBIOL) and 0.5ng/ul of genomic DNA. Cycling protocol was also 

optimised as follows: a pre-incubation step at 95°C for 10 minutes followed by 55 cycles of a 

3-step amplification of 95°C for 10s, 60°C for 10s and 72°C for 15s. Post PCR, the DNA 

amplicons melt profile was achieved under the following condition of 95°C for 30s, 40°C for 2 

minutes and then 95° for 1s with continuous acquisition of fluorescence signal. Genotyped 

samples were distinguished based on difference in melt temperatures 67°C and 75°C for 

mutant and wild type samples respectively. Heterozygote samples present both melt peaks 

(Figure 8). 

 

 

 

Figure 8: HRM genotyping showing different melt profiles of participants’ DNA samples for ATP2B4 SNP 

(rs10900585) target. Curves in orange melt first (at a temperature of about 67°C) and samples with 

homozygous mutant alleles. Curves in red melt at a higher temperature (75°C) are the wild type. 
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Heterozygote samples (blue curves) with one mutant and wild type allele shows both melt peaks as each 

allele melts at a different temperature (67°C and 75°C ).  

3.6.4. Revere Transcription Quantitative PCR (RT-qPCR)  

I studied the expression of var genes in parasitised participants’ RBCs in order to assess the 

effect of ATP2B4 variant haplotype on PfEMP1 production. Reverse transcription quantitative 

PCR (RT-qPCR) was done to quantify all the var gene transcripts of FCR3-CSA. Var gene 

repertoire of FCR3-CSA consists of 62 targets (Special communication with Smith’s Lab, 

Seattle Children’s hospital, WA, USA). I used RNA extracted from culture of the FCR3-CSA 

parasite strain grown in participants’ RBCs. I adapted this assay as previously described7 with 

minor modifications. First, reverse transcription was done with 25µL of extracted RNA to 

obtain complementary DNA (cDNA). Multiscribe reverse transcription kit (Invitrogen cat. 

N8080234) was used for this as per manufacturer’s recommendations. The reaction was run 

on C1000 touch thermal cycle (BIO-RAD) at the following conditions: 25°C for 10 minutes, 

48°C for 30 minutes and 95°C for 5 minutes. The cDNA obtained for each sample was put in 

qPCR reactions for all 62 var genes plus 5 housekeeping genes (PfGAPDH, GLUT, Arg, SeryIT, 

Pfas1)- 67 reactions per sample. For each qPCR reaction, a final volume of 10L was set with 

cDNA at 0.5ng/µL, oligo primers at 1µM, SYBR green supermix (Bio-rad cat. 1725272) at 5 µL 

volume. The reaction was run on CFX96 Touch Real-Time PCR detection system (BIO-RAD) at 

the following cycling conditions: initial denaturation of 95°C for 30 seconds, 40 cycles of 95°C 

for 15 seconds and 60°C for 30 seconds. Relative expression of the 62 var genes to PfGAPDH 

was calculated.  

Cellular Assays 

3.6.5. PMCA4b protein expression 

PMCA4b protein expression was assessed in donated RBCs in order to evaluate the difference 

in PMCA4b expression among ATP2B4 mutant, heterozygote and wild type RBCs. I used a flow 

cytometry based assay as previously described8,9,10 with some changes. After numerous tests 

and modification, I was finally able to optimise the assay to a working protocol. In brief, RBCs 

were permeabilised with 2% paraformaldehyde (Sigma Aldrich cat. 158127) for 10 minutes at 

37C to create ‘ghost’ RBCs. Since PMCA4b protein is transmembrane and the epitope 

recognised by the antibody is found in the cytosol, it is impossible to quantify it in intact RBCs, 

hence the ‘ghost’ cells preparation. ‘Ghost’ RBCs are very small in size compared to intact RBC. 
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Therefore, in order to distinguish RBC ‘ghosts’ from debris for flow cytometer gating purposes, 

this was incubated with a lectin, Wheat Germ Agglutinin Alexa Fluor 647 conjugate (Life 

Technologies cat. W32466) at a concentration of 1.6µg/mL. Simultaneously, the cell 

preparation was also incubated with a primary antibody Anti-PMCA4b clone JA3 

(Merckmillipore cat. MABN1801) at a concentration optimised at 4µg/mL in PBS for 40 minutes 

whilst shaking at 37°C. ‘Ghost’ cells were recovered and incubated with the fluorescent 

secondary antibody, Alexa Fluor 488 goat labelled anti-mouse (H+L) (Life Technologies cat. A-

11001) at 10µg/mL in PBS for 30 minutes at 37°C shaking. For each sample, a negative test was 

prepared without primary antibody to assess non-specific stain of Alexa Fluor 488 on RBCs and 

to control for a failed run. Fluorescence was then measured with BD Accuri™ C6 Plus flow 

cytometer (BD Biosciences). WGA positive cells on FL4 channel were gated for PMCA4b 

expression which was assessed by mean fluorescent intensity (MFI) in arbitrary units (a.u.) on 

the FL1 channel (Figure 9). The MFI for each sample was analysed on FlowJo® (Version 10.1). 

 

 

                    

WGA +  
(ghost cells) 

WGA –  
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A B 
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Figure 9: Gating of PMCA4b protein expression experiment. Suspected RBC ‘ghost’ population was gated 

(Panel A) and then projected on FL4-H channel (Panel B). This is to identify WGA positive cells (‘ghost’ cells) 

from debris. The identified ‘ghost’ cells were further projected on FL1-H channel (Panel C) to determine 

intensity of anti-PMCA4b clone JA3 signal. This translates to the PMCA4b protein expression level. 

 

3.6.6. Calcium extrusion  

Calcium extrusion of PMCA4b was assessed in donated RBCs as previously described8,11.  With 

this assay, RBCs were initially loaded with Ca2+ using an ionophore, Ionomycin (Molecular 

Probes/Invitrogen cat. 12422) in a calcium rich buffer. Calcium loss from the cells was then 

measured by detecting emitted fluorescence from Fluo-4-AM (Molecular Probes/Invitrogen 

cat. F14201), a calcium dye indicator that fluoresces when bound to calcium.  

I used 100l of whole blood donated by participants and washed with KCl buffer before re-

suspending in 2ml of KCl buffer (10mM HEPES, 70mM NaCl, 80mM KCl, 10mM Inosine, 5mM 

pyruvate, 0.15mM MgCl2, 0.1mM EGTA, pH 7.4). 1ml of RBCs + KCl buffer mixture was 

aliquoted in a tube and Fluo-4-AM was added to a final concentration of 1M. This was 

incubated at 37°C for 1 hour after which 20l of Fluo-4-AM loaded RBCs was added to 2.4ml 

of Ca2+ medium (10 mM HEPES, 70 mM NaCl, 80 mM KCl, 5 mM Inosine, 5 mM Glucose, 0.15 

mM MgCl2, 150 M CaCl2, pH 7.4) on ice to stall the PMCA4b pump. The test was brought to 

37°C to activate the PMCA4b pump and a final concentration of 2l of Ionomycin was added 

to load calcium in the Fluo-4-AM loaded RBC. The dynamics of calcium loss from the RBCs was 

assessed continuously for 15 minutes using BD Accuri™ C6 Plus flow cytometer (BD 

Biosciences). The mean fluorescence intensity (MFI) was determined in arbitrary units (a.u.) 

from FL1 channel. The individual MFI for each minute was analysed per sample on FlowJo® 

C 
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(Version 10.1). Exponential decay curve model by GraphPad Prisms (version 9) was used to 

evaluate how fast the RBCs tested lose Ca2+ from their cytosol (Figure 10). The half-life of each 

genotyped sample was noted as the time it took for the Ca2+ quantity in the cell to be reduced 

by half.  
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Figure 10: Exponential decay curve model graph showing the rate at which RBCs lose cytoplasmic Ca2+. 

 

Malaria ex vivo Assays 

3.6.7. Parasite culture 

For this PhD, I worked with five P. falciparum parasite lines: FCR3-FMG (MR4, MRA-736), 

FCR3-var2CSA, IPC 4912 (MR4, MRA-1241), IPC 5188 (MR4, MRA-1239) field isolates 952 and 

998. Field isolates were collected in the urban area of The Gambia as part of a previous study 

from 2005-2011 as described12. I maintained all parasite lines under sterile working conditions 

with complete P. falciparum culture media (RPMI-1640 Medium (Sigma Aldrich cat. RO883), 

0.2% glucose solution (Sigma Aldrich cat. G8769), 25ml HEPES (Sigma Aldrich cat. H0887), 

10ug/mL hypoxanthine (Sigma Aldrich cat. 56700), 2mM L-glutamine (Sigma Aldrich cat. 

G7513), 50 μg/mL gentamicin solution (Sigma Aldrich cat. G1272) and 0.5% AlbuMAX II 

Gibco™ (Invitrogen cat.11021029)) in O negative blood group RBCs at 2% haematocrit. This 

was maintained in 5% CO2, 5% O2 and 90% N in a 37°C incubator. Parasitaemia was assessed 

on a daily basis by microscopy on a thin smear stained with 10% Giemsa. The ring stage was 

regularly synchronised using 5% sorbitol (Sigma Aldrich cat. 57547). Schizont stage infected 

RBCs were purified using a magnetic activated cell sorting system (MACS, Miltenyi Biotec cat. 

130-090-282).  
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O negative blood for culture: O negative blood was donated by volunteers bi-weekly for 

culture maintenance. Blood is collected in ACD tubes and undergoes leucocyte depletion as 

discussed above (3.5.5). 

Culture synchronisation: All parasite culture synchronisation was done with 5% sorbitol. This 

was prepared by diluting 5g of sorbitol (Sigma Aldrich cat. 57547) in 100mL of distilled water. 

Solution was filtered and kept at 4C. 10 volumes of 5% sorbitol was added to parasite culture 

pellet, mixed and incubated at room temperature for 5 minutes. Parasite pellet was 

recovered by spinning down the solution and put back in culture. 

Schizont purification: Schizonts were occasionally purified from continuous cultures for 

experiments. To do this, parasite cultures of < 5% schizonts were passed through magnetic 

activated cell sorting system (MACS, Miltenyi Biotec cat. 130-090-282). Schizonts are 

captured in the magnetic column. After washing away uninfected RBCs from the column, 

schizonts were plunged out. This resultedsin 100% infected RBCs with schizonts to be used to 

seed into test cells for experiments.   

Parasite freezing and thawing: Occasionally, parasite lines were frozen for storage until 

needed. To freeze, culture pellet was washed and glycerolyte (Fischerscientific cat. 

NC1736521) was added dropwise at 5X the volume. This was incubated for 5 minutes at room 

temperature before storing at -80°C or liquid nitrogen.  

To thaw frozen parasites, different concentration of sodium chloride (NaCl) (Sigma S9888-

25G) solutions were used (12%, 1.8% and 0.9%). The frozen parasite vial was thawed quickly 

at 37°C for 1 minute. 0.2 volumes of 12% NaCl were added dropwise to parasites and 

incubated at room temperature for 5 minutes. 9 volumes of 1.8% NaCl were further added 

dropwise. The solution was spun and supernatant discarded. 0.9% NaCl was then added 

dropwise after which it was spun, and supernatant discarded. Recovered pellet was washed 

with RPMI-1640 Medium (Sigma Aldrich cat. RO883). This was then suspended in complete P. 

falciparum culture media, transferred to Nunc T25 culture flask (Thermofischer scientific cat. 

156340) and maintained in 5% CO2, 5% O2 and 90% N in a 37°C incubator. 

3.6.8. Ring stage survival assay (RSA) 

Artemisinin resistance in vitro was assessed by using the “RSA-sorbitol only” method as 

previously described13. I infected donor RBCs (anaemic and non-anaemic) with artemisinin-

resistant P. falciparum strain IPC 4912 (MR4, MRA-1241) (n= 46) and artemisinin-sensitive P. 
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falciparum strain IPC 5188 (MR4, MRA-1239) (n = 19). For each isolate, parasites were tightly 

synchronised with sorbitol to obtain 3-hours old ring stage at 1% parasitaemia. Rings were 

exposed to 700 nM dihydroartemisinin (DHA) (donated by the World Wide Antimalarial 

Resistance Network [WWARN]) diluted in 0.1% dimethyl sulfoxide (DMSO) or 0.1% DMSO 

alone in complete P. falciparum culture media. After 6 hours, the drug was removed. The 

parasites were then washed and incubated in completed media for an additional 66 hours. 

Giemsa-stained thin-smear slides were prepared, and viable parasites were then counted in 

approximately 15,000 RBCs. Parasites were assessed using standardized morphology and 

categorised as “viable” or “‘dead” at the time the slides were made. The percentage survival 

of P. falciparum strains IPC 4912 (MR4, MRA-1241) and IPC 5188 (MR4, MRA-1239) in each 

blood sample was calculated using the ratio between live parasites in the DHA-exposed well 

and live parasites in the DMSO-exposed well. Formula: Percentage survival = DHA-exposed 

parasitaemia/DMSO-exposed parasitaemia x 100. 

3.6.9. Conventional drug assay (IC50) 

Susceptibility of P. falciparum strains, IPC 4912 (MR4, MRA-1241) (artemisinin resistant) and 

IPC 5188 (MR4, MRA-1239) (control), grown in anaemic (n = 13) and nonanemic (n =6) donor 

RBCs to other antimalarials was also assessed. Drugs tested (donated by WWARN) included 

DHA, chloroquine (CQ), lumefantrine (LUM), and pyrimethamine (PYR). Drug assay was done 

using standard drug susceptibility test where the inhibitory concentration at 50% (IC50) was 

determined as described14. For each drug, 10 serial dilutions were prepared in duplicate with 

final concentrations as follows: CQ (750–3 nM), LUM (2,000–8 nM), PYR (295 μM–3nM) and 

DHA (50–0.2 nM). Anaemic and non-anaemic donor RBCs were infected with parasite isolates 

and incubated with each of the drugs for 48 hours. Parasites were then stained with SYBR 

green 1 (Invitrogen, cat no. S7564) at a 1:5000 dilution with PBS and fluorescence assessed 

on a Fluoroskan Ascent Microplate Fluorometer (Thermoscientific, 5210470). IC50 values 

were calculated using a nonlinear regression sigmoid model (dose [inhibitor]–response) using 

GraphPad Prism software, (version 9). For all drug sensitivity assays, artemisinin- sensitive 

strain IPC 5188 was also used simultaneously as a control to confirm in-vitro phenotypes.  

3.6.10. (Aurintricarboxylic acid) ATA drug assay 

P. falciparum’s response to Aurintricarboxylic acid (ATA) (Sigma Aldrich cat. A1895-5G), a 

PMCA4b inhibitor15, was tested using conventional IC50 drug assay as previously described14. 
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Without any prior knowledge of P. falciparum’s inhibition concentration range for ATA, I did 

an initial test to determine this. I did a 1:10 dilution from 10mM to 0.01nM (10mM, 1mM, 

100M, 10M, 1M, 100nM, 10nM, 1nM, 0.1nM and 0.01nM). FCR3-FMG (MR4, MRA-736) 

maintained in normal culture conditions in O negative blood at 1% parasitemia and 2% 

hematocrit was exposed to ATA at the above concentrations for 48 hours. No parasite growth 

was observed with the first two concentrations. At 100uM, parasite growth was observed at 

3% parasitemia which increased to 5.2% for 10uM. The parasitaemia for the remaining 

concentrations remained steady (Table 5). IC50 was therefore deduced to be between 100M 

and 10M. I therefore set up a ten-point 1:2 serial dilution of ATA at final concentrations 

beginning with 1mM to 1.9 M. This was incubated with FCR3-FMG (MR4, MRA-736) 

parasites grown in participants’ RBCs for 48 hours. The experiment was carried out in 

duplicates for three biological repeats. Parasites were then stained with SYBR green 

(Invitrogen cat. S7585) at a 1:5000 concentration in PBS. Parasitaemia was assessed on BD 

Accuri™ C6 Plus flow cytometer (BD Biosciences). Parasites’ response to ATA was determined 

by calculating the IC50 value using a nonlinear regression sigmoid model (dose [inhibitor]–

response) using GraphPad Prism software (version 9).  

