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RESUMO 

Definir vias moleculares envolvidas em resistência a antimaláricos 

A malária é uma das doenças mais mortíferas do mundo e uma grave ameaça ao progresso das áreas 

afectadas. O Plasmodium falciparum é um dos parasitas causadores da doença e tem uma elevada 

capacidade de desenvolver resistência aos fármacos, tornando ineficiente a maioria das terapias. Apenas 

as terapias de combinação à base de artemisinina resistem como tratamentos eficazes, no entanto 

estudos recentes apontam para uma redução da sua eficácia. Consequentemente, é necessário 

identificar os principais marcadores de resistência e compreender a evolução desta. Também é 

importante compreender e identificar os mecanismos biológicos do parasita para contornar os 

mecanismos de resistência ou identificar novos alvos eficazes para fármacos. 

Nesta tese, amostras de ensaios clínicos provinientes de África foram analisadas para marcadores de 

resistência à piperaquina e foram explorados os padrões transcripcionais do pfk13, o gene mais 

predicativo da tolerância à artemisinina. Duplicações do gene plasmepsin 2, um marcador associado à 

resistência à piperaquina no sudeste asiático, foram encontradas em África, indicando uma possível 

presença de parasitas com mutações favoráveis à emergência da resistência à piperaquina. A análise da 

resposta transcripcional do pfk13 após tratamento com arteméter-lumefantrina revelou uma correlação 

entre downregulation do pfk13 e um maior tempo de eliminação de parasitas. Portanto, a resposta 

transcripcional é um possível mecanismo de tolerância à artemisinina. 

Para explorar o mecanismo de resistência da piperaquina, este trabalho gerou estirpes de P. falciparum 

geneticamente modificadas com duplicação da plasmepsina 2 e plasmepsina 3-1. Estes parasitas 

revelam maior resistência a elevadas concentrações de piperaquina, fenótipo que foi aumentado através 

da utilização de bloqueadores químicos dos transportadores PfMDR1 e PfCRT. Estes dados sugerem um 

fenótipo multigénico e uma interacção de múltiplos sistemas presentes no vacúolo digestivo do parasita.  

Este trabalho também explorou o papel da proteína transportadora citoplasmática PfMRP1, não tendo 

impacto particular para os fármacos antimaláricos comummente utilizados. Contudo, foi observada 

resistência a antifolatos num fenótipo incompatível com a anteriormente proposta funcionalidade de 

exportador. A acumulação de moléculas de antifolatos fluorescentes foi diminuida em parasitas com o 

gene pfmrp1 interrompido. Através de uma análise filogenética demonstramos que o pfmrp1 encontra-

se distante de outros transportadores da mesma classe de vários organismos. Por conseguinte, este 

trabalho propõem a PfMRP1 como uma proteína importadora. 

Palavras-chave: Edição genómica, malaria, plasmepsinas, resistência fármacos, transportadores
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SUMMARY 

Defining molecular pathways in antimalarial drug resistance 

Malaria is one of the deadliest diseases in the world and a severe threat to the progress of affected 

areas. Plasmodium falciparum is the parasitic species responsible for most severe malaria cases. This 

parasite has a high capacity to develop drug resistance. Only artemisinin-based combination therapies 

still endure as effective treatments, but concerning evidence piles up of decreased efficacy. Accordingly, 

efforts need to be done to identify key markers of resistance and understand the evolution of resistance 

in the field. Moreover, the elucidation of the biological mechanisms of the parasite is important to identify 

and bypass mechanisms of drug resistance or identify new effective drug targets. 

Field samples from African clinical trials, the continent most ravaged by malaria, were analyzed for 

piperaquine resistance markers and explored the transcriptional patterns of pfk13, the most predicative 

gene of artemisinin tolerance. Plasmepsin 2 gene duplication, a marker associated with piperaquine 

resistance in Southeast Asia, was detected in Africa, indicating possible presence of background favorable 

for emergence of piperaquine resistance. Analysis of pfk13 transcriptional response after artemether-

lumefantrine revealed a correlation of pfk13 down-regulation and longer parasite clearance time. 

Therefore, transcriptional response may be a mechanism of artemisinin tolerance, which is in accordance 

with recent studies of pfk13 mutations generating resistance through decreased protein expression. 

To explore the piperaquine mechanism of resistance, this work generated edited P. falciparum strains 

with duplicated plasmepsin 2 and plasmepsin 3-1 genes. These lines displayed increased resistance to 

high piperaquine concentrations, an effect that was enhanced by using chemical blockers of PfMDR1 and 

PfCRT transporters. The data suggest a multigenic phenotype and an interplay of multiple systems 

present at the digestive vacuole of the parasite. Moreover, these data clarify the likely evolution of 

piperaquine resistance and together with epidemiological data indicate that an initial selection of 

plasmepsins duplications and pfmdr1 single copy number could have generated a favorable background 

for pfcrt mutations to arise and give high-grade resistance to piperaquine. 

Transporter proteins are key for resistance phenotypes. This work explored the role of the cytoplasmic 

transporter protein PfMRP1 finding no impact for commonly used antimalarial drugs. However, resistance 

to antifolate compounds was observed in a phenotype incompatible with the previously proposed exporter 

functionality. Accumulation of fluorescent antifolate molecules was reduced in pfmrp1 disrupted 

parasites. Phylogenetic analysis corroborates unusual function with pfmrp1 distant from transporters of 

the same class of multiple organisms. Therefore, in this work, PfMRP1 is proposed as an importer protein. 

Keywords: Drug resistance, genome editing, malaria, plasmepsins, transporter proteins
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1. INTRODUCTION 

1.1 Malaria disease and brief history  

Malaria is an old disease with an ancient story that has affected humans over millennia. Evidence of 

parasites responsible for malaria was found in mosquitoes preserved in amber stones approximately over 

30 to 100 million years old. These parasites evolved with multiple hosts to eventually cause human 

disease, which is probably derived from gorilla malaria (Cox, 2010; Liu et al., 2010). The first known 

reference to malaria is mentioned as repeated paroxysmal fevers and can be found dated over 3000 

years old in the Chinese Nei Ching. Moreover, periodic fevers are referred in ancient Sumerian, Egyptian, 

and Hindu texts (Cunha and Cunha, 2008). In ancient Greece, Hippocrates was the first, as far as written 

recordings survived, to clearly identify different types of malaria depending on the periodicity of the fevers 

and also to relate the significance with splenomegaly and seasonality (Cunha and Cunha, 2008). Over 

the centuries, the disease was described as affecting the ones in proximity with swamps and was 

wrongfully believed to be the result of foul air from still water. This assumption gave the name to the 

disease, which is derived from the Italian “mala” plus “aria” and translates to bad air. Despite malaria 

continuing to be a widespread and prevalent disease over history, the causative agent was only identified 

by Alphonse Laveran in 1880. Later, the vector of transmission of avian malaria was identified by Ronald 

Ross in 1897 and the human vector by a team of Italian scientists in 1897 (Cox, 2010). 

Malaria is caused by a parasitic infection with protozoans from the genus Plasmodium, which are 

transmitted between human hosts through the bites of infected female Anopheles mosquitoes. A wide 

range of Plasmodium species can infect multiple organisms ranging from mammals, birds and reptiles. 

From this variety, traditionally only four species are documented to cause disease in humans: P. 

falciparum, P. malariae, P. ovale spp. (curtisi and wallikeri) and P. vivax. More recently, simian species 

were also shown to infect humans. The latest species identified was P. cynomolgi, firstly identified as able 

to infect the human host in vitro but recently identified in patients (Hartmeyer et al., 2019). Moreover, 

simian species might have been responsible for malaria outbreaks, and have been misidentified as 

traditional infections due to the lack of available molecular typing techniques. One outbreak in Brazil 

caused by P. simium infection was initially misidentified as a P. vivax outbreak (Brasil et al., 2017). The 

primary host of P. knowlesi are the new world monkeys, but human infection with this species has also 

been reported sporadically in Asia, probably due to zoonotic transmission (Cox-Singh et al., 2008; 

Luchavez et al., 2008). P. falciparum and P. vivax are the most common parasites associated with human 
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disease. P. vivax has a wider global distribution due to being able to sustain a broader range of conditions, 

while P. falciparum is more impactful in the African continent (Howes et al., 2016; World Health 

Organization, 2020). P. falciparum is also responsible for the most severe disease state and most of the 

mortality associated with malaria and the herein focus of this dissertation. 

1.2 Malaria epidemiology 

In current times, malaria is a major cause of disease and was responsible for more than 600 thousand 

deaths in 2020 (World Health Organization, 2021). Malaria cases were estimated at 241 million in 2020, 

with most cases, around 95%, occurring in the African region (World Health Organization, 2021). 

Concomitantly, most of the deaths, around 94%, occur in Africa where the disease still remains a major 

cause of children death, particularly in sub-Saharan Africa causing a death every two minutes (Figure 1) 

(World Health Organization, 2021). Children are the most vulnerable group to malaria accounting for 

nearly 77% of all malaria deaths (World Health Organization, 2021). Moreover, pregnant women and 

children, the groups most affected by malaria, suffer a high toll of health consequences due to the impact 

of moderate and severe anemia (World Health Organization, 2021).  

 

Figure 1. Malaria endemicity in 2019 compared to 2000. Depicts the evolution of progress towards malaria 

elimination, with countries certified free of malaria and more achieving zero cases, in recent years. Reproduced 

from WHO, World Malaria Report 2020 under creative commons license CC BY-NC-SA 3.0 IGO 

(https://creativecommons.org/licenses/by-nc-sa/3.0/igo/) (World Health Organization, 2020). 
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Despite these numbers, great progress against malaria has been achieved, with a decline of deaths 

attributed to malaria of approximately 50% and a reduction of 20% in the global cases of malaria since 

2000 (Figure 2). However, despite the early century decline of malaria incidence, the change slowed 

drastically and hit a plateau since 2014, with only Southeast Asia recording progress in this area, while 

Africa and America having stagnant or even increased incidence of malaria (Figure 2). Similarly, deaths 

have been steadily on decline but recently hit a plateau in Africa, of about 380 thousand per year, since 

2016 (World Health Organization, 2020). In 2020, due to the COVID-19 pandemic there was an increase 

in the malaria global number of cases and deaths of about 10%. This highlights the fragile state of disease 

control and that any disruption can significantly increase malaria burden (World Health Organization, 

2021). The observed decline in malaria incidence and deaths is mainly attributed to the introduction of 

artemisinin-based combination therapies (ACTs), as well as long-lasting insecticide-treated nets and 

indoor insecticide spraying. Due to disease fighting efforts, malaria is no longer the leading cause of death 

among children in sub-Saharan Africa. Nonetheless, malaria is still a major threat to economic and social 

development in these regions. In 2020, US$ 3.3 billion were invested in malaria control and elimination 

efforts, of which US$ 1.1 billion came from the government of malaria endemic countries. Malaria cost 

nearly US$ 300 million just for patient case management (World Health Organization, 2021). The disease 

thrives mainly in tropical and subtropical areas where the climatic conditions for propagation are optimal 

 

Figure 2. Malaria incidence and mortality trends in different world regions. a) Malaria case incidence rate  
(cases per 1000 population at risk) and b) mortality rate (deaths per 100000 population at risk). Adapted from 
WHO, World Malaria Report 2020 under creative commons license CC BY-NC-SA 3.0 IGO 
(https://creativecommons.org/licenses/by-nc-sa/3.0/igo/) (World Health Organization, 2020). 
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and coincide with countries where poverty is prevalent (Figure 1). Malaria is a preventable and treatable 

disease, being already eradicated from Europe and North America, and with more countries achieving 

malaria free status in recent years (Figure 1). However, poverty greatly extends the malaria impact by 

hindering the availability of treatment, preventive measures and making treatment compliance harder. As 

such, malaria creates a vicious cycle in these regions as the disease causes a burden to social and 

economic development and thrives under these conditions.  

In spite of the malaria health, social and economic burden, due to the investment and elimination 

efforts that have been pursued in this century, malaria elimination prospects are widening, with an 

increase of 17, in 2010, to 27, in 2018, countries reporting fewer than 100 indigenous cases, an indicator 

of in reach elimination (World Health Organization, 2020). Furthermore, more countries have been 

awarded World Health Organization (WHO) certification of elimination in 2018 and 2019, and more are 

on pace to achieve the target of elimination after 2020 (Figure 1). 

1.3 Plasmodium falciparum 

1.3.1 Life cycle 

Plasmodium falciparum has a complex life cycle alternating between two hosts: the Anopheles 

mosquito, where the sexual stage of development occurs; and the human host characterized by a 

pronounced asexual multiplication and sexual differentiation (Miller et al., 2002). A schematic of the life 

cycle is presented on Figure 3 and described below. 

On the human host, the infection starts when an infected Anopheles female mosquito while taking a 

blood meal injects sporozoites into the bloodstream (Yamauchi et al., 2007). Sporozoites first linger in 

the bite site, engaging in random forward gliding motion until a few sporozoites penetrate the blood 

vessels and migrate through the bloodstream to the liver, where they readily invade the hepatocytes 

(Amino et al., 2008; Miller et al., 2002; Mota et al., 2002; Vaughan and Kappe, 2017; Yamauchi et al., 

2007).  

In the liver stage, which takes approximately 1 to 2 weeks, the sporozoites undergo an asexual 

maturation process into multinucleated cells, known as schizonts, that produce thousands of 

mononucleated merozoites (Vaughan and Kappe, 2017). In this stage, a single successful sporozoite can 

generate more than 90000 mononucleated merozoites (Vaughan and Kappe, 2017). The merozoites 

eventually are released from the hepatocytes into the bloodstream (Vaughan and Kappe, 2017). 
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 In the bloodstream, the merozoites invade the erythrocytes and start an intraerythrocytic replication 

cycle, of approximately 48 hours for P. falciparum (Cowman et al., 2012). The merozoites, in the 

erythrocytes, develop into different morphological forms passing from ring (early trophozoites), late 

trophozoites and schizonts, which contain multiple merozoites (Bannister et al., 2000). The latter phase 

of this cycle is characterized by intense metabolic activity and DNA replication, as each individual parasite 

is capable to generate between 5 and 40 merozoites (Bannister et al., 2000). The infected erythrocytes 

ultimately lyse releasing the merozoites ready to infect new erythrocytes. This cyclic and synchronized 

rupture of the erythrocytes causes the clinical manifestations of malaria, and in susceptible subjects each 

cycle might lead to an increase of several folds in parasitemia.  

  

Figure 3. Plasmodium falciparum life cycle. Description of the life cycle is presented in the text main 

body. Reproduced under creative commons license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

(Nilsson et al., 2015) 
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A minority of the merozoites do not undergo the intraerythrocytic replication cycle but instead 

differentiate into gametocytes (Josling and Llinás, 2015; Meibalan and Marti, 2017; Miller et al., 2002). 

Gametocytes are retained in the bone marrow before being reintroduced circulating in the bloodstream, 

after maturation. This stage does not cause symptoms but can be taken by a mosquito during a blood 

meal (Joice et al., 2014). In the mosquito mid-gut, the microgametes (male) and macrogametes (female) 

fuse to form the zygote, the diploid stage of the parasite. The zygote becomes motile and further develops 

into an ookinete that penetrates the gut wall, where the ookinete differentiates into an oocyst (Aly et al., 

2009). Through meiosis, the oocyst becomes haploid and through mitotic division produces multiple 

sporozoites. After maturation, the oocyst ruptures releasing the sporozoites, which migrate to the 

mosquito salivary glands and are ready to infect a new human host and re-starting the parasite life cycle 

(Aly et al., 2009).  

All Plasmodium parasites that infect humans have a similar cycle, with minor differences in 

developmental stages. The major difference, that also helps distinguish between infections, is the duration 

of the intra-erythrocytic cycle. This cycle difference defines quotidian malaria of P. knowlesi with a 24-

hour cycle, tertian malaria of P. falciparum, P. vivax and P. ovale, with a 48-hour cycle, and quartan 

malaria of P. malariae with a 72-hour cycle (Vadivelan and Dutta, 2014). Furthermore, certain species, 

like P. vivax and P. ovale, are known to have a hypnozoite stage, which is a dormant form of the parasite. 

This hypnozoite can remain quiescent for several months, or even years, and are responsible for relapses 

of the disease (Merrick, 2021). 

1.3.2 Genome 

In 1996, a global effort to sequence the P. falciparum genome started envisioning that the sequence 

would unravel new venues for tackling the disease, as understanding the genome is vital for adaptation 

of current treatments and for the discovery of new drugs and vaccine targets (Mu et al., 2007). The 

parasite genome of the 3D7 strain was sequenced in 2002 and is composed of 14 chromosomes, an 

overall size of 22.8 megabases and approximately 5500 genes (Gardner et al., 2002). These efforts 

coupled with recent advantages in sequencing technology further propelled the sequencing of multiple 

parasite strains, including clinical isolates. The parasite genome is highly rich in AT regions, which 

comprise near 80% of the parasite genome (Gardner et al., 2002). The unusually high content of AT 

nucleotides is a major obstacle to genetic manipulation.  

The complex life cycle of P. falciparum, where the parasite is subjected to various hosts and 

environments together with the long longevity of this species, estimated to be more than 100000 years 
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old, suggest a close co-evolution and adaptation to the human host (Crompton et al., 2014). P. falciparum 

can constantly change genetic expression, as the parasite requires specialized protein expression to thrive 

in several environments (Florens et al., 2002). Accordingly, only 6% of expressed parasite proteins are 

found in common to sporozoite, merozoite, trophozoite and gametocyte stages (Florens et al., 2002). In 

the same way, P. falciparum has intense variations in gene expression, as 80% of the open-reading frames 

have variations in transcript abundance during the intraerythrocytic stage, with very little of the densely 

packed genome being inactive or redundant (Bozdech et al., 2003; Chappell et al., 2020). The 

transcriptome analysis of P. falciparum further indicates that the majority of genes are likely just induced 

once per cycle at the required time (Bozdech et al., 2003). This coordinated gene regulation produces a 

cascade of gene expression, from genes required for general processes to specific genes involved in 

erythrocyte invasion (Bozdech et al., 2003). The rapid variation of genetic expression can help the parasite 

to evade the immune system by changing the parasite antigens displayed on the surface at any given 

time point. Moreover, even though the transcriptome appears conserved among strains, differences in 

gene expression, between strains, occur mainly in surface antigens and have been one of the major 

obstacles to the creation of effective vaccines (Bozdech et al., 2003; Llinás et al., 2006; Nogueira et al., 

2001; Tonkin-Hill et al., 2018).   

Genomic variation between P. falciparum strains is also a result of the long parasite evolution with the 

hosts, and allows parasites to overcome chemotherapeutic agents, vaccines development and vector 

control measures. Thousands of polymorphisms have been identified, which demonstrate rich diversity 

in these malaria parasites (Mu et al., 2007; Ribacke et al., 2007; Volkman et al., 2007). This variability 

has been linked to drug evasion phenotypes. These polymorphisms can be used to identify events of 

selection to understand P. falciparum biology, either long-term selection of environmental adaption or 

recent events of drug induced selection (Park et al., 2012; Volkman et al., 2007). 

The complexity of life environments and rapid genetic variation contribute to the parasite success, and 

all these factors contribute to the capacity of the parasite to avoid drug action and increase difficulties in 

vaccine development efforts (Hoo et al., 2019; Moser et al., 2020; Park et al., 2012; Volkman et al., 

2007). 

1.4 Malaria control 

Malaria control and elimination programs act by targeting the P. falciparum propagation. As the life 

cycle is complex and spans more than a single host, these efforts need to tackle the parasite at multiple 
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life stages, either by targeting the mosquito vector, or controlling propagation of parasites in the human 

host or the transmission between hosts. The mosquito is essential to malaria transmission and thus 

control or elimination of the mosquito vector is considered a vital tool in fighting malaria. The WHO in 

1955 launched an eradication program with emphasis on vector control using residual spraying with the 

insecticide dichlorodiphenyltrichloroethane (DTT) (Nájera et al., 2011). These successful initial efforts 

were soon met with a significant drawback, as the massive use of the insecticide led to emergence of 

resistance and the eradication program failed and was abandoned (Nájera et al., 2011). Nowadays, vector 

control targets mainly on limiting propagation and reducing contact with the human host by using long-

lasting insecticide treated bed nets and indoor residual spraying. However, these approaches also have 

the challenge of resistance emergence (World Health Organization, 2021). Novel approaches are being 

developed in order to try to render the mosquito resistant to the parasite by using genetically engineered 

symbiotic bacteria (Wang et al., 2017), and by using antimalarials with multistage activity capable to 

block mosquito P. falciparum transmission (Paton et al., 2019). 

The fight against malaria propagation also occurs in the human host with efforts to stop transmission 

to humans by vaccine development and to achieve a rapid and early diagnostic. This includes resolving 

the malaria symptomatic stage but also eliminating asymptomatic gametocytes that are responsible for 

propagation into the mosquito (Butterworth et al., 2013; World Health Organization, 2020). Substantial 

progress has been made in vaccine development recently (Duffy and Patrick Gorres, 2020; Molina-Franky 

et al., 2020). Despite that, the major hurdles for effective vaccine deployment are linked to the complexity 

of factors that govern the immune response to the parasite. Moreover, the choice of antigen is problematic 

due to the life cycle that spans two hosts and the several environments within the host at different life 

stages, including multiple paths of cell invasion and ability of the parasite to rapidly modify gene 

expression (Molina-Franky et al., 2020). Furthermore, whole organism vaccines or vaccines based on a 

single parasite variant are insufficient to cover the wide parasite diversity (Molina-Franky et al., 2020). 

While, until now, no vaccine has managed to surpass all these obstacles and achieve high effectiveness, 

there are ongoing implementation programs in some African countries and the future landscape looks 

promising with ongoing trials that might reveal further vaccine prospects (Duffy and Patrick Gorres, 2020; 

Molina-Franky et al., 2020; PATH, 2020). In October 2021, a new hope emerged with the first WHO 

recommended malaria vaccine, the RTS,S/AS01, for use in children at risk (World Health Organization, 

2021). Results from phase 3 clinical trials showed that a four dose regimen of this vaccine had 36% 

efficacy, over a 4-year follow-up, for children aged of 5 to 17 months (Laurens, 2019). Even though the 
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vaccine efficacy is modest, the malaria burden is so high that even a modest efficacy provides a 

substantial public health benefit, particularly in areas of intense transmission. 

Malaria treatment is also fundamental for the disease control and truly important to save lives after 

disease onset. Treatment is performed via administration of chemical compounds with antiparasitic 

properties in the erythrocyte cell stage of infection, in order to resolve the symptomatic disease stage 

responsible for the mortality associated with malaria (World Health Organization, 2020). Malaria 

symptoms are mainly episodes of fever and chills, that occur due to the release of pyrogenic products 

when the merozoites burst from the erythrocytes. In the most complicated cases, the immune response 

cannot contain the infection and parasites may grow exponentially and the symptoms exacerbate each 

cycle as progressively more parasites exist in the circulation, leading to multiple consequences for the 

organism that can ultimately result in death (Buck and Finnigan, 2020). As chemotherapy is a 

fundamental tool in the treatment of the disease and helpful for disease control, compounds that have 

capacity to eliminate both the erythrocyte stages and gametocytes from the organism are highly desirable 

to reduce propagation (Ngotho et al., 2019). One of the major problems of malaria chemotherapeutic 

treatment is the fast emergence and spread of resistance to antimalarial drugs. This phenomenon has 

affected virtually every drug introduced to treat malaria and is a central factor associated with the failure 

to eradicate the disease (Antony and Parija, 2016; Conrad and Rosenthal, 2019; Cowell and Winzeler, 

2019).  

1.5 Antimalarial drugs 

Malaria is a treatable and preventable disease, provided rapid diagnosis and effective treatment with 

antimalarial drugs. 

The choice of therapy depends on the species of malaria parasite involved, the severity of the disease 

and the status of drug resistance in the region. As of now, there are three major classes of antimalarial 

drugs: quinolines, folate antagonists and artemisinin compounds, which will be further discussed. 

Antibiotics are also sporadically used and new compounds are being developed, which are out of scope 

of this thesis and will not be explored in detail. 

1.5.1 Quinoline drugs 

The history of chemotherapy in the treatment of malaria dates back to the 17th century, with the use 

of natural extracts from the Cinchona bark tree in the treatment of fevers (Institute of Medicine (US) 
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Committee on the Economics of Antimalarial Drugs et al., 2004; Renslo, 2013). Later, in 1820 the active 

compound was isolated, by Pelletier and Caventou, from these extracts and was named quinine. The 

superiority of the pure alkaloid compared to bark extracts led to a quick adoption in Europe (Bray et al., 

2005; Institute of Medicine (US) Committee on the Economics of Antimalarial Drugs et al., 2004; Renslo, 

2013). The availability of the pure compound allowed to determine effective dosages precisely and so 

was created the first chemotherapeutic, in the modern sense (Renslo, 2013). Quinine was used for the 

treatment of malaria until the 1930s. Moreover, quinine served as a base structure for the synthesis of 

related compounds including chloroquine, amodiaquine, piperaquine, primaquine and mefloquine (Figure 

4). These compounds constitute the family of quinoline antimalarials and have in common the presence 

of a quinoline ring system. Halofantrine and lumefantrine are also based on the quinoline ring but have 

 

Figure 4. Structure of quinoline family of antimalarials. A – Quinine; B – Chloroquine; C – Amodiaquine; D –
Piperaquine; E – Primaquine; F – Mefloquine; G – Halofantrine; H – Lumefantrine. The red rectangle highlights the quinoline 
ring. 
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less related rings systems (Figure 4). Chloroquine resulted from efforts during the World Wars to devise 

an alternative formulation, because of restrictions to the quinine supply chain (Kitchen et al., 2006). 

Furthermore, challenges for the administration of quinine, particularly poor tolerability and poor 

compliance due to complex dosing regimens, led to the adoption of more efficacious derivatives (Achan 

et al., 2011). Emerging after the World Wars, chloroquine together with the insecticide DTT were used as 

the two principal weapons in the WHO global eradication malaria campaign (Renslo, 2013). Unfortunately, 

resistance emerged and became widespread rendering the eradication of malaria unsuccessful, despite 

that chloroquine was a breakthrough to reduce the impact of malaria (Roux et al., 2021).  

Quinoline-based antimalarials can be distinguished into two main subclasses: the aminoquinolines – 

chloroquine, amodiaquine and primaquine – and the arylaminoalcohols – piperaquine, mefloquine, 

quinine, halofantrine and lumefantrine (Figure 4). The targets of most quinolines remain elusive, albeit 

due to having related structures these compounds may have similar mechanisms and act on similar 

pathways. The most well-studied compound in this drug class is chloroquine and the proposed 

mechanism of action is on the parasite heme detoxification systems (Combrinck et al., 2013). P. 

falciparum during the intraerythrocytic cycle, mainly on trophozoite stage, takes large amounts of 

hemoglobin into the digestive vacuole (DV), as a source of amino acids (Wellems and Plowe, 2001). 

Hemoglobin digestion leads to the release of reactive heme, which is toxic for the parasite (Combrinck et 

al., 2013; Wellems and Plowe, 2001). For the parasite to survive, heme detoxification must be undertaken 

by polymerization into inert crystals known as hemozoin. Chloroquine is a weak base and therefore is 

deprotonated at physiological pH. Consequently, chloroquine accumulates in the acidic DV environment 

by becoming di-protonated (Olliaro, 2001). Chloroquine in the DV binds to the heme group, resultant from 

the consumption of hemoglobin, disrupting the detoxification process that leads to the polymerization 

towards the innocuous hemozoin (Combrinck et al., 2013; Kapishnikov et al., 2019; Olliaro, 2001). The 

free heme group is highly reactive and appears to diffuse out of the DV (Wellems and Plowe, 2001) and 

thus becoming toxic and lethal to the parasite (Combrinck et al., 2013; Olliaro, 2001; Wellems and Plowe, 

2001). The mefloquine, piperaquine, halofantrine, quinine and lumefantrine (the arylaminoalcohols) also 

appear to inhibit the detoxification of the heme group (Combrinck et al., 2013; de Villiers et al., 2008; 

Dhingra et al., 2017), however they may also target additional processes on the parasite (Combrinck et 

al., 2013). Particularly, mefloquine was demonstrated to be a protein synthesis inhibitor (Wong et al., 

2017). Additionally, these compounds appear to also inhibit hemoglobin proteolysis (Dhingra et al., 

2017).  
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1.5.2 Antifolate drugs 

The antifolates are another important class of drugs that have been used in the fight against malaria. 

These drugs are a result of supply chain problems during the World War II that propelled development of 

synthetic antimalarials, such as the antifolates proguanil and chlorproguanil. Proguanil was used as 

prophylactic treatment in Southeast Asian and South America in the 1950s, which increased pressure 

for drug resistance that soon emerged (Edeson and Field, 1950; Jones et al., 1948; Maegraith et al., 

1946, 1945; Robertson et al., 1952; Walker and Lopez-Antunano, 1968). Soon after, pyrimethamine was 

developed with increased prophylactic and therapeutic capabilities (Archibald, 1951; Goodwin, 1952; 

Powell et al., 1963; Vincke and Lips, 1952). However, resistance to pyrimethamine was soon evident in 

multiple areas (Clyde and Shute, 1954; Jones, 1954; Powell et al., 1964; Rollo, 1955; Young et al., 

1963). Sulfonamide drugs were initially tested in the 1930s, but due to more effective antimalarials were 

not widely adopted (Coggeshall et al., 1941; Hill and Goodwin, 1937; Niven, 1938). New improvements 

in half-lives and toxicity propelled renewed interest in the 1960s, particularly sulfadoxine (Laing, 1965). 

This was in part due to studies demonstrating combination of sulfadoxine with pyrimethamine to be more 

effective (Chin et al., 1966; Greenberg and Richeson, 1950; Harinasuta et al., 1967; Hurly, 1959; Laing, 

1970, 1968). With drug resistance to chloroquine spreading, sulfadoxine-pyrimethamine (SP) became 

the natural alternative. However, indicators of the long-term effectiveness of the combination were not 

optimal with reports reporting of clinical failures (Bunnag et al., 1980; Miller et al., 1986; Spencer, 1985). 

The main used drugs of this class are sulfadoxine and pyrimethamine, mainly used in combination. Other 

folate drugs have also been deployed such as sulfamethoxazole, proguanil, chlorproguanil, trimethoprim 

and dapsone (Amukoye et al., 1997; Blanshard and Hine, 2021; Mutabingwa et al., 2001; Thera et al., 

2005). 

Folate metabolism is critical in the majority of species and has been explored in the fight against 

malaria following the discovery and introduction of antifolate drugs to combat bacterial infections (Hyde, 

2005).  These compounds target the parasite folate biosynthesis pathway by binding and inhibiting key 

enzymes in this process (Figure 5). This pathway is essential for many cellular mechanisms, including 

DNA and protein synthesis, which are required in large scale, particularly in the late stages of the 

intraerythrocytic cycle where mitotic processes are rampant. The folate pathway is necessary to provide 

cofactors essential for metabolic reactions, which involve the transfer of one-carbon units. Folate are one-

carbon donors in purine biosynthesis and methionine production (Gritzmacher and Reese, 1984; 

Gutteridge and Trigg, 1971; Heinberg and Kirkman, 2015; Newbold et al., 1982; Schellenberg and 

Coatney, 1961; Triglia and Cowman, 1999). To note that the term folate is usually used generically to 
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encompass metabolites that carry the folate moiety, which are a series of close derivatives that vary in 

the degree of oxidation of the pterin ring, the nature of substituents on the 5 and 10 positions of the 

molecule, and the number of glutamate residues attached to the para-aminobenzoate moiety that links 

the pterin ring to these glutamates (Hyde, 2005).  

Malaria parasites can synthesize folate de novo and scavenge from the environment (Figure 5) 

(Ferone, 1977; Hyde, 2005; Krungkrai et al., 1989). Humans are unable to synthesize folate de novo, 

due to absence of several key enzymes in the folate synthesis pathway, instead relying on the diet to get 

necessary folate (Nzila et al., 2005). Therefore, drugs targeting this pathway are attractive against many 

pathogens since compounds are less likely to interact with human pathways. De novo folate biosynthesis 

starts with conversion of GTP to a dihydroneopterin triphosphate by GTP-cyclohydrolase 1 (GCH1) (Figure 

5). This enzyme is present in the human host catalyzing tetrahydrobiopterin, a cofactor important for 

neurotransmission and nitric oxide production, making an unviable target. Dihydropteroate synthase 

(DHPS) is responsible for combining the pteridine precursor with para-amino benzoic acid (pABA) to form 

dihydropteroate (Figure 5).  The antimalarial sulfadoxine is a structural analog of pABA and targets by 

inhibition of the DHPS (Nzila et al., 2000). Despite DHPS seemingly being an essential enzyme, 

 

Figure 5. Folate biosynthesis pathway. The parasite can de novo synthesize folate or salvage exogenous folate. Para-
aminobenzoic acid (pABA) can be used by the parasite dihydropteroate synthase (DHPS) for folate synthesis. Enzymes are in 
boxes and substracts in plaintext. GTP-cyclohydrolase (GCH1); pyruvolytetrahydropterin synthase (PTPS); 
hydroxymethyldihydropterin pyrophosphokinase (PPPK, also referred as HPPK); dihydropteroate synthase (DHPS); 
dihydrofolate synthase (DHFS); dihydrofolate reductase (DHFR). Sulfadoxine and pyrimethamine are drugs that inhibit DHPS 
and DHFR respectively. 
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scavenging of exogenous folate from the environment enables many P. falciparum strains to survive even 

high concentrations of sulfadoxine, making the compound not viable for single use in therapy (Figure 5) 

(Heinberg and Kirkman, 2015; Wang et al., 2004). Dihydrofolate synthase (DHFS) catalyzes the final 

reaction of the de novo pathway converting 7,8-dihydropteroate to 7,8-dihydrofolate (DHF) (Figure 5) 

(Heinberg and Kirkman, 2015). DHF can then be converted into folate derivatives by dihydrofolate 

reductase (DHFR), serine hydroxymethyltransferase (SHMT), and thymidylate synthase (TS) (Figure 5) 

(Heinberg and Kirkman, 2015). DHFR is expressed as a bifunctional protein with TS, and the complex is 

involved both in folate de novo synthesis and salvage pathways, in contrast to upstream enzymes, making 

an attractive drug target. Pyrimethamine targets the dihydrofolate reductase (DHFR) enzyme, inhibiting 

both the salvage and de novo folate synthesis pathways (Figure 5) (Sridaran et al., 2010). Inhibition of 

these enzymes leads to decreased production of tetrahydrofolate, an important co-factor necessary for 

the production of folate byproducts such as deoxythymidine monophosphate (dTMP) and methionine 

(Sridaran et al., 2010). This inhibition severely hinders the parasite lifecycle (Sridaran et al., 2010).  

While Plasmodium parasites can obtain folate both through exogenous uptake and de novo synthesis, 

the importance of each pathway is not defined. The parasite might be able to increase flux through the 

salvage pathway when de novo synthesis is hindered (Wang et al., 2004). The predominant folate 

derivative circulating, of around 80% of total folate pool, in the human host is 5-methyltetrahydrofolate 

(Belz and Nau, 1998). However, this form of folate was found to have less antagonistic effect on 

pyrimethamine and chlorcycloguanil compared to folic acid or tetrahydrofolate (Nduati et al., 2008). 

Curiously, the antagonistic effect was not pronounced for methotrexate and aminopterin (Nduati et al., 

2008). Accordingly, 5-methyltetrahydrofolate was found to be a poor substract of PfFT1 and PfFT2 

transporters that are able to transport folic acid, pABA and the human folate catabolite pABAG (Salcedo-

Sora et al., 2011). Of these pABA was found to be the only salvageable at physiological concentrations 

(Salcedo-Sora et al., 2011). However, some studies point to salvage of folate or related metabolites can 

reduce sensitivity to certain antifolate drugs, potentially by bypassing de novo synthesis pathway, namely 

sulfadoxine (Tan-Ariya and Brockelman, 1983; Wang et al., 1999). However, these are strain and type of 

supplemented folate dependent effects. The contribution of exogenous and de novo synthesis is complex, 

with many contributing factors including parasite genetic background and concentration of folate (or 

antifolates) in the surrounding environment. However, both pathways seem to be important for the 

parasite to thrive.  

As resistance to chloroquine became widespread, SP was used as a safe and inexpensive alternative 

for the malaria treatment. However, resistance emerged quickly for this treatment (Heinberg and 
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Kirkman, 2015). Currently, SP is not recommended treatment and is only being used in certain cases for 

intermittent preventive treatment in children and pregnant women, but resistance also threatens the 

effectiveness of these uses (Heinberg and Kirkman, 2015). Other drugs and combinations, such as 

trimethoprim-sulfamethoxazole, chlorproguanil-dapsone, have also been used but have not been 

successful long term. Major hinderances for these therapies include quickly emergence of resistance and 

low half lives, compared to SP (Reeves and Wilkinson, 1979; Winstanley et al., 1997, 1992). Faster 

clearance of these drugs did not demonstrate to be particularly advantageous for curbing resistance. 

Moreover, these treaments provided lower profilaxis and treatment compliance (Amukoye et al., 1997; 

Mutabingwa et al., 2001; Sulo et al., 2002). New more potent antifolates resulting from modeling drug 

design such as WR99210 faced problems as poor bioavalitity, pharmokinetic profile and toxicity (Ferlan 

et al., 2001; McKie et al., 1998; Rastelli et al., 2000; Toyoda et al., 1997). Atovaquone-proguanil 

combination has seen some limited use in profilaxys and in areas of artemisinin combination therapy 

failure (Blanshard and Hine, 2021). At the moment, the use and interest in these therapies has waned, 

mostly due to prevalent resistance and the advent of artemisinin derived therapies.  

1.5.3 Artemisinin and derivatives 

Extracts from plants have been used in traditional Chinese medicine since ancient times to treat 

sickness, with the plant Artemisia annua, commonly named sweet wormwood, used to treat fever (Cui 

and Su, 2009). Discovery and isolation of artemisinin to treat malaria in the 1970s was a hallmark of 

medicine of the 20th century. Since the early 2000s, artemisinin is a fundamental part of the first line 

treatment for uncomplicated malaria, designated by the WHO (Tu, 2017, 2016). The discovery was 

propelled by efforts of multiple scientist teams all over China, as a request of North Vietnamese leaders 

due to experiencing heavy losses of soldiers to malaria, during the Vietnam War, in a secret project named 

Project 523 (Hsu, 2006; Li and Wu, 2003, 1998; Thomas and Ying, 2008). Screening of the traditional 

Chinese pharmacopoeia led to the identification of multiple plants with good antimalarial properties, 

including Artemisia annua. This plant was extensively used in rural areas of China to treat fevers and 

malaria (Cui and Su, 2009). Multiple teams explored methods to extract the active ingredient, including 

Youyou Tu and her team that are credited with the discovery of artemisinin and granted Youyou Tu the 

2015 Nobel Prize in Physiology and Medicine (Nobel Media AB 2021, 2021). Project 523 was key to 

decipher the structure of artemisinin through x-ray crystallography analysis. This structure provided 

foundation for improvement of the compound leading to several derivatives, including artemether, 

artesunate and dihydroartemisinin (Figure 6) (Jianfang, 2013). Clinical trials in the 1980s confirmed that 
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artemisinins were more effective and potent than traditional antimalarial drugs (Cui and Su, 2009; 

Jianfang, 2013). These antimalarial discovery efforts also propelled the development of several synthetic 

antimalarial drugs, including pyronaridine, lumefantrine and naphthoquine (Cui and Su, 2009).  

Artemisinin has poor solubility in water or oil and so a poor bioavailability. To tackle this problem, 

semisynthetic derivatives of artemisinin were synthesized such as artesunate, artemether and 

dihydroartemisinin, which have improved bioavailability and efficacy (Figure 6) (O’Neill and Posner, 

2004). All artemisinin derived drugs are converted in vivo to DHA, which is the main active metabolite 

(Tilley et al., 2016).  

Artemisinin can be produced chemically and through bioengineered microbes, but a major 

commercial source of artemisinin is still from Artemisia plant (Thomas and Ying, 2008). While the plant 

derived supply is increasing, there are still variations such as weather and agriculture conditions that 

affect the production output. The introduction of artemisinin compounds in the first-line antimalarial 

therapy caused a decrease in the plant availability and led to a price rise. This propelled endeavors to 

develop semisynthetic non plant derived sources (Hale et al., 2007). A method has been devised to 

produce semisynthetic artemisinin from yeast (Paddon and Keasling, 2014) and commercial production 

began in 2013. Improvements have been accomplished in recent years and have been reviewed recently, 

along with the description of the modified strains and chemical reactions that lead to the final artemisinin 

product (Kung et al., 2018). 

Artemisinin is a sesquiterpene lactone containing an endoperoxide bridge that is key for the drug 

action (Figure 6) (Meunier and Robert, 2010). Artemisinin compounds are active against the 

intraerythrocytic stages of the parasite and gametocytes but not liver stage, which led to hypothesizing 

that hemoglobin degradation is key for artemisinin activity (Meshnick et al., 1993). The parasite uptakes 

hemoglobin using cytostomes, which are endocytic structures resultant from invagination and ingestion 

of the erythrocyte cytoplasm (Abu Bakar et al., 2010; Aikawa et al., 1966; Spielmann et al., 2020). The 

 

Figure 6. Structure of artemesinin family of antimalarials. A – Artemisinin; B – Arthemeter; C – Artesunate; D – 
Dihydroartemisinin. 
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cleavage of the endoperoxide bridge is essential for artemisinin activation, which is mediated by the 

hemoglobin-derived heme leading to the generation of a radical active species (Denisov, 2011; Xie et al., 

2016). Activated artemisinin has been suggested to cause damage to proteins, lipids, and more cellular 

structures leading to widespread cellular damage (Wang et al., 2015). More recently, the radical activated 

artemisinin was demonstrated to be responsible for protein damage and function impairment of protein 

proteasome leading to proteotoxic stress and induction of unfolded protein response that culminates in 

cell death (Bridgford et al., 2018; Chen et al., 2017; Dogovski et al., 2015; Ismail et al., 2016; Wang et 

al., 2015; Zhang et al., 2017).  

Artemisinins are potent antimalarial drugs that act rapidly, at an early stage of the parasite 

development and have an unprecedented potency in the elimination of the parasite burden (Antoine et 

al., 2014). These compounds have unparalleled effect against both asexual and sexual parasite stages 

(Chen et al., 1994; Kumar and Zheng, 1990; Skinner et al., 1996) and are the faster acting antimalarials, 

in the present, resulting in rapid clinical responses (White, 2008). Despite the artemisinin extremely fast-

acting potency against the intraerythrocytic stage of malaria, as a downside, these compounds have very 

short in vivo half-lives of approximately 1 hour, which limits the use as monotherapy and prophylaxis. 

Moreover, artemisinins autoinduce cytochrome P450 metabolizing enzymes, which further lowers serum 

concentrations in subsequent administrations (Ashton et al., 1998; Asimus et al., 2007; Burk et al., 

2005; Gordi et al., 2002; Simonsson et al., 2003). The fast elimination in principle prevents the selection 

of resistant parasites by exposure to residual concentration of the drug. However, the short half-life 

excludes the use of monotherapy due to poor cure rates and high rates of recrudescence (Menard et al., 

2005; Meshnick et al., 1996; Nosten and White, 2007; Veiga et al., 2009; Woodrow et al., 2005). Due 

to the potent action, variable bioavailability and fast metabolism artemisinins are used in combination 

therapies combining artemisinin with a long-lasting drug, which is the recommended first-line therapy for 

treating P. falciparum infections (Ashley and White, 2005; Nosten and White, 2007). The advent of 

artemisinin as a potent antimalarial allowed the treatment of malaria resistant parasites to chloroquine, 

the previous key malaria therapy, and other therapies as mefloquine and sulfadoxine-pyrimethamine, and 

provided hope for a malaria-free world. Indeed, efforts have been successful with deaths decreasing over 

30%, in recent years. 

Early in the 1980s, scientists from the Chinese Academy of Military Medical Sciences explored ways 

to reduce recrudescence associated with artemisinin monotherapy and prevent the development of 

resistance, exploring combinations that showed in vitro synergistic effects with artemisinin and 

derivatives. Lumefantrine was chosen as partner drug to artemether, which was shown to be highly 
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effective even in areas with multi-drug resistance (Makanga and Krudsood, 2009). The combination was 

registered in China in 1992 and a collaboration granted the pharmaceutical Novartis, in 1999, the 

international licensing rights, registered as Coartem®. Mefloquine was combined with artesunate and 

implemented in Thailand in the early 1990s (Carrara et al., 2009; Nosten et al., 2000; Price et al., 1997). 

Later this combination has been used in several countries in Southeast Asia and South America.  Around 

the same time, artemisinin-piperaquine combination was explored in southern China. Piperaquine was 

initially made independently by the French company Rhone Poulenc and Shanghai Pharmaceutical 

Industry Research in the 1960s. Initially widely employed in China the usage declined as monotherapy 

resistance emerged in the 1980s. Early in the development, the combination was reported that a 7-day 

regimen was superior to achieve higher cure rates. To shorten the regiment and reduce costs more 

combinations were pursued such as artesunate-piperaquine phosphate, and ultimately these efforts led 

to the optimization of dihydroartemisinin-piperaquine phosphate (DHA-PPQ) combination. This 

combination was a part of the CV8 firstly registered in Vietnam in 1997, which also included trimethoprim 

and primaquine (Giao et al., 2004). Primaquine and trimethoprim were abandoned and after further 

adjusting the ratio of drug components DHA-PPQ was registered as Artekin and recommended by the 

WHO (Bonn, 2004; Cui and Su, 2009; Tangpukdee et al., 2005). Recently, more therapies have been in 

development that take advantage of artemisinin fast acting mechanisms. 

1.5.4 Artemisinin-based combination therapy 

Artemisinins are administrated in combination with longer half-life, generally of weeks, partner drugs 

that have a proposed distinct mechanism of action, in order to avoid treatment failure associated with 

artemisinin monotherapy and reduce the likelihood of resistance. Resistance emergence to the therapy 

is reduced due to the lesser chance of parasites to simultaneously develop mutations for two drugs with 

distinct modes of action and by the elimination of parasites that would survive the initial short burst of 

artemisinin (Kremsner and Krishna, 2004; Nosten and White, 2007). The immense advantage of 

reducing the risk and pace of resistance development tackles a critical problem in malaria chemotherapy 

(White, 2013). The most used ACTs are: artemether-lumefantrine (AM-LF), artesunate-amodiaquine (AS-

AQ), artesunate-mefloquine (AS-MQ), artesunate-sulfadoxine-pyrimethamine (AS-SP) and DHA-PPQ.  