 

Table 5: Inhibition concentration range of ATA on P. falciparum (FCR3-FMG (MR4, MRA-736) 

ATA 

concentration 

10mM 1mM 100uM 10uM 100nM 10nM 1nM 0.1nM 0.01nM 

Parasitaemia (%) 0 0 3 5.2 4.9 4.4 5.3 4.2 5.2 

 

3.6.11. Growth assay 

Parasites lines FCR3-FMG (MR4, MRA-736), field isolates 952 and 998 grown in donated RBCs 

were assessed for growth. Donated whole blood was leucocyte depleted as discussed earlier 

(3.5.5). RBCs obtained were seeded with purified schizonts to make a 1% parasitaemia and 

complete media added to make 2% haematocrit. This was dispensed as triplicates of 200L 

each on a 96 well tissue culture plates (Becton Dickson: Micro test flat bottom) and incubated 

at 37°C with 5% CO2, 5% O2 and 90% N. Initial parasitaemia (0 hours) was confirmed from the 

parasite and blood sample preparation with SYBR green (Invitrogen cat. S7585) at a 1: 5000 

concentration in PBS incubated at room temperature for one hour. Parasitaemia was 
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assessed on BD Accuri™ C6 Plus flow cytometer (BD Biosciences). After 72 hours of incubation, 

the culture was harvested, SYBR green staining repeated and parasitaemia assessed on BD 

Accuri™ C6 Plus flow cytometer (BD Biosciences) as explained above for 0 hours. Parasite 

growth rates were determined by finding the difference between 72 hours parasitaemia (final 

parasitaemia) and 0 hours parasitaemia (initial parasitaemia) then dividing by 0 hours 

parasitaemia. Formula: Growth rate = (final parasitaemia – initial parasitaemia)/ initial 

parasitaemia. 

3.6.12. Parasite cycling 

In order to determine the parasite erythrocytic life cycle stage at which growth was affected 

by ATP2B4 polymorphisms, parasite growth in donor RBCs was checked every 12 hours for 72 

hours. Donor RBCs were prepared as discussed above (3.6.11) but at a final volume of 1.2mL 

instead of 200L. Parasites and prepared blood samples were dispensed in 24 well cell culture 

plates (BD Biosciences). At every 12 hours, 200L was aliquoted from the cultures. Thin smear 

slides were prepared from this and the rest stained with SYBR green at 1:5000 and 

parasitaemia was assessed on BD Accuri™ C6 Plus flow cytometer (Becton-Dickinson) as 

explained above. The thin smear microscope slides were stained with 10% Giemsa (Sigma 

Aldrich) and read on optical microscope to determine parasitaemia against 3000 RBCs 

counted.  

3.6.13. Invasion assay  

The barcoded invasion assay was conducted as previously described16,17. This involved 

staining different RBC populations with different colours and then pooling them together in 

the same well for direct comparison of P. falciparum invasion. For this work as in17, flow 

cytometry (BD Accuri) available for work had limited lasers. Therefore, we could only use one 

single dye DDAO (Life technologies cat. C34553) but at different concentrations. Donor RBCs 

of different ATP2B4 genotypes (WT, H and M) were stained with different concentrations of 

DDAO dye: 0.1M, 0.5M and 1M respectively. RBCs were then pooled and seeded with 

purified schizonts of FCR3-FMG (MR4, MRA-736) at 1% parasitemia and incubated for 24 

hours under normal culture conditions. After 24 hours, cells were stained with SYBR green at 

1:5000 and read on the BD Accuri™ C6 Plus flow cytometer (BD Biosciences) to determine 

difference in the percentage of invaded RBCs for each donor. To analyse results, the RBC 

distribution was viewed on FL1 on the y-axis and FL4 on the x-axis, to distinguish the 
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parasitised cells from the non-parasitised and to separate/sort the distinct cell populations 

with the different DDAO concentrations (Figure 11). 

 

Figure 11: Separation of different donor RBCs by intensity of the DDAO stain (From left to right: 0.1M, 

0.5M and 1M) on the x-axis. Separation of infected and non-infected RBCs by SYBR green stain on the 

y-axis.  

 

3.6.14. FCR3-CSA cytoadherence assay 

In order to assess the effect of the ATP2B4 variant haplotype on cytoadherence of parasitised 

RBCs, I studied the adhesion of infected donor RBCs to host receptor Chondroitin Sulphate A 

(CSA). Infected RBCs bind to CSA through parasite PfEMP1 variant, VAR2CSA. VAR2CSA binds 

to CSA with high affinity and is unusually well conserved between parasite isolates18–20. In 

addition, once selected for, parasite stable lines that express VAR2CSA rarely switch (personal 

communication with Joseph Smith – Seattle Children’s hospital, WA, USA). 

3.6.14.1. FCR3-CSA strain selection 
I attempted to select parasites expressing FCR3-VAR2CSA from FCR3-FMG (MR4, MRA-736) 

as communicated by Smith Lab (Seattle children’s hospital, WA, USA). 

A petri dish (FALCON cat. 351007) was coated with 100g/ml of Chondroitin Sulphate A 

Sodium salt (CSA) from bovine trachea (Millipore Sigma cat. C9819) overnight at 4°C or for 

two hours at 37°C. FCR3-FMG (MR4, MRA-736) was cultured to significant parasitaemia of 

predominantly trophozoite stage (parasitaemia< 5%). ‘Knob’ expressing infected RBCs were 
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selected by gelatine floatation: the recovered RBC pellet from culture was suspended in 10X 

volume of 0.7% gelatine and incubated in a sterile tube upright at 37°C for an hour. The middle 

cloudy phase contains the ‘knob’ expressing infected RBCs and this was recovered, washed 

and resuspended in 5 mL complete P. falciparum culture media. This was dispensed on a CSA 

coated flask and incubated for 2 hours at 37°C in order to allow VAR2CSA expressing infected 

RBCs to bind to the CSA receptors (Figure 12) . ‘Non binders’ were washed off. ‘Binders’ were 

flushed out and put in culture adding fresh RBCs and complete P. falciparum culture media. 

Continuous parasite culture followed, with frequent changing of media and slide reading to 

assess the parasites’ growth. After about two to three weeks in culture, parasitaemia was 

observed to increase significantly and the procedure was repeated when there was a high 

trophozoite stage parasite population (parasitemia < 5%). For the second cycle of selection, 

more ‘binders’ are expected to be observed and hence the recovery growth would take just 

one week to achieve parasitaemia sufficient for a third cycle. After the third cycle, FCR3-FMG 

(MR4, MRA-736) would have been selected for only VAR2CSA expressing parasites. 

I attempted this procedure multiple times (over the course of one year) in our laboratory with 

frequent communications with Smith Lab for trouble-shooting, but was ultimately 

unsuccessful in selecting VAR2CSA expressing parasites. I always observed almost the same 

number of ‘binders’ after every cycle. There was no evidence of the expected incremental 

increase in CSA binding parasites and additionally, the transcription profile of var gene 

expression did not confirm selection of VAR2CSA. I therefore obtained the FCR3- CSA 

expressing parasite as a gift from Benoit Gamain’s laboratory (INSERM, France) for the CSA 

cytoadherence (binding) assay. 
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Figure 12: CSA spot binding experiment. Created with BioRender.com 

 

3.6.14.2. CSA Binding Assay 
Spots drawn on a petri dish (FALCON cat. 351007) were coated with Chondroitin Sulphate A 

Sodium salt (CSA) from bovine trachea (Millipore Sigma cat. C9819) at 100g/mL and stored 

overnight at 4°C. Schizonts were purified from FCR3-CSA culture and seeded with donated 

participants’ RBCs. For each blood sample, continuous culture was maintained for three cycles 

with frequent growth assessment via Giemsa-stained thin smear microscope slides. ‘Knob’ 

expressing infected RBCs were selected through gelatine floatation and were tested for 

binding as previously described20. The ‘Knob’ expressing infected RBCs were then coated on 

spots of pre-coated CSA at 100g/mL on petri dish (FALCON cat. 351007) (Figure 12). ‘Non 

binders’ were washed off and binders were counted in 4 fields at 40X magnification. Number 

of ‘binders’ per mm2 was calculated using formula: Total counted infected RBCs in 4 fields/ 

0.1735. 
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A                                                                            B 

        

 

Figure 13: Spot binding assay. Optical view (x20) of A) FCR3-VAR2CSA binding to CSA receptors (100g/ml) 

and B) Negative spot coated with PBS only. 

 

3.7. Medical records for malaria incidence  
 
We assessed medical records of the 175 genotyped individuals for ATP2B4 using the coded 

data stored in KEMReS. The medical history of the individuals was analysed for records of 

malaria episodes. Specifically, data were checked for parasitaemia during diagnosis, drugs 

administered to the patient and symptoms of severe malaria such as respiratory distress 

and severe anaemia. 

 

3.8. Statistical Analysis 
 
Minor Allelic Frequency (MAF) of the ATPB4 haplotype variant was determined in the 175 

individuals from the PCR genotyping. Initially, LD analysis of ATP2B4 (11 SNPs) genotype data 

from the Keneba Genetic database (N= 635) was conducted in R (package “Genetics”). Further 

LD analysis on 17 ATP2B4 SNPs on 1000 genome data for Gambians in the Western region 

was conducted using LDlink (NIH, NCBI). 

All results obtained from BD Accuri™ C6 Plus flow cytometer (BD Biosciences) were analysed 

with FlowJo® software (version 10.1) to determine MFI and parasitemia. Data analysis and 

figures were generated using GraphPad Prism (version 9). Kruskal-Wallis test and Dunn’s 

multiple comparisons was conducted to compare the half-life values, Protein expression MFI, 
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growth rate, invasion, CSA binding of wild type, heterozygote and mutant RBCs donated. For 

tests comparing just between two genotypes (WT and M) such as relative var gene 

expression, Mann Whitney’s test was conducted. For all analyses, a difference with P value 

<0.05 was considered significant 

Multivariate modelling:  HIGH and HAPn study data for objective 3 were analysed separately. 

All statistical analyses were performed using R software (RStudio Version 0.99.902).  

We first employed a linear regression to estimate the effect of the Q248H polymorphism on 

in vitro parasite growth rates. Then we used the previously calculated, bivariate associations 

and their respective 95% CI between parasite growth rates and haematological and patient 

characteristics at Day 0 in a multivariate model. We used multivariate linear regression to 

determine the effects of potential confounders on the relationship between the Q248H 

polymorphism and parasite growth rate21. We used ‘directed acyclic graphs’ to identify 

potential confounders and controlled for them in our modelling approach. Potential 

confounders include Sickle cell trait, G6PD status, ATP2B4 polymorphisms and haemoglobin 

level. A p< 0.05 will be used to determine statistical significance.  
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Abstract:  

Host resistance to malaria is mediated in part by host and parasite genetic factors. Recent 

genome-wide association and cross-sectional studies have identified novel human genetic 

polymorphisms associated with alterations in malaria risk. Some of the strongest associations 

with resistance against severe malaria have been identified in the ATP2B4 gene. ATP2B4 

codes for PMCA4b, the primary regulator of erythrocyte calcium concentration. Here we 

define a variant haplotype in ATP2B4 composed of 17 single nucleotide polymorphisms 

(SNPs). These 17 SNPs are in strong linkage disequilibrium, have a high minor allele frequency 

in Africans and encompass an erythroid-specific enhancer region of ATP2B4. To investigate 

the cellular mechanisms by which polymorphisms in ATP2B4 alter malaria pathogenesis, we 

collected red blood cells (RBCs) from individuals (n=96) with and without copies of the variant 

haplotype and performed in vitro assays to model malaria pathogenesis. We found reduced 

rates of PMCA4b expression (p<0.0001), calcium expulsion (p<0.0001) and Plasmodium 

falciparum growth in RBCs from homozygote carriers of the mutant haplotype (p<0.01). 

Additionally, since an important feature of severe malaria is sequestration of parasitised 
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RBCs, we assessed the adhesive properties of malaria-infected RBCs (iRBCs). We were unable 

to detect any difference in adhesion or var-gene expression in iRBCs with and without the 

variant ATP2B4 haplotype. Taken together, this data is consistent with the conclusion that 

polymorphisms in ATP2B4 protect against severe malaria by controlling parasite density 

rather than adhesion and invasion. 

 

 

Introduction 

Globally, Plasmodium falciparum (P. falciparum) malaria remains one of the most common 

infectious diseases, infecting about 213 million people and killing nearly 380,000 annually in 

Africa1. The majority of people infected with malaria recover without developing life 

threatening complications, and develop short- and mid-term immunity against future 

infections and serious sequelae2. Host genetic factors are estimated to account for one 

quarter of the total variability in malaria severity3. Malaria is thought to be the evolutionary 

driving force behind sickle-cell disease, thalassemia and glucose-6-phosphatase deficiency4. 

These genetic traits are the most common monogenic human disorders and can confer 

remarkable degrees of protection from a complex disease. For example, in individuals with 

sickle cell trait (HbAS), a single amino acid substitution can reduce a child's risk of severe P. 

falciparum malaria by 90%5.  

Recent genome-wide association (GWAS) and cross sectional studies have confirmed known 

traits such as haemoglobinopathies, the ABO blood group system, and glucose-6-phosphate 

dehydrogenase (G6PD) deficiency, and have identified new polymorphisms associated with 

resistance to severe malaria6–9. Polymorphisms with some of the strongest associations are 

in the ATP2B4 gene and the glycophorin gene cluster. Polymorphisms on the glycophorins 

appear to be spatially limited to Eastern Africa8–10. ATP2B4  polymorphisms are widely 

distributed in malaria endemic regions and have been reproducibly linked to altered 

susceptibility to malaria in multiple African populations6–9,11,12.  

ATP2B4 codes for a plasma calcium membrane ATPase 4 (PMCA4) which is part of the plasma 

membrane calcium ATPase (PMCA) pump family. PMCAs are ATP dependent pumps that 

actively remove calcium from the cytoplasm13–16. PMCA4 is expressed throughout the human 

body and the splice variant PMCA4b is the most abundant in RBCs17.   In RBCs, PMCA4b is the 
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main calcium regulator responsible for maintaining the low calcium concentration necessary 

for the cell’s homeostasis18. Calcium is crucial for all erythrocytic developmental stages of the 

malaria parasite19–21. Previous studies have suggested that the parasitophorous vacuole (PV) 

supplies the malaria parasite with its required calcium. During the formation of the PV, the 

orientation of PMCA4b is thought to be inverted such that it expels calcium from the 

cytoplasm into the PV22.    

Here we report the results of a recall-by-genotype study of ATP2B4 variation on P. falciparum 

adhesion, invasion and growth in a rural African population living in a malaria-exposed area. 

 

Results 

The prevalence of ATP2B4 SNPs associated with resistance to severe malaria is higher in 

Africans living in malaria endemic regions 

Using data from the 1000 genome project23, we compared the minor allele frequency (MAF) 

of single nucleotide polymorphisms (SNPs) in the ATP2B4 gene between populations living in 

malaria endemic and non-endemic regions 6,7,9,24. In African populations, the ATP2B4 SNPs 

(rs10751450, rs10751451, rs10751452, rs11240734, rs1541252, rs1541253, rs1541254, 

rs1541255, rs1419114, rs10900585, rs2365860, rs10900588, rs10900589, rs2365858, 

rs4951074, rs3851298, rs2228445) have a MAF between 32% to 41% compared to 8% in 

Europeans (Table 1). Consistent with this, in The Gambian population, a malaria endemic 

country in the sub-Saharan region of West Africa, all of the ATP2B4 SNPs were also found at 

high minor allele frequencies of between 29% to 36%. 

  

ATP2B4 SNPs associated with resistance to severe malaria are in linkage disequilibrium 

(LD) 

ATP2B4 SNPs associated with altered resistance to malaria by GWAS are numerous and found 

in the region from the first to the third exon spanning a 16.5 kilobase (KB) region (Figure 1A). 