ACTs are nowadays the recommended therapies for the first line treatment of malaria, due to their 

high efficacy, resistance is not widespread and are also potent against other human malaria (World Health 

Organization, 2020). At the present, these therapies are the gold standard for treatment. ACTs have as 

base the ability of the artemisinin derivative to quickly reduce the parasite burden and thus leaving the 
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partner drug with fewer parasites to eliminate. Therefore, these regimens reduce the selective pressure 

on the long-acting partner drug. The artemisinin component is preferably given combined with the slowly 

eliminated antimalarial in a 3-day fixed dose. These 3-day regimens are well tolerated, with little side 

effects, with most side effects associated with the mefloquine partner drug, and have a good patient 

compliance (White et al., 2014). Furthermore, the combination tackles the mentioned problems 

associated with the short half-life of artemisinin (White, 1999). ACTs are still highly efficient and rapidly 

resolve clinical cases with few associated adverse effects, and except for of foci of DHA-PPQ resistance, 

in the Western Pacific WHO region, the curative rate remains very high (Figure 7) (Adam et al., 2018; 

Adjuik et al., 2004; Naing et al., 2019; Saito et al., 2020; Shibeshi et al., 2021; Visser et al., 2014; World 

Health Organization, 2020).  

AM-LF is a highly effective ACT that combines artemether with the quinoline arylaminoalcohol 

lumefantrine. Artemether reaches peak plasma concentrations within 2 hours of administration and has 

an elimination half-life of 1 to 3 hours (White et al., 1999). Lumefantrine is a slowly and intermittently 

absorbed drug, requiring several hours to complete maximal absorption and reaches peak concentrations 

approximately 6 to 8 hours after administration (Ezzet et al., 2000). The variable bioavailability contributes 

to inconsistency in pharmacokinetics of populations, thus the lumefantrine drug half-life may vary from 3 

 

Figure 7. Treatment failture rates of ACTs WHO regions. Depicts the treatment failure rates of arthemeter-
lumefantrine (AM-LF), artesunate-sulfadoxine (AS-SP), artesunate-amodiaquine (AS-MQ), artesunate-pyrimetamine (AS-PY), 
artesunate-mefloquine (AS-MQ) and dihydroartemisinin-piperaquine (DHA-PPQ) in African region (A), Western Pacific region 
(B), South-East Asian region (C) and Eastern Mediterranean region (D). The Western Pacific region appears to be a focus of 
resistance to DHA-PPQ. Reproduced from WHO, World Malaria Report 2020 under license CC BY-NC-SA 3.0 IGO. 
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to 6 days (White et al., 1999). Nevertheless, this partner drug has the fastest half-life from the approved 

ACTs. To obtain maximum efficacy, the AM-LF treatment should be given with food or drink, as fat 

promotes the absorption of lumefantrine (White et al., 1999). Through collaboration with the WHO, 

Novartis provides AM-LF without profit for distribution in malaria-endemic developing countries (Hamed 

and Grueninger, 2012). This initiative provides broad access to effective treatment for malaria. Since the 

distribution program implementation in 2001, 500 million AM-LF treatments have been delivered to more 

than 60 endemic countries by 2012 (Hamed and Grueninger, 2012) and over 1 billion treatments 

distributed by 2021 (Novartis, 2021). AM-LF is currently a fundamental therapy in malaria fighting, 

particularly in sub-Saharan Africa (World Health Organization, 2020). As a result, currently AM-LF is the 

most widely used antimalarial, the first-line treatment of most sub-Saharan African countries and the 

second-line in almost all the remaining countries (World Health Organization, 2020). Moreover, adoption 

of AM-LF is increasing in Southeast Asia due to the development of resistance to other combinations 

(World Health Organization, 2020). Adoption of AM-LF has been quite successful, for example in KwaZulu-

Natal, South Africa malaria related deaths fell by 97% since introduction of AM-LF and an intensified 

program of indoor residual spraying (Zurovac et al., 2007). Likewise, in Zambia, deaths fell by 66% 

following similar efforts (Steketee and Campbell, 2010). More locations have reported similar success. 

So far there are no significant reports of clinical failure of this therapy, despite some early indications of 

increasing lack of efficacy (Dimbu et al., 2021; Gansané et al., 2021).  

Artesunate–mefloquine (AS-MQ) has been widely used in Southeast Asia, this formulation showed 

great efficacy and tolerability with reduced mefloquine side effects (Taylor and White, 2004). Resistance 

to the partner drug mefloquine is more prevalent compared to lumefantrine, which led to treatment 

failures and even replacement of this combination in the Western Pacific WHO region (Leang et al., 

2013b; Wongsrichanalai and Meshnick, 2008).  

DHA-PPQ combination is commercially available and has been launched extensively in several Asian 

countries and in Africa. Developed as a replacement of chloroquine, piperaquine was later combined with 

dihydroartemisinin (Davis et al., 2005). Several clinical trials have demonstrated that this ACT was highly 

effective and well tolerated (Nosten and White, 2007). DHA-PPQ was introduced to replace failing 

combinations, particularly AS-MQ in Cambodia, the hotspot of malaria drug resistance (Phyo et al., 2016). 

However, resistance also emerged in the region and spread in Southeast Asia to Thailand and Vietnam 

(Amaratunga et al., 2016; Hamilton et al., 2019; Imwong et al., 2017a; Leang et al., 2013a; Saunders 

et al., 2014; Thanh et al., 2017).  Recently, a dominant parasite lineage from Cambodia that harbors 

both artemisinin and piperaquine partner drug resistance was shown to be widespread in the region, 
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intensifying concern about highly resistant parasites and threatening DHA–PPQ-based therapy(Figure 7) 

(Hamilton et al., 2019). 

Despite AM-LF being the most effective treatment due to resistance to other therapies, slowly 

eliminated partner drugs, such as mefloquine and piperaquine, provide longer prophylaxis, whereas 

reinfections after treatment with AM-LF often emerge within a month. This contributed to AM-LF not being 

readily adopted in Southeast Asia, compared to Africa. Furthermore, AM-LF was reported to have lower 

efficacy in Southeast Asia attributed to lower lumefantrine plasma levels, likely due to variances within 

the host population (Denis et al., 2006). 

Several other ACTs, such as artesunate–pyronaridine, AS-AQ, artesunate–sulfadoxine–pyrimethamine 

(AS-SP), and artesunate–chlorproguanil–dapsone, have been developed, are under clinical trials, 

undergone clinical trials or have been deployed. ACTs are highly effective against P. falciparum malaria, 

with cure rates exceeding 90%, except for the Western Pacific WHO region where combinations have been 

replaced due to arising resistance (Figure 7). Nowadays, due to the threat of resistance, there have been 

efforts in developing triple ACTs. Although, there is debate that managing malaria should be done by 

making a better usage of existing treatments and developing unrelated antimalarials (Krishna, 2019; van 

der Pluijm et al., 2021). As downsides, triple combinations expand the risk of adverse events, have lower 

tolerability and increased price. Additionally, the main failure point of ACTs is the partner drug, so 

introduction of new partner drugs, in development, could be a more suitable alternative rather than 

repurposing already failing drugs (Krishna, 2019). Other strategies to prolong current therapies are the 

extension of therapy duration or alternating ACT combinations. Arguments in favor of triple combinations 

are the usage of these therapies, as standard, in the treatment of tuberculosis and HIV, and further 

reduction in the likelihood of resistance emergence. However, implementation comes with hurdles in the 

balance of pharmacokinetics, pharmacodynamics, dosing, production, deployment and acceptance (van 

der Pluijm et al., 2021). A recent trial assessed safety, tolerability and efficacy of two triple combinations, 

DHA-PPQ-MQ and AM-LM-AMQ. These formulations were based in the pharmacokinetic profiles of the 

compounds and the counterbalance of resistance mechanisms. These therapies showed high efficacy, 

even in regions of high DHA-PPQ failure, and were shown as safe and well tolerated, despite a slightly 

higher rate of side effects (van der Pluijm et al., 2021, 2020). Despite that, caution should be used as 

double combination therapy DHA-PPQ, also showed early signs of effectiveness only to quickly display 

high failure rates. Other triple ACTs trials are ongoing (van der Pluijm et al., 2021). 

Developing an ACT is laborious as one needs to consider the artemisinin component and the partner 

drugs, which ideally should be structurally unrelated, have longer half-life, but also be effective against 
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previously generated resistance. Artemisinin has been used as a venue to revive drugs for which 

resistance has previously arisen, however reintroduction of these partner drugs is somewhat questionable 

(Nguyen et al., 2003). In Cambodia, resistance exists to mefloquine, but the combination AS-MQ has 

been deployed with some success reviving mefloquine, for malaria therapy in the area. However, 

treatment failures led to the replacement of the combination in certain provinces to DHA-PPQ. Due to 

prevalent piperaquine resistance and associated treatment failures, DHA-PPQ was later replaced back to 

AS-MQ (US AID, 2018). At first, deployment of ACTs comprising a failing partner drug may seem to curve 

resistance to the partner drug and be effective, as in the case of AS-MQ and DHA-PPQ, in Thailand and 

Cambodia. However, these therapies seem to compromise the long term effectiveness of ACTs due to 

the use of an inappropriate partner drug and can pressure to full widespread artemisinin resistance 

(Brockman et al., 2000; Nosten et al., 2000; Olliaro and Taylor, 2004). In the most drastic scenario, 

artemisinin paired with a failing drug could act and have similar problems as artemisinin monotherapy. 

This is of concern since failing partner drugs put additional pressure on artemisinin, leading to 

development of parasites less susceptible to artemisinin. 

1.6 Antimalarial drug resistance 

Chemotherapy has been fundamental in the combat against malaria, unfortunately, as is the case for 

other diseases, after modern campaigns of drug administration resistance emerged. Nowadays, P. 

falciparum resistance is widespread to nearly all antimalarials. Chloroquine was the first antimalarial to 

be rendered inefficient in the field due to large scale emergence of resistance in Southeast Asia and 

subsequent propagation to all hotspots of malaria in the world during the late 20th century (Packard, 

2014). New drugs to tackle malaria were deployed soon after such as SP and mefloquine. Resistance to 

these replacement therapies emerged relatively quickly, although later some of these drugs were 

repurposed for combination therapies with artemisinin. This sub-chapter will focus on resistance factors 

particularly on antifolate and artemisinin derived antimalarials. DHA-PPQ and transporter proteins are 

further explored in sequent chapters, in a drug resistance perspective, due to the emphasis of the thesis 

in these topics. 

1.6.1 Development and mechanisms of drug resistance 

The emergence of resistance depends on a multiplicity of factors from the complex interaction between 

the parasite, human, mosquito and therapy. The parasite main factors that drive resistance are the 



 

23 

mutation rate of the parasite, the fitness costs associated with the resistance mutations and the overall 

parasite load (Petersen et al., 2011). In the host human population, factors such as the treatment 

compliance, immune response and pharmacogenetics are important to generate resistance (Petersen et 

al., 2011).  

Mutations associated with drug resistance often impart a fitness cost for the parasite (Fröberg et al., 

2013; Hayward et al., 2005; Petersen et al., 2011). Therefore, the altered biological function of the 

mutated protein is compensated by the selective advantage acquired by becoming drug resistant in the 

context of drug pressure. Such fitness cost can often be mitigated by the acquisition of compensatory 

mutations during prolonged drug pressure (Levin et al., 2000). Moreover, fully resistant phenotypes are 

frequently multifactorial, with early mutations leading to increased tolerance to drugs and subsequent 

mutations giving rise to full resistance. These mutations are frequently the result of suboptimal drug 

pressure, which decreases the prevalence of sensitive parasites whereas allowing the survival of more 

tolerant parasites (Hastings and Ward, 2005). Factors that lead to inadequate drug exposure are improper 

dosing, counterfeit drugs and infections acquired during the drug elimination phase of a prior antimalarial 

treatment (Petersen et al., 2011). Therefore, development of drug resistance occurs in several discrete 

steps, where parasite populations tend to evolve to adapt to the stress situation when exposed to 

suboptimal levels of drug. 

There are various molecular mechanisms described that are associated with drug resistance 

phenotypes. The main mechanism of resistance explored in P. falciparum is the elimination of the drug 

from the place of action by preventing drug accumulation or promoting drug elimination, through 

decreased import or increased export, by membrane transporter proteins. Additionally, the parasite can 

acquire resistance by metabolization of the drug, molecular changes in the drug target and activation of 

compensatory cellular mechanisms to cope with drug action. 

Studies based on in vitro culture of the parasite provided a significant development in exploring drug 

resistance phenotypes and pinpointing specific genome mutations that gave rise to resistance. These in 

vitro studies allow studying the intrinsic parasite susceptibility to a drug without host confounding effects 

such as immunity and the pharmacokinetics properties of the drug. However, caution must be taken 

when extrapolating in vitro results with in vivo phenotypes because there is a plentitude of factors involved 

in the in vivo resistance phenotype which are often not replicable on only in vitro assays. 
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1.6.2 Antifolate resistance 

As an alternative to chloroquine, SP was introduced as a safe and inexpensive treatment for malaria. 

Increased use led to emergence of resistance, and nowadays SP has been replaced by ACTs in the first-

line recommended treatment regiments (Müller and Hyde, 2013). Similarly, other antifolate compounds 

or combinations have had limited use due to emergence of resistance or deployment in areas of previous 

antifolate failures. The mainly associated antifolate resistance proteins are DHFR and DHPS. These have 

been identified in P. falciparum, with single nucleotide polymorphisms (SNPs) being the key cause of 

development of resistance (Brooks et al., 1994; Bzik et al., 1987; Peterson et al., 1990, 1988; Triglia 

and Cowman, 1994).  

In P. falciparum, the DHFR forms a byfunctional protein with TS, encoded by a single gene on 

chromosome four. The first 231 aminoacids are from the DHFR domain, follow by 89 residues as junction 

and 288 aminoacids correspondent to the TS domain (Yuvaniyama et al., 2003). DHFR is the target of 

antifolates like proguanil, chlorproguanil, trimethoprim, WR99210 and pyrimethamine. In vivo and in vitro 

studies demonstrated a rapid development of resistance, compared to other antimalarials, that suggested 

a simple mechanism of resistance, such as point mutations in a single gene (Dieckmann and Jung, 1986; 

Nguyen-Dinh et al., 1982; Walliker et al., 1975). Sequencing advancements provided evidence of SNPs 

being responsible for the resistance phenotype. The SNPs N51I, C59R, 164L, A16V and I164L have been 

identified as factors of antifolate resistance (Cowman et al., 1988; Foote et al., 1990; Peterson et al., 

1988). These mutations impact differentially the various antifolates, but in general these seem to have 

emerged sequentially to provide higher degrees of resistance at a reduced fitness cost (Foote et al., 1990; 

Peterson et al., 1990). In general, higher number of mutations correlate with increased resistance, and 

the mutation S108N is reported as a major mutation for resistance to emerge, and the triple mutant 

S108N, N51I, C59R, relevant for most resistance phenotypes, with other mutations playing supporting 

roles (Basco et al., 1995; Crabb and Cowman, 1996; Iyer et al., 2001; Jelinek et al., 1999; Nzila-Mounda 

et al., 1998; van Dijk et al., 1995; Wu et al., 1995). The SNP S108N was shown to affect drug 

accommodation rather than access to the active site (Delfino et al., 2002; Yuvaniyama et al., 2003). 

Although early studies reported gene amplification (Inselburg et al., 1987) evidence in field isolates did 

not support this as a contributor to resistance.  

Similarly to DHFR, the DHPS is a bifunctional polypeptide encoded by a single gene (Cowman et al., 

1988; Foote et al., 1990; Hyde and Sims, 2001; Peterson et al., 1988; Sirawaraporn and Yuthavong, 

1984). As mentioned previously, DHPS plays a role in de novo synthesis of folate and pABA scavenging. 

There is no known counterpart in the human host. Sulfonamides and sulfones, like sulfoxide and dapsone 
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act by inhibition of DHPS. These compounds are particularly affected by folate. Although, exogenous 

folate is thought to be less important under regular conditions and certain parasite strains can grow 

without folic acid or pABA (Milhous et al., 1985). In some parasite strains folate can still enter the pathway 

downstream of this enzyme and bypassing the de novo pathway (Ferone, 1977; Krungkrai et al., 1989; 

Trager, 1958; Ping Wang et al., 1997; Wang et al., 1999). Accordingly, addition of folate to culture 

medium can decrease sulfoxide activity (Chulay et al., 1984; Milhous et al., 1985; P. Wang et al., 1997). 

In a similar way to DHFR, SNPs on DHPS are sufficient to generate resistance to sulfonamides (Brooks 

et al., 1994; Dallas et al., 1992; Triglia and Cowman, 1994). The SNPs S436A/F, A437G, K540E, A581G 

and A613T/S are mediators of resistance (Brooks et al., 1994; Diourté et al., 1999; Plowe et al., 1997; 

Triglia et al., 1997). SNPs on positions 436, 437 and 540 line the channel to the active site and are likely 

the main mutations leading to resistance with the SNPs at positions 581 and 613 having a likely 

compensatory function (Baca et al., 2000; Plowe et al., 1997; Triglia et al., 1998, 1997). The mechanism 

of resistance is similar to DHFR inhibitors resistance, in which the greater the number of SNPs the higher 

degree of resistance. 

1.6.3 Artemisinin-based combination therapy resistance 

For ACTs, as mentioned before, resistance is emerging with increasing treatment failures that already 

led to treatment replacements in Southeast Asia. Tolerance to artemisinin was first noticed in Southeast 

Asia, mainly in Cambodia, with detection of a decrease in parasite clearance after treatment (Dondorp et 

al., 2009; Noedl et al., 2008). Since then, tolerance to artemisinin spread to other areas of Southeast 

Asia and at the present has been found in multiple countries (Amaratunga et al., 2012; Hien et al., 2012; 

Kyaw et al., 2013; Phyo et al., 2012). Although still clinical effective, in these regions, failure rates for 

ACTs are rising (World Health Organization, 2020). Nevertheless, the AM-LF therapy remains highly 

effective in most parts of the world showing cure rates higher than 95% in the majority of sub-Saharan 

Africa (Djimde et al., 2015). However, in the Cambodia-Thailand area reports show a consistent delayed 

parasite clearance and treatment cure rates of less than 90%, lower than the WHO recommendations 

(Song et al., 2011). This lower efficiency, as mentioned, could be population related and not specifically 

resistance. Outside the Cambodia-Thailand area, treatment failure of AM-LF is uncommon and not 

necessarily due to drug resistance, but to several other factors such as non-compliance and counterfeit 

drugs (Djimde et al., 2015). Despite that, some recent reports show lower efficacy of AL in certain clinical 

trials, but usually not associated with artemisinin identified markers of resistance (Beshir et al., 2021; 

Dimbu et al., 2021; Gansané et al., 2021; Plucinski et al., 2017, 2015). Oppositely, DHA-PPQ is the 
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most concerning ACT having high rate of treatment failure, widespread in Southeast Asia. Resistance to 

the previously main used antimalarial drugs such as quinolines and SP, emerged in the same region, 

near Cambodia, and spread across Asia and Africa. In order to prevent the development and propagation 

of full ACT resistance phenotypes, continuous monitoring of treatment efficacy is necessary and there is 

a concerted effort to understand the genetic factors that underline the emergence and spread of 

resistance (Derbie et al., 2020). Even a modest increase of 30% in the failure rates of ACTs could lead to 

an increase of over 100000 deaths in Africa (Lubell et al., 2014). As such, there is a need to fully 

understand the mechanisms of action and resistance to ACTs. 

Resistance to partner drugs is considered to be the major factor creating selective pressure on the 

artemisinin component of the ACT, which resulted in tolerant parasites (Dondorp et al., 2011). Artemisinin 

resistance manifests as increased survival and delayed clearance of young stage ring-stage parasites. 

Resistance to artemisinin has been defined clinically as increased parasite clearance half-life greater than 

5 hours and recrudescence (Ashley et al., 2014; Dondorp et al., 2009) and in vitro by parasites having 

longer ring stage survival after a 6 hour artemisinin exposure (Klonis et al., 2013; Witkowski et al., 2013). 

At the present only artemisinin tolerance exists, but this phenomenon is usually referred to as artemisinin 

resistance and the terms have been used interchangeably in the literature. Although there is not yet full 

failure of the artemisinin component of the therapy, parasites with increased clearance times are 

expanding all over Southeast Asia, providing evidence of spread of artemisinin tolerance, which in the 

worst-case scenario could lead to widespread ACT treatment failure (Ashley et al., 2014; Imwong et al., 

2017b; Tun et al., 2015). Concerningly, similarly parasites with increased clearance times have recently 

being reported in Africa (Balikagala et al., 2021). 

Surprisingly, recrudescence of ART monotherapy failure does not seem to be associated with parasite 

clearance times in vivo, genetic markers and in vitro ring-stage susceptibility (Batty et al., 1998; Breglio 

et al., 2018; Sá et al., 2018; Wellems et al., 2020). Some reports point to a low fraction of persister 

parasites by metabolic quiescence. Or that parasites can survive in the spleen or extravascular niches in 

the bone marrow hiding from the effects of chemotherapy, which can be related with host factors (Henry 

et al., 2020; Kho et al., 2021; Lee et al., 2018). As of note, the novel partner drug KAE609 and 

lumefantrine may have the potential to hinder parasites to enter a dormancy state or even to kill dormant 

parasites, which could be a factor of why AM-LF resistance is rare even considering that this therapy has 

been deployed for over a decade in Africa (Chavchich et al., 2016). 
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1.7 Dihydroartemisinin-piperaquine 

As mentioned, several combinations of ACT have been implemented so far, one of those is piperaquine 

used in combination with dihydroartemisinin, the active metabolite of artemisinin type of drugs. As one 

of the ACT with the highest failure rates and resistance, and one of the thesis focuses, this combination 

will be further explored in this section. Partner drug resistance is a serious problem, the few drugs 

available for malarial treatment were repurposed for combination treatment, but previously failing 

monotherapy drugs pose an additional risk for artemisinin resistance. The combination DHA-PPQ was 

introduced to save failing combinations in Cambodia, the hotspot of malaria drug resistance, unfortunately 

resistance emerged and spread in Southeast Asia to Thailand and Vietnam (Amaratunga et al., 2016; 

Hamilton et al., 2019; Imwong et al., 2017a; Leang et al., 2013a; Saunders et al., 2014; Thanh et al., 

2017). Recently, a dominant parasite lineage from Cambodia that harbors both artemisinin and 

piperaquine partner drug resistance was shown to be widespread in the region, intensifying concern about 

highly resistant parasites threatening DHA–PPQ based therapy (Hamilton et al., 2019). 

1.7.1 Piperaquine resistance 

Resistance to piperaquine is thought to be the main factor of DHA-PPQ combination failure. However, 

detection of piperaquine resistance has been challenging and time-consuming, with conventional in vitro 

dose–response assays frequently yielding non-interpretable data. The first evidence suggested that a 

plasmepsin locus duplication, on chromosome 14, is one of the factors associated with resistance to the 

drug (Witkowski et al., 2017). Subsequently, the first genetic markers associated with PPQ resistance 

were identified as decreased copy number variations (CNV) in the P. falciparum multidrug resistance 1 

(pfmdr1) gene and increased CNV in plasmepsin 2 (pfpm2) and hybrid plasmepsin 3-1 (pfpm3-1) genes 

(Amato et al., 2017; Veiga et al., 2012; Witkowski et al., 2017). A bimodal response of resistance to high 

piperaquine concentration was correlated with increased CNV of pfpm2 and pfpm3-1 and a single pfmdr1 

copy (Bopp et al., 2018). However, there was discordance between the degree of resistance suggesting 

that additional genetic variants or expression profiles are involved in piperaquine resistance (Bopp et al., 

2018). More recently, mutations on P. falciparum chloroquine resistance transporter (PfCRT) have been 

shown to confer bimodal resistance to high piperaquine concentrations (Ross et al., 2018). Interestingly, 

these mutations seem to have appeared later (2016) in genetic backgrounds of multiple plasmepsins 

copies (2 to 10 copies) and correlate with temporal de-amplification of pfmdr1 (from 2010 to 2016) 
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(Dhingra et al., 2019; Ross et al., 2018). Subsequently, PfCRT mutations were confirmed to modulate 

transport of piperaquine and promote resistance in vitro (J. Kim et al., 2019). 

Conflicting evidence emerged while trying to verify, in vitro, the role of the plasmepsins in modulating 

piperaquine resistance phenotype. Inactivation of pfpm2 and pfpm3 led to slightly increased piperaquine 

susceptibility in the African derived strain 3D7 (Mukherjee et al., 2018). Inconsistently, in the same strain 

pfpm2 and pfpm3 extra gene copy did not lead to susceptibility changes (Loesbanluechai et al., 2019). 

As mentioned, the parasite obtains nutrients, namely amino acids, from the degradation of host 

hemoglobin, in the food vacuole, generating toxic heme byproduct that is detoxified to hemozoin 

(Coronado et al., 2014). Piperaquine as an aminoquinoline likely has the mode of action related to 

hemoglobin metabolism and particularly the inhibition of heme detoxification. Plasmepsins are aspartic 

proteases, which are present in parasite food vacuole and are one of the first enzymes to cleave 

hemoglobin in the digestion process (Wunderlich et al., 2012). The above-mentioned proteins, PfMDR1 

and PfCRT are importer and exporter vacuolar transporter proteins, respectively, that have been 

implicated in multiple drug resistance phenotypes (Wunderlich et al., 2012). These transporters will be 

further explored in the context of resistance to other antimalarials in the next sections. There is still no 

clear mechanism for which piperaquine resistance occurs, but the main factors might be alterations in 

vacuolar dynamics related with hemoglobin metabolization by action of plasmepsins and transport by 

PfCRT and PfMDR1. 

1.7.2 Artemisinin resistance 

Artemisinin resistance, so far, is described as molecular resistance, and is an indicator that 

susceptibility to artemisinin is decreasing. Clinically, artemisinin tolerance manifests as clearance half-

life greater than 5 hours (Ashley et al., 2014). The term artemisinin resistance, currently, does not 

translate into clinical resistance and there is no strong evidence linking with clinical failure. As referred, 

resistance to ACT nowadays occurs mainly due to failing partner drugs, nevertheless the molecular 

evidence of less susceptible parasites prompt preemptive studies in order to monitor emergence of 

artemisinin resistance. These intermediate less susceptible artemisinin phenotypes can propel the 

parasite to develop other mechanisms, which can lead to clinical failure. Furthermore, artemisinin 

reduced sensitivity poses an additional pressure and risk to accelerate the development of full-scale 

resistance to partner drugs due to a less protective action of artemisinin.  

Artemisinin resistance was first suggested in 2005, and subsequently identified in western Cambodia 

(Dondorp et al., 2009; Noedl, 2005; Noedl et al., 2008). Later in 2014, the molecular basis of the 
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phenomenon was identified with an observed association of Kelch 13 propeller protein (PfK13) mutations 

with increased parasite clearance times (Ariey et al., 2014; Ashley et al., 2014; Straimer et al., 2015). 

Nowadays, artemisinin resistance is primarily associated with point mutations in the PfK13. Following the 

detection of PfK13 mutants the distribution of these parasites has been monitored, with over 150 

mutations detected (Ménard et al., 2016; Ocan et al., 2019). Several of these mutations are now 

described to reduce artemisinin efficacy, such as N458Y, Y493H, R539T, I534T, R561H, C580Y (Ariey 

et al., 2014; Ghorbal et al., 2014; Ocan et al., 2019; Straimer et al., 2015). Several other candidate 

mutations have also been reported to associate with slow clearance or been reported to reduce parasite 

in vitro susceptibility, including both on the propeller domains or in other regions of the protein (Ocan et 

al., 2019; WWARN K13 Genotype-Phenotype Study Group, 2019). Other loci likely contribute to tolerance 

phenotype by enhancing stress or compensation of fitness cost (Cerqueira et al., 2017; Mukherjee et al., 

2017). Evidence suggest that initially multiple PfK13 mutations appeared independently followed by hard 

selective sweep events with fitter parasites (Amato et al., 2018; Anderson et al., 2017; Imwong et al., 

2017b, 2017a; Miotto et al., 2013; Takala-Harrison et al., 2015). PfK13 mutations are predominant in 

Southeast Asia, while in Africa, such mutants have remained rare with only 5% of African samples 

presenting mutations with most of those only detected once (Kamau et al., 2015; Ménard et al., 2016; 

Ocan et al., 2019; Taylor et al., 2015). The C580Y is the most widespread mutation and a C580Y lineage 

dominates in eastern Greater Mekong subregion, this lineage also includes pfpm2 amplification, as 

mentioned, a marker of piperaquine resistance. (Amato et al., 2018; Imwong et al., 2020, 2017b, 

2017a). This lineage seemingly arose in Cambodia and has propagated on the area to Thailand, Laos 

and Vietnam (Amato et al., 2018; Imwong et al., 2017a, 2017b; Witkowski et al., 2017). As of note, two 

epidemiological origins of the gene amplifications at the plasmepsin 2-3 locus were detected. However, 

parasites resistant to DHA-PPQ belong to a single plasmepsin 2-3 lineage, which likely emerged 

independently of PfK13 lineages, although the co-lineage is presently prevalent (Amato et al., 2018). The 

fast spread of these lineages after the first detection, which occurred in a timeframe of around 10 years, 

might suggest that artemisinin-resistant parasites can acquire increased biological fitness relatively fast 

and poses a further risk to failures. As such, surveillance and therapy adaptation to local settings is 

fundamental. Another less frequent lineage includes the H493Y PfK13 mutation (Amato et al., 2018). In 

Myanmar, the P446T is a prevalent mutation (Huang et al., 2015; Imwong et al., 2020). The mutations 

C580Y, through CRISPR-Cas9 and F446I, M476I, Y493H, R539T, I543T and C580Y, through zinc finger 

nucleases, were validated in vitro as able to generate resistance of early rings to short pulses of 
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artemisinin, in the ring susceptibility assay (Ghorbal et al., 2014; Straimer et al., 2015; Wang et al., 

2018). 

Some recent evidences point to an development of new PfK13 mutations in Africa, which are emerging 

independently of Asian mutations (Ocan et al., 2019). Detection of PfK13 C580Y has been reported in 

Guyana, Papua New Guinea, Equatorial Guinea, Angola, Gana (Huang et al., 2015; Mathieu et al., 2020; 

Miotto et al., 2020; Yang et al., 2017).  In Rwanda, the PfK13 R561H was detected in around 7% of the 

samples, and through gene editing shown to confer artemisinin resistance in vitro. However, therapy cure 

rates remain high (Uwimana et al., 2020). In contrast, introduction of a frequent African PfK13 mutation 

A578S, in vitro, did not lead to altered artemisinin sensitivity (Ménard et al., 2016). In Uganda, the PfK13 

allele A675V, which has been associated with delayed clearance in southeast Asia was detected but in 

low prevalence and without clinical relevance at the present (Ikeda et al., 2018; Ménard et al., 2016; 

WWARN K13 Genotype-Phenotype Study Group, 2019). However, recently a longitudinal study, of 

artesunate monotherapy, in Uganda from 2017 to 2019 suggests increased parasite clearance times for 

parasites with A675V and C469Y PfK13 mutations (Balikagala et al., 2021). Moreover, the proportion of 

these mutations is shown to be increasing throughout time concomitantly with an ring-stage increase 

survivability (Balikagala et al., 2021). However, so far, none of these reports have produced a clear link 

between PfK13 mutations with combination therapy failure in Africa. Although, a recent study suggests 

that likely independent emergence of PfK13 mutations might be related with increased clearance, which 

might propel clinical failures in the future (Balikagala et al., 2021). 

PfK13 is a 726 amino acid protein with still unknown function in P. falciparum. The protein has motifs 

that belong to a class of ubiquitination adaptors (Glickman and Ciechanover, 2002). Multiple hypotheses 

implicated the PfK13 as a responder to downstream effects of ART activation, especially in up-regulation 

of pathways involved in the cellular stress response and reduced protein translation in the presence of 

ART-induced stress (Dogovski et al., 2015; Mok et al., 2015). As mentioned, the mechanism of action of 

ART involves the activation of the endoperoxide bond by hemoglobin-derived heme. The ART radical 

causes cellular damage and interference on the parasite proteasome (Xie et al., 2016). Several 

hypotheses emerged as how the parasite can avoid artemisinin damage (Mok et al., 2015), such as 

enhanced ability to deal with protein damage, enter a quiescent state or a post stress escape mechanism. 

Indirect analysis showed an increase in expression in genes related to proteostasis in PfK13 mutants and 

alterations in translation that could make the parasite able to withstand ART (Mok et al., 2015; Zhang et 

al., 2017). However, observations showed that several PfK13 mutations confer a similar resistance 

phenotype, which suggests, at least, partial loss of function (Amaratunga et al., 2014b; Ariey et al., 2014). 
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Accordingly, PfK13 may act as substrate adapter for ubiquitination and a SNP was shown to decrease 

affinity for P. falciparum phosphoinositide 3-kinase, thereby increasing its steady-state levels by reducing 

ubiquitination and proteasomal degradation and elevating phosphatidylinositol 3-phosphate that 

associates with artemisinin resistance (Mbengue et al., 2015).  Moreover, PfK13 mutant parasites 

resume protein turnover faster and have enhanced recovery after 6 hours of DHA exposure (Dogovski et 

al., 2015; Yang et al., 2019). Despite that, proteomic analysis with WT and mutant PfK13 parasites 

demonstrated that basal level and turnover rate of stress response proteins is similar, disagreeing with 

the theory that PfK13 mutations directly mediate the parasite ability to deal with stress (Siddiqui et al., 

2017; Yang et al., 2019). Instead, PfK13 could be involved in lowering the damage caused by ART 

(Siddiqui et al., 2017; Yang et al., 2019).  

Recently, a novel mechanism of PfK13 mediated resistance was proposed by demonstrating that 

PfK13 acts upstream as a conduit for ART activation (Birnbaum et al., 2020; Yang et al., 2019). PfK13 

localizes in vesicles close to cytostomes, which are erythrocyte-cytosol containing structures used by the 

parasite in the uptake of hemoglobin (Birnbaum et al., 2020; Yang et al., 2019). There, PfK13 interacts 

closely with endocytosis related proteins independent of clathrin, and more proteins with still unknown 

function (Birnbaum et al., 2020). PfK13 and interacting proteins in this compartment next to cytostomes 

are required for uptake of hemoglobin, with PfK13 being essential only in young ring-stage parasites 

(Bhattacharjee et al., 2018; Birnbaum et al., 2020, 2017). Mutations in PfK13, such as R539T and 

C580Y, were shown to reduce this protein concentration, which led to reduced hemoglobin uptake and 

enhanced ring-stage survival (Birnbaum et al., 2020; Siddiqui et al., 2017; Yang et al., 2019). Moreover, 

PfK13 knockdown, through mislocalization, was sufficient to reduce sensitivity to ART and reduce uptake 

of host cytosol and trafficking to digestive vacuole (Birnbaum et al., 2020; Yang et al., 2019). Additionally, 

expression of episomal PfK13 C580Y allele demonstrated that raising the abundance of protein, albeit 

carrying only the resistant allele, eliminated the ART tolerance phenotype (Birnbaum et al., 2020). These 

evidences show that reduced PfK13 protein levels alone can explain the resistance phenotype (Birnbaum 

et al., 2020; Yang et al., 2019). Recollecting, ART activation occurs via reaction with heme group, 

resultant from hemoglobin digestion, and therefore reduced hemoglobin uptake results in less ART 

activation (Birnbaum et al., 2020). As of now, reports have mentioned the puzzling observation that while 

mutations in PfK13 reduce protein levels, reduced transcript level has not been linked with artemisinin 

resistance (Mok et al., 2015; Xie et al., 2020). Undeniably, more studies to understand transcript levels 

of PfK13 are necessary. All these discoveries relate the PfK13 to hemoglobin endocytosis and trafficking. 

Accordingly, partial loss of PfK13 function reduces hemoglobin digestion, more pronounced at the early 
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ring stage, leading to less ART activation, which enhances cell survival. Nevertheless, the catabolism of 

hemoglobin provides the parasite with a fundamental source of amino acids and consequently PfK13 

mutations carry a biological tradeoff for the parasite (Birnbaum et al., 2020). Therefore, mutant PfK13 

impaired endocytosis occurs mainly in rings and not in trophozoites, which explains why these mutations 

have been selected rather than other genes involved in hemoglobin endocytosis, as the fitness cost is 

likely too high (Birnbaum et al., 2020). In the same way, PfK13 complete knock out is not viable in vitro, 

and only partial mislocalization, which mimics reduced expression of mutants is achievable (Birnbaum et 

al., 2020). On that note, there is also a possibility that the parasite upregulates pathways to deal with 

lack of hemoglobin. Accordingly, PfK13 mutants appear to alter multiple systems in parasite biology, such 

as unfolded protein response, protein degradation, vesicular trafficking and even mitochondrial 

metabolism (Mok et al., 2021).  

Alterations in other proteins involved in hemoglobin uptake or trafficking to the digestive vacuole also 

impact artemisinin susceptibility, similarly to PfK13. Likewise, the knockout of falcipain 2a, a 

hemoglobinase, also delays the onset of artemisinin sensitivity in early ring-stage parasites (Xie et al., 

2016). Accordingly, falcipain 2a has been implicated in artemisinin resistance, after artificial selection in 

vitro, and recently mutations have been detected in field parasites (Ariey et al., 2014; Klonis et al., 2011; 

Rocamora et al., 2018; Siddiqui et al., 2018). Moreover, mutations in coronin, AP2 adaptor, and F-acting-

binding protein, which are proteins involved in endocytosis processes, also reduce sensitivity to 

artemisinin (Demas et al., 2018; Henriques et al., 2015, 2014, 2013; Milani et al., 2015; Yuan et al., 

2014). Mutations in the deubiquitinase, UBP1, which reduced the rate of deubiquitination of trafficking 

regulators, are predicted to have an impact in hemoglobin uptake process and associated with failure to 

combination therapy and decreased artemisinin susceptibility (Henriques et al., 2014). Altogether, these 

evidence demonstrate the importance of hemoglobin endocytosis and metabolism in the activation of 

artemisinin. The disruption of the process leads to reduced artemisinin sensitivity, particularly in early-

stage parasites.  

Remarkably, since the first reports of extended clearance time of parasites after ACTs, there has not 

been a significant increase in clearance half-life. This fact might be related with the essentiality of the 

hemoglobin uptake and metabolism for the parasite. Indeed, in vivo, only PfK13 mutations that give a 

slight reduced hemoglobin uptake only at early ring stage have been selected and full PfK13 disruption 

is not tolerated. Conceivably, it might be unlikely that parasites can further evolve mechanisms to impair 

hemoglobin catabolism to drive artemisinin resistance, particularly in the trophozoite stage where there 

is an intense need for the products of hemoglobin degradation. Accordingly, the R539T and I543T PfK13 
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mutations have been shown to give higher artemisinin resistance, however the C580Y mutation that 

confers a lower fitness cost is more widespread (Hamilton et al., 2019; Straimer et al., 2017). In Africa, 

the rate of infections that remain untreated are higher, which selects against parasites with impaired 

growth and might be a factor for PfK13 mutations to not be, for now, as prevalent. Nonetheless, even 

mild losses of efficacy increase the pressure on partner drugs, which are especially limited, and can give 

rise to ACTs failure (Xie et al., 2020). Moreover, alternative mechanisms for artemisinin resistance can 

arise employing an entirely different pathway and these are more likely to arise in already tolerant 

parasites. 

1.8 Antimalarial resistance associated transporter proteins 

Beyond the resistance proteins mentioned above such as PfPMs, PfMDR1 and PfCRT as modulators 

of piperaquine resistance, and PfK13 as a major ART resistance factor, other proteins have been 

implicated in diverse antimalarial resistance. In this section, transporter proteins will be explored as 

mediators of resistance, as PfMDR1 and PfCRT are implicated in resistance to virtually all antimalarials 

these will be further explored in the next sections in context of antimalarial drugs, apart from DHA-PPQ 

(Figure 8).  

1.8.1 ATP-binding cassette transporters (ABC) 

The ABC transporter super-family is known to transport a wide variety of substrates across cellular 

membranes against a concentration gradient, an action driven by ATP hydrolysis. These transporters are 

present in multiple life forms, from prokaryotes to the most complex eukaryotes (Rees et al., 2009).  The 

overall architecture of ABC transporters is conserved, with two transmembrane domains (TMDs) and two 

nucleotide binding domains (NBDs) that provide energy through ATP hydrolysis. Some ABC transporters 

have an additional membrane spanning domain, which appears to mediate trafficking of the protein or 

retention at the target location, while others are half-transporters containing only one of each domain 

(Dean and Allikmets, 2001; Deeley and Cole, 2006). The NBDs are highly conserved and considered the 

hallmark of ABC transporter family, while most variation occurs on TMDs (Ter Beek et al., 2014). ABC 

transporters can mediate active influx and efflux of structurally and functionally diverse compounds across 

membranes, and are classified as importers or exporters, respectively (Ter Beek et al., 2014). Importers 

are present mainly in prokaryotes and plants and frequently rely on additional substrate binding protein 

(SBP) for recognition and transport of substrate (Arnold et al., 2020; Lee et al., 2008; Lewinson and 
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Livnat-Levanon, 2017; Rempel et al., 2020; Shitan et al., 2003; Terasaka et al., 2005; Wang et al., 2020; 

Wanke and Üner Kolukisaoglu, 2010). SBPs can be present in periplasm or membrane-bound and 

interact with TMDs (Lewinson and Livnat-Levanon, 2017). Exporters are widespread across kingdoms, in 

prokaryotes and eukaryotes, and do not require extra SBP for transport. Various classifications have been 

employed, such as importers divided into three classes and exporters into two based on their 3D 

conformation and mechanism of transport (Lewinson and Livnat-Levanon, 2017; Rees et al., 2009). 

Recently  ABC transporters have been reclassified based on TMD folds obtained from high-resolution X-

ray crystallography and single-particle cryo-electron microscopy (Thomas et al., 2020). This new grouping 

has revealed that transporters of the same type with a similar scaffold can be functionally diverse, acting 

as importers, exporters, ion channels, or lipid floppases (Thomas et al., 2020).  

Transporter proteins are key in Plasmodium biology, mediating the uptake of nutrients and extruding 

waste products and toxic compounds. Due to their capacity to direct substrates between cellular 

compartments, transporters are frequently associated with drug resistance. The P. falciparum encodes 

in the genome at least 16 ABC proteins, from which 11 are putative transporters (Kavishe et al., 2009; 

Martin, 2020).  

1.8.1.1. P. falciparum multidrug resistance protein 1 (PfMRP1) 

The Multidrug Resistance Protein (MRP) family, which belongs to the ABC transporters super-family, 

is frequently associated to phenomena of multidrug resistance in multiple organisms. The physiological 

characteristic substrates of MRPs are amphipathic organic anions, like glutathione, glucuronide or 

sulphate-conjugated compounds and have been linked as a homeostatic modulator of oxidative status 

and a player on oxidative stress response. The human MRPs are the best characterized transporters and 

are associated with drug resistance due to the ability to transport a wide variety of anticancer drugs, alone 

or conjugated with glutathione, glucuronate and sulphate. In P. falciparum, this family comprises two 

transporters, the PfMRP1 and PfMRP2. 

 P. falciparum Multidrug Resistance-associated Protein 1 (PfMRP1) and 2 (PfMRP2) have been linked 

to resistance but so far no clear evidence emerged about their role (Dahlström et al., 2009a, 2009b; 

Nogueira et al., 2008; Raj et al., 2009; Veiga et al., 2014, 2011). The biological role and substrates of 

these transporters also remain largely unexplored, and identification of such could pave a way to 

development of new antimalarial therapies. Between these proteins, the PfMRP1 role in antimalarial drug 

resistance has been more explored, however the complete importance of this protein in the overall drug 

response remains to be elucidated and is one of the main focuses of this dissertation. 
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The PfMRP1 is composed of 1823 amino acids and has been localized at the parasite plasma 

membrane in the asexual erythrocytic stages (Raj et al., 2009). In P. falciparum, PfMRP1 was suggested 

as a potential glutathione transporter and as a folate transporter (Atamna and Ginsburg, 1997; Bozdech 

and Ginsburg, 2004; Raj et al., 2009; Rijpma et al., 2016b). Similarly to hMRPs, the PfMRP1 also appears 

to transport glutathione, probably to maintain redox homeostasis and act as a mechanism to cope with 

oxidative stress. Thus antimalarial resistance could occur by transport of PfMRPs, in the same fashion 

anticancer drug resistance is mediated by hMRPs (Raj et al., 2009).  

The PfMRP1 was hypothesized to be associated with the antimalarial drug response, since chloroquine 

was reported to be transported by the hMRPs (Vezmar and Georges, 1998). Furthermore, the 

antimalarials chloroquine, quinine, mefloquine and primaquine can inhibit hMRP mediated transport and 

reverse certain anticancer drug resistance. Therefore, these drugs are potential substrates of hMRP and 

 

Figure 8. Schematic representation of the most explored transporters in P. falciparum. PfCRT and PfMDR1 
are known to be key in antimalarial resistance being the most well comprehended transporters in modulating resistance. 
PfCRT transporter uses proton-motive force to efflux small peptides derived from hemoglobin degradation and has been 
implicated in resistance to several antimalarials. PfCRT is the key factor for chloroquine resistance. PfMDR1 is an active 
transporter using the energy provided by ATP to transport compounds into the vacuole. The physiological function is still 
unknown, but it has been implicated in transport of antimalarials into vacuole and polymorphisms lead to antimalarial 
resistance. PfMRP1 and PfMR2 are also active transporters belonging to the same family of PfMDR1, the ATP-binding cassette 
transporters, and are proposed to localize on plasma membrane. PfMRP1 has been implicated in some drug resistance 
phenotypes, folate metabolism and GSH redox. The PfMDR2, PfMDR5 and PfMRP2 are transporters that have some minor 
evidence linking them to resistance phenotypes, but their role remains largely unknown. Image created with BioRender.com 
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potentially PfMRP1 (Vezmar and Georges, 2000). PfMRP1 has been implicated in drug resistance with 

early reports associating SNPs with different sensitivities to the antimalarials chloroquine and quinine (Mu 

et al., 2003). Further studies on in vitro drug response of clinical isolates and in vivo malaria 

chemotherapy data appeared to support these associations (Dahlström et al., 2009b, 2009a; Phompradit 

et al., 2014b, 2014a; Raj et al., 2009; Veiga et al., 2011). PfMRP1 appears to be significantly polymorphic 

with distinct geographic patterns, with generally fewer polymorphisms observed in Africa. The most 

prevalent and associated to resistance SNPs include the: H191Y, S437A, I876V, F1390I and K1466R. 

The H191Y was associated with chloroquine and quinine resistance (Mu et al., 2003; Phompradit et al., 

2014b) and decreased susceptibility to mefloquine in recrudescences (Phompradit et al., 2014a). The 

polymorphism S437A was associated with chloroquine, quinine (Mu et al., 2003) and mefloquine 

(Phompradit et al., 2014a) susceptibility, moreover an association was described of recrudescence 

carrying the 437A amino acid and artesunate sensitivity (Phompradit et al., 2014a). The I876V 

polymorphism stands out as having an apparent global spread. This polymorphism was found to be under 

selective pressure after AM-LF treatment, which led to near disappearance of the valine allele. This was 

attributed to reinfections and exposure to sub therapeutic levels of lumefantrine (Dahlström et al., 2009a). 