Most of the ATP2B4 SNPs are found in non-coding (intronic) and regulatory regions [e.g. the 

5’ untranslated region (5’UTR)] of the ATP2B4 gene]. Two of them (rs1419114 and rs2228445) 

are synonymous SNPs found in exons. Previous analysis of four of these SNPs (rs1541252, 

rs1541253, ra1419114 and rs2228445) demonstrated that they were in complete LD24. To 

extend this observation, we conducted a LD analysis for all 17 SNPs in ATP2B4 previously 
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linked to malaria susceptibility using LDLink25 and 1000 genome data on Gambians in Western 

Division (GWD). Overall, a strong pairwise linkage between all SNPs with R2 range of 0.66 to 

1 was found constituting a haplotype block (Figure 1B).    

 

Recall-by-genotype recruitment 

Using a recall-by-genotype (RbG) design, participants were selected from a pre-genotyped 

cohort of 635 individuals in the Keneba Biobank (MRCG at LSHTM)26. Among those, 23 

individuals homozygous for the mutant ATP2B4 haplotype, were lost to follow up due to 

migration out of the study area.  Nevertheless, we were able to identify 175 first- and second-

degree relatives of these 23 participants who had donated DNA to the biobank but had not 

yet been genotyped. Due to the high LD observed (which indicated that all SNPs are closely 

linked, we selected 5 SNPs (rs2228445, rs2365858, rs54951074, rs10900585, rs1541252) to 

confirm genotypes of 175 individuals that met study inclusion criteria. Individuals were 

further screened and excluded if they no longer lived in the study area or had any of the 

following: haemoglobin S (heterozygous and homozygous), haemoglobin < 11g/dL, history of 

malaria in the past 3 months, known history of any chronic illness or current use of 

antimalarials or antibiotics.  A total of 96 participants were recruited and categorised into 

haplotype groups: n=30 wild type (WT), 35 heterozygous (H) and 31 homozygous mutants (M) 

(Figure S1).  

 

Reduced expression of PMCA4b protein in RBCs from individuals homozygous for the 

mutant ATP2B4 haplotype  

We first investigated the effect of the ATP2B4 variant haplotype on the expression of PMCA4b 

protein in the donor RBCs. ‘Ghost’ RBCs were stained with an antibody directed against 

PMCA4b followed by fluorescent secondary antibody to determine the relative levels of 

protein expression. The mean fluorescent intensity (MFI) was compared between genotype 

groups (Figure 2A). RBCs from individuals homozygous for the mutant ATP2B4 haplotype had 

significantly decreased protein expression (MFI=2427.7 +/- 124) (p<0.0001 Kruskal Wallis) 

compared to RBCs from heterozygous (MFI=3544.4 +/- 158.7) and wild type individuals 

(MFI=4261.3 +/- 283). The difference in protein expression between RBCs from the 

heterozygote and wild type individuals was not significant (p>0.05, Mann-Whitney).  
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Reduced rate of calcium expulsion from RBCs with ATP2B4 variant alleles 

RBCs from donors in all three haplotype groups were incubated with fluorescently-labelled 

Ca2+ to assess the efflux efficiency of the PMCA4b by flow cytometry. An exponential decay 

curve model was used to determine calcium half-life in the RBCs. Figure 2B shows a difference 

in Ca2+ half-life between RBCs with homozygous mutant ATP2B4 alleles compared to 

heterozygotes and wild types. The median half-life (4.7 +/- 0.5 minutes) for Ca2+ efflux was 

significantly longer in homozygous mutant donor RBCs than in RBCs from heterozygote (1.8 

+/0 0.3 minutes) and wild type (1.9 +/- 0.4 minutes) donors (p<0.0001, Kruskal Wallis for both 

comparisons). Calcium extrusion rates did not differ between wild type and heterozygote 

individuals (p> 0.05, Mann-Whitney).  

 

P. falciparum growth is decreased in RBCs from individuals with the ATP2B4 variant 

haplotype  

To assess whether the PMCA4b could influence P. falciparum growth, we incubated the donor 

RBCs with a specific PMCA4b inhibitor (aurintricarboxylic acid (ATA) (Sigma Aldrich cat. 

A1895-5G)).  ATA inhibited the iRBCs growth (Figure 2C) at an IC50 of 112.2 +/- 14.2 M, 

confirming the crucial role of PMCA4b in P. falciparum growth. We observed a slight increase 

in IC50 with homozygote samples (140 +/- 34.88 M) compared to heterozygote (112.3 +/- 

11.1 M) and wild type (112.2 +/- 14.20 M). This indicates that at a significant low level of 

PMCA4b as evidenced in homozygotes (Figure 2A), a higher concentration of ATA is required 

to inhibit parasites. 

Then we investigated the intraerythrocytic growth of P. falciparum (strain FCR3-FMG) in 

donated RBCs from all three haplotype groups. We only found decreased parasite growth 

rates (27%; SEM = 6.5) in RBCs from participants carrying the homozygous mutant ATP2B4 

haplotype compared to wild type (p<0.01 Mann Whitney) (Figure 2D). Growth rates between 

the heterozygous and wild type variants did not differ significantly (p>0.05; Mann Whitney). 

To verify that this phenotype was not an artefact of the laboratory adaptation of the FCR3-

FMG strain, we also assessed in vitro growth of two Gambian clinical isolates of P falciparum 

(998 and 952). These field isolates, 998 (Figure 2E (i)) and 952 (Figure 2E (ii)) showed 

decreased growth (55% for 998 and 34% for 952) in RBCS from participants homozygous for 
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the ATP2B4 mutant variant haplotype compared with the other two groups (P< 0.05; Kruskal 

Wallis). 

Taken together, these results are consistent with the PMCA4b protein expression and its 

function implicating the ATP2B4 haplotype variant only from homozygote mutant individuals 

(p<0.0001, Kruskal Wallis). 

  

ATP2B4 variant haplotype does not affect P. falciparum merozoite invasion but  affects 

parasite multiplication  

Using a barcoded RBC flow cytometry invasion assay we assessed invasion by merozoites in 

RBCs from individuals with the three ATP2B4 haplotypes. The mean percentage of invaded 

RBCs did not differ between the RBCs from the homozygous (9.9 +/- 0.8%), heterozygous (8.3 

+/- 0.7%) or wild type (8.1+/- 0.6%) (p>0.05, Kruskal Wallis) participants (Figure 2F). Next, 

parasitaemia (Figure 2G) and intraerythrocytic stage development was evaluated every 12 

hours for 72 hours (Figure 2H). The parasites cycled normally through the erythrocytic life 

cycle stages, from rings to trophozoites to schizonts, in RBCs from donors with all three 

genotypes (Figure 2H). A decrease in parasitaemia was however detected in the RBCs from 

donors homozygous for the variant ATP2B4 haplotype at 60 hours (Figure 2G). This explains 

the observed reduced growth rate (Figure 2D) and indicates that parasites grown in 

homozygous variant ATP2B4 RBCs multiply less. 

 

Influence of ATP2B4 variant haplotype on parasite adhesion in vitro 

Next, we examined the adhesive properties of malaria-infected RBCs from donors with the 

three different genotypes using two approaches. First, we used an in vitro system designed 

to mimic the adhesion of malaria-infected RBCs to the placenta.  RBCs were infected with a 

P. falciparum line expressing Var2CSA (FCR3-VAR2CSA), a gene that codes for a parasite ligand 

known to bind chondroitin sulphate (CSA) expressed in the placenta. The var2CSA system was 

chosen because of the relative ease of the assay and our ability to perform it under field 

conditions. The number of iRBCs bound per mm2 of a CSA-coated plastic surface was assessed. 

No differences were observed in the binding from the participants homozygous (4079 +/- 756) 

heterozygous (2704 +/- 545) or wild type (3130 +/- 373) (p>0.05, Kruskal Wallis) for the variant 

ATP2B4 haplotype (Figure 3A).  
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Second, we assessed the expression of other var genes using RT-PCR in parasites grown in the 

RBCs from participants who were homozygous and wild type for the variant ATP2B4 

haplotype. We detected no difference in expression of any of the var genes tested (Figure 

3C), including the var2CSA genes (var4 8280/Var2csa3’, var4 4005/var2csa5’, specific for the 

FCR3 genotype, var2csa-2 and var2csa-3 for any var2csa expressing lines) (Figure 3B). 

 

 

 

Discussion 

The strength of our study presented here includes the parsimonious recruitment of 

participants by means of the RbG design and the existence of a field lab permitting assays on 

freshly drawn blood. We present evidence that a variant haplotype of ATP2B4, composed of 

17 SNPs, decreases PMCA4b protein expression and its function of calcium expulsion and 

affects P. falciparum growth in RBCs. The variant ATP2B4 haplotype did not affect iRBC 

adhesion to the host receptor CSA, nor did it alter var gene expression. The differences in 

growth of the FCR3-FMG lab strain were also confirmed in clinical isolates from The Gambia.  

 

The human host and malaria parasite genomes are engaged in a longstanding evolutionary 

arms race. Recent genome-wide association and cross-sectional studies have identified 

multiple novel human genetic polymorphisms in ATP2B4 associated with alterations in 

malaria risk6,7,9,11,12. The observations on the relationship between several polymorphisms in 

ATP2B4 and risk of malaria was first demonstrated in Ghanaian and Gambian populations6 

and was subsequently replicated in other African9,11, Asian and Oceanic populations11.  Recent 

studies have shown that PMCA4b expression in RBCs is controlled by an erythroid-specific 

transcription enhancer site and that there is a specific transcript of ATP2B4 found only in 

RBCs27,28. All 17 of the SNPS within the ATP2B4 haplotype variant defined here are near or in 

this erythroid-specific transcription enhancer (Figure 1).  One of the SNPs (rs10751451) 

disrupts a GATA motif and the same SNP has previously been shown to associate 

with ATP2B4 expression levels and calcium concentration in RBCs,28. Due to the very strong 

LD across this region our work is unable to address the possibility that rs10751451 may be 

the single causal variant in ATP2B4 that mediates protective from malaria as previously 

proposed 27. 
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ATP2B4 codes for PMCA4b, the primary regulator of RBC calcium concentration. PMCAs are 

found ubiquitously in eukaryotic cells and are responsible for the expulsion of calcium from 

the cytosol15,29,30. There are four isoforms of the PMCAs: PMCA1, PMCA2, PMCA3 and PMCA4. 

Each of these isoform transcripts can undergo alternative splicing. PMCA4b is a splice variant 

of PMCA4, expressed in RBCs and coded by ATP2B4 15.  PMCA4b is not specific to the RBC, it 

is ubiquitously expressed in all other cell types tested to date15.  The variant haplotype in the 

ATP2B4 gene described here will likely impact only RBCs and not the expression of PMCA4b 

in other cell types, since some of the polymorphisms are located in the erythroid enhancer 

region of the gene. However, because of its central role in calcium homeostasis in multiple 

cell types and the known associations of variant levels with several disease outcomes31–35, it 

would be necessary to block the erythrocyte-specific enhancer rather than the transporter 

itself when used as an approach to new antimalarial therapeutic strategy. 

 

A normal blood plasma calcium level is 1.8mM36, yet RBCs are able to maintain an intracellular 

calcium concentration between 30 to 60nM. Excessively high intracellular Ca2+ concentrations 

lead to numerous types of erythrocyte dysfunction36–38,39. Most importantly, Ca2+ plays a role 

in the regulation of other ions, including Na+ and K+ 18,39.  An increase in erythrocytic Ca2+ 

concentration activates the Gardos channel which leads to erythrocyte dehydration and 

shrinkage similar to that observed in sickle cell disease18,39.  

 

The source of calcium for post-invasion parasite development in RBCs is not fully understood, 

but increasing levels of Ca2+ are observed as the parasite grows from rings to schizonts and a 

depletion of calcium would result in an arrest of growth19,40–44.  Shortly before release of 

merozoites from the RBCs, Ca2+ increases sharply which results in swelling and degradation of 

the PV and the RBC membrane20,21,45,46. Several calcium dependent enzymes are involved in 

this process including, sub-like protease 1 (SUB1), a Pf-perforin like protein and CDPK5 20,21,45. 

Additional roles of calcium during the RBCs invasion have also been established19,40,47. It is 

however still unclear whether the Ca2+origin is exclusively extracellular and coming from the 

plasma, or has an intracellular erythrocytic source as well 20,40.  
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A hypothetical model to explain how the parasite meets its calcium needs is based on the 

inversion of the PMCA4b pump after invasion22. During the invasion of the merozoite into the 

RBC, there is an invagination of the erythrocyte plasma membrane such that the outer part 

of the RBC membrane along with its receptors and transporters faces the parasite whilst 

forming the PV as illustrated in Figure 4A. This would result in PMCA4b pumping Ca2+ into the 

PV 22. This model can explain: 1) how Plasmodium meets its calcium need in the RBC; 2) the 

increasing Ca2+ observed22,41–44 as the parasite matures through continuous supply of Ca2+ to 

the PV by PMCA4b; and 3) how the ATP2B4 variant haplotype might protect from malaria. An 

alternative model to explain the effect of ATP2B4 haplotype, was proposed by Lessard et al 

201728. In this case, the impaired PMCA4b expression and activity results in increased 

cytosolic Ca2+ concentration which disrupts ion homeostasis of the RBC and results in its 

dehydration. Dehydration causes the cell to shrink and leads to premature lysis and clearance 

of RBC18 (Figure 4B). Either or both of these hypothetical pathways might be responsible for 

the impairment of P. falciparum growth that we observed in RBCs with ATP2B4 variant 

haplotype.   
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Figure 4: A)  A proposed model of how ATP2B4 variant haplotype  could protect from malaria: 

Illustration shows invagination of erythrocyte membrane during invasion and formation of 

the parasitised vacuole with the inverted PMCA4b. B) A second proposed model of how 

ATP2B4 variant haplotype may protect from malaria: RBCs with variant ATP2B4 variant 

haplotype will have increased concentration of Ca2+ resulting to dehydration. 

 

A key aim of malaria GWAS studies is to identify possible new targets for anti-malarial drug 

development48,49. Even though the  PMCA4b inhibitor, aurinictricarboxylic acid (ATA), is under 

investigation as a blood pressure modulator50,  our proof-of-principle knockdown 

experiments reveal that the IC50 value for parasite inhibition was over 100x higher than drugs 

such as CQ and ART. We do not propose ATA as an anti-malaria compound. 

 

Conclusions 

Taken together, these data are consistent with the conclusion that polymorphisms in ATP2B4 

that are common in African populations and inherited as a large haplotype block protect 

against severe malaria by controlling parasite density rather than through effects on adhesion 

or invasion. Reduction in parasite density plays a pivotal role in disease outcome as it can 

ameliorate all of the multifaceted complications that lead to severe outcomes (including 

cerebral malaria, respiratory distress, severe anaemia)51–55. Although cytoadherence is critical 

to some of these complications, host immune response to the presence of the malaria 

parasite also plays an important role. For example, reaction against the parasite pigment 

released during RBC lysis is the cause of the cyclic fever episodes in malaria disease56. 

Additionally, the malaria pigment and hypoxia can contribute to the activation of cytokines 

which have a role in cerebral malaria and respiratory distress57–59,60,61. Severe anaemia in 

malaria disease is due to loss of lysed cells and by high levels of clearance of infected RBCs by 

host immune system correlated with parasite density. Therefore, the reduction of parasite 

growth mediated by the variant ATP2B4 haplotype will likely diminish each of these risks and 

thus explain its association with severe malaria.   

 



 

  157 

Materials and Methods 

Study population: Kiang West Longitudinal Population Study (KWLPS) cohort and the 

Keneba Biobank  

The Keneba Biobank, in conjunction with the Keneba Electronic Medical Records System 

(KEMReS) and Kiang West Demographic Surveillance System (KWDSS), forms a substantial 

research platform triad, which supports health care provision and research within the Kiang 

West Longitudinal Population Study (KWLPS)62. The Keneba Biobank contains a genetic 

database which is currently comprised of Illumina HumanExome array data on 80,000 directly 

genotyped putative functional variants in over 3000 individuals. The KWDSS forms the 

sampling framework for all data collection in this study. 

  

Ethics statement 

An information sheet, explaining the objectives of the study and the study procedures was 

given and explained to study participants and a written informed consent obtained. The study 

proposal was reviewed and approved by the Scientific Coordinating Committee of the Medical 

Research Council Unit The Gambia at London School of Hygiene and Tropical Medicine (MRCG 

at LSHTM) and ethical approval was granted by the Joint Gambia Government/Medical 

Research Council Ethics committee (SCC number 1421). 

Screening for study participants and recruitment 

We obtained data on the ATP2B4 SNPs associated with malaria protection from the Keneba 

genetic database of 635 individuals. We carried out LD analysis (using R package “Genetics”) 

on data of these 635 individuals to investigate the relatedness between these SNPs. LD 

analysis was also carried out using LDlink (NIH NCBI)25 on 1000 genome data of the Gambian 

population to confirm our results in this population. Due to the high LD observed (which 

indicated that all SNPs are closely linked, we selected 5 SNPs (rs2228445, rs2365858, 

rs54951074, rs10900585, rs1541252) to confirm genotypes of 175 individuals that met study 

inclusion criteria (Figure S1). We performed Taqman and High Resolution Melt (HRM) 

genotyping assays targeting selected five SNPs on the banked DNA samples for confirmation. 

DNA samples were quantified, and concentration adjusted accordingly with nuclease free 

water (Qiagen cat. 129114) to 1-2ng/L optimal for PCR run. We used SNP rs1541252 as 

reference for the genotypes: We refer to an individual who presents both variant alleles as 



 

  158 

‘homozygote mutant’ (M), a variant allele and a normal allele as ‘heterozygote’ (H) and an 

absence of the variant alleles as ‘Wild type’ (WT). Based on this and further exclusion criteria 

(Figure S1), we recruited 96 participants as part of the study, of which 30 were wild type, 35 

heterozygote mutant and 31 homozygote mutants. Enrolled individuals donated 5ml venous 

blood sample.  

Participants’ informed consent was obtained, and case report forms filled out as part of the 

screening process for inclusion criteria for enrolment. Exclusion criteria for the selected 

individuals include: haemoglobin S (heterozygous and homozygous), Haemoglobin < 11g/dL, 

history of malaria in the past 3 months, known history of any chronic and infectious illness 

and current use of antimalarial or antibiotics. All subsequent experiments were conducted in 

our field site laboratory. 

 

Haematology 

Malaria infection was assessed as previously described63 by a thick Giemsa stained smear, read 

at 100X with an optical microscope against 500 white blood cells (WBC) by two independent 

readers. A smear was prepared to determine sickle cell disease by assessing sickled shaped 

erythrocytes with an optical microscopy. Full blood counts using a Medonic M-series 

haematology analyser (Boule Diagnostics Int AB) was done to assess haemoglobin level and 

other blood parameters.  

Biochemistry 

Serum was run on Cobas Integra 400 plus biochemistry analyser (Roche Diagnostics) in order 

to analyse a panel of iron and inflammatory response markers; ferritin, soluble transferrin 

receptor (sTfR), serum iron, transferrin saturation (TSAT), C-reactive protein (CRP), alpha 1-acid 

glycoprotein (AGP) to determine iron status of study participants. 

DNA extraction 

200uL of the donated blood was aliquoted for DNA extraction to confirm the genotypes 

obtained from their Keneba Biobank DNA. DNA extraction was done using QIAamp DNA mini 

kit (Qiagen cat. 51306) as per manufacturer’s instructions. 

Taqman genotyping 
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Taqman assay was used to determine SNPs from DNA samples for targets rs2228445, 

rs2365858, rs54951074 and rs1541252. Taqman SNP assay mix (ThermoFisher Scientific cat. 

4351379) was used for each target and assay was carried out as per manufacturer’s 

recommendation with minor modifications: For each target, a 25µL reaction was prepared 

with 1X Taqman Genotyping Master Mix (ThermoFisher Scientific cat. 4371355), 1X of 

Taqman SNP assay mix (ThermoFisher Scientific cat. 4351379) and DNA sample at about 1-2 

ng/ul. PCR was run on CFX96 Touch Real-Time PCR detection system (BIO-RAD) at the 

following conditions: 95°C for 10 minutes, 95°C for 30 seconds- 60°C for 1 minute for 55 

cycles. Allelic distribution plot was generated for genotype clusters.  

 

High Resolution Melt (HRM) genotyping 

For rs10900585, HRM genotyping was carried using a LightSNiP mix from TIB MOLBIOL. A 10 

µL reaction was optimised and prepared with 0.75X concentration of Lightscanner® Master 

Mix (BioFire Defense cat. HRLS-ASY- 0002), 1X concentration of LightSNiP reagent mix (TIB 

MOLBIOL) and 0.5ng/ul of genomic DNA. Cycling protocol was also optimised at the following; 

a pre-incubation step at 95°C for 10 minutes followed by 55 cycles of a 3-step amplification 

consisting of 95°C for 10s, 60°C for 10s and 72°C for 15s. Post PCR, the DNA amplicons melt 

profile was achieved by the following condition of 95°C for 30s, 40°C for 2 minutes and then 

95° for 1s with continuous acquisition of fluorescence signal. Genotyped samples were 

distinguished based on difference in melt temperatures of 67°C and 75°C for homozygous 

mutant and heterozygous samples respectively. Heterozygous samples simultaneously 

presented both melt profiles. 

PMCA4b Protein expression 

We used previous method as decribed53 with few modifications: In brief, erythrocytes were 

permeabilised with paraformaldehyde (Sigma Aldrich cat. 158127) to create ‘ghost’ 

erythrocytes which will allow measurement of PMCA4b expression. In order to distinguish RBC 

‘ghost’ from debris, this was incubated with a lectin, Wheat Germ Agglutinin Alexa Fluor 647 

conjugate (Life Technologies cat. W32466) at a concentration of 1.6µg/mL. This was 

simultaneously incubated with a primary antibody that binds to the PMCA4b protein on the 

membrane of the erythrocyte ‘ghosts’ followed by a secondary fluorescent antibody. Primary 

antibody, Anti-PMCA4b clone JA3 (Merckmillipore cat. MABN1801) concentration was 
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optimized at 4µg/mL and the secondary antibody, Alexa Fluor 488 goat labelled anti-mouse 

(H+L) (Life Technologies cat. A-11001) at 10µg/mL. For each sample, a negative test was 

prepared without primary antibody to assess background stain of Alexa Fluor 488 on 

erythrocytes and to control for a failed run. Fluorescence was then measured with BD Accuri™ 

C6 Plus flow cytometer (BD Biosciences) and only WGA expressing cells (FL4 channel) were 

gated for PMCA4b expression which was assessed by mean fluorescent intensity (MFI) on (FL1 

channel). Flow data were analysed with on FlowJo® (Version 10.1) software.  

Calcium extrusion assay 

The activity of the PMCA4b was assessed as previously described24,65. In brief, donated RBCs 

were loaded with Ca2+ by an ionophore (Ionomycin (Molecular Probes/Invitrogen)) in a Ca2+ 

rich buffer of 150uM CaCl2, containing a calcium dye Fluo-4-AM (Molecular Probes/Invitrogen 

cat. F14201).  Calcium loss from the erythrocyte was then measured over time (15 minutes) 

by detecting emitted fluorescence from Fluo-4-AM (Molecular Probes/Invitrogen cat. 

F14201), an indicator that fluoresces when bound to calcium, using flow cytometry. The mean 

fluorescence intensity (MFI) was determined in arbitrary units (a.u) from the FL1 channel 

read-out. The MFI obtained for each minute was analysed per sample on FlowJo® (Version 

10.1). An exponential decay curve model was used in GraphPad Prisms (version 9) to calculate 

calcium half-life in the erythrocytes. Calcium half-life referred to here is the time (in minutes) 

it takes for the calcium quantity in the RBCs to be reduced by half.  This translates to how fast 

Ca2+ was lost from RBCs reflecting the effectiveness of PMCA4b calcium expulsion. Half-life of 

each sample was noted and data from individuals with the same genotype was pooled for 

statistical significance.  

P. falciparum culture lines and maintenance 

P. falciparum strain FCR3-FMG (MR4, MRA-736) strain was used for most of the in vitro 

malaria assays66. Parasites were maintained under standard conditions using RBCs from 

healthy donors67. Schizonts stage infected RBCs were purified using a magnetic activated cell 

sorting system (MACS, Miltenyi Biotec, Inc) for all assays. Parasite strains 952 and 998 were 

isolated from patients presenting with symptomatic malaria infections at the outpatient clinic 

at MRC Fajara.  Isolates were collected as part of a larger study during the annual malaria 

transmission seasons (September–January) from 2005 to 2011, as described in68. FCR3- 
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VAR2CSA parasite isolates were gifted to us by Benoit Gamain and colleagues from the 

Institute National de la Sante Et de la Recherche Medicale (INSERM). 

 

P. falciparum growth 

P. falciparum growth assay was carried out as previously decribed69 with minor modification. 

MACS purified schizonts were added to the WBC depleted erythrocytes at 1% parasitaemia 

and 2% haematocrit, plated in triplicates and incubated at 37°C with 5% CO2, 5% O2 and 90% 

N. Parasitaemia at culture initiation (0 hr) and after 72 h of culture was confirmed using a BD 

Accuri™ C6 flow cytometer as described70. Parasite growth rates were determined using 

formula: (final parasitaemia – initial parasitaemia)/ initial parasitaemia. For the assessment 

of effect of the mutant ATP2B4 haplotype block on the intraerythrocytic development of 

intraerythrocytic parasites, aliquots were removed every twelve hours and analysed by flow 

cytometry as described above and confirmed by thin film microscopy.  

Barcoded invasion assay  

This was performed based on69,71. Donor RBCS were stained with three different 

concentrations of CellTrace Far Red DDAO dye (Life technologies cat. C34553): 1uM, 0.5uM 

and 0.1uM. Erythrocytes were then pooled and seeded with MACS purified schizonts at 1% 

parasitaemia and incubated for 24 hours. Parasitaemia was the assessed by flow cytometry 

as above. 

 

RT-qPCR for var gene transcripts 

500ul pellet of each parasite culture was dissolved in Trizol (Life Technologies cat. 15596026). 

RNA was extracted using phenol-chloroform and with RNeasy mini extraction kit (Qiagen cat. 

74104)  as described in72. Quantification of var transcripts was done as previously described72 

with the following minor modifications. cDNA was synthesized using Multiscribe reverse 

transcription kits as per manufacturer’s instructions (Invitrogen cat. N8080234). qPCR was 

done on CFX96 Touch Real-Time PCR detection system (BIO-RAD) using SYBR green supermix 

(BIO-RAD cat. 1725272) . The var gene transcription profiles were performed using the same 

set of primers , targeting the IT4/FCR-3 var repertoire as previously described73. PCR 

conditions were as follow:  
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initial denaturation of 95°C for 30 seconds, 40 cycles of 95°C for 15 seconds and 60°C for 30 

seconds.  

 

P. falciparum iRBC chondroitin sulphate spot binding  

P. falciparum FCR3-CSA strain infected RBCs were used in binding assays as previously 

described74. In brief, ‘knobs’ expressing infected erythrocytes were bound on spots of coated 

Chondroitin Sulphate A Sodium salt (CSA) from bovine trachea (Millipore Sigma cat. C9819) 

at 100ug/mL on petri dish (FALCON cat. 351007). Infected erythrocytes per mm2 was 

calculated using formula: Total counted infected erythrocytes in 4 fields/ 0.1735 (area field 

40X). 

 

Aurintricarboxylic acid (ATA) inhibition assay 

Plasmodium falciparum iRBC’s susceptibility to ATA (Sigma Aldrich cat. A1895-5G) was tested 

using conventional IC50 drug assay as described in75. ATA was tested at final concentration 

range from 1mM to 2uM. Experiments were carried out in duplicate for three biological 

repeats. Parasite’s response to ATA was determined using a nonlinear regression dose-

response analysis (with ATA concentration in logarithm) to obtain IC50 value. 

 

Statistical Analysis 

Minor Allelic Frequency (MAF) in the population of 175 was determined from the PCR 

genotyping and LD analysis of the PCR genotypes was conducted in R (package “Genetics”) 

and LDlink (NIH, NCBI) 

All results obtained from flow cytometer (BD Accuri C6) were analysed with FlowJo® software 

(version 10.1) to determine MFI and parasitaemia. Data analysis and figure generation was 

carried out using GraphPad Prism (version 9). Kruskal Wallis’s tests and and Dunn’s multiple 

comparisons was performed to compare the calcium half-lives values, protein expression MFI, 

growth rate, percentage invasion of wild type, heterozygote and mutant samples obtained. 

In all analyses, a p-value <0.05 was considered significant.  
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Tables 

 

Table 1:  ATP2B4 SNPs associated with malaria susceptibility and PMCA4b function.  

Genomic locations of the SNPs were determined by dbSNP (NIH NCBI)76 online tool. 1000 genome data25 

was used to analyse the population genetics of the SNPs and determine their frequencies in different 

populations: In malaria endemic population (Africa) in general and then specifically in the Gambian 

population. Frequency in non-malaria endemic population European (Caucasian) is presented for 

comparison. 
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Table 2: Participants’ demographic and haematological parameters. 

Age range, sex and haematology parameters of participants grouped according to ATP2B4 haplotype. 

Data is presented as mean +/- standard deviation (SD). Haematological parameters listed include red 

blood cell (RBC), mean corpuscular volume (mcv), red cell distribution width (RDW), haematocrit (HCT), 

mean platelet volume (MPV), platelet distribution width (PDW), procalcitonin test (PCT), large platelets 

concentration ration (LPCR), white blood cell (WBC), haemoglobin (HGB), mean corpuscular haemoglobin 

SNP ID Location MAF in African 

population (1000 

genome) 

MAF in Gambian 

population (1000 

genome) 

MAF in Caucasian  

population (1000 

genome) 

References 

rs10751450 Intron 0.426 0.385 0.089 Lessard et al 2017 

rs10751451 Intron 0.366 0.310 0.083 MalariaGen 2019; 

Lessard et al 2017 

rs107541452 Intron 0.365 0.310 0.083 Lessard et al 2017 

rs11240734 Intron 0.365 0.310 0.102 

 

Gouveia et al. 2019 

rs1541252 5’ UTR 0.365 0.310 0.083 Zambo et al. 2017; 

Gouveia et al. 2019 

rs1541253 

 

5’ UTR 0.365 0.310 0.083 Zambo et al. 2017 

rs1541254 5’ UTR 0.365 0.310 0.083 Rockett et al. 2014;  

Ndila et al. 2018 

rs1541255 5’ UTR 0.365 0.310 0.083 Rockett et al. 2014;  

Ndila et al. 2018 

rs1419114 Exon 3 0.365 0.310 0.083 Zambo et al. 2017; 

Gouveia et al. 2019 

rs10900585 Intron 0.418 0.363 0.086 Timmann et al.  

2012; Rockett et al. 

2014; Ndila et al. 

2018 

rs2365860 Intron 0.365 0.310 0.083 Timmann et al. 2012 

rs10900588 Intron 0.365 0.310 0.083 Gouveia et al. 2019 

rs10900589 Intron 0.365 0.310 0.083 Timmann et al. 2012 

rs2365858 Intron 0.365 0.310 0.083 Timmann et al. 2012 

rs4951074 Intron 0.371 0.358 0.084 Timmann et al.  

2012; Rockett et al. 

2014; Ndila et al. 

2018 

rs3851298 Intron 0.313 0.292 0.082 Gouveia et al. 2019 

rs2228445 Exon 3 0.328 0.301 0.082 Zambo et al. 2017; 

Gouveia et al. 2019 
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(MCH), mean corpuscular haemoglobin concentration (MCHC), lymphocytes (LYM), granulocytes (GRAN) 

and mid range absolute count of monocytes, eosinophils and basophils (MID). 