Moreover, the I876V polymorphism was associated in recrudescent cases with mefloquine and artesunate 

susceptibility (Phompradit et al., 2014a). The F1390I polymorphism was associated with an increase in 

susceptibility to chloroquine and quinine (Phompradit et al., 2014b). In addition, carriers of F1390 were 

observed to be less susceptible to artemisinin, mefloquine and lumefantrine (Veiga et al., 2011). At last, 

the 1466K polymorphism was selected in recrudescent cases from SP treatment (Dahlström et al., 

2009b). Since this protein is proposed as a folate transporter (Rijpma et al., 2016b), the impact of the 

K1466R polymorphism could be related to alterations in folate transport and homeostasis, since 

increased folate concentrations have been associated with increased resistance to antifolates (Nduati et 

al., 2008; Wang et al., 1999). 

Despite the field evidence pointing to involvement of PfMPR1 in antimalarial drug resistance, while 

trying to validate PfMRP1 role in drug resistance, in vitro, conflicting reports emerged. One study provided 

evidence that asexual blood stage parasites with disrupted pfmrp1 accumulated more intracellular 

glutathione, quinine and chloroquine than WT parasites. These disrupted parasites also displayed 

increased susceptibility to several antimalarials, such as quinine, chloroquine, artemisinin, piperaquine 

and primaquine (Raj et al., 2009). This suggested that PfMRP1 is involved in the efflux of these drugs 

and absence of the transporter could lead to increased intracellular accumulation and, therefore, more 

drug can reach the site of action. However, these pfmrp1 disrupted lines showed impaired growth rates, 
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particularly at higher parasitemia, thus confounding any evidence of a direct role of the protein in the 

drug responses, since the increase in drug susceptibility could be due to the less fit state of the parasite. 

Moreover, the possible hindering of response mechanisms to oxidative stress could render the parasite 

less able to cope with the drug action instead of the action of direct transport. Contradictory reports 

demonstrated no impact of a pfmrp1 disrupted line on parasite susceptibility to most of the antimalarials 

tested and no apparent fitness cost (Rijpma et al., 2016b, 2016c). These studies differences in the 

parasite physiological responses could be due to the genetic background of parasite strains, the genetic 

manipulation technique and culture conditions. One study used chloroquine resistant P. falciparum W2 

strain, using single recombination approach and standard static culture conditions (Raj et al., 2009). The 

other used chloroquine sensitive P. falciparum NF54 strain, using a double crossover with removal of the 

selectable marker through FLPe mediated recombination and semi-automated culture system (Rijpma et 

al., 2016b, 2016c). These study dependent differences highlight the importance of careful reporting of 

all strains, techniques and even culture conditions. Nevertheless, the PfMRP1 seems dispensable for 

asexual blood stage development, at least in certain in vitro conditions. Additionally, parasites with 

disrupted pfmrp1 presented a decrease in folate concentration in the parasitized erythrocytes, suggesting 

a folate exporter function (Rijpma et al., 2016b). However, there was no distinction in this study of folate 

from the parasite versus the erythrocyte (Rijpma et al., 2016b). These parasites also had decreased 

sensitivity towards methotrexate, an antifolate compound and folate analog, but not for other antifolate 

compounds such as pyrimethamine, WR99210 and trimethoprim, which are structurally different from 

folate or other antimalarial drugs (Rijpma et al., 2016c, 2016b). 

1.8.1.2. P. falciparum multidrug resistance protein 1 (PfMDR1) 

PfMDR1 is a well-known modulator of antimalarial resistance (Calçada et al., 2020; Duraisingh and 

Cowman, 2005; Ferreira et al., 2011; Veiga et al., 2016; Wurtz et al., 2014). This transporter is 

composed of 1419 amino acids and is present on the membrane of the parasite DV. The ATP binding 

loops are orientated facing the cytoplasmic side, and therefore this transporter is considered a vacuolar 

membrane importer but cytoplasm exporter, which can sequester various compounds including toxic 

metabolites and antimalarials on the DV (Duraisingh and Cowman, 2005; Ferreira et al., 2011). The 

PfMDR1 was identified in the search for a homolog of the mammalian P-glycoprotein (P-gp), which is a 

key player in drug resistance in mammalian tumor cells due to the capability to transport a wide range of 

chemotherapeutic agents (Higgins, 2007). PfMDR1 was thought to be the major player in chloroquine 

resistance due to homology with the mammalian P-gp. While this initial hypothesis was proved not to be 
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accurate, the PfMDR1 seems able to modulate susceptibility to chloroquine, dependent on the parasite 

genetic background, mainly the PfCRT protein (Calçada et al., 2020; Reed et al., 2000; Sá et al., 2009; 

Veiga et al., 2016). The PfMDR1 biological functions are still unknown, but the transporter seems 

essential to the asexual stages of the parasite, as no knockout has been accomplished and the gene 

appears refractive to disruption (Rijpma et al., 2016a; Zhang et al., 2018). 

Several polymorphisms, particularly, at the codons 86, 184, 1034, 1042 and 1246 of PfMDR1 have 

been linked with altered susceptibility to several antimalarial drugs (Duraisingh et al., 2000; Ferreira et 

al., 2011; Pickard et al., 2003; Reed et al., 2000; Sidhu et al., 2005). The SNPs at positions 86 and 184 

are more prevalent in Africa, while at positions 1034, 1042 and 1246 are more frequent in South 

America. Transport studies have shown that PfMDR1 can transport antimalarials and that solute transport 

is modulated by the C-terminal polymorphisms at codons 1034, 1042 and 1246 (Reiling and Rohrbach, 

2015; Rohrbach et al., 2006; Sanchez et al., 2008). The S1034C, N1042D and D1246Y polymorphisms 

seem to be involved in resistance to mefloquine, quinine and chloroquine (Reed et al., 2000), in a manner 

dependent on the genetic background (Sidhu et al., 2005).  

Earlier studies, implicated the N86Y SNP in resistance to antimalarials, where the 86N was selected 

by AM-LF (Sisowath et al., 2007, 2005) and mefloquine (Price et al., 1999), while the 86Y by chloroquine 

(Khalil et al., 2005), amodiaquine (Holmgren et al., 2006) and piperaquine (Mungthin et al., 2017). 

Moreover, the position 86 was found to modulate transport to different drugs, as the N86Y polymorphism 

changes the specificity of transport from quinine and chloroquine to halofantrine transport (Sanchez et 

al., 2008). Additionally, parasites harboring the N86, 184F and D1246 SNPs have been linked with 

selection after AM-LF treatment (Conrad et al., 2014; Malmberg et al., 2013; Venkatesan et al., 2014). 

More recently, through in vitro allelic exchange, lines harboring N86Y polymorphism demonstrated that 

the 86Y increased resistance to amodiaquine and chloroquine and the N86 increased resistance to 

lumefantrine, mefloquine and dihydroartemisinin, corroborating the in vivo associations (Calçada et al., 

2020; Veiga et al., 2016). The 184F mutation was found to have a limited impact, showing a slight 

decrease in piperaquine sensitivity when paired to N86 (Veiga et al., 2016) and instead seems to 

potentiate the N86 resistance phenotype by further increase of substrate transport (Calçada et al., 2020). 

Furthermore, the pfmdr1 gene is also found amplified with consequently higher protein expression that 

associates with in vitro resistance to multiple antimalarials such as quinine, mefloquine, lumefantrine, 

dihydroartemisinin and halofantrine (Calçada et al., 2020; Cowman et al., 1994; Gil and Krishna, 2017; 

Price et al., 2004; Sidhu et al., 2006; Wilson et al., 1989). This amplification was found to be the most 

predictive of treatment failure to mefloquine and AS-MQ (Price et al., 2004), as well as increased risk of 
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failure to AM-LF (Price et al., 2006), likely due to these drugs having targets of outside the DV. Pfmdr1 

amplifications are mainly distributed in South America (Pacheco et al., 2019) and Southeast Asia 

(Calçada et al., 2020). Recently, pfmdr1 amplifications were demonstrated to be expanding in Southeast 

Asia carrying along the N86 and 184F polymorphisms. This pfmdr1 genotype was shown in vitro through 

allelic exchange, to contribute to resistance to mefloquine, lumefantrine and dihydroartemisinin (Calçada 

et al., 2020).  

Adapting therapies to the prevalent polymorphism in different world regions is important. Especially for 

PfMDR1 certain polymorphisms frequently have different impact depending on the drug, which highlights 

the importance of fully characterizing a transporter in the problematic of drug resistance. 

1.8.1.3. Other ABC transporters 

Besides the ABC transporters described above, the PfMDR2, PfMDR5 and PfMDR6 have been 

somewhat studied. However, the role of these proteins in antimalarial resistance largely remains to 

elucidate. PfMDR2 is proposed to be localized both on the DV and plasma membrane and appears to 

transport and generate resistance to heavy metals (Rosenberg et al., 2006). PfMDR2 had some early 

evidences linking to chloroquine and mefloquine response (Cowman et al., 1994; Wilson et al., 1989) 

and more recently to pyrimethamine (Briolant et al., 2012), however the transporter was not further 

explored concerning drug resistance. Recently, a genome-wide association study suggested PfMDR2 

polymorphisms to associate with artemisinin resistance, as a contributor for a genetic background that 

creates a favorable background for PfK13 mutations to arise (Miotto et al., 2015). PfMDR5 was 

demonstrated to be a half transporter localized primarily on the plasma membrane, and with regards to 

drug resistance an association was reported between microsatellite repeats with lumefantrine (Okombo 

et al., 2013), piperaquine, chloroquine, amodiaquine and pyronaridine susceptibilities (Gendrot et al., 

2019). PfMDR2 and PfMDR5 were shown to be dispensable to the parasite asexual stages. Moreover, 

the deletion of these proteins resulted in minor, although significant, decreases in sensitivity to mefloquine 

and quinine, for PfMDR2, and an increase in sensitivity to artemisinin, for PfMDR5 (van der Velden et al., 

2015). The PfMDR6 was found to be under positive selection from a genome-wide association study (Mu 

et al., 2010). Additionally, microsatellite polymorphisms in PfMDR6 were linked with sensitivity to 

dihydroartemisinin (Wang et al., 2012), piperaquine, lumefantrine (Okombo et al., 2013) and quinine 

(Gendrot et al., 2017), however these associations were region-specific. Recently, the ABCI3 transporter 

was identified as possible modulator of drug resistance and drug target (Murithi et al., 2021). 
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1.8.2 P. falciparum chloroquine resistance transporter (PfCRT) 

The PfCRT was identified in the search for the molecular mechanism of resistance to chloroquine 

(Fidock et al., 2000). This transporter is a transmembrane protein containing 424 amino acids with 10 

transmembrane helices, and is localized on the DV of the parasite (Cooper et al., 2002; Fidock et al., 

2000; J. Kim et al., 2019). Recalling, this organelle is where digestion of the erythrocyte cytosol occurs 

with the breakup of hemoglobin to provide essential amino acids for parasite growth and multiplication 

(Krugliak et al., 2002). Moreover, in the DV, the resultant byproducts of metabolism are detoxified. 

Consistent with the crucial role of DV, this cellular compartment is the local of action of multiple 

antimalarial drugs, with the most explored being chloroquine (Martin et al., 2018). The PfCRT is essential 

to the parasite asexual blood stage survival and has been identified as a drug target (Bushell et al., 2017; 

Waller et al., 2003; Zhang et al., 2018). Inhibition of PfCRT causes parasite death and downregulation 

leads to impaired growth and DV swelling (Pulcini et al., 2015). Although, PfCRT is essential for the 

parasite and has been demonstrated to be crucial for multiple drug resistance phenotypes, the native 

function and substrate specificity remained unresolved for a long time as many attempts to characterize 

the transporter produced widely disparate results (Bakouh et al., 2017; Juge et al., 2015; Nessler et al., 

2004; Patzewitz et al., 2013; Warhurst et al., 2002; Wieczorek et al., 1991; Zhang et al., 2002). Recently, 

PfCRT was proposed to be a proton mediated exporter of host-derived peptides, of 4 to 11 residues in 

length, from the DV to the cytoplasm. Moreover, the transporter does not appear to transport non-

specifically other metabolites or ions (Shafik et al., 2020). Furthermore, the net charge of PfCRT was 

demonstrated to be negative, suggesting substrates are likely to be positively charged (Shafik et al., 

2020). Piperaquine and chloroquine are thought to accumulate in the acidic vacuole as protonated 

species (CQ2+ and PPQ4+), where they bind to toxic Fe3+-heme resultant from hemoglobin metabolism and 

inhibit the conversion into the chemically inert hemozoin. These drugs as positively charged can bind to 

PfCRT (Sullivan, 2017). Drug resistant variants of PfCRT were shown to reduce the capacity of PfCRT to 

transport peptides, which explains the fitness cost, and also increase the capacity of PfCRT to extrude 

drugs from their local of action on the DV (J. Kim et al., 2019; Shafik et al., 2020).  

As mentioned, polymorphisms have been identified in the PfCRT that associate with resistance to 

chloroquine in field isolates (Ecker et al., 2012). Of particular note, the 76 amino acid position is 

fundamental in the chloroquine drug resistance phenotype, as chloroquine resistant field isolates carry a 

threonine at position 76 (76T) instead of the WT lysine (K76) (Ecker et al., 2012). Furthermore, allelic 

exchange experiments with resistant field isolate parasites demonstrated that the K76T mutation is 

fundamental for in vitro resistance to chloroquine (Lakshmanan et al., 2005). The mechanism of 
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resistance is a gain of function that makes PfCRT more capable to export chloroquine from the DV (J. 

Kim et al., 2019; Lehane et al., 2008; Lehane and Kirk, 2008; Martin et al., 2009; Shafik et al., 2020; 

Sidhu et al., 2002). While the K76T polymorphism seems to be sufficient to decrease the susceptibility 

to chloroquine (Martin et al., 2009), the degree of the resistance is imparted by the parasite genetic 

background and likely additional factors are necessary for a full resistant phenotype, including other 

PfCRT polymorphisms (Ecker et al., 2012; Gabryszewski et al., 2016b; Valderramos et al., 2010). As 

mentioned, the K76T polymorphism confers the parasite a fitness cost, which accounts for an increase 

on the population predominant allele back to WT after drug discontinuation (Kublin et al., 2003; Laufer 

et al., 2010). Hence, removal of chloroquine drug pressure can lead to virtual disappearance of mutant 

PfCRT in favor of fast-growing WT parasites (Chan et al., 2006; Frosch et al., 2014; Laufer et al., 2006). 

Regardless, polymorphisms in this gene have been demonstrated to impart a fitness cost to the parasite 

and therefore are predominantly selected in the context of drug pressure, although variants without fitness 

cost have recently evolved (Frosch et al., 2014, 2014; Lewis et al., 2014; Ord et al., 2007; Petersen et 

al., 2015). In fact, genetic and mathematical modeling show evidence that mutations within pfcrt occurred 

in bursts, in a balance to gain resistance and minimize the reduced fitness (Chan et al., 2012; 

Gabryszewski et al., 2016b; Mehlotra et al., 2005). Accordingly, other mutant forms of PfCRT harboring 

more mutations through the positions 72-76 (haplotype SVMNT) remain highly prevalent in South America 

even in the absence of drug pressure, highlighting the importance of compensatory mutations (Sa and 

Twu, 2010). These mutations spanning the codons 72-76 (Ibraheem et al., 2014) are more variable than 

the K76T, which might reflect the different histories of drug usage in the different geographic regions. 

Also, a highly mutant strain, named Cam734, with 5 different mutations, is reported to have the ability 

to confer chloroquine resistance without an associated fitness cost (Gabryszewski et al., 2016a). In sum, 

the 76T is the most predictive polymorphism of chloroquine treatment failure (Ecker et al., 2012), 

however compensatory mutations eliminate the fitness cost and propel a higher resistance phenotype. 

The role of PfCRT is not that well-defined for other antimalarials. Studies with genetically altered lines 

demonstrated that mutant PfCRT can increase susceptibility to artemisinins (Sidhu et al., 2002; 

Valderramos et al., 2010). Specifically, AM-LF seems to select for the WT K76 allele (Sisowath et al., 

2009; Venkatesan et al., 2014), whereas AS-AQ appears to select for the 76T mutant form in field isolates 

(Folarin et al., 2011; Venkatesan et al., 2014). This differential selection by distinct alleles is helpful to 

adapt therapy in the field. Consequently, there is value to use both therapies simultaneously as first-line 

treatments, or to adapt therapies based on the population predominant allele. As such, owing to the 

demonstrated importance of this protein is important to monitor PfCRT, in particular for ACT therapies. 
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Moreover, PfCRT mutations have been shown to at least modulate susceptibility to several drugs including 

lumefantrine, mefloquine, amodiaquine and piperaquine (Blasco et al., 2017; Dhingra et al., 2017; Fidock 

et al., 2000; Martin et al., 2018; Ross et al., 2018; Sá et al., 2009; Sidhu et al., 2002; Sisowath et al., 

2009). Regarding piperaquine, recent evidence shows an increasingly important role of PfCRT in 

generating resistance to this drug. As one of the main focuses of this thesis, and because PPQ resistance 

is multifactorial this topic was covered in chapter 1.7.1. As of note, PfCRT has been demonstrated to 

transport chloroquine and piperaquine (Martin et al., 2009; Summers et al., 2014). More recently new 

PfCRT polymorphisms, F145I and C350R, were shown to mediate piperaquine efflux concomitant with 

reduced chloroquine transport (J. Kim et al., 2019). This new data suggests that PfCRT has drug specific 

transport, and the ability to transport chloroquine and piperaquine depends on mutations in distinct sites 

in the central cavity (J. Kim et al., 2019). These mutations can differentially impact electrostatic and other 

properties of the cavity, and importantly show that antimalarials can exert opposing selective pressures 

on this transporter (J. Kim et al., 2019).  

1.9 Genetic engineering in P. falciparum  

The capability to genetically manipulate P. falciparum is required to functionally understand the 

genome. Knockout, knockdown and overexpression of genes allow evaluating the overall function of a 

gene in a phenotype. Moreover, allelic exchange can provide crucial information about the role of SNPs 

in the drug resistance phenotype. P. falciparum has a haploid genome, at the human host, and therefore 

genetic manipulation involves only targeting of a single allele and the ability to propagate this specie in 

vitro allows the use of blood stages of the parasite to perform transfection-based experiments. There has 

been a considerable development in the technologies used for transfection and manipulation of P. 

falciparum genome (De Koning-Ward et al., 2015).  

All these methods require in vitro transfection of DNA into the parasite being in use since 1995. 

However, transfection efficiency on this organism is very low and laborious. Therefore, only recently 

methods with higher success rate have been adopted in a wider scale. The main technologies used for 

parasite genetic manipulation are the serine integrase mycobacteriophage Bxb1 system, selection linked 

integrase (SLI), zinc finger nucleases (ZFNs) and CRISPR-Cas9 (Table 1).  Although other methods of 

genetic manipulation exist such as homing endonucleases and transcription activator-like effector 

nucleases (TALENs) these are not routinely used in P. falciparum. A summary of current genome editing 

is present in Table 1 and described in the next chapters. 
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1.9.1 Site-specific nucleases 

Site-specific nucleases, such as ZFNs and CRISPR/Cas9, share the ability to selectively trigger a 

double-strand break at a defined site in the genome. Genome engineering exploits the cellular response 

to the induced breaks (Lee et al., 2014). In many organisms, repair occurs by the error-prone pathway 

of non-homologous end joining, which frequently leads to indels generating gene disruptions. However, 

Plasmodium lacks the canonical pathway, a double-edged sword that on one side eliminates one facile 

method for generating gene disruptions but decreases the concern about potential off-target effects from 

cleavage at unintended loci (Lee et al., 2014). An alternative end joining pathway has been proposed 

(Kirkman et al., 2014). However, this mechanism appears much less efficient and P. falciparum primarily 

uses homologous recombination when provided a repair template (Kirkman et al., 2014). As a response 

to induced genome breaks the parasite and by giving an exogenous homologous sequence the 

endonuclease system can be exploited to introduce genome mutations (Lee et al., 2014). The specifics 

of donor design are as diverse as the potential uses of nuclease gene disruption, such as single nucleotide 

modification, tagging or marker-free insertion of fluorescent reporters, conditional control elements or 

knockout. Some aspects of donor design must be taken into consideration such as the length of template, 

distance from the nuclease cut site and presence of silent mutations to prevent nuclease cut of 

recombinants. Although a possibility, until now, off target alterations have not been reported for 

Plasmodium after ZFN or CRISPR editing experiments (Lee et al., 2019). 

The Plasmodium genome comprises multiple multigene families (Gardner et al., 2002). High degree 

of homology between family members is a potential challenge in targeting one specific gene and 

unintended repair from the paralogous gene sequences can occur rather than the provided donor. Careful 

design of homology sequence, as well as guide RNA (gRNA) (for CRISPR-Cas9 system, explained below) 

is essential, as well as careful genotyping (Lee et al., 2019). A general caution for any genome-editing 

strategy should be the consideration of unexpected deletions and rearrangements that are difficult to 

identify using the standard PCR-based genotyping. 

1.9.1.1. Zinc finger nucleases (ZFN) 

ZFNs are DNA-binding proteins engineered to couple an endonuclease enzyme designed to target 

specific locations in the genome inducing double-strand breaks (Straimer et al., 2012). Developing of 

ZFNs is usually outsourced as it is a costly and laborious process. However, nowadays, specialized 

companies provide highly optimized zinc fingers with high rates of success (Moraes Barros et al., 2015; 

Ross et al., 2018; Straimer et al., 2012). The zinc fingers are usually encompassed in a donor plasmid 
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encoding a ZFN pair (ZFN Left (ZFNL) and ZFN Right (ZFLR)) that can be co-expressed from a single 

promoter using the viral 2A ribosomal skipping peptide (Straimer et al., 2012). Following expression, the 

ZFNL and ZFNR dimerize and assemble an artificial enzyme, which includes FokI enzyme domain capable 

to induce double strand breaks, guided by the ZFN pair to the desired genome location (Straimer et al., 

2012). The DNA double strand break triggers the genome repair mechanisms. The homologous 

recombination pathway, as mentioned before, can then be exploited to make genome modifications, such 

as gene knockouts and allelic exchange. Gene editing with ZFN is expensive and requires a new protein 

design for each target locus. Due to the high cost and time to generate custom ZFNs although 

demonstrating high efficacy to generate allelic exchange early on, the technology has been used mainly 

for editing of difficult and critical targets related with drug resistance and is being largely replaced by 

CRISPR approaches. The ZFN genome editing tool has been employed in P. falciparum, particularly for 

the study of drug resistance to perform allelic exchanges in PfCRT, PfMDR1 and PfK13 (Moraes Barros 

et al., 2015; Ross et al., 2018; Straimer et al., 2015; Veiga et al., 2016). 

1.9.1.2. CRISPR  

The initial CRISPR-Cas9 systems for P. falciparum were developed using a two-plasmid system to 

deliver the endonuclease Cas9, gRNA and donor template (Ghorbal et al., 2014; Wagner et al., 2014). A 

targeting gRNA guides the Cas9 to a genome location, where the endonuclease mediates the double 

strand genome break. More recently, Lee et al. exploited the use of shorter promoters to create an all-in-

one delivery plasmid (Lee et al., 2019). Additionally, CRISPR systems were also developed recently for in 

vitro P. knowlesi manipulation, which coupled with higher transfection efficiency of this species can 

facilitate large scaling screening of genetic modifications (Mohring et al., 2019). 

The main feature of the Cas9 system is that, unlike ZFNs and TALENs, the nuclease does not require 

modification to alter target specificity, greatly simplifying the design phase and cost of the technology. 

Specificity is instead conferred by the gRNA, particularly the first 20 nucleotides (Ribeiro et al., 2018). 