 

 

 
Normal range All   Wild-Type   Hetero   Mutant   

 

    Mean (SD) Mean (SD) Mean (SD)  Mean (SD)  

Age range  N/A 26.0 (16.1) 27.4 (15.6) 26.8 (18.7) 23.8 (14.0)  

% female N/A 61.0 61.9 55.5 58.7  

RBC (10^12/L) 3.50 : 5.50 4.78 (0.52) 4.67 (0.54) 4.72 (0.37) 4.99 (0.57)  

MCV (fl) 75.0 : 100.0 80.08 (4.83) 80.05 (4.34) 79.83 (4.90) 80.49 (5.36)  

RDW (%) 11.0 : 16.0 12.32 (1.00) 12.41 (1.16) 12.29 (1.01) 12.29 (0.83)  

RDWa (fl) 30.0 : 150.0 59.38 (5.56) 59.63 (4.89) 58.83 (6.17) 59.80 (5.70)  

HCT (%) 35.0 : 55.0 39.61 (4.56) 38.98 (4.88) 38.48 (3.70) 41.41 (5.12)  

Platelet (10^9/L) 100 : 400 243.87 (74.55) 238.30 (72.41) 245.59 (67.24) 247.39 (83.49)  

MPV (fl) 8.0 : 11.0  8.66 (0.82) 8.65 (0.81) 8.84 (0.89) 8.44 (0.76)  

PDW (fl) 0.1 : 99.9 11.89 (1.13) 11.82 (1.09) 12.22 (1.21) 11.58 (1.04)  

PCT (%) 0.01 : 9.99 0.20 (0.06) 0.20 (0.07) 0.20 (0.06) 0.20 (0.06)  

LPCR (%) 0.1 : 99.9 18.36 (5.72) 18.04 (5.65) 20.19 (6.11) 16.64 (5.08)  

WBC (10^9/L) 3.5 : 10.0 5.33 (1.37) 5.27 (1.36) 5.35 (1.16) 5.42 (1.53)  

HGB (g/dL) 11.5 : 19.5 13.34 (1.23) 13.11 (1.32) 13.06 (1.03) 13.87 (1.35)  

MCH (pg) 25.0 : 35.0 27.68 (2.01) 27.51 (2.07) 27.68 (1.81) 27.89 (2.17)  

MCHC (g/dL) 31.0 : 38.0 34.57 (0.97) 34.53 (1.01) 34.66 (0.76) 34.52 (1.18)  

LYM  (10^9/L) 0.5 : 5.0 2.07 (0.68) 2.25 (0.72) 2.00 (0.67) 1.95 (0.65)  

GRAN (10^9/L) 1.2 : 8.0 2.49 (0.98) 2.36 (1.08) 2.55 (0.82) 2.57 (1.04)  

MID (10^9/L) 0.1 : 1.5 0.43 (0.14) 0.42 (0.13) 0.42 (0.14) 0.45 (0.15)  

LYM (%) 15.0 : 50.0  42.19 (6.53) 43.61 (7.12) 41.71 (6.30) 41.07 (6.22)  

GRA (%) 35.0 : 80.0 49.06 (7.45) 46.00 (8.51) 50.22 (6.77) 50.96 (6.61)  

MID (%) 2.0 : 15.0 7.77 (0.84) 7.63 (0.86) 7.72 (0.74) 7.96 (0.96)  
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rs10751450                    

rs10751451 0.72                   

rs107541452 0.72 1.00                  

rs11240734 0.72 1.00 1.00                 

rs1541252 0.72 1.00 1.00 1.00                

rs1541253 0.72 1.00 1.00 1.00 1.00               

rs1541254 0.72 1.00 1.00 1.00 1.00 1.00             

rs1541255 0.72 1.00 1.00 1.00 1.00 1.00 1.00             

rs1419114 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00            

rs10900585 0.91 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.79           

rs2365860 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79          

rs10900588 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79 1.00         
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rs10900589 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79 1.00 1.00        

rs2365858 0.72 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.79 1.00 1.00 1.00       

rs4951074 0.86 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.94 0.80 0.80 0.80 0.80      

rs3851298 0.66 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.72 0.92 0.92 0.92 0.92 0.74     

rs2228445 0.69 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.76 0.96 0.96 0.96 0.96 0.77 0.96   
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Figure 1: A) Relative positions of SNPs on ATP2B4 gene. Schematic view of the ATP2B4 gene, mRNA and 

protein showing the genomic location of all SNPs associated with malaria altered susceptibility and one 

SNP (rs7551442) associated with altered erythrocytic MCHC.  Boxes represent coding region (exons).  

Boxes in yellow represent the exons that form the 5’ and 3’ untranslated regions. Boxes in green 

represent the exons that code for the translated protein. B) Linkage disequilibrium analysis of ATP2B4 

SNPs associated with malaria protection and PMCA4b function. LD analysis was done using LDlink25 on 

the 1000 genome data of Gambian population. Matrix was created to describe the relationship between 

the SNPs as a function of R2 presented. R2 between each pair of SNPs are colour coded according to 

strength of the LD (R2 = 1 to 0.9, dark blue or ‘strong’; R2 = 0.8 to 0.7, medium blue or ‘moderate’ and R2 = 

0.6, light blue for ‘weak’).  
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Figure 2: Role of variant ATP2B4 haplotype in PMCA4b expression, function and P. falciparum 

erythrocytic stage cycle. (A) PMCA4b expression in RBCs with variant ATP2B4 . PMCA4b protein 

expression of donated RBCs was quantified by flow cytometry. MFI in arbitrary units (a.u.) indicates 

PMCA4b expression. One-way ANOVA followed by Dunn’s multiple comparison testing was used to 

compare expression of PMCA4b in RBCs from M (n=29) compared to H (n=29) and WT (n=30). (****= 

p>0.001) (B) PMCA4b function in RBCs with variant ATP2B4. Calcium expulsion from the donated RBCs 

was quantified using calcium fluorescent dye in a flow cytometry assay. One-way ANOVA followed by 

Dunn’s multiple comparison testing was used to compare calcium half-life in RBCs from individuals 

homozygous mutant for the ATP2B4 variant haplotype (M, red, n=13), individuals heterozygotes (H, blue, 

n= 13) and wild type for the ATP2B4 variant haplotype (WT, green, n= 13). (****= p>0.001). (C) Inhibition 

of parasite growth by of PMCA4b inhibitor aurintricarboxylic acid (ATA). P. falciparum infected donor 
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RBCs samples (n=3 per genotype) were grown with ATA at final concentrations ranging from 1mM to 1.95 

M using a ten point serial dilution series. Inhibitory concentration at 50% (IC50) was calculated using a 

non-linear regression dose-response model. Mean IC50 values (uM) obtained per genotype (M=140; H= 

112.3; WT=112.2) was calculated and compared with using One-way ANOVA (ns). (D) Role of variant 

ATP2B4 haplotype in intraerythrocytic FCR3-FMG growth in vitro. RBCs from individuals homozygous for 

the mutant ATP2B4 haplotype block (M, red, n = 27), heterozygous for the mutant ATP2B4 haplotype k 

(H, blue, n = 35) and wild type at the ATP2B4 haplotype (WT, green, n = 30) were infected with P. 

falciparum laboratory strain FCR3. (E) Role of variant ATP2B4 haplotype in intraerythrocytic P. falciparum 

field isolates in-vitro. (i) RBCs from individuals homozygous for the mutant ATP2B4 haplotype block (M, 

red, n = 3), heterozygous for the mutant ATP2B4 haplotype k (H, blue, n = 3) and wild type at the ATP2B4 

haplotype (WT, green, n = 3) were infected with P. falciparum clinical strain 998. (ii) RBCs from individuals 

homozygous for the mutant ATP2B4 haplotype block (M, red, n = 5), heterozygous for the mutant 

ATP2B4 haplotype k (H, blue, n = 9) and wild type at the ATP2B4 haplotype (WT, green, n = 5) were 

infected with P. falciparum clinical strain 952. Values for all panels are presented relative to growth in 

RBCs from WT donors. Each dot represents the mean result of triplicate growth assays from each donor 

and the error bars represent SEM. Parasite growth was measured at 72 hours and compared between the 

three haplotypes using one-way ANOVA. (*p<0.5) for each strain of P. falciparum. (F) Role of variant 

ATP2B4 haplotype in P. falciparum RBC invasion. RBCs from individuals homozygous for the mutant 

ATP2B4 haplotype (M, red, n=12), heterozygous for the mutant ATP2B4 haplotype (H, blue, n=15) and 

wild type at the ATP2B4 haplotype (WT, green, n=13) were each stained with different concentrations of 

DDAO and incubated with MACS-purified P. falciparum (FCR3) schizonts. The percentage of invaded RBCs 

was measured after 24 hours. Means were compared using one-way ANOVA (ns). (G) and (H) Role of 

variant ATP2B4 haplotype in P. falciparum RBC intraerythrocytic parasite development. (G) 

Intraerythrocytic parasite growth was assessed every 12 hours for 72 hours in RBCs from the different 

genotype groups (M (red) n = 8; H (blue) n=11 and WT (green) n=8). The total parasitaemia at each time 

point was assessed. (*p<0.01, t-test) (H) Intraerythrocytic parasite stage (rings, trophozoites and 

schizonts) development was assessed every 12 hours for 72 hours in RBCs from each of the genotype 

groups.  
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Figure 3. Role of variant ATP2B4 haplotype in cytoadherence and var gene expression of parasitised 

RBCs. 

(A) Donor RBCs were infected with a P. falciparum strain expressing var2CSA (FCR3-var2CSA). The 

number of infected RBC binding to CSA per mm2 was quantified for RBCs from individuals homozygous 

for the mutant ATP2B4 haplotype (M, n=8), heterozygous for the mutant ATP2B4 haplotype (H, n=11) 

and wild type at the ATP2B4 haplotype (WT, n=8). Adhesion was measured and compared between the 

three haplotypes using one-way ANOVA, ns). (B) RNA was extracted from donor RBCs infected with P. 

falciparum strain FCR3-var2CSA.  RT-PCR was conducted to detect four variants of var2CSA which are 

known to be expressed in this parasite line. Percentage expression of each target relative to 

housekeeping gene GAPDH was calculated for each sample and grouped according to genotype (WT, 

green n=8; M, red, n=8). Student’s t-test analysis was done to analyze differences in expression of each of 

the 4 variants of var2CSA between parasites grown in WT and M RBCs (ns). (C) Heat map showing the 

relative expression profile of the entire var gene repertoire (n=63) excluding var2CSA of FCR3 strain. 

Parasites were grown in mutant (n=8) and wild type (n=8) RBCs and RT-PCR performed following RNA 

extraction. No significant difference in the expression of any of the var genes tested between parasites 

grown in the mutant and wildtype infected RBCs. 
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Supplementary figure 

 

 

S1: Study participants’ identification and selection 
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7.1. RBC variants and malaria pathogenesis 

Plasmodium falciparum (P. falciparum) pathogenesis is complex. The variation in response to 

infection, progression and disease severity is influenced by host age, immunity, genetic 

background as well as environmental conditions and parasite genetics1. Host genetic factors 

are estimated to account for one quarter of the total variability in malaria severity2. The 

human host and malaria parasite genomes are engaged in a longstanding evolutionary arms 

race. The human genome consists of multiple polymorphisms that influence malaria 

pathogenesis and protect from severe forms of the disease3. These polymorphisms are under 

positive selection in malaria endemic populations. For that reason, malaria parasites are 

believed to have the single largest impact on the human genome4. The best-defined genetic 

traits showing protection against malaria are RBC specific structural or metabolic elements3,5. 

Clinical malaria occurs during the erythrocytic stage in which P. falciparum undergoes both 

morphological and metabolic changes as it matures6,7,8. RBC variants such as 

haemoglobinopathies, G6PD deficiency, pyruvate kinase deficiency, CR1 etc. can interfere 

with this stage of the parasite cycle protecting the host from severe forms of the  disease. 

RBC variants with the best characterised protection from P. falciparum malaria are the 

haemoglobinopathies and the most remarkable effect is observed in heterozygotes of 

haemoglobin S (sickle cell trait)5,9,10,11. For all of these RBC variants, the mechanism of 

protection is variable: reduced parasite growth, invasion, cytoadherence of infected cells, 

increased splenic clearance and phagocytosis of infected RBCs12–15,16–18,19,20. There are also 

other genetic variants in  immune system molecules (HLA, TNF-) and host ligands involved 

in malaria pathogenesis (CD36 and ICAM1) that are associated with malaria susceptibility. For 

example, HLA class I and class II variants have been shown to offer a similar degree of 

protection against malaria as sickle cell trait in Gambians21. A polymorphism in the TNF- 

promoter which results in increased levels of TNF has been associated with increased risk of 

cerebral malaria mortality22 in Gambians23,24. Similarly, increased susceptibility to malaria 

severity is reported in association with ICAM1 polymorphisms observed in Kenyans25, 

however this effect is absent in Gambians26. Polymorphisms in CD36 on the other hand show 

contradictory impacts on malaria susceptibility27,28.   

IDA protects from malaria. The main cause of IDA is dietary deficiency of iron. There is 

evidence of genetic polymorphisms (for example on TMPRSS6 gene) that are associated with 

IDA in humans but no evidence of their association with malaria susceptibility. Instead, 
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genetic polymorphism associated with iron overload (Q248H) on ferroportin gene (FPN) have 

recently been associated with malaria susceptibility29. Additionally, newly identified 

polymorphisms associated with malaria protection were reported by Genome Wide 

Association Studies (GWAS) 30–35. Polymorphisms in the ATP2B4 gene, an RBC calcium pump, 

are the most reproducible and offer one of the strongest associations with malaria 

susceptibility in African populations.  

 

7.2.  PhD outcome 

During my PhD, I continued the work on iron and malaria pathogenesis our group has been 

involved in, and further investigated the molecular and cellular mechanism by which 

polymorphisms (ATP2B4) newly identified by GWAS protect against malaria. 

IDA protects from malaria while iron supplementation reverses this effect36–38. WHO 

recommended iron supplementation to be coupled with malaria control such as 

antimalarials39. Artemisinin is the current first line antimalarial and its mode of action may be 

altered by IDA RBCs. I investigated the effect of IDA on artemisinin activity in Gambian 

children. I did not observe any effect of host iron status on artemisinin activity.  

I further investigated the impact of a polymorphism in the FPN gene (Q248H), important in 

host iron regulation, which had been associated with malaria protection29. I collaborated with 

Dr Sara Atkinson’s group in Killifi to show that there was no effect of FPN polymorphism on 

malaria pathogenesis.  

For the third part of my PhD, I studied newly identified RBC variants and their effect on 

malaria disease in people living in The Gambia. The genetic polymorphisms found in the 

residents of West Kiang region of The Gambia, a rural African population living in a malaria-

exposed area, represent a unique window into the evolutionary genetic arms race between 

humans and malaria. I proposed that the genetic variants found in the genomes of these 

individuals represent a "natural experiment" to identify the cellular and molecular 

mechanisms by which P. falciparum produces clinical morbidity. Multiple studies have shown 

that SNPs on the ATP2B4 gene are associated with malaria protection30–35. I investigated the 

effect of these SNPs on parasite growth in vitro using RBCs from Gambians. I observed that 

the expression and function of the gene product and parasite growth is affected in people 

with these SNPs.  
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7.3. Host iron status and malaria 

Decreased parasite growth in vitro as seen in RBCs from individuals with IDA is also observed 

in RBCs from individuals with other well-known RBC variants associated with severe malaria 

protection such as β thalassemia40. The mechanism of protection of β thalassemia is linked to 

the microcytic nature of the RBC. In fact, β thalassemia RBCs can be easily confused 

microscopically with that of IDA. They are both hypochromic and microcytic41–43, 

characterised by decreased mean corpuscular volume (MCV), mean corpuscular haemoglobin 

(MCH), haemoglobin concentration and a significantly increased red cell distribution width 

(RDW)44,45.   

7.3.1. Host iron homeostasis and malaria protection: FPN (Q248H) doesn’t protect from 

malaria  

IDA is associated with protection from malaria and iron supplementation is observed to 

increase malaria risk36–38.  Since iron is required by all living organisms, decrease in iron 

availability to the parasite may impede its growth. Indeed there is strong evidence showing 

that IDA RBCs support less parasite growth and are invaded less in vitro than iron replete 

RBCs36–38. Nevertheless, the molecular mechanism by which IDA protects from malaria 

remains obscure.  

Host iron status is mainly affected by dietary iron intake, however elements such as 

ferroportin and hepcidin are key in ensuring iron homeostasis. Ferroportin is expressed on 

enterocytes, macrophages and hepatocytes and transports iron across the cell membranes.  

Ferroportin is degraded  by hepcidin46,47. In a state of iron deficiency, hepcidin is 

downregulated, which allows ferroportin to export iron for erythropoiesis and absorption48.  