The gRNA consists of a sequence that can be divided into crRNA and trRNA. The trRNA is a non-variable 

part optimized for the system that mediates interaction of the mature RNA with the endonuclease (Ribeiro 

et al., 2018). The crRNA is the specificity conferring region and can be made to target specific DNA 

locations by designing a complementary sequence to the genome target (Ribeiro et al., 2018). 

Approaches using a single-guided RNA (sgRNA) have been optimized to facilitate the design process by 

requiring only target zone design. Careful designing of gRNA is fundamental, with multiple parameters 

affecting the efficacy. The gRNA needs to be designed complementary to the target on the genome 
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followed by a PAM sequence (-NGG for Streptococcus pyogenes derived Cas9), taking into consideration 

off targets, and be as close as possible to the required site of modification (Ribeiro et al., 2018). Several 

algorithms have been developed that facilitate the gRNA construction process (Lee et al., 2019). 

Furthermore, there is usually a need to do parallel experiments with multiple sets of gRNAs to expedite 

the process, since even gRNA with high scores can end up failing. Despite that, Cas9 is considerably 

more cost-effective than ZFN and TALENs, as the later require engineering of specific enzymes, which is 

not viable for most laboratory groups, and even designing several gRNAs is several times more cost-

efficient. An additional challenge to the current CRISPR-Cas9 system is the AT-rich genome of the parasite, 

comprising 80% of the genome (Gardner et al., 2002), which limits the availability of -NGG PAM regions 

for gRNA construction and reduces the quantity of available spots for genome editing. Novel variants of 

CRIPSR nucleases in development, particularly Cas12a (originally named Cpf1) are better suited for AT-

rich genomes with a -TTTN PAM region (Safari et al., 2019; Zetsche et al., 2015).  

The CRIPSR-Cas9 system was demonstrated to be efficient in P. falciparum with gene knockouts and 

single nucleotide substitutions achieved in short times (Bansal et al., 2017; Crawford et al., 2017; Ghorbal 

et al., 2014; Nacer et al., 2015; Ng et al., 2016; Wagner et al., 2014). One of the main impacts of this 

technology so far was to validate the PfK13 C580Y SNP in ART resistance (Ghorbal et al., 2014).  

As with many other organisms, CRISPR-Cas9 is quickly becoming the preferred strategy because of 

simplicity and cost, and currently is the technology that is evolving faster for genome editing and in P. 

falciparum. 

1.9.2 Bxb1 integrase system 

Nuclease-based strategies, due to the nature of genome break are more appropriate to gene 

modifications such as knockouts and allelic exchange. However, the study of P. falciparum genes that 

are important during erythrocytic growth has been hampered because of the haploid parasite genome, 

and thus conventional knockout approaches can lead to parasite death or severe growth defects if the 

targeted gene has essential functions to the parasite. The mycobacteriophage Bxb1 integrase approach 

facilitates the integration of transgenes and reporters (Nkrumah et al., 2006). This serine integrase on 

contrary to other integrases does not require DNA super coiling, divalent cations or bacterial host factors 

for activity, making the use in heterologous systems more appealing (Balabaskaran-Nina and Desai, 

2018). The Bxb1 integrase can efficiently catalyze recombination between an attP-containing plasmid and 

an attB site integrated into the parasite genome (Ghosh et al., 2008; Gupta et al., 2018; Kim et al., 2003; 

Nkrumah et al., 2006). This system requires the use of genetic modified lines containing the attB site, 
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such as the 3D7attB and Dd2attB, integrated at the erythrocyte stage non-essential cg6 locus (Nkrumah et 

al., 2006). The transient expression of the integrase in the nucleus of the parasite allows genome 

modifications. An attP-containing plasmid encompassing a gene of interest (GOI) can be used to insert a 

copy of this gene in the parasite genome (Nkrumah et al., 2006). This system has been employed in P. 

falciparum, such as for the localization of H-protein by introducing a tagged protein into the genome 

(Spalding et al., 2010). Another approach using this system was the introduction of the attB site into an 

intron of a desired target, which allowed modifications in the downstream sequence (Balabaskaran-Nina 

and Desai, 2018). However, intronic sequences are not prevalent in the parasite genome limiting this 

approach to selected genes. To circumvent that, an intronic sequence with attB can be placed in the 

middle of the gene. However, this process is more laborious and involves multiple transfections. This 

technique can be also used to carry out site-directed mutations, internal insertions or deletions (indels), 

domain swaps, addition of C-terminal epitope tags on the encoded protein, modify codons, or alter 

transcriptional regulatory elements. Moreover, after successful attB introduction the system in several 

studies reported rapid appearance of recombinants with a near-homogeneous population of integrant 

parasites within 2–4 weeks of the second transfection (Balabaskaran-Nina and Desai, 2018; Nkrumah et 

al., 2006; Spalding et al., 2010). However, there is a limitation in cases where the desired transgene is 

a modified version of a parasite gene since the endogenous copy is not affected by the transfection and 

remains functional, then a nuclease-based engineering is preferred. 

1.9.3 Selection linked integrase (SLI) 

Localization and functional analysis of P. falciparum proteins is essential to understand the biology of 

this parasite and to uncover new drug targets, but progress in this respect has been slow. Selection linked 

integrase (SLI) is based on homologous recombination by chance but was improved to overcome the 

inefficiency of the randomness by allowing selection of parasites with genomic integrations (Birnbaum et 

al., 2017). In this approach, a promoterless targeting region on the plasmid to be integrated is linked 

with an additional selectable marker that is separated by a 2A skip peptide (Birnbaum et al., 2017). The 

selection marker will only be expressed after successful single crossover integration into a locus with a 

promoter and the use of the skip peptide makes the marker not attached to the target. Parasites carrying 

a modification of interest can be selected faster using the corresponding drug pressure for the selected 

resistance marker. This method has been exploited to generate green fluorescent protein (GFP) knockins, 

in which full endogenous genes are fused to a GFP sequence for localization studies, knockouts by 

disrupting the target gene and knock sideways, in which a target is tagged with a mislocalizer protein to 
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move out of the site of function to bypass problems of disrupting essential genes (Birnbaum et al., 2020, 

2017). This method has also been employed to modify alleles. While this method leaves a larger footprint 

compared to CRISPR-Cas9 or ZFNs, has the advantage to dispense parasite cloning, which allows the 

rapid assessment of many mutations. Moreover, SLI is more cost-effective compared to ZFNs and 

improves on the transfection efficiency in CRISPR methods that use two plasmids. Nevertheless, the 

system requires the use of two selection markers (Birnbaum et al., 2017), one to select for epissomal 

plasmid to increase the likelihood of integration event and another to select for the integration event, as 

such this technique is less suitable for multiple sequential genome manipulations. 
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2. AIMS 

This dissertation has a multifactorial approach in major topics concerning parasite molecular pathways 

that are involved in the problematic of antimalarial resistance both in vivo and in vitro. The dissertation 

covers resistance to ACTs, particularly the assessment in vivo in Africa of resistance molecular markers 

(Study 1 and 2). Moreover, the dissertation covers in vitro validation of piperaquine mediators of 

resistance (Study 3). Finally, the dissertation explores the PfMRP1 in antimalarial resistance and further 

elucidation of the transport properties (Study 4).  

 

The specific aims of the studies presented in this dissertation are described here. 
 
Study 1 - Plasmodium falciparum plasmepsin 2 duplications, West Africa: Identification of 

molecular markers related with ACT resistance, in Africa, that can be used to evaluate and predict 

emergence of resistance. This study explores the possible presence in Africa of a molecular marker of 

piperaquine resistance, the increased copy number of plasmepsin locus. 

 
Study 2 - Plasmodium falciparum K13 expression associated with parasite clearance 

during artemisinin-based combination therapy: The role of pfk13 transcriptional response has not 

been explored, despite PfK13 loss-of-function being key for artemisinin reduced susceptibility. This study 

explores the in vivo pfk13 transcriptional response and parasite clearance outcomes after artemether-

lumefantrine treatment.  

 
Study 3 - Multigenic architecture of piperaquine resistance trait in Plasmodium falciparum: 

Resistance to ACTs, in the present, is mostly due to failing partner drugs. As such, identification of 

mediators of resistance is fundamental to tackle this problem. This study aims to clarify the role of 

piperaquine mediators of resistance. Therefore, through parasite genetic manipulation, in vitro, parasites 

were developed containing plasmepsin gene duplications and analyzed in a piperaquine drug resistance 

perspective. 

 
Study 4 - The Plasmodium falciparum protein PfMRP1 functions as an influx ABC 

transporter: Transporter proteins are essential for antimalarial resistance phenotypes. This study 

sought to clarify the role of PfMRP1 in antimalarial resistance. Through parasite genetic manipulation, in 

vitro, parasites were developed with disrupted pfmrp1 gene. Due to a key finding that this transporter 

appears to be an importer protein, this study aims to explore the PfMRP1 transport functionality. 
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3. MATERIAL AND METHODS 

3.1 Materials 

3.1.1 Reagents, solutions and mediums 

− Super optimal broth (SOB): 0.5% (w/v) yeast extract (Millipore, 70161), 2% (w/v) tryptone 

(Millipore, T7293), 10 mM NaCl, 2.5 mM KCl, 20 mM MgSO4 prepared in milli-Q H2O. pH was 

adjusted to 7 with 1M NaOH. Sterilized by autoclaving. 

− Dulbecco’s Phosphate-Buffered Saline (Corning, 20-030-CV) 

− Lysogeny broth (LB): 10 g/L tryptone (Millipore, T7293), 5 g/L yeast extract (Millipore, 70161) 

and 10 g/L NaCl, prepared in milli-Q H2O. For plates 15 g/L of agar was used. Sterilized by 

autoclaving. 

− 1X Tris-acetate-EDTA (TAE) buffer: 40 mM Tris (pH 7.6) (Sigma, TRIS-RO), 20 mM acetic acid 

(Sigma, 695092), 1 mM EDTA (Supelco, 1.08418), prepared by diluting 50X in distilled H2O. 

− Malaria culture medium (MCM): RPMI 1640 (Gibco, 23400062) supplemented with 2 mM L-

glutamine (present on RPMI), 200 µM hypoxanthine (Merck, H9377), 0.25 µg/mL gentamycin 

(Gibco, 345815), 25 mM HEPES (present on RPMI), 0.2% NaHCO3, and 0.25% AlbuMAX™ II 

Lipid-Rich BSA (Gibco, 11021037)]. Filter sterilized. 

− RPMI without folate (Gibco, 27016021): Supplemented with 2 mM L-glutamine (present on 

RPMI), 200 µM hypoxanthine (Merck, H9377), 0.25 µg/mL gentamycin (Gibco, 345815), 25 

mM HEPES (Gibco, 15630080), and 0.25% AlbuMAX™ II Lipid-Rich BSA (Gibco, 11021037)]. 

Filter sterilized. 

− Parasite freezing solution: 28% glycerol (Sigma, G5516-1L), 3% sorbitol (Sigma, S3889-1KG) 

and 0.65% NaCl, prepared in milli-Q H2O. Filter sterilized. 

− Phosphate buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, prepared in distilled H2O, and pH adjusted to pH 7.4 with HCl. Sterilized by 

autoclaving. 

− Cytomix: 10 mM K2HPO4/KH2PO4, 120 mM KCl, 0.15 mM CaCl2, 5 mM MgCl2, 25 mM HEPES 

(Gibco, 15630080), 2 mM EDTA (Supelco, 1.08418), prepared in milli-Q H2O and pH adjusted 

to 7.6 with 10 M KOH. Filter sterilized. 
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− Lysis solution with 4X SYBR Green: 20 mM Tris (pH 7.5), 5 mM EDTA, 0.008 % (W/V) saponin 

(Merck, 47036), 0.08 % (V/V) Triton X-100 (Sigma, X100) and 4X SYBR™ Green II RNA Gel 

Stain, 10,000X concentrate in DMSO (Invitrogen, S7564) 

− Cytometry drug assay staining solution: 2X SYBR™ Green II RNA Gel Stain, 10,000X 

concentrate in DMSO (Invitrogen, S7564) and 1 µM of MitoTracker™ Deep Red FM (Invitrogen, 

M22426) in PBS 

3.1.2 Chemicals 

All compounds otherwise stated were filter sterilized and stored in aliquots at -80 °C before use. Working 

solutions for intermediary dilutions were otherwise stated performed in MCM. 

− Blasticidin S HCL (Sigma, 1520S-25MG): Stock prepared at 10mg/mL in milli-Q H2O.  

− G418 (Merck, 108321-42-2): Stock prepared at 400 mg/mL in milli-Q H2O.  

− WR99210 (Gift from Jacobus Pharmaceuticals): Stock prepared at 1mg/mL in DMSO. Working 

solution prepared by 1/100 dilution in culture medium and stored at 4 °C for 6 weeks. 

− Chloroquine (Merck, C6628): Stock prepared at 1.94 mM in milli-Q H2O.  

− Mefloquine (Sigma, M2319-100MG): Stock prepared at 24.1 mM in DMSO.  

− Lumefantrine (Sigma, L5420-5MG): Stock prepared at 2.36 mM in DMSO. 

− Dihydroartemisinin (Sigma, D7439-50MG): Stock prepared at 17.59 mM in acetone. 

− Pyrimethamine (Sigma, 46706-250MG): Stock prepared at 40.2 mM (10 mg/mL) in DMSO.  

− Trimethoprim (Sigma, 91131-1G): Stock prepared at 68.8 mM in DMSO. 

− Amodiaquine (Sigma, 1031004): Stock prepared at 10 mM in milli-Q H2O.  

− Methotrexate (Merck, 454-126-100MG): Stock prepared at 200mM in milli-Q H2O. 

− Aminopterin (Sigma, A1784): Stock prepared at 23 mM (10 mg/mL) in 1M NaOH.  

− Piperaquine (Sigma, C7874-5mg): Stock prepared at 5 mM in H2O. 

− Verapamil (Sigma, V4629-1G): Stock prepared at 101.82 mM (50 mg/mL) in methanol. 

− Elacridar (Sigma, SML0486-10MG): Stock prepared at 3.8 mg/mL in DMSO. 

− MK571: Stock prepared at 9.31 mM in H2O. 

− MitoTracker™ Deep Red FM (Invitrogen, M22426): Stock solution prepared at 500 µM in 

DMSO (184 µL of DMSO into one stick of 50 µg of lyophilized compound). 

− Methotrexate, Fluorescein, triammonium Salt (F-MTX) (Invitrogen, M1198MP): Stock solution 

prepared at 1 mM in DMSO. 

− SYBR™ Green II RNA Gel Stain, 10,000X concentrate in DMSO (Invitrogen, S7564) 
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− DAPI Solution (Thermo Scientific, 62248, 1 mg/mL): Working solution was prepared in PBS 

(see below) at 1 µg/mL and filter sterilized before use. 

− Folic acid (Sigma, F8758): Working solution prepared at 5 mg/mL in 1M of NaOH. Solution 

prepared fresh for every experiment. 

− DTT (Fermentas, R0862): Working solution was prepared at 1 M in milli-Q H2O. Prepared fresh 

every experiment. 

− GSH (Cayman Chemical Company, 1.800.364.9897): Working solution prepared at 32.3 mM 

in milli-Q H2O. Filter sterilized. Prepared fresh every experiment. 

− GSSG (Cayman Chemical Company, 15491): Working solution prepared at 10 mM in milli-Q 

H2O. Filter sterilized. Prepared fresh every experiment. 

− H2O2 (Sigma, H1009): Working solution prepared at 9.8 mM in milli-Q H2O. Prepared fresh every 

experiment. 

− Carbenicillin (NZYTech, MB16501): Stock prepared at 100 mg/mL in milli-Q H2O. Stored at 4 

°C for 4 weeks. 

− Fluo-4, AM, cell permeant (F14201) 

3.1.3 Cells and plasmids 

− Super E. coli XL10 Gold® ultracompetent cells (Agilent, 200315 ) 

− Plasmodium falciparum 3D7 strain (MR4-Malaria Resources, MRA-120) 

− Plasmodium falciparum Dd2 strain (MR4-Malaria Resources, MRA-156) 

− Plasmodium falciparum Dd2attB strain (MR4-Malaria Resources, MRA-843) 

− pDC2 plasmid (kindly provided by David Fidock, (Straimer et al., 2012)) 

− pINT-based vector (kindly provided by David Fidock, Adjalley et al., 2010) 

− p415TEF cyto roGFP2-Grx1, (a gift from Tobias Dick; Addgene plasmid # 65004; 

http://n2t.net/addgene:65004; RRID:Addgene_65004) 

3.1.4 Enzymes, mixes and kits 

− NZYSpeedy qPCR Green Master Mix (NZYTech, MB22401) 

− SYBR™ Green PCR Master Mix (Applied Biosystems, 4309155) 

− Supreme NZYTaq II 2× Green Master Mix (NZYTech, MB36001) 

− NZYSpeedy qPCR Green Master Mix (2x) (NZYTech, MB224) 

− NZYMiniprep kit (NZYTech, MB010) 
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− NZYMidiprep endotoxin free kit (NZYTech, MB27901, discontinued) 

− NZYMaxiprep endotoxin free (NZYTech, M39901) 

− CloneJET PCR Cloning Kit (Thermo Scientific, K1231) 

− NZYGelpure (NZYTech, M011) 

− QuikChange Multi SDM Kit (Agilent, 200514) 

− T4 DNA Ligase (Thermo Scientific, EL0011) 

− Phusion Blood Direct PCR Master Mix (Thermo Scientific, F175S) 

− NZY Blood gDNA Isolation kit (NZYTech, MB13602, discontinued) 

− NZY Tissue gDNA Isolation kit (NZYTech, MB135, replacement for MB13602) 

− NZY Total RNA Isolation kit (NZYTech, M13402) 

− First-Strand cDNA Synthesis Kit (NZYTech, MB125) 

− Restriction enzymes: BglII (Thermo Scientific, FD0083); XhoI (Thermo Scientific, FD0694); 

NheI (Invitrogen, IVGN0066); ApaI (Invitrogen, IVGN0326); SacII (Thermo Scientific, ER201); 

XamJI (AvrII) (Thermo Scientific, FD1564) 

3.2 Study 1 - Plasmodium falciparum Plasmepsin 2 Duplications, West Africa  

3.2.1 Clinical material – Study site, sample collection and ethics 

A subset of archived P. falciparum DNA samples were analyzed from clinical infections derived from a 

set of large, multicenter comparative ACT efficacy trials conducted in West Africa by the West African 

Network for Antimalarial Drugs (Pan  African  Clinical  Trials Registry (PACTR201105000286876) (West 

African Network for Clinical Trials of Antimalarial Drugs (WANECAM), 2018). These trials, performed from 

October 2011 to February 2016 in Mali, Burkina Faso, and Guinea, had a randomized double-blind design 

with a 2-year follow-up for monitoring repeated treatment. The study focused on the DHA-PPQ trial 

conducted at the village of Bougoula-Hameau in Mali, located ≈350 km south of the capital city of 

Bamako, near the border with Burkina Faso. The weekly control follow-up for each episode at Bougoula-

Hameau was 63 days, and the DHA-PPQ arm involved a total of 224 patients, who were over 6 months 

of age.  

We conducted a pilot study analyzing the 96 recurrent infections associated with the shortest inter-

episode periods, assuming that this subgroup, among whom initiation of recurrent infection ranged from 

23 to 65 days posttreatment (Figure 11), would be the most likely to include pfpm2 duplications. The 
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study was reviewed and approved by the Ethics Committee of the Faculty of Medicine, Pharmacy, and 

Odonto-Stomatology, University of Sciences, Techniques and Technology of Bamako.  

3.2.2 Molecular analysis 

The copy number of pfpm2 (PF3D7_1408000) was determined by using a SYBR-green–based 

quantitative PCR (ThermoFisher Scientific, Waltham, MA, USA) in a protocol modified from the one 

previously described (Witkowski et al., 2017). DNA was purified using NZY Blood gDNA Isolation kit. P. 

falciparum β-tubulin (pfβtub, PF3D7_1008700) gene was used as the internal nonduplicated standard 

and the P. falciparum 3D7 strain DNA as a parallel single pfpm2 copy control. Quantitative PCR was 

performed with SYBR™ Green PCR Master Mix in a 10 µL total volume and 400 nM of each primer. 

Thermal cycle was performed at 98 °C for 3 minutes, followed by 45 cycles at 98 °C for 15 seconds, 63 

°C for 20 seconds, and 72 °C for 20 seconds on a C1000 Thermal Cycler (Bio-Rad, Marnes-la-Coquette, 

France) with the CFX96 Real-Time System (Bio-Rad) detection system.  

Copy number was calculated using the pfβtub as the endogenous control gene by the 2-ΔΔCt method 

and using 3D7 DNA as a single copy calibrator (Livak and Schmittgen, 2001). Primers used are in Table 

2. Primers and experimental setup were validated using serial dilutions of P. falciparum DNA to verify 

linearity over the ranged of concentrations used (Figure 9). All procedures were performed in triplicate.  

 

3.3 Study 2 - Plasmodium falciparum K13 expression associated with 

parasite clearance during artemisinin-based combination therapy 

3.3.1 Clinical material - Study site, sample collection and ethics 

The trial under study was conducted at the Fukayosi Primary Health Care Centre, Bagamoyo District, 

Tanzania in accordance with the Declaration of Helsinki and Good Clinical Practice (Carlsson et al., 2011). 

Ethics clearance was granted by the National Institute for Medical Research, Dares Salaam, Tanzania, 

Table 2. Primers used for quantitative PCR of plasmepsin 2 (pfpm2) copy number 

Gene Primer Sequence (5’-3’) 

pfpm2 

PF3D7_1408000 

pfpm2_fw TGGTGATGCAGAAGTTGGAG 

pfpm2_rv TGGGACCCATAAATTAGCAGA 

pfβtub 

PF3D7_1008700 

pfβtub_fw TGATGTGCGCAAGTGATCC 

pfβtub_rv TCCTTTGTGGACATTCTTCCTC 
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and the Regional Ethics Committee, Stockholm, Sweden. Informed consent was obtained from parents 

or guardians of all children enrolled (Clinical Trials (US), identifier NCT00336375). Briefly, 50 children 

with microscopically confirmed uncomplicated Plasmodium falciparum malaria were hospitalized and 

received AM-LF treatment in six doses over 3 days. Venous blood samples were collected before treatment 

initiation (0 hours) and at nine more time points (2, 4, 8, 16, 24, 36, 48, 60 and 72 hours) after initiation 

of treatment. Parasite densities were determined by Giemsa staining, and parasite clearance was 

measured and documented as the proportion of patients with positive microscopy.  

3.3.2 RNA extraction 

RNA was extracted from venous blood of the 50 enrolled patients using an ABIPRISM H6100 Nucleic 

Acid PrepStation (Applied Biosystems, Fresno, CA, USA). Not expecting to find parasitic RNA 24 hours 

post-treatment, total RNA (human and parasite) quality and quantity were measured using the Agilent 

RNA6000 Pico total RNA assay in an Agilent 2100 BioanalyserTM (Agilent, Santa Clara, CA, USA) and 

standardized prior to cDNA synthesis for the first six timepoints [0 hours (before treatment) and 2, 4, 8, 

 

Figure 9. Validation of q-PCR setup with primers of Table 2. A – Serial diluted samples of P. falciparum 
DNA and the corresponding Ct values for respective primers. B – Slope, Y-intercept, R2, and equation corresponding to A. C 
– Melting peak of pfpm2 amplification. D – Melting peak of pfβtub amplification. C and D were obtained from BioRad CFX 

Manager 3.1 software. 
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16 and 24 hours after treatment initiation]. Three out of 50 patients sampled had low total RNA quality 

and therefore were excluded from further transcript analysis. 

3.3.3 Quantitative PCR 

Quantitative PCR was performed in triplicate with custom MGB TaqMan® probes for the pfk13 

(PF3D7_1343700) gene, in an ABIPRISM® 7900HT Sequence Detection System (Applied Biosystems). 

The housekeeping gene serine-tRNA ligase (PF3D7_0717700), shown to be transcribed stably throughout 

different intraerythrocytic stages (Bozdech et al., 2003; Magallón-Tejada et al., 2016; Ngwa et al., 2017; 

Veiga et al., 2010), was used as an endogenous control (normalizer). Oligonucleotides used are presented 

in Table 3. 

Table 3. Primers used for quantitative PCR of pfk13 expression 

Gene Probe/Primer Sequence (5’-3’) 

pfk13 

PF3D7_1343700 

6-FAM, NFQ probe ACGCCAGCATTGTTG 

Primer fw GTGGATTTGATGGTGTAGAATATTTAAATTCGA 

 Primer rev GCTTTTTTGGTAGACATAGGTGTACACA 

serine--tRNA ligase 

PF3D7_0717700 

VIC, TAMRA probe ACGCCAGCATTGTTG 

Primer fw TGAAACTATAGAATCAAAAAGGTTACCACTCAAATACGCT 

 Primer rev TGTGCCCCTGCTTCTTTTCTA 

Amplification reactions were done in quadruplicate in 384 well plates with 10 µL containing TaqMan® 

Gene Expression Mastermix (Applied Biosystems™, Fresno, CA, USA), 300 nM of each forward and reverse 

primer, 100 nM of TaqMan® probe and 2 µL of amount-normalized cDNA. Amplification conditions were 

40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. For each patient, pfk13 transcript fold change 

in expression was calculated by the 2-ΔΔCt method (Livak and Schmittgen, 2001) in which the threshold 

cycle number (Ct) was normalized to the Ct of the housekeeping gene serine-tRNA ligase 

(PF3D7_0717700) for all time points (ΔCt) and ΔΔCt calculated using the ΔCt from time point 0 h (before 

treatment) as a calibrator. Spearman correlation was applied to assess linear relationships between pfk13 

expression variation throughout time and between parasite clearance (PC) parameters. Patient data were 

stratified in two groups defined as pfk13 transcript expression of more or less than 1-fold change (1-fold 

change represents no pfk13 transcript difference after treatment; ΔΔCt=0; 2°=1). The Mann–Whitney 

test was used on the patient and PC data grouped with more or less than 1-fold change of pfk13 

transcripts. The Cox proportional hazards analysis (Kaplan–Meier curve) was used to assess the effect of 

pfk13 transcripts on the PC50% outcome. The analyses were done with GraphPad Prism version 7.00 
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software. Sequencing of the pfk13 resistant loci, encompassing the SNP PfK13 C580Y, was performed 

in all infections by PCR amplification using the primers 5'-CAAATATTGCTACTGAAACTATG-3' and 5'-

TGTGCATGAAAATAAATATTAAAGAAG-3', and sequencing primer 5'-AGGTGGATTTGATGGTGTAGAA-3'.  

3.4 Studies 3 and 4 - Common methods 

3.4.1 DNA cloning in Escherichia coli 

Plasmid transformation was performed into E. coli XL10 Gold® ultracompetent cells using the heat 

shock transformation method. Briefly, E. coli competent cells were thawed on ice and up to 2 µL (10 to 

50 ng) of DNA was added to 20 µL of competent cells. The mixture was incubated on ice for 20 minutes. 

After incubation, the mixture was heat shocked for 45 seconds at 42 °C, on a thermoblock, and then 

placed on ice for 2 minutes. Then, 300 µL of SOB medium was added and the cells were incubated at 

37 °C with shaking, at 200 rotations per minute (rpm), for 1 hour. The cells were plated into LB agar 

plates with the appropriate antibiotic. The plates were incubated overnight at 37 °C. 

3.4.2 Plasmid DNA isolation 

Miniprep was performed to obtain plasmid DNA quantities of up to 30 µg, at concentrations ranging 

from 100 ng/µL to 500 ng/µL, mainly for plasmid manipulation. On miniprep, plasmid DNA was isolated 

using NZYMiniprep kit following manufacturer recommendations. 

Maxiprep was performed to obtain plasmid DNA quantities of up to 500 µg, at concentrations of 1 

µg/µL, mainly for transfection into P. falciparum. On maxiprep plasmid DNA was isolated using 

NZYMidiprep endotoxin free kit and NZYMaxiprep endotoxin free following manufacturer 

recommendations. 

After the isolation of plasmid DNA, concentration and purity were measured using NanoDrop™ 1000 

spectrophotometer (Thermo Scientific). 

3.4.3 Agarose gel electrophoresis of DNA 

Agarose gels were prepared by mixing agarose in 1X TAE buffer, at a final agarose concentration of 1% 

to 3%, depending on the expected fragment sizes, heated until boiling and then cooled until approximately 

50 °C. GreenSafe Premium was added into the mixture, in order to visualize the DNA bands under UV 

light. The dissolved agarose was poured into a horizontal gel cast and left at room temperature (RT) in 

order to solidify. The GeneRuler™ 1 kb plus, 1 kb and 100 bp DNA Ladder were used as molecular weight 
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markers. The bands to be analyzed were stained with 6X DNA Loading Dye or, when available, with 

respective colored kit buffers. All electrophoresis were run at 6 V/cm in 1X TAE buffer. Image of the gels 

were recorded using Gel Doc™ EZ System (Bio-Rad). 

3.4.4 P. falciparum in vitro culture 

Plasmodium falciparum strains used in this thesis were 3D7, Dd2, Dd2attB and generated mutants. 

Asexual stage parasites were propagated in human erythrocytes with MCM under a controlled atmosphere 

of 3% O2/5% CO2/92% N2 maintained in 25 cm2 flasks or on culture plates in a hypoxia chamber (Billups-

Rothenberg, Inc., CA, USA). Cultures on 25 cm2 flasks were maintained at 4% hematocrit in 5 mL of 

MCM, cultures on 24 well plates were maintained at 2% hematocrit in 2 mL of MCM and cultures on 96 

well plates were maintained at 1% hematocrit in 200 µL of MCM. Medium changes were performed daily, 

unless otherwise stated. Cultures healthiness and parasitemia were regularly monitored by microscopy. 

Parasites were stored by freezing predominantly ring stage cultures (>2% parasitaemia, over 70% of 

rings) by careful dropping of an equal volume of a freezing solution [28% glycerol (Sigma, G5516), 3% 

sorbitol (Millipore, 1.07758) and 0.65% NaCl)] and flash freezing on liquid N2. Parasites were stored for 

short term at -80 °C and long term in liquid N2.  

Parasites were thawed by careful addition of 0.2X of original pellet volume of a 12% NaCl solution, 

incubated for 5 minutes, followed by careful addition of 10X of original pellet volume of a 1.6% NaCl 

solution and centrifugation at 1500 rpm for 5 minutes without brake. Following, the pellet was careful 

resuspended in 10X of original pellet volume of 0.9% NaCl and 0.2% dextrose solution and centrifuged at 

1500 rpm for 5 minutes. The final pellet was resuspended in MCM at 4% hematocrit and cultured as 

referred.  

Synchronization of parasites was performed using 5% sorbitol (Millipore, 1.07758) solution, which 

selectively leads to burst of erythrocytes infected with trophozoites and schizonts parasites, synchronizing 

the culture at ring stage. 

3.4.5 P. falciparum growth analysis 

P. falciparum culture growth was analyzed under microscope or by flow cytometry.  

For the microscopic analysis a blood smear was prepared, fixed with 100% methanol and stained with 

10% Giemsa's azur eosin methylene blue solution for 15 minutes. Parasitemia was calculated by counting 

the number of parasitized erythrocytes per total of erythrocytes counted. For precise calculations at least 

10000 erythrocytes were counted and compared with cytometry. 
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For the flow cytometry analysis, 40 µL of 1% hematocrit P. falciparum culture was incubated with 40 

µL of staining solution [2X SYBR™ Green I Nucleic Acid Gel Stain (Invitrogen, S7564) and 1.6 µM 

MitoTracker™ Deep Red FM (Invitrogen, M22426)] for 30 minutes at 37 °C. After the incubation, 300 

µL of PBS was added and the cells were analyzed on LSRII flow cytometer (BD Biosciences). SYBR Green 

strains DNA (parasitized cells) and MitoTracker strains based on mitochondrial membrane potential (alive 

parasites). Data was analyzed using FlowJo™ Software for Windows Version 10 (Ashland, OR: Becton, 

Dickinson and Company; 2019). Gating was done on the SYBR Green, on Alexa Fluor 488 channel 

(excitation: 490 nm / emission: 525 nm), and MitoTracker, on APC-Cy7 channel (excitation: 633 nm / 

emission: 780 nm), positive cells, giving the parasitemia present against total number of cells. Data was 

analyzed using FlowJo™ V10 software (Becton, Dickinson and Company). 

3.4.6 P. falciparum transfection 

Ring-stage sorbitol synchronized cultures at ≈5% parasitemia were washed, at 1500rpm for 5 minutes, 

in 1X cytomix and electroporated with 50 µg of purified plasmid DNA eluted in 1X cytomix, using Gene 

Pulser®/MicroPulser™ Electroporation Cuvettes, 0.2 cm gap (BioRad). The electroporation was 

performed at 0.31 kV with capacitance of 950 µfD on the Gene Pulser Xcell™ (BioRad) electroporator. 

After the electroporation, the parasites were washed twice in 5 mL of MCM and cultured at 4% hematocrit 

as referred.  

3.5 Study 3 - Multigenic architecture of piperaquine resistance trait in 

Plasmodium falciparum 

3.5.1 Generation of plasmepsin 2 and plasmepsin 3-1 transgenic parasite lines 

Plasmepsin 2 or hybrid plasmepsin 3-1 genes were introduced into the Dd2attB P. falciparum line using 

the attB-attP recombinase system. This was performed by co-transfecting the mycobacteriophage Bxb1 

integrase coding plasmid (pINT) with an attP containing plasmid with pfpm2 or pfpm3-1 (Figure 13) 

(Nkrumah et al., 2006). The hybrid pfpm3-1 gene was PCR amplified from a Thai isolate from previous 

work (Carlsson et al., 2011; Veiga et al., 2012) and pfpm2 from Dd2, using primers on Table 4, which 

contain introduced AvrII and XhoI restriction enzyme recognition sites. PCR reaction was performed with 

Phusion Green High-Fidelity DNA using recommended conditions, with an annealing temperature of 55 

°C and 30 seconds of extension time. 
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 PCR reaction was verified by agarose gel electrophoresis and fragments corresponding to pfpm2 and 

pfpm3-1 were introduced into pJET1.2/blunt plasmid following manufacturer recommendations using 

the CloneJET PCR Cloning Kit. pfpm2 and pfpm3-1 were verified by sequencing using the pJET1.2 forward 

and reverse sequencing primers (Thermo Scientific). pfpm2 and pfpm3-1 were transferred using the 

restriction enzymes AvrII and XhoI into pDC2 plasmid (kindly provided by David Fidock) under the P. 

falciparum calmodulin (pfcam; PF3D7_1434200) promoter and the hsp86 terminator 

(PF3D7_0708500) for expression in Plasmodium falciparum. Briefly, cut pfpm2 and pfpm3-1 fragments 

(from pJET) and open pDC2 were run in agarose gel and purified using NZYGelpure. The purified 

fragments were ligated with 1 U T4 DNA Ligase using 50 ng of vector and 15 ng of insert, according to a 

plasmid to insert ratio of 1 to 3. Plasmid was extracted from 10 obtained colonies. To confirm the correct 

gene insertion, the plasmids were cut with AvrII and XhoI and further sequenced using primers 5'-

TGTATTATTCCAATGTGCATG-3' and 5'-TCATGTCTCAGTAAAGTCTTTC-3'. A correct plasmid for each gene 

was stored and these were denominated pDC2-pfpm2 and pDC2-pfpm3-1. 

Plasmids pDC2-pfpm2 or pDC2-pfpm3-1 were co-transfected with pINT in the Dd2attB strain and selected 

with 2.5 µg/mL of BSD and 400 µg/mL of G418 for 5 days. These compounds select for blasticidin S 

deaminase gene present on pDC2 and the neomycin resistance gene present in pINT. Live parasites were 

observed by microscopy after 18-20 days, post-selection, and were further selected with 2.5 µg/mL of 

BSD for pDC2 integration into the genome. After culture reemergence, correct genomic integration was 

confirmed by PCR using primers previously described (Table 5) (Spalding et al., 2010) and individual 

clones were generated by limiting dilution. Reaction was performed with Supreme NZYTaq II 2x Green 

Master mix with 0.5 µM of each primer, 10 ng of template DNA (extracted from 100 µL of blood from 

cultures with NZY Tissue gDNA Isolation kit) in a 25 µL reaction. Amplification conditions were performed 

Table 4. Primers used for genomic amplification of plasmepsin genes 

Gene Primer Sequence (5’-3’) 

pfpm2 pfpm2_gen_fw ATCACCTAGGATGGATATTACAGTAAGAGAACATGATTTT 

pfpm2_gen_rv ATAACTCGAGTTATAAATTCTTTTTAGCAAGAGCAATACC 

pfpm3-1 pfpm3.1_fw ATCACCTAGGATGGATATTACAGTAAGAGAACATGATTTT 

pfpm3.1_rv ATAACTCGAGTTATAAATTCTTTTTAGCAAGAGCAATACC 

Table 5. Primers sequences used for plasmepsins edited cultures genotyping 

Primer sequence (5’ → 3´) 

P11 - GATGCGCAATTAACCCTCACTAAAGGG 
P12 - GCACAGATGCGTAAGGAGAAAATACC 
P13 - GATAGCGATTTTTTTTACTGTCTG   
P14 - AAATGTATAAAAGATGAACATGGTGAA 

 



 

61 

following enzyme recommendations with an annealing temperature of 60 °C and 30 seconds of extension 

using Eppendorf Mastercycler EP Gradient S. 

3.5.2 Quantitative PCR of plasmepsin transgenic parasite lines 

Parasite DNA was extracted from blood of parasite culture using the NZY Blood gDNA Isolation kit. This 

kit has been discontinued and replaced with NZY Tissue gDNA Isolation kit. RNA was purified after a tight 

synchronization of parasites with sorbitol. Sorbitol was added to the cultures to synchronize for rings and 

added again after 24 hours (to synchronize for late rigs) and 40 hours (to synchronize for early rings). 

RNA was extracted using the NZY Total RNA Isolation kit and cDNA was synthesized using the First-Strand 

cDNA Synthesis Kit. pfpm2 (PF3D7_1408000), pfpm3 (PF3D7_1408100), pfpm1 (PF3D7_1407900) 

and pfmdr1 (PF3D7_0523000) copy numbers and expression were measured by qPCR using a CFX96 

real-time PCR machine (Bio-Rad). The endogenous control β-tubulin (PF3D7_1008700) gene was used 

as a single copy gene. Amplifications were performed in 20 μL reaction mixtures for pfpm2, pfpm3, 

pfpm1, pfmdr1 and pfβ-tubulin genes, primers used are described in Table 6. Amplification reaction was 

performed with NZYSpeedy qPCR Green Master Mix, with 0.4 µM of each primer, 50 ng of template cDNA 

in a 20 µL reaction. Amplifications were performed under the following conditions: 95 °C for 3 minutes, 

followed by 45 cycles of 95 °C for 15 seconds, 63 °C for 20 seconds, 72 °C for 20 seconds. 

Fluorescence data were collected after the 72 °C extension step. Copy number was calculated using the 

pfβtub as the endogenous control gene by the 2-ΔΔCt method and using Dd2 DNA as a single copy 

 

Figure 10. Validation of q-PCR setup with primers of Table 6. A – Serial diluted samples of P. falciparum 
DNA and the corresponding Ct values for respective primers. B – Slope, Y-intercept, R2, and equation corresponding to A. C 
– Melting peak of pfpm1, pfpm2 and pfmdr1 (left to right) amplification. Pfpm2 and pfβtub Melting peaks were obtained from 

BioRad CFX Manager 3.1 software. 
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calibrator. Validation and standard curve analysis of linearity for pfpm1, pfpm3 and pfmdr1 reactions 

were performed using P. falciparum cDNA in a 10-fold serial dilution (Figure 10). Amplifications were 

performed in 3 technical replicates in 3 independent reactions.  

3.5.3 Drug susceptibility assays and PfCRT/PfMDR1 inhibition assays 

Plasmodium falciparum drug susceptibility assays were performed, using tightly synchronized with 

sorbitol ring cultures, in flat-bottom 96-well plates at 1% hematocrit and 0.3% starting parasitemia. The 

plates were pre-dosed with titrated concentrations of piperaquine (24-wells of sequential 1:2 dilutions) 

and mefloquine (12-wells of sequential 1:2 dilutions). Verapamil and elacridar, chemical inhibitors of 

PfCRT and PfMDR1 were used at a constant concentration of 0.8 μM and 0.1 μM, respectively (Calçada 

et al., 2020; Martin et al., 1987; Martiney et al., 1995). 

Assays were incubated for 72 hours at 37 °C with a gas mixture of 92% N2, 3% O2 and 5% CO2. Growth 

was measured based on an optimized assay by staining, after freeze-thaw of assay plates, with 4X SYBR 

Green I on a lysis solution for 3 hours and read on a fluorimeter configured at 485 nm of excitation 

wavelength and the fluorescence detected at 525 nm (Dery et al., 2015). IC50 values were calculated by 

using non-linear regression curve-fitting algorithm log(inhibitor) vs. response–variable on GraphPad Prism 

7.01 software.  

Piperaquine bimodal dose–response does not follow a IC50 curve-fitting response. Instead, the area 

under the second response curve (AUC) was measured. AUC was calculated on GraphPad Prism 7.01 

software using the range of concentrations 0.25 μM to 800 μM.  

Table 6. Primers used for quantitative PCR of plasmepsins copy number and expression 

Gene Primer Sequence (5’-3’) 

pfpm2 pfpm2_fw TGGTGATGCAGAAGTTGGAG 

pfpm2_rv TGGGACCCATAAATTAGCAGA 

pfpm3 pfpm3_fw CACCTTCATGAAAAATGAAGAATC 

pfpm3_rv AAGAAAAACCTCCTGCCAAAA 

pfpm1 pfpm1_fw CAATGGTTTCGAACCAGCTT 

pfpm1_rv GGTAAAAACGGCTTGTTCGAT 

pfmdr1 pfmdr1_fw TGCATCTATAAAACGATCAGACAAA 

pfmdr1_rv TCGTGTGTTCCATGTGACTGT 

pfβtub pfβtub_fw TGATGTGCGCAAGTGATCC 

pfβtub_rv TCCTTTGTGGACATTCTTCCTC 
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All assays were performed in independent triplicates. Statistical significance was determined via 

parametric two-tailed, Student’s t-tests using GraphPad Prism 7.01 software. 

3.5.4 Fluo-4 accumulation assays 

Plasmodium falciparum-infected erythrocytes were washed with D-PBS and were incubated with 5 µM 

Fluo-4 AM for 4 hours at 37 °C with a gas mixture of 92% N2, 3% O2 and 5% CO2. In the last 30 minutes, 

1.6 µM MitoTracker Deep Red FM was added. Chemical inhibitors of PfCRT and PfMDR1 were used at a 

constant concentration of 0.8 μM verapamil, 0.1 μM elacridar, and both inhibitors combined. After 

incubation, the parasites were washed twice with D-PBS and prepared for cytometry or transferred into a 

slide for microscopy. Fluo-4 fluorescence was measured on LSRII BD cytometer by gating live parasites 

with MitoTracker Deep Red on APC-Cy7 channel (excitation: 633 nm / emission: 780 nm). Data was 

analyzed using FlowJo™ V10 software (Becton, Dickinson and Company). 

 The area of DV on the cell lines analyzed was assessed through fluorescence microscopy using an 

Olympus BX61 microscope equipped with a visible light laser, and the images were recorded with a digital 

camera (DP70). The parasites incubated with Fluo-4 were excited at 488 nm with the emission in the 

505-nm filter, and an exposure time of 400 ms was applied to obtain the images. Single images were 

obtained using a 100X objective lens. Regions of interest within the infected RBC, including the parasite 

cytosol and the parasite DV, were recorded with Cell^P software (Electro optics, UK) and the image 

overlays were obtained using Image J software version 1.52a. A mean of 10 parasites per condition using 

the area around Fluo-4 and outside MitoTracker staining. ImageJ version 1.52a software was used to 

calculate digestive vacuole areas. 
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3.6 Study 4 - The Plasmodium falciparum protein PfMRP1 functions as an 

influx ABC transporter  

3.6.1 Plasmid construction 

A plasmid for pfmrp1 disruption was constructed using a starting pDC2-based vector. CompoZr® 

Custom ZFNs were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) to induce a double-stranded 

break in the pfmrp1 coding sequence. Two ZFNs (left and right), binding to adjacent sequences on 

opposite strands of the DNA helix, are required to induce the double-strand break. These were supplied 

on separate plasmids. The ZFN pair was designed to bind to the sequence 

TTATGCATCCTCATTtatatgCAAGTGGAATAA (the DNA cut site is shown in lower case letters and is situated 

1208 bp upstream of the pfmrp1 stop codon). The plasmid encoding the right ZFN also encoded the 2A 

‘ribosome skip’ peptide, which enables polycistronic expression of 2A-linked genes. The two plasmids 

encoding the ZFNs were digested with BglII and XhoI and combined to yield an intermediate plasmid with 

2A-linked ZFN sequences. The ZFN fusion was then digested with NheI and XhoI and subcloned 

downstream of the pfcam (PF3D7_1434200) promoter and upstream of the hsp86 (PF3D7_0708500) 

3’ UTR in a pDC2-based vector with the human dihydrofolate reductase (hdhfr) selectable marker, yielding 

the plasmid pDC2-ZFNpfmrp1-hdhfr. Due to the nature of PfMRP1 being associated with folate transport 

the hdhfr selectable cassette, which codes for the human enzyme that bypasses the action of P. 

falciparum antifolate drugs was changed from hdhfr to blasticidin S deaminase gene (bsd). Bsd was 

introduced using ApaI and SacII restriction to yield the plasmid pDC2-ZFNpfmrp1_pfmrp1-bsd. A 2459 

bp donor sequence, encompassing from the pfmrp1 coding sequence from nucleotides 2999 to 5455, 

was amplified from Dd2 genomic DNA with the primers p6 and p7 (Table 7) and inserted into the BstAPI 

and AatII sites of pDC2-ZFNpfmrp1-bsd to yield the editing plasmid pDC2-ZFNpfmrp1_pfmrp1-bsd. To 

prevent edited genomes from being further cleaved, three silent mutations were engineered into the donor 

sequence at the ZFN-binding site via site-directed mutagenesis with QuikChange Multi SDM Kit using the 

Table 7. Primers sequences used for construction of pDC2-ZFNpfmrp1_pfmrp1-bsd 

Primer sequence (5’ → 3´) 

p6 - GTAGCATATGGTGCTTATTTCGTAAAAGGGAATACGGAGAG 

p7 - GTTGACGTCTAACAAATGTGATAATTCAGATTGCG 

p9 - ACCCACACTTATATGCTTCTGGTATAATCAAATTATATAAAGAAAAAAATTATG 

p10 - TACCAGAAGCATATAAGTGTGGGTGCATAATAATGTAAGTAGTTAATAAC 
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primers p9 and p10 (Table 7). Figure 16 depicts the ZFN-mediated pfmrp1 double-stranded break 

(thunderbolt) that was repaired by recombination with the pfmrp1 homologous region on the plasmid, 

leading to single-crossover plasmid introduction and pfmrp1 disruption.  