In 2018, Zhang et al. 201829,49 showed that ferroportin was expressed in RBCs. They observed 

that ferroportin KO mice suffered haemolysis due to iron overload of the RBCs that increased 

ROS and cell fragility. Additionally, when infected with Plasmodium, FPN KO mice had 

significantly higher parasitemia than wild type mice. They speculated that this was due to an 

increased iron content of the RBC which will enhance parasite growth. FPN polymorphism 

(Q248H) renders ferroportin insensitive to hepcidin mediated degradation. This increases 

ferroportin activity in RBCs and results in significant loss of iron29,49 which they speculated 

would be comparable to an iron deficient RBC and thus inhibit parasite growth. Additionally, 
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they showed significantly lower parasitemia in Zambian children and lower incidence in 

placental malaria in pregnant Ghanaian women with the polymorphism. These populations 

are 1) the groups (pregnant women and children) more vulnerable to IDA and 2) with high 

incidence of other known variants associated with malaria resistance, neither of which were 

reported to be controlled for as  confounders. 

To investigate these findings further, we infected RBCs from Gambians with the Q248H 

polymorphism with P. falciparum in vitro, but did not observe any difference in parasite 

growth when compared with wild type RBCs. This is the first in vitro study testing the effect 

of FPN polymorphism on human malaria pathogenesis using fresh RBCs. We further analysed 

clinical data of different African populations and did not observe any association of Q248H 

polymorphism with malaria protection. Furthermore, we did not see any association of the 

polymorphism with parasite density nor risk of uncomplicated malaria infection.  Moreover, 

we used a larger scale dataset than used in the report by Zhang et al 201820 from which a 

strong association between severe malaria and other well-known RBC variants (sickle cell 

trait, ABO, ATP2B4 and G6PD deficiency) was reported31. 

Since Q248H polymorphism is mostly observed in Africans50, similar to other variants 

associated with malaria protection, Zhang et al 201829 reasoned that it could be under 

positive selection due to malaria pressure. We did not observe evidence of positive selection 

for this polymorphism as there was no divergence from Hardy Weinberg equilibrium. This is 

different from the well known other RBC variants (sickle cell trait, thalassemia, G6PD) and 

newly found polymorphisms (ATP2B4, GYP) by GWAS that have strong evidence to be under 

selection in the same population31. 

Furthermore, Q248H polymorphism has not been identified in any current GWAS. Indeed, the 

frequency of the Q248H variant allele is significantly lower than the other RBC variants in the 

same population. For example, using the 1000 genome data51, the frequency of ATP2B4 

variants associated with malaria protection in Gambians is approximately 32% compared with 

6% for Q248H.  The frequency of the variant does not correlate to malaria prevalence. For 

example, the highest frequency is observed in South African population where there is  

relatively low malaria transmission. 

We, however, did confirm previous findings29 that Q248H polymorphism protects against 

anaemia. Previous work showed that this polymorphism prevents RBC haemolysis due to iron 

overload. The increased iron efflux from RBCs improves iron absorption by other cells and 
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tissues. We consistently observed improved haemoglobin levels and less anaemia in 

individuals with the polymorphism. Moreover, there is strong evidence that Q248H is 

associated with increased serum ferritin and iron overload in people of African ancestry50,52–

54.  

In conclusion, although IDA decreases malaria susceptibility, we found no evidence of any 

host iron regulators associated with malaria susceptibility. Specifically, we observed that 

ferroportin even though crucial in iron homeostasis and previously associated with malaria 

protection in animal models does not have any effect on malaria susceptibility in humans.  

7.3.2. Host iron status and malaria control: Host iron status doesn’t influence artemisinin 

activity 

Iron supplementation increases the risk of malaria in endemic region such as The Gambia36–

38. Due to this, iron supplementation in the management of IDA is recommended to be 

coupled with malaria control39.  Artemisinin based therapy is the current first line antimalarial 

in the region and has been introduced as intermittent preventive treatment (DHA-PQ) for 

malaria control55,56. Artemisinin is activated by free haem to produce ROS that kills parasites 

under high oxidative stress57. IDA RBCs are characterised with low haem but significant ROS 

and high oxidative stress58,59. The high ROS in IDA RBCs could increase drug efficacy, while on 

the other hand the lower haem concentration could decrease efficacy. I evaluated artemisinin 

activity in Gambian children with IDA but did not observe any effect. 

I grew artemisinin resistant and artemisinin sensitive parasite strains in freshly donated blood 

and used the ring survival stage assay (RSA). P. falciparum resistance to artemisinin is only 

observed in the ring stage60 and is lost when the parasite enters the more metabolically active 

trophozoite stage. The trophozoite stage parasite produces more haem and hence ROS as it 

digests haemoglobin. Mutations in PfKelch13, which confer resistance to artemisinin, 

decrease the endocytosis of haemoglobin in the young ring stage, which decreases the 

availability of free haem and thereby decreases the activation of artemisinin61. Consistent 

with this, artemisinin-resistant P. falciparum isolates show resistance only during the ring 

stage in-vitro60. I hypothesised that either: 1) high ROS in iron deficient RBCs will render the 

artemisinin resistant parasites sensitive to artemisinin or 2) low haem in iron deficient RBCs 

will render artemisinin sensitive parasites resistant. I observed equal resistance to artemisinin 

from the artemisinin-resistant P. falciparum isolates grown both in iron deficient RBCs and 
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iron replete RBCs. Consistent with this, I observed equal sensitivity to artemisinin by parasites 

grown in iron deficient RBCs and iron replete RBCs. The high ROS and low haem in iron 

deficient RBCs did not alter its sensitivity to artemisinin in iron deficient RBCs.  

One of the properties of artemisinin resistant parasite strains is upregulation of the cellular 

stress response or the unfolded protein response (UPR) to withstand damage from oxidative 

stress62. Therefore, in the presence of increased oxidative stress as in the case of IDA, the 

upregulated UPR ensured an enhanced adaptive response to oxidative stress. Furthermore, 

it appears that oxidative stress generated as a result of artemisinin activation is more crucial 

for parasite killing than another source.  

In a region such as The Gambia where IDA is prevalent, WHO recommends coupling iron 

supplementation with malaria control39. Dihydroartemisinin-Piperaquine (DHA-PQ) 

combination, an artemisinin based therapy, is becoming increasingly popular due to efficiency 

as intermittent prophylaxis treatment (IPT) for malaria control55,56. IPT is targeted to pregnant 

women and children who are the most vulnerable group for both malaria and IDA. I have 

shown that host iron status has no effect on artemisinin activity. These results confirm that 

current malaria control policy in The Gambia doesn’t need modification.   

 

7.4. GWAS and newly identified RBC variants 

The goal for susceptibility studies is to better understand the biological pathways of malaria 

disease pathogenesis for use in new control measures such as drugs and vaccines. GWAS 

technology has  identified new variants associated with malaria susceptibility. However,  the 

biological functions of these variants remain unexplored. In this work I studied one of the 

variants (ATP2B4) and revealed the mechanism by which it protects from malaria. 

GWAS helps discover novel mechanisms of malaria protection which then can provide insights 

into pathways responsible for malaria resistance. However, it requires a large sample size and 

involving multiple populations in order to be effective and informative63. For example, the 

first GWAS done for malaria susceptibility was in Gambians with a modest sample size 

(N=3400) and could hardly confirm well known genetic traits of malaria susceptibility64. This 

was also in part due to the chip used and probably the weak LD in Africans. Fine mapping in 

this population specific data however helped improve the signal and provided accurate 

representation of association results64. In order to surmount problems like these, malaria 



 

  188 

research groups around the world came together to form MalariaGEN. This permitted 

thousands of DNA samples to be collected in different populations and amalgamated to make 

large scale data sets and form a global infrastructure for genomic epidemiology of malaria4. 

As a result, multiple novel polymorphisms were identified to be associated with malaria 

protection.  Nevertheless, these new polymorphisms together with known malaria variants 

(haemoglobinopathies) still can only explain approximately 2% of the total variability of host 

genetic factors influencing malaria disease outcome65–67. 

Genetic diversity is high in African population and this can cause inconsistency in GWAS 

results. For example, a different G6PD allele is associated with malaria susceptibility in 

Gambians compared to other sub-Saharan African countries68. Population specific studies 

could fix the issue caused by allelic heterogeneity of protective loci in African populations 63,67. 

However, current GWAS dataset (MalariaGEN) has relatively small population specific sample 

sizes67. This could be part of the reason why some of the newly identified malaria 

polymorphisms by recent GWAS were either not replicated or found to be population specific. 

For example MARVELD3 is only associated with malaria resistance by one study in Ghanaian 

population30 and has so far never been replicated in Ghanaians nor other populations. 

Additionally, FREM/GYP variant locus was only associated with malaria resistance in East 

Africa and was totally absent in West Africa33. Polymorphisms on ATP2B4 are  the only newly 

identified ones to be highly reproducible and with a clear association in each of the different 

African populations tested so far 31–33,69,70,71.  

One of the listed pitfalls of GWAS is lack of translation work67 and suitable hypothesis to 

understand the biological pathway controlling malaria resistance of identified loci. To the best 

of my knowledge, my work is the first functional study with the aim to demonstrate the 

biological pathway responsible for ATP2B4 malaria resistance.  

Here, I report for the first time the cellular mechanism by which ATP2B4 polymorphisms 

protect Gambians from malaria. First, I observed that all reported ATP2B4 polymorphisms 

associated with malaria protection in different African populations are found in high 

frequencies and inherited as a haplotype in Gambians. Additionally, these polymorphisms 

decrease PMCA4b expression and calcium expulsion in RBCs from healthy Gambians. I 

observed that these polymorphisms do not affect cytoadherence and parasite invasion into 

the RBCs but inhibit intraerythrocytic growth.  
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7.4.1. ATP2B4 polymorphisms associated with malaria resistance 

I have identified approximately 17 ATP2B4 SNPs so far from multiple studies to be associated 

with malaria resistance30,31,69–71. Using 1000 genome data of Gambian population, I deduced 

that these SNPs are 1) found in high frequency 2) either synonymous or found in non-coding 

regions (introns and 5’UTR) and 3) in very strong LD. The same causal variant at a given locus 

is observed in the different African populations therefore allelic heterogeneity of ATP2B4 

protective variant appear to be absent or minimal. This is unlike some of the other well-known 

variants (sickle cell trait and G6PD deficiency) that are characterised with multiple causal 

variants in the same locus, specific to geographic areas68,72.  

I further observed that all 17 SNPs are located within a region previously described as a 

haplotype73. It is not clear to us how the multiple strongly associated loci interact to influence 

the phenotype observed. Nevertheless, due to their location in non-coding regions, this 

implies that the causal variant driving the phenotype is probably involved in the regulation of 

gene expression. The described haplotype these SNPs are found on contains the binding sites 

of transcription factors expressed in haematopoietic lineages73. Indeed it has been suggested 

recently by MalariaGEN71 that the causal polymorphism was rs10751451 located in the 

erythroid enhancer, involved in ATP2B4 gene transcription. The polymorphism is suggested 

to disrupt the binding of the transcription factors GATA1 and TAL to their binding sites. This 

suggestion was partly based on previous findings showing that CRISPR cas9 deletion of the 

erythroid enhancer results in decreased expression of ATP2B474.  

Also, some of the polymorphisms (rs1541252 and rs1541253) found on the 5’ UTR were  

observed to decrease PMCA4b expression and activity73.  5’ UTR is also a very important 

region in protein regulation. Additionally, the 5’UTR polymorphisms are the most 

reproducible in GWAS31,70 of different populations. 

7.4.2. ATP2B4 polymorphisms affect PMCA4b protein expression and calcium expulsion 

I observed that donor RBCs with ATP2B4 homozygote variant haplotype express less PMCA4b 

protein and export less Ca2+ than wild type and heterozygotes. These results suggest that the 

presence of two variant alleles is required to affect PMCA4b protein expression and activity. 

This is in contrast with previous findings that shows an effect in the gene expression and 

function even in heterozygotes74,73. Although my experimental method is identical to one of 

the studies73, the sample size significantly varies as they presented the result of one sample 
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per genotype. The second study used a completely different approach. Gene deletion using 

CRISPR cas9 in experimental cells was done and this resulted in a huge reduction of ATP2B4 

gene expression74. For all results however, there is evidence of reduction of PMCA4b protein 

expression and Ca2+ efflux impairment due to the presence of ATP2B4 SNPs that are 

associated with malaria protection. This should in fact affect erythrocytic Ca2+ homeostasis. 

Evidently, CRISPR cas9 deletion of the erythroid enhancer (which reduces ATP2B4 expression) 

shows an increase in intraerythrocytic Ca2+ concentration74. Increased Ca2+ concentration of 

the RBCs can activate the Gardos channel leading to dehydration of the cells75,76,77. Similarly, 

dehydrated RBCs are observed in sickled cells which also tend to be characterised with high 

Ca2+ concentrations that can result in increased mean corpuscular haemoglobin 

concentration (MCHC)75. Other haemoglobinopathies associated with malaria resistance such 

as HBC, HBB are also associated with dehydration and an increased erythrocytic MCHC78. 

ATP2B4 SNP (rs7551442) has been associated with increased MCHC by GWAS79. I observed 

that this polymorphism is in strong LD with the SNPs associated with malaria protection 

(Figure 14). Furthermore, it has also been associated with increased MCHC along with 

elevated haemoglobin level but decreased RDW in the UK Biobank74. Additionally, RBCs from 

ATP2B4 KO mice were observed to have an increased MCHC74. In contrast, however, we didn’t 

observe any effect of ATP2B4 polymorphisms on any other erythrocytic parameters including 

MCHC, RDW and haemoglobin levels from our donor RBCs (Chapter 6). Our sample size (n=96) 

might have been too small to detect any effect when compared to the sample size of the 

GWAS79 (N=135,367) associating MCHC with rs7551442 SNP. It is also worth noting that some 

of the ATP2B4 SNPs associated with malaria protection (rs1541252, rs1419114 and 

rs10900588), although they are in strong LD with rs7551442, did not show association with 

MCHC in another GWAS80. I further checked the effect of these SNPs on iron status but did 

not see any effect of the polymorphism on the iron panels (Table 6). The effect of these 

ATP2B4 polymorphisms on RBC physiology should theoretically induce dehydration and 

increase MCHC, despite evidence from other studies, we did not observe an increased MCHC 

and could not evaluate for erythrocytic dehydration.  
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Figure 14: Linkage disequilibrium analysis of ATP2B4 SNP (rs7551442) associated with RBC MCHC with 
ATP2B4 SNPs associated with malaria protection. R2 value presented in colour coded boxes where red 
boxes are R2 = 1 to 9 and orange boxes are R2 = 0.8 to 0.7. R2 = 1 is complete LD and R2 = 0 is absent of LD. 

 

Table 6: Iron panel to assess iron status of study participants (N=39) 

 

 

7.4.3. ATP2B4 polymorphisms affect P. falciparum growth but not invasion 

The importance of calcium to the parasite’s intraerythrocytic development has been widely 

reported81–86,87 however, how the parasite obtains and maintains its calcium supply in the red 

blood cells remains elusive. Decrease in calcium in the parasitophorous vacuole (PV) has been 

shown to impair parasite growth88. Moreover, ATP2B4 polymorphisms have been proposed 

to reduce calcium concentration in the PV30,73. I consistently observed reduced parasite 

growth in RBCs with the ATP2B4 variant haplotype. These results show evidence for the first 
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HOMOZYGOTE 

MUTANT  

HETEROZYGOTE WILD TYPE 
 

Iron panel  Average  

( STDV) 

Average 

( STDV)  

Average 

( STDV)  

P value 

AAGP2 0.7 

(0.2) 

0.7 

(0.2) 

0.7 

(0.2) 

0.84 

CRPL2 1.2 

(1.4) 

0.9 

(1.1) 

4.8 

(13.7) 

0.70 

FER2P 39.0 

(28.5) 

30.8 

(14.5) 

39.9 

(18.7) 

0.59 

IRON2 14.2 

(8.8) 

11.5 

(4.5) 

10.8 

(4.9) 

0.54 

STFR 5.1 

(1.4) 

4.6 

(1.2) 

4.4 

(1.2) 

0.28 

TRSF2 3.3 

(0.6) 

3.2 

(0.5) 

3.1 

(0.5) 

0.76 

UIBC 49.4 

(16.6) 

50.2 

(12.8) 

50.5 

(11.2) 

0.99 

TIBC (IRON2+UIBC) 63.6 

(11.0) 

61.8 

(9.8) 

61.2 

(9.8) 

0.82 

TSAT 105.7 

(105.4) 

68.0 

(38.5) 

87.2 

(53.7) 

0.72 
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time of ATP2B4 resistance to malaria in RBCs from people living in an endemic region. On one 

hand, my results support the hypothesis of the malaria parasite obtaining calcium from the 

PV. Increased calcium concentration within the RBC leading to its dehydration74 could also be 

the reason for the reduced growth observed. RBCs with ATP2B4 polymorphisms can be 

compared with sickle trait RBCs: both are characterised with an increase in calcium 

concentration, dehydration and an inhibition of P. falciparum growth due to the hostile 

environment of the RBCs. However, for sickle cell trait, the arrest in growth is reported to be 

due to polymerisation of haemoglobin in low oxygen conditions3,89. Growth inhibition leads 

to reduced parasite density. Sickle cell trait individuals protected from severe malaria, in 

different populations, have lower parasitaemia12–15. My results also indicate that parasite 

density is reduced in individuals with the ATP2B4 polymorphism. In a case-control study, 

Kenyans with ATP2B4 polymorphisms shown to be protected from severe malaria  have lower 

parasite density69. 

The use of a single parasite strains in in vitro malaria susceptibility studies has been criticised 

for potentially  leading to artefacts in results90. I therefore further tested field P. falciaprum 

parasites isolated from Gambians and consistently observed growth inhibition in donor RBCs 

with homozygous mutant haplotype. 

The role of calcium in parasite invasion is established, however it has never been clear where 

the calcium involved in invasion comes from- whether extracellular or intracellular87,81. My 

results demonstrate no difference in invasion, which implies that intracellular Ca2+ 

concentration of RBCs may not play a role in invasion. Therefore, the low parasitaemia 

observed in in RBCs with ATP2B4 variants could be due to other scenarios. First, it could be 

due to stalling of the erythrocytic stage developmental cycle of the parasite. To investigate 

this, I assessed the parasite lifecycle development at 12 hours interval and observed that the 

rate of development from one stage to another is comparable in the parasites grown in RBCs 

with or without ATP2B4 variants. Nevertheless, I observed a dramatic decrease of 

parasitaemia in the RBCs with ATP2B4 variants during the second cycle at 60 hours. This could 

be as a result of multiple factors. For one, the quality of schizonts grown from the variant 

RBCs could be lower when compared with schizonts from normal RBCs and in turn may 

produce fewer merozoites. This will impact the multiplication rate of the parasite which is 

very important in severe malaria phenotype91. Another possibility could be inhibition of 

egress. It has been widely demonstrated how indispensable calcium is, in Plasmodium 
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egress87,92–94. Obstruction of egress will reduce the rate of the progress of parasitaemia in 

host. Accelerated haemolysis of infected RBCs with ATP2B4 polymorphism may be another 

likelihood of the decreased parasite growth in the second cycle.  

The growth inhibition as a result of haemoglobin S polymerization following cytoadherence is 

the suggested reason for the reduced parasite density observed in RBCs from individuals 

sickle cell trait89. However, in ATP2B4 variant RBCs, based on my results, I propose that the 

growth inhibition is due to inhospitable conditions. This may be the  result of insufficient 

calcium in the PV and or dehydrated RBCs both of which may result in decrease of parasite’s 

multiplication and thus propagation in host.  

7.4.4. ATP2B4 polymorphisms do not affect var gene expression and cytoadhesion 

Multiple var genes variants bind to the adhesion receptors CD36 and ICAM1 hence their 

adhesion trait is not completely understood95. VAR2CSA, that binds to CSA, is unusually well 

conserved between parasite isolates and is the only var gene product known to bind CSA95–

97. In addition, once selected for, parasite stable lines that express VAR2CSA rarely switch 

(personal communication with Joseph Smith – Seattle Children’s hospital, Seattle WA). For 

that reason, I used this model to investigate the effect of ATP2B4 polymorphisms on 

cytoadherence of infected RBCs. I observed that rate of adherence to CSA does not differ 

between ATP2B4 variants-infected RBCs and normal infected RBCs. This means that the 

ATP2B4 variant haplotype associated with malaria resistance doesn’t affect the PfEMP1 

machinery and the capacity of infected RBCs to adhere to host cell ligands. In other well-

known RBC variants linked to malaria resistance, evidence of altered cytoadherence is weak. 

For example, in sickle cell trait and other haemoglobinopathies, few studies have reported 

reduced cytoadherence16–18. Evidence of remodelling of RBC actin, aberrant PfEMP1 

expression and knobs formation is observed only in HBSC and HBCC but not HBAS19,20. 

Since all var genes transcripts are ubiquitously expressed in the ring stage98,99 we further 

checked the expression profile of the whole var genes repertoire of parasite strain FCR3-

VAR2CSA grown in the donor RBCs at the ring stage. I did not observe any difference in the 

relative expression of var genes of parasites grown in ATP2B4 variant RBCs compared to 

normal RBCs.  

Although the main feature of severe malaria pathogenesis is cytoadhesion, the effect of 

cytoadhesion can only be impactful when sufficient infected RBCs sequester. My results show 
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that ATP2B4 polymorphisms lead to low parasite density infection. Therefore, due to the low 

parasitaemia in these individuals, less cytoadherence will occur when compared with 

individuals without the variant haplotype that have higher number of infected RBCs.  

Reduction in parasite density plays a pivotal role in disease outcome as it can minimise all 

aspects of malaria pathogenesis. Severe malaria pathogenesis is multifaceted and 

characterised first with high parasitaemia and complications such as cerebral malaria, 

respiratory distress, severe anaemia, etc100–104. Although cytoadherence is the basis of  some 

of these complications, the host immune response to the presence of the malaria parasite 

also plays an important role and its intensity may correlate with parasite density. For one, the 

host’s reaction to the parasite pigment released during egress is the cause of the cyclic fever 

episodes in malaria disease105. Additionally, the malaria pigment and hypoxia can contribute 

to the activation of cytokines which play a role in cerebral malaria and respiratory 

distress96,106,107,108. Also, severe anaemia in severe malaria disease is mostly due to high 

clearance of infected RBCs by the host immune system. Therefore, reduction of the number 

of infected RBCs, as in lower parasite density, will reduce the number of RBCs being lost during 

an infection. Thus, high parasitaemia will exaggerate all malaria related complications and 

this will lead to severe malaria pathogenesis whereas reduced parasitaemia may subdue 

these complications and inhibit progression to the severe form of the disease. 

7.4.5. The heterozygote disadvantage 

In other well-known RBC variants associated with malaria protection such as sickle cell trait  

and the thalassemias109, the termed ‘heterozygote advantage’ has been coined. This is due to 

the fact that the heterozygous is the protective genotype as the homozygous variant usually 

leads to severe disease3,4. According to my results, the heterozygous variant of ATP2B4 is not 

protective and therefore not advantageous. I did not see any difference between the 

heterozygote variant and wild type RBCs for any of the observed effects of these 

polymorphisms. There was similar PMCA4b expression, Ca2+ efflux and P. falciparum growth 

observed in heterozygote variants and wild type RBCs. The reason for this however could be 

due to a compensatory effect of another PMCA isoform present on RBCs. Both PMCA4b and 

PMCA1b are found in RBCs, although PMCA4b is the most abundant110. PMCA1 has a 

housekeeping role as ablation of it in mice results to embryonic lethality111 whilst PMCA4 KO 

mice survive112,113. However, when PMCA1 is heterozygous, severe adverse effects are 
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observed with PMCA4 KO mice. This suggests that PMCA1 has a compensatory effect in the 

absence of PMCA4114,115. In RBCs with ATP2B4 variant, it appears that the effect of 

heterozygote variant of PMCA4b may not be visible due to the compensatory effect and 

housekeeping role of PMCA1b. However, because PMCA4b is the most abundant in RBCs, as 

homozygous variant, PMCA1b compensation may not be suffiicient.    

7.4.6. PMCA4 as an antimalarial target   

The principal purpose of susceptibility studies is to understand the mechanisms of protection 

underlying malaria severity in order to exploit them for therapeutic purposes67. For example, 

the complete understanding of the role of the duffy antigen/receptor for chemokines (DARC) 

(a Plasmodium vivax invasion receptor) in malaria pathogenesis has led to the successful 

development of Plasmodium vivax vaccine currently in preclinical trials116. In line with this, I 

used PMCA4 specific inhibitor aurintricarboxylic acid (ATA) to evaluate its effect on P. 

falciparum. My results showed that the response to ATA was similar in parasites grown in 

ATP2B4 variant RBCs and wild type RBCs. ATA as PMCA4 inhibitor does not  increase the effect 

of ATP2B4 polymorphisms on parasite growth.  Additionally, I observed that ATA inhibits 

parasites at a very high concentration. The IC50 value obtained was over 100x higher than 

what was observed for conventional antimalarial drugs such as chloroquine (IC50= 15nM) and 

artemisinin (IC50= 2nM). The main limitation of screening for PMCA4 based candidate drugs 

is lack of PMCA isoform specific inhibitors. Caloxins are a new PMCA family of inhibitors117 

that are isoform specific118–121 however, they also inhibit PMCA at very high 

concentrations117–121 and are hardly commercially available.  

7.5. PhD Limitations 

7.5.1. High prevalence of IDA 

All study participants for this work were recruited from Lower River Region, rural Gambia. 

The Gambia, like other low-income countries in sub-Saharan Africa, has a large burden of 

anaemia of which the majority is caused by iron deficiency122. For the first objective of this 

PhD, to determine the effect of iron deficiency on artemisinin activity, we recruited iron 

deficient anaemic and iron replete children under five years of age. This group of individuals 

are part of the group most vulnerable to iron deficiency123. For that reason, it was quite 

difficult to get iron replete children. About 75% of children recruited ended up being anaemic. 
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Additionally, even in the iron replete group the mean haemoglobin concentration was very 

close to the level that defines anemia (11.94 ± 0.6). Lack of sufficient iron replete participants 

is a main challenge for these type of studies in this region.  

7.5.2. ATP2B4 variant in vivo (clinical) data 

A chief limitation for this PhD is lack of clinical malaria data. I studied the molecular 

mechanism by which ATP2B4 variants protect from malaria using genotypic and ex vivo 

analysis. In vivo (clinical) analysis of malaria prevalence and parasite density of malaria 

infected individuals with the ATP2B4 variant would have complemented my genotypic and ex 

vivo findings.  

The first challenge was the lack of sufficient malaria cases to evaluate. The Gambia has 

observed a drastic decline in malaria incidence in the past few years due to effective control 

measures124. Kiang West is among the regions with one of the most significant decline in 

malaria incidence and mortality124. For that reason, a limited number of malaria cases are 

currently observed in the area (Figure 15). Additionally, there is lack of ATP2B4 genotype data 

for the whole population. Our study cohort (KWLPS) and the Keneba Biobank consist of about 

14,000 individuals with medical records in KEMReS. However, a limited number of those 

individuals are genotyped for the ATP2B4 variants (N=635) of which all homozygous variant 

individuals are lost to follow up. In a region with low incidence of malaria, a large sample size 

is needed to get sufficient number of malaria cases for in-vivo evaluation. Genotyping the 

whole KWLPS and Keneba Biobank cohort will provide a large data scale to enable such 

analysis. 

Additionally, evaluation of the medical records (KEMReS) unveiled significant deficits in the 

malaria clinical lab data. Since I have observed that ATP2B4 variants reduce parasite density 

we sought to analyse the parasitaemia observed during an infection in individuals with 

ATP2B4 variants. We realised from the clinical laboratory data that standard parasitemia 

count was not done as part of the routine malaria diagnosis. This practice is normal in clinical 

laboratories due to the urgency of the results for waiting patients and in most cases, a rapid 

diagnostic test is used. A standard parasitaemia count may not be necessary for diagnosis and 

can be time consuming. Nevertheless, I have recommended to the clinical laboratory 

management to implement standard parasitemia count along with current practice in order 

to permit the data to be used for future malaria research studies.  
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Figure 15: Confirmed malaria cases in West Kiang from 2012 to 2020 

 

7.5.3. Technical difficulties 

This study was done in a Keneba field station where the cohort is located. The reason for this 

is because I required fresh RBCs for cellular analyses and hence all ex vivo experiments were 

done in the field lab. The field lab was equipped to the best of our ability to execute our 

planned experiments; nevertheless technical difficulties were unavoidable. For example, 

although we observed reduced expression of PMCA4b protein expression and calcium efflux 

in RBCs with ATP2B4 variants, we could not directly prove the calcium concentration of these 

RBCs due to instrument shortcomings. Specifically, the flow cytometer machine at the field 

site was too simple for such analysis. This analysis would have permitted us to directly 

measure the inhibitory effect of ATA on PMCA4b.    

 

7.6. Further work 

7.6.1. Health consequences 

The ATP2B4 polymorphisms associated with malaria resistance reduce the function of the 

protein and may increase calcium concentration in RBCs. However, the harm that these 

variants may have on the host is as yet unknown. I propose that this can be investigated by 

determining whether these ATP2B4 polymorphisms 1) affect PMCA4b expression in other 

tissues and cells different from RBCs 2) is associated with other PMCA4 related disorders. 
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Haemoglobinopathies and their health consequences 

Traditionally, most RBC variants inducing malaria resistance cause harm to the hosts 

especially in their homozygous state. A classical example is SCD of individuals with HBS 

homozygous genotype. SCD is serious and usually fatal without specialised medical care. It 

involves severe pain as a result of cytoadherence of the sickled RBCs in vascular tissues 

leading to hypoxia and vaso occlusive crisis3,125. Sickle cell RBCs are also characterised with 

high calcium concentration that render them sticky and enhance cyto-adhesion75,126. Cyto-

adhesion is observed in RBCs with high calcium concentration126. ATP2B4 variant RBCs may 

also have increased calcium content which can lead to cyto-adhesion, however it remains 

widely unknown whether this leads to any diseases or a similar phenotype to SCD. SCD is also 

characterised with anaemia and sickled shaped RBCs125. In ATP2B4 variants, we did not 

observe any evidence of anaemia nor change in RBC morphology. Other 

haemoglobinopathies such as  thallasemia and HBC are usually characterized  by mild 

morbidity,  usually the result of mild anaemia4,127; G6PD can be  totally asymptomatic. G6PD 

deficiency phenotype (haemolysis) was only first observed after administration of 

piperaquine40. 

PMCA4 Health related disorders  

PMCA4b protein, because it is ubiquitously expressed, its functional deficits may result in 

multiple physiological disorders (Chapter 2). I deduced from the literature that PMCAs are 

not simply calcium ‘sump pumps’. There is emerging evidence that PMCAs are involved in 

cellular signalling pathways through interaction with other proteins128–134,135,136 and PMCA4b 

is the most interactive isoform. Interaction of PMCA4b with proteins is a precursor to a 

cascade of signals involved in cellular regulation and functions. As consequence, any 

disruption of such interactions due to mutations or altered expression may lead to 

disorders137–140.  

I found evidence  that PMCA4 has been reported to be involved in the pathophysiology of a 

variety of disorders such as male fertility, cardiac malfunction, cancer, neurodegenerative 

disorders, hypertension, bone mineralisation disorder, platelets activation, T cell dysfunction, 

familial spastic paraplegia (FSP), mean corpuscular haemoglobin concentration of RBCs and 

of course, malaria disease. Additionally, PMCA4 when compared with other isoforms is quite 

distinct: 1) it is widely distributed in different tissues, 2) is more interactive with other 

proteins and 3) has a  different regulatory mechanism. All of these contribute  to the 
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important role it plays in multiple pathophysiological processes. I evaluated multiple studies 

that have shown evidence that PMCA4’s altered expression, loss of function, or genetic 

polymorphisms is associated with a variety of pathophysiology and disorders (Chapter 2). 

However, it is worth noting that PMCA4’s implication in most of these disorders has been 

through work done on murine models with gene deletion (knock out) and therefore most of 

these lack evidence in humans. For example, the best characterised PMCA4 disorder, which 

is sperm motility is yet to be proven in humans141. 

MCHC, FSP and malaria are the only PMCA disorders with genetic associations. The 

polymorphisms responsible for FSP are different from that of malaria. One of the 

polymorphisms associated with increased MCHC is among the ATP2B4 variants associated 

with malaria. We did not however observe any effect of this polymorphism on MCHC in our 

study population (Chapter 6). This polymorphism found on the erythroid enhancer can 

impede transcription and is proposed to be the causal variant driving the malaria resistance 

phenotype71,74 unclear. If that is the case, then the effect of these polymorphisms is likely 

limited to RBCs. To confirm this, it is necessary to investigate whether the malaria associated 

SNPs affects PMCA4b expression in other tissues and cells.  

 

Approach 

1. Determine whether malaria associated ATP2B4 polymorphisms in Gambians affect 

PMCA4 expression in other tissues and cells (placenta and sperm cells)  

This will serve as a proof-of-concept evaluation; that the ATP2B4 variants associated with 

malaria resistance do not affect the expression of PMCA4b in other cells and tissues. We 

propose to test PMCA4 expression in placenta and sperm cells. PMCA4b is found ubiquitously 

in all tissues tested and these (placenta and sperm cells) are some of the tissues/cells that can 

be easily obtained in our setting.  Keneba field clinic also offers a maternity unit for the people 

of West Kiang. We will recruit healthy pregnant women with ATP2B4 variant haplotype to 

donate a part of the placenta before discarding it after giving birth. 

We will also recruit healthy men with the ATP2B4 variant haplotype to donate sperm cells. To 

serve as controls, we will recruit individuals, both men and women, without the variant 

haplotype to also donate the same samples. We will use western blots to quantify PMCA4b 

protein expression. We will further examine sperm motility to determine the phenotype of 

this variant. 
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Interpretation: If individuals with the ATP2B4 variant haplotype show less PMCA4b protein 

expression in their placenta and sperm cells than the controls (wild type): we will conclude 

that the SNPs associated with malaria resistance affect other cells and tissues and that they 

might cause other disorders. If we find no difference in PMCA4b protein expression between 

individuals with ATP2B4 variant haplotype and the controls then we conclude that: the SNPs 

associated with malaria resistance are specific to PMCA4b found on RBCs and that those on 

the erythroid enhancer are the causal variants for the phenotype. 

2. Determine health consequences in big data (UK Biobank) 

We will also determine whether these polymorphisms are involved in other human diseases.  

We propose to use the UK Biobank due to the discussed limitations of the Keneba medical 

records (KEMReS) and Keneba Biobank data. The UK Biobank is a population-based cohort of 

500,000 people in the UK between the ages of 40-69 years and recruited from 2007 to 2010. 

Baseline data of these individuals collected include physical measures, medical history, 

lifestyle and family. Biological samples such blood, urine and saliva was also collected at 

baseline142. Eventually, national health data sets such as routine primary care database was 

included. This captures longitudinal data of their health care provision including number of 

visits to physician, diagnosis, hospitalisation, treatment, long term health outcomes etc. This 

also includes linkage to disease specific registers such as the cancer registry143. Furthermore, 

imaging data was also added to the UK Biobank to especially enhance neurological studies144. 

The value of the Biobank was further enhanced with whole genome sequencing of the DNA 

of the 500,000 individuals145. Genotyping was done using the Affymetrix chip to cover over 

800,000 variants146 and further imputed using reference panels of 1000 genome and 

haplotype reference consortium147. So far, genetic studies using the UK Biobank have led to 

the identification of numerous genetic loci associated with numerous diseases148. I have 

explored the UK Biobank genetic database and observed that some of the ATP2B4 SNPs 

associated with malaria resistance (rs10900585 and rs1419114) are part of the variants 

available.  

We will access routine clinical data and disease specific registers using diagnostic codes 

relevant to the associated disorders of PMCA4 as outline in chapter 2. For example, we will 

access cancer registry for breast and pancreatic cancer diagnosis to determine the incidence 

in individuals with ATP2B4 variants and compare with individuals without the variants. 

Although the UK Biobank consists of 94% Caucasian, it also contains individuals of African 
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ancestry who are more predisposed to the ATP2B4 variants. We will therefore target 

individuals of African ancestry in the first instance. We can also evaluate the effect of these 

polymorphisms in Caucasians when present.  

Interpretation: If individuals with the ATP2B4 variants have a higher incidence of any of the 

PMCA4 related disorders, then this variant haplotype has a health consequence. 

 

7.7. Conclusion 

It is believed that malaria has killed more humans than any single disease and consequently 

serves as a natural selection vehicle. Understanding the biological pathway underlying 

malaria resistance in individuals can be helpful in therapeutic solutions. My investigations in 

a population with a high malaria pressure gives new insight into the relationship between the 

parasite and host RBCs. First, by continuing the discussion on host iron status and malaria 

pathogenesis, we showed that there is no evidence of host iron regulatory elements affecting 

malaria pathogenesis. I also observed reassuring results that host RBC iron status may not 

influence malaria treatment. Furthermore, my study of newly identified RBC variants 

associated with malaria resistance became the first to directly demonstrate the mechanism 

of protection. I propose that further work is required to investigate the harm these 

polymorphisms may have on the host. Currently, I can speculate on these based on my 

thorough research on all disorders and functional deficits associated with the variant protein 

(PMCA4). 
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Appendix A2: Information Sheets for Study 1 and Study 2 
 
Study 1 
 

PARTICIPANT INFORMATION SHEET 

Version 02 Date  12 April 2016 
 

Study Title: Cellular and molecular mechanisms of invasion and growth of Plasmodium 

falciparum malaria parasites in iron deficient red blood cells. 

 

SCC: 1477 v02 Protocol: 
Malaria and iron deficient red blood cells 
 

 

Sponsor: MRCG Nutrition Theme 

1. What is informed consent?  

You are invited to let your child take part in a research study. Before you decide, you need 

to understand why the research study is being done and what it will involve. Please take 

time to read the following information or get the information explained to you in your 

language. Listen carefully and feel free to ask if there is anything that is not clear or you do 

not understand. You may also wish to consult your spouse, family members, friends or 

others before deciding to let your child take part in the study. 

 

If you decide to allow your child to join the study, you will need to sign or put a thumbprint 

on a consent form saying you agree for your child to be in the study. You will receive a copy 

of this.  

 

If you decide to join the study, you will need to sign or thumbprint a consent form saying 

you agree to be in the study.  

2. Why is this study being done?  

Malaria is very common in Africa. Doctors and scientists do not yet fully understand why a 

person is more or less resistant to malaria. In this study, we are testing the hypothesis that a 

person’s blood count (anaemia) may make him or her less susceptible to malaria.  Many 

previous studies have demonstrated that this happens but exactly how is still unclear. We 

will also analyse susceptibility to artemisinin (antimalarial) depending on a person’s blood 

count. We need to study how these happen so that we can develop and recommend better 

ways of preventing or treating malaria.  

The results of the study will be made available to your community. 
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3. What does this study involve? 

Once enrolled, if your child is non anaemic, your child will be asked for a donation of 3 mls 

of blood. 

In case the investigator discovers your child is sick during the visit and decides that he or she 

cannot participate in the study because of that, your child will receive immediate care at the 

study site. If the research study needs to be stopped, you will be informed and your child 

will have your normal medical care. 

4. What will happen to the samples taken in this study? 

The samples taken in this study will be studied in the laboratory in Keneba. A small aliquot 

may be sent to the MRC laboratory in Fajara for some additional testing that is not available 

in Keneba. The MRC lab in Fajara, testing will be used to determine if your child has any 

genetic abnormalities in haemoglobin, such as sickle cell trait. The results of these tests will 

be provided to the MRC Keneba clinic and your physicians will follow up with you.   

At the end of the study, some of the blood, collected may be transferred to a laboratory in 

the USA for analysis. This would only be done if we do not have the proper equipment(s) in 

The Gambia for measuring some of the factors we are interested in. All of the information 

obtained from the USA will then be sent back to the investigators in The Gambia. 

5. What harm or discomfort can you expect in the study? 

Collection of the amount of blood (total of up to 3ml) is safe and will not cause any harm to 

you, but might cause temporary discomfort or bruising.  

6. What benefits can you expect in the study?  

As this is a research study there might be no direct benefits to you. However, the 

information gathered during this study may help your clinic physician make decisions about 

your care. If your child has anaemia, the extra information gathered as part of this study 

may tell your physician the cause of the anaemia. Additionally, if your child has a genetic 

abnormality in their haemoglobin gene (ie. Either sickle cell disease or trait), your physician 

will be able to provide additional counselling and/or treatment.  

The study will help health professionals to know more about malaria and how to control it 

so that it may help people suffering from it in the future to have better treatment. 

7. Will you be compensated for participating in the study? 

You will not get paid for participation, but you will get either transport by MRC or get the 

costs for the transport reimbursed.  

8. What happens if you refuse to participate in the study or change your mind later? 

You are free to let your child participate or not in the study and you have the right to stop 

his/her participating at anytime without giving a reason. This will not affect the medical care 

that your child would normally receive. 

In case you decide to withdraw your child’s participation during the study we will not work 

on your child’s samples without your permission, but any information already generated 

from the samples will be kept. The study doctor may also ask for tests for your child’s safety.  

Should any new information become available during the study that may affect your child’s 

participation, you will be informed as soon as possible. 
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9. If you are injured in the study what compensation will be available?  

We will be responsible to provide for treatment caused by procedures of the research study.  

If medical treatment is required as an emergency, please refer to your health centre or clinic 

and contact the field worker who gave his/her telephone number to you or contact Dr 

Rowena Neville on 2110938.  

How your child’s information will be kept and who will be allowed to see it? 

All information that is collected about your child in the course of the study will be kept 

strictly confidential. Your child’s personal information will only be available to the study 

team members and might be seen by some rightful persons from the Ethics Committee, 

Government authorities and sponsor. 

10. Who should you contact if you have questions? 

If you have any queries or concerns you can contact Dr Rowena Neville on 2110938 and you 

can always call the personal numbers of the study staff given to you.  

Please feel free to ask any question you might have about the research study. 

11. Who has reviewed this study?  

This study has been reviewed and approved by a panel of scientists at the Medical Research 

Council and the Gambia Government/MRC Joint Ethics Committee, which consists of 

scientists and lay persons to protect your rights and wellbeing. 

 

Thank you very much. 

 

Principal investigator:  Dr. Carla Cerami, Dr. Rowena Neville, Fatou Joof and Prof Andrew 

Prentice on behalf of the West Kiang Collection study team. Mobile number for enquiries: 

7772231 (Fatou Joof, PhD student); 7150057 (Dr. Cerami), 2110938 (Dr. Neville) 
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Study 2: 
 
 

PARTICIPANT INFORMATION SHEET 

Version 01 Date 21 March 2015 

 

Study Title: Genetic polymorphisms in RBCs physiology influence malaria pathophysiology. 

SCC: 1421 Protocol:  
 

Sponsor:  

What is informed consent?  
You are invited to take part in a research study. Participating in a research study is not the same as getting 
regular medical care. The purpose of regular medical care is to improve one’s health. The purpose of a 
research study is to gather information. It is your choice to take part and you can stop any time. 

Before you decide you need to understand all information about this study and what it will involve. Please take 
time to read the following information or get the information explained to you in your language. Listen 
carefully and feel free to ask if there is anything that you do not understand. Ask for it to be explained until 
you are satisfied. You may also wish to consult your spouse, family members or others before deciding to take 
part in the study. 

 

If you decide to join the study, you will need to sign or thumbprint a consent form saying you agree to be in 
the study.  

Why is this study being done?  
Malaria is very common in Africa. Doctors and scientists do not yet fully understand why a person is more or 
less resistant to malaria. In this study, we are testing the hypothesis that a person’s heritage (genes) may make 
him or her more susceptible to malaria. Many previous studies have demonstrated that this happens but 
exactly how is still unclear. We now need to study how this happens so that we can develop and recommend 
better ways of preventing or treating malaria.  

The results of the study will be made available to your community. 

What does this study involve? 
Once enrolled, you will be asked for a donation of 5 mls of blood. You may be contacted again in the future and 
asked to donate an additional 5 mls of blood.   

In case the investigator discovers you are sick during one of the visits and decides that you cannot participate in 
the study because of that, you will receive immediate care at the study site and then be referred to the 
appropriate health facility. If the research study needs to be stopped, you will be informed and you will have 
your normal medical care. 

 

What will happen to the samples taken in this study? 
At the end of the study, some of the blood, collected may be transferred to a laboratory in the USA for analysis. 
This would only be done if we do not have the proper equipment(s) in The Gambia for measuring some of the 
factors we are interested in. All of the information obtained from the USA will then be sent back to the 
investigators in The Gambia. 
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What harm or discomfort can you expect in the study? 
Collection of the amount of blood (total of 5ml) is safe and will not cause any harm to you, but might cause 
temporary discomfort or bruising.  

What benefits can you expect in the study?  
As this is a research study there might be no direct benefits to you. The study will help health professionals to 
know more about malaria and how to control it so that it may help people suffering from it in the future to 
have better treatment. 

Will you be compensated for participating in the study? 
You will not get paid for participation, but you will get either transport by MRC or get the costs for the 
transport reimbursed.  

 

What happens if you refuse to participate in the study or change your mind later? 
You are free to participate or not in the study and you have the right to stop participating at anytime without 
giving a reason. This will not affect the medical care that you would normally receive.  

In case you decide to withdraw your participation during the study we will not work on your samples without 
your permission, but any information already generated from the samples will be kept. The study doctor may 
also ask for tests for your safety.  

Should any new information become available during the study that may affect your participation, you will be 
informed as soon as possible. 

If you are injured in the study what compensation will be available?  
We will be responsible to provide for treatment caused by procedures of the research study.  

If medical treatment is required as an emergency, please refer to your health centre or clinic and contact the 
field worker who gave his/her telephone number to you or contact Dr Modou Jobe on 
7982625/6992625/9992625.  

How will personal records remain confidential and who will have access to it? 
All information that is collected about you in the course of the study will be kept strictly confidential. Your 
personal information will only be available to the study team members and might be seen by some rightful 
persons from the Ethics Committee, Government authorities and sponsor. 

Who should you contact if you have questions? 
If you have any queries or concerns you can contact Mobile number for enquiries: Kabiru Ceesay 7227134 and 
you can always call the personal numbers of the study staff given to you.  
Please feel free to ask any question you might have about the research study. 

Who has reviewed this study?  
This study has been reviewed and approved by a panel of scientists at the Medical Research Council and the 
Gambia Government/MRC Joint Ethics Committee, which consists of scientists and lay persons to protect your 
rights and wellbeing. 

 

Thank you very much. 
 
Principal investigator:  Drs. Carla Cerami, Fatou Joof and Prof Andrew Prentice on behalf of the West Kiang 
Collection study team. Mobile number for enquiries: Kabiru Ceesay 7227134. 
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CONSENT FORM 

Participant Identification Number: |__|__|__|__|__|__|__|__|__|__|__|__| 

  
 (Printed name of participant) 

 I have read the written information OR 

 I have had the information explained to me by study personnel in a language that I understand, 

and I 

• confirm that my choice to participate is entirely voluntarily, 

• confirm that I have had the opportunity to ask questions about this study and I am satisfied with the 
answers and explanations that have been provided, 

• understand that I grant access to data about me to authorised persons described in the information 
sheet, 

• have received time to consider to take part in this study,  

• agree to take part in this study.  

 

Tick as appropriate 

I agree to further research on my samples as described in the information sheet Yes  No  

 

Participant’s signature/ 
thumbprint* 

    

   Date (dd/mmm/yyyy) Time (24hr) 

    

Printed name of witness*  

 
Printed name of person 
obtaining consent  

I attest that I have explained the study information accurately in ______________________ to, and was understood to the best 
of my knowledge by, the participant. He/she has freely given consent to participate *in the presence of the above named witness 
(where applicable).  

Signature of person obtaining 
consent    

   Date (dd/mmm/yyyy) Time (24hr) 

* Only required if the participant is unable to read or write. 
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Appendix B1: Case report forms 
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