A plasmid to detect the fluctuation of glutathione reduction-oxidation status in the parasite was 

constructed on a pINT-based vector (Adjalley et al., 2010). The plasmid was constructed to epissomal 

express the genetically encoded redox roGFP1-Grx1 sensor, under the pfcam (PF3D7_1434200) 

promoter and with the neomycin phosphotransferase II selectable marker, enabling G418 selection. 

RoGFP1-Grx1 was obtained from p415TEF cyto roGFP2-Grx1, (a gift from Tobias Dick; Addgene plasmid 

# 65004; http://n2t.net/addgene:65004; RRID:Addgene_65004) (Morgan et al., 2013) and subcloned 

downstream of pfcam promoter and upstream of the hsp86 (PF3D7_0708500) terminator in a pDC2-

based vector using AvrII and XhoI restriction enzymes. RoGFP1-Grx1 was cut with the pfcam promoter 

using ApaI and XhoI restriction and ligated onto pINT, replacing the integrase originally on that plasmid 

(Nkrumah et al., 2006). 

Restriction reactions were performed with Anza restriction enzymes (Thermo Scientific) using 

recommended guidelines. The purified fragments were ligated with 1 U T4 DNA Ligase using 50 ng of 

vector and 15 ng of insert, accordingly to plasmid to insert ratio of 1 to 3. From 10 obtained colonies, 

plasmid was extracted. All created plasmids were verified by restriction and sequencing. 

3.6.2 Parasite culture and transfection 

Transfection was performed in 3D7attB and Dd2attB strain. To enable transient expression of ZFN, 

homology repair and disruption of pfmrp1 2.5 µg/mL of BSD selection was applied 24 hours post 

electroporation for 5 days. After selection, parasites were cultured without drug. After microscopic growth 

was observed 19-22 days post-transfection, the cultures were genotyped by PCR and tested for gene 

disruption. Amplification was performed with Phusion Blood Direct PCR Master Mix using 0.5 µM of each 

primer and 1 µL of blood from transfected cultures, in a 10 µL reaction using primers on Table 8. PCR 

reaction was performed according to manufacturer guidelines, primer annealing was performed at 55 °C 

and extension was performed at 30 seconds per 1 kb. The cultures were subjected to another similar 

round of selection if the PCR was negative, or the mutant population was present in minimal quantities. 

Positive bulk cultures were cloned by limiting dilution and positive wells were detected and genotyped by 

PCR. One clone from each strain was selected to proceed further experiments. 
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To enable continuous epissomal expression of roGFP1-Grx1 sensor selection with G418 was applied 

continuously at concentration of 250 µg/mL, a day after transfection. After microscopic growth was 

observed the cultures were run on LSRII flow cytometer (BD Biosciences) and observed under microscope 

for sensor derived fluorescence on the Alexa Fluor 488 channel (excitation: 490 nm / emission: 525 nm). 

3.6.3 In vitro antimalarial drug assays 

Drug susceptibility assays were performed using a flow cytometry-based approach described previously, 

with minor modifications (Amaratunga et al., 2014a). Assays were performed in flat-bottom 96 well plates 

in 200 µL total volume with MCM, 1% hematocrit and 0.3% starting parasitemia. Assays using reduced 

folate were performed using RPMI without folate and supplemented with 3 ng/mL and 100 ng/mL of 

folic acid. The plates were pre-dosed with descending concentrations of test compound, two-fold dilution 

each consecutive well. Compounds used were chloroquine, mefloquine, lumefantrine, dihydroartemisinin, 

pyrimethamine, trimethoprim, WR99210, methotrexate and aminopterin. To perform drug assays with 

transporter proteins inhibitors these were added at a fixed concentration to all wells, verapamil (Sigma) 

was used at 800 nM, elacridar at 100 nM and MK-571 at 1600 nM. Two wells were left without drug as 

positive growth control. After 72 hours, parasitemia was assessed in the flow cytometer. For the flow 

cytometry analysis, 60 µL of each well from drug assay was incubated with 40 µL of staining solution (2X 

SYBR™ Green I Nucleic Acid Gel Stain and 1.6 µM MitoTracker™ Deep Red FM) for 30 minutes at 37 °C. 

After the incubation, the cells were diluted in 300 µL of PBS and passed on LSRII flow cytometer (BD 

Biosciences). SYBR Green fluorescence was captured on Alexa Fluor 488 channel (excitation: 490 nm / 

emission: 525 nm) and MitoTracker on APC-Cy7 channel (excitation: 633 nm / emission: 780 nm). SYBR 

Green stains DNA (parasitized cells) and MitoTracker stains based on mitochondrial membrane potential 

(alive parasites). Data was analyzed using FlowJo™ V10 software (Becton, Dickinson and Company). 

Gating was done on the SYBR Green and MitoTracker positive cells giving the parasitemia. Assays were 

performed with 3 to 10 independent replicates. Data normality was assessed using Shapiro-Wilk test. 

Statistical evaluations comparing WT and Δpfmrp1 strains were performed using two-tailed unpaired t-

Table 8. Primers sequences used for pfmrp1 edited cultures genotyping 

Primer sequence (5’ → 3´) 

p1 - AAGGACATATTTATTAAACCGCAGAG 
p2 - AAACTTACACACACCCATGC 
p3 - CCTTCAAAAATGTTTAATGGATGAT 
p4 - CTCATGGTTATGGCAGC 
p5 - TGTGTTAATTTGTGATTCCA 
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tests with Welch’s correction. Statistical evaluations comparing strains between different folate conditions 

were performed using one-way ANOVA with Tukey’s multiple comparisons test. GraphPad Prism 9 was 

used for statistical analysis for all assays. 

3.6.4 Fluorescein methotrexate accumulation assay 

Accumulation of F-MTX was measured using flow cytometry over time and microscopy. Parasites were 

incubated in 1mL of MCM in a hematocrit of 4% at around 2-4% parasitemia with F-MTX at 1000 nM. 

Conditions without F-MTX or with uninfected red blood cells were used as controls for baseline and 

autofluorescence.  

For the flow cytometry analysis, 1.6 µM MitoTracker™ Deep Red FM was incubated with F-MTX. After 

the incubation, at the time points 1 hour, 2 hours and 3 hours, 40 µL of 1% hematocrit of the cells were 

diluted in 300 µL of D-PBS and run on LSRII flow cytometer (BD Biosciences). Another condition was 

performed at 3-hours with parasites similarly incubated with 5 µM of Fluo-4, instead of F-MTX. Data were 

analyzed using FlowJo™ V10 software (Becton, Dickinson and Company). Gating was performed on the 

APC-Cy7 channel (excitation: 633 nm / emission: 780 nm) of the MitoTracker positive cells to determine 

parasitemias. Mean Alexa Fluor 488 (excitation: 490/emission: 525) fluorescence of live parasites was 

calculated and plotted. Total of 100000 events were recorded (erythrocytes) with at least 1000 

MitoTracker positive live cells (at least 1% parasitemia). Assays were performed in three independent 

replicates.  

For the microscopy analysis, the parasites were collected after a 3-hour incubation time point and 

further stained for 5 minutes with 0.1 µg/mL of DAPI, in addition to MitoTracker. Parasites were 

centrifuged at 1500 rpm for 5 minutes and a microscopic slide of the red blood cells pellet was made for 

live fluorescent imaging. Fluorescence pictures were captured using an Olympus LPS Confocal FV3000 

microscope. For quantification pictures captured using Olympus BX61 microscope equipped with a visible 

light laser and recorded with a digital camera (DP70). Fluorescence was quantified with ImageJ software 

version 1.52a (NIH) by circling the parasite area. 11 parasites were counted per condition on the first 

replicate and 7 on the second independent replicate.  

Data normality was accessed using Shapiro-Wilk test. Statistical evaluations comparing Dd2 WT and 

Dd2Δpfmrp1 were performed using two-tailed unpaired t-tests with Welch’s correction. Statistical evaluation 

of F-MTX accumulation over time between Dd2 WT and Dd2Δpfmrp1 was performed using two-way ANOVA 

with Šídák's multiple comparisons test. 
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3.6.5 Competition assays 

F-MTX competition assays were performed using a flow cytometry-based approach. The assay was 

performed in 96-well plates with pre-dosed descending concentrations of test compound, with a two-fold 

dilution each consecutive well, with the highest compound concentration of 2000 nM. Two wells were left 

without drug as negative control. All wells were also pre-dosed with 1000 nM of F-MTX, including controls. 

In the last 30 minutes of the assay, parasites were incubated with 1.6 µM MitoTracker™ Deep Red FM. 

After 4 hours, the cells were diluted in 300 µL of D-PBS and processed on a LSRII flow cytometer (BD 

Biosciences). Gating and data analysis was performed similarly as fluorescein accumulation assay. 

3.6.6 Growth assays 

Assays were performed in flat-bottom 6-well plates at 4% hematocrit and 0.05% starting parasitemia. 

Before starting the assay, parasites were cultured in RPMI without folic acid for 14 days to reduce possible 

folate pools derived from culture medium. Parasites were grown under normal culture conditions or in 

RPMI without folic acid. Moreover, supplementation of medium without folic acid was done with addition 

of 100 µg/L of folic acid. Every 24 hours, parasitemia was assessed in the flow cytometer. Flow cytometry 

was performed incubating 20 µL of each culture with 40 µL of staining solution (2X SYBR™ Green I 

Nucleic Acid Gel Stain and 1.6 µM MitoTracker™ Deep Red FM) for 30 minutes at 37 °C. After the 

incubation, the cells were diluted in 300 µL of PBS and examined on a LSRII flow cytometer (BD 

Biosciences). SYBR Green stains DNA (parasitized cells) and MitoTracker detects the mitochondrial 

membrane potential (live parasites). Data were analyzed using FlowJo™ V10 software (Becton, Dickinson 

and Company). Gatings were performed as described above for drug susceptibility assays to calculate 

parasitemia. Assays were performed in three independent replicates 

3.6.7 Redox assays 

Ring stage cultures were tightly synchronized with sorbitol. After 24 hours, 300 µL of tightly 

synchronized trophozoites at 4% hematocrit, were run on LSRII flow cytometer (BD Biosciences). After 60 

seconds, for baseline monitoring, and after 120 seconds, for double stimuli assay, parasites were 

challenged with 20 µL of H2O2 at 10 mM, 20 µL DTT at 10 mM, 20 µL of GSH at 30 mM and 20 µL of 

GSSG at 30 mM. On redox antimalarial assays parasites after 60 seconds of baseline monitoring parasites 

were challenged with the antimalarials chloroquine, mefloquine, aminopterin, pyrimethamine, 

dihydroartemisinin, lumefantrine, amodiaquine, and the transporter inhibitor MK571 at 1 mM. Gating 

was done in Alexa Fluor 488 positive cells to select live and sensor positive parasites. Ratio of fluorescence 
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between Alexa Fluor 488 (excitation: 488 nm, emission: 525 nm) and AmCyan channels (excitation: 470 

nm, emission: 500 nm) was calculated using derived function on FlowJo™ V10 software (Becton, 

Dickinson and Company). Data were exported and assays were normalized for baseline or for first stimuli 

in case two stimuli were provided and plotted. 

3.6.8 Transcriptome sequencing and analysis 

Parasites were tightly synchronized with 5% sorbitol in intervals of 20 hours for 3 consecutive life cycles. 

RNA was extracted from trophozoite stages, estimated between 28 and 32 hours old, using a RNeasy 

Mini Kit (Qiagen). Libraries and sequencing were outsourced (Macrogen Inc), using TruSeq RNA Illumina 

Library v2 construction (nonstranded polyA enrichment) and HiSeq2500 Illumina 2x100bp 2Gb (20M 

pair-end reads) throughput-based sequencing. Transcriptome datasets for both 3D7 and Dd2 were 

mapped against the 3D7 v3 reference sequence (Böhme et al., 2019) using HISAT2 2-2.0.0-beta (D. Kim 

et al., 2019) (--rna-strandness RF --max-intronlen 5000). Read counts were determined using HTSEQ 

v0.6.0 (-r pos -s no) (Anders et al., 2015). Deconvolution analysis was performed as described previously 

(Aunin et al., 2020). Differentially expressed genes were determined using edgeR (Robinson et al., 2010), 

with genes expressed at ≤ 3 counts per million (cpm) excluded. Because there were no biological 

replicates for any condition, we used the exact test with dispersion set to 0.01, as suggested for data 

concerning genetically identical model organisms 

(https://www.bioconductor.org/packages/release/bioc/vignettes/edgeR/inst/doc/edgeRUsersGuide.p

df). We used a false discovery rate (FDR) cut off of 0.01 and a fold change cut off of 2 to call differentially 

expressed genes. 

3.6.9 Phylogenetic analysis 

A dataset of 117 publicly available amino acid sequences from ABC transporters spanning a wide 

taxonomic range was retrieved with BLASTp by querying the Landmark dataset with the pfmrp1 amino 

acid sequence (XP_001351050) (McGinnis and Madden, 2004). These sequences were aligned using 

MAFFT v. 7.221 (Katoh and Standley, 2013) and used to make phylogenetic reconstructions using IQ-

TREE multicore version 1.5.5. The best fitting substitution model was LG+F+R8 as determined by 

ModelFinder according to AIC (Minh et al., 2013; Nguyen et al., 2015). Node support for the inferred 

maximum likelihood trees was computed using 5000 ultrafast bootstrap replicates (Minh et al., 2013). 
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3.6.10 Data availability 

The RNA-Seq data from this work have been deposited to: Gene Expression Omnibus GSE195649 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE195649)
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4. RESULTS AND DISCUSSION 

4.1 Contribution to the results 

The results section is divided by the main studies outlined on the aims. Study 1, 2 and 3 are based on 

original published peer-reviewed articles. Study 4 presents the results of a manuscript under submission 

and published on a pre-print server. The original articles references can be found in each of the sub-

chapters. The presentation on the dissertation differs slightly from the articles by making a shorter 

introductory section to avoid extensive repetition with the main introduction and by exploring some 

additional results that did not fit the original publications. 

The dissertation author contribution to the specific studies were the following: 

Study 1: Experimental procedures as DNA extraction, qPCR and copy number analysis. Revising and 

reviewing the manuscript with co-authors. 

Study 2: Experimental procedures as RNA extraction, qPCR and expression number analysis. Revising 

and reviewing the manuscript with co-authors. 

Study 3: Design of the in vitro strategy and experiments together with project leader. All experimental 

procedures from the development of plasmids to the phenotypic assays. Data analysis. Co-writing the 

manuscript with corresponding author. 

Study 4: Design of the in vitro strategies and experiments together with project leaders along the project. 

All experimental procedures. Data analysis except phylogenetic analysis (performed by co-author Nuno 

Osório) and transcriptomic analysis (performed by co-author Adam Reid). Writing the manuscript.
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4.2 Study 1: Plasmodium falciparum Plasmepsin 2 Duplications, West Africa 

Published: Emerging Infectious Diseases, 24(8): 1591-1593. 17 August 2018.  

doi: 10.3201/eid2408.180370 

Artemisinin combination therapy is key for the control of malaria in sub-Saharan Africa. While AM-LF 

and AS-AQ are the primary deployed treatments in the region, due to the prone capacity of P. falciparum 

to develop resistance, DHA-PPQ has been included as a second line antimalarial drug. This decision is 

prudent and is based on reports of treatment inefficacy following AM-LF therapy that had markers 

associated with lumefantrine resistance, indicating possible emergence of resistance (Plucinski et al., 

2015). DHA-PPQ has shown high efficacy levels in clinical trials conducted in Africa, making the 

combination a prospect for therapy and intermittent preventive approaches in the region (Gutman et al., 

2017). However, treatment failure of DHA-PPQ is prevalent in Southeast Asia, mainly due to piperaquine 

failure and increased pressure of tolerant parasites to dihydroartemisinin (Amato et al., 2017; Witkowski 

et al., 2017). Piperaquine resistance is mostly associated with increased CNV in the plasmepsin locus, 

including the pfpm2 gene (PF3D7_1408000) and PfCRT polymorphisms (Amato et al., 2017; Dhingra et 

al., 2019, 2017; Ross et al., 2018; Witkowski et al., 2017).  

CNV is usually considered to emerge at relatively rapid mutation rates, with several orders of magnitude 

higher compared to SNPs, generating substantial diversity (Alonso et al., 2013; Cheeseman et al., 2016, 

2009; Conrad and Hurles, 2007). However, most CNVs are deleterious and only rare cases become 

fixated and are often associated with drug pressure. Therefore, preexisting pfpm2 duplications in 

Cambodia might have been rapidly selected by DHA-PPQ, aided by the less protective action of DHA due 

to the presence of tolerant artemisinin lineages. Additionally, these could have conferred a favorable 

background for SNPs in pfcrt to emerge, as will be explored later in this dissertation in the Study 3. There 

is a likelihood of these amplifications occurring in Africa, in which case selection due to piperaquine 

pressure could lead to development of resistance. As such, there is an importance to monitor plasmepsin 

duplication status before further deploying piperaquine based treatments in Africa.  

This study rational was to investigate the pfpm2 amplification occurrence in the African setting. For 

this, a subset of archived P. falciparum DNA samples from clinical infections were analyzed. These 

samples are derived from a set of large, multicenter comparative ACTs efficacy trials conducted in West 

Africa (West African Network for Clinical Trials of Antimalarial Drugs (WANECAM), 2018). This pilot study 

analyzed 96 samples from recurrent infections with the shortest interepisode periods. This subgroup had 

recurrent infection after 23 to 65 days posttreatment and was assumed to be more likely to include 

markers of piperaquine resistance, such as pfpm2 duplications. 
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The analysis was conclusive in 65 of the 96 samples and confirmed the presence of 7 infections 

carrying 2 copies of pfpm2, representing ≈10% of the successfully analyzed infections. We did not identify 

any trend of earlier recurrence associated with this group of infections (Figure 11), a preliminarily 

observation that needs to be further explored in a larger sample set.  

Our results clearly show that piperaquine resistance–associated pfpm2 duplications are probably 

already frequent in Africa, which is of concern given the long half-life of piperaquine (>20 days). In high-

transmission areas, this long period of decreasing drug exposure is likely to progressively select more 

tolerant parasites, potentially carrying of pfpm2 extra copy. Parallel studies conducted in these areas have 

not detected substantial altered parasite clearance dynamics or PfK13 mutations associated with 

artemisinin-derivative therapy (Kamau et al., 2015; Maiga et al., 2012), indicating that these pfpm2 

duplications are emerging despite the overall efficacy of dihydroartemisinin. Further studies are urgently 

needed to clarify the clinical implications of plasmepsin amplification and piperaquine susceptibility in 

African setting. Moreover, monitoring occurrence of duplication in other areas of high malaria 

transmission in Africa is important to monitor emergence of these mutations and for decisions of 

alternative therapies deployment.  

More recently, additional studies also demonstrated multiple copies of plasmepsin 2 in high proportion 

in Burkina Faso and Uganda (Leroy et al., 2019). Concomitantly, there was also a recent description of 

increased sensitivity to piperaquine in Ugandan parasite isolates (Rasmussen et al., 2017). However, this 

sensitization can be related with the massive use of AL in the area (Ebong et al., 2021). In vitro 

overexpression of plasmepsins was shown to not impact susceptibility to piperaquine in the 3D7 strain, 

derived from Africa (Boonyalai et al., 2020), but was shown to increase piperaquine resistance, including 

a bimodal response in a Dd2 strain, derived from Asia (Study 3). This highlights that the genetic 

background might play an important role in the modulation of piperaquine response by the plasmepsins. 

The evidence of pfpm2 duplication presence in Africa by our study and recent studies indicates the need 

 

Figure 11. Timeline distribution of the pfpm2 CNV status. White filled circles: 1 copy, dark gray filled circles: 

2 copies. 
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to further evaluate the in vitro susceptibility profiles to piperaquine of duplicated pfpm2 African isolates. 

This is important for the introduction of programs using DHA-PPQ, which are under evaluation due to 

increased post treatment prophylaxis, for mass drug administration campaigns using intermittent 

preventive treatments. New combinations are being tested for introduction in the field, such as 

artefenomel-piperaquine. Therefore, this knowledge is essential to not deploy a new combination in areas 

of piperaquine resistance, which would immediately compromise the combination while increasing 

selective pressure on artefenomel (Eisele, 2019; Gerardin et al., 2015; Macintyre et al., 2017; WHO, 

2018).
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4.3 Study 2: Plasmodium falciparum K13 expression associated with 

parasite clearance during artemisinin-based combination therapy 

Published: Journal of Antimicrobial Chemotherapy, 74(7): 1890-1893. 1 July 2019.  

doi: 10.1093/jac/dkz098 

 

Sustained ACT efficacy is dependent on the actions of both the long half-life component and the 

artemisinin derivative. In Southeast Asia, a change in the parasite response to artemisinins has been 

observed, essentially characterized by a significant increase in infection clearance times (Dondorp et al., 

2009; Noedl et al., 2008). This phenotype has been associated with clinical failure after ACT treatment 

(Amato et al., 2017; Noedl et al., 2008; Witkowski et al., 2017). Of particular concern is the possibility 

that the reduction of artemisinin efficacy may also spread to Africa, where 90% of all malaria deaths 

occur, jeopardizing the United Nations sustainable developmental goal of ending the malaria epidemic by 

2030 (United Nations, 2015). 

Increased parasite clearance (PC) times have been firmly associated with sequence variation in the 

gene coding for the cytoplasmic PfK13 propeller-like protein (PF3D7_1343700) (Ariey et al., 2014). 

Genetically modified PfK13 loci confirmed the role of PfK13 propeller mutations in artemisinin resistance 

 

Figure 12. Changes in pfk13 transcripts and parasite clearance in patients treated with 
artemether-lumefantrine. (a) pfk13 relative expression by fold change after treatment compared with before treatment 

for every analyzed patient sample over time. Connection lines demark individual patient samples over time. The dashed red 
line delineates the threshold for pfk13 upregulation (blue circles, >1-fold) and downregulation (open circles, <1-fold). Median 
pfk13 expression by time point is represented with a yellow dash and standard error of the 47 samples. pfk13 expression fold 
change was calculated by the 2-ΔΔCt method normalized with housekeeping gene PF3D7_0717700 and calibrated with pair 

infection data before treatment initiation (time 0h). (b) The heat map shows the Spearman correlation coefficients of pairwise 
comparisons of the pfk13 relative expression at different time points and the PC parameters of matching patients. (c) Kaplan-
Meier survival analysis defining the expected PC50% duration in time for the two groups defined in (a). 2 [Log-rank (Mantel-Cox) 

test]: 17.7; P <0.0001. PC50%  median survival: pfk13<1=7.1; pfk13>1=1.9. 
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(Ghorbal et al., 2014; Straimer et al., 2015). Intriguingly, it was observed that the levels of artemisinin 

resistance exhibited by strains with genetically modified PfK13 were lower compared with those of clinical 

isolates carrying the same mutations (Straimer et al., 2015), indicating the existence of other 

determinants beyond the known mutations. This is supported by field reports of artemisinin resistance 

independent of PfK13 mutations, emphasizing the need for an understanding of resistance factors beyond 

PfK13 mutations (Mukherjee et al., 2017). One barely possibility studied is the influence of in vivo PfK13 

expression levels, prior to treatment and after artemisinin impact. In this work, we have studied the in 

vivo pfK13 expression in Tanzanian patients treated with AM-LF and explored association of expression 

levels with patients’ PC parameter outcomes.  

Table 9. Characteristics of the studied population and differential pfk13 expression 

 TOTAL (n=47)  pfk13<1 * (n=38) pfk13>1 * (n=9) 
P-value 

 mean SD range  mean SD mean SD 

Patient data at admission 

Age (months) 50.0 30.0 12 - 119  50.7 28.6 46.9 37.1 0.510 

Weight (kg) 14.3 5.5 8 - 30  14.3 5.4 14.0 6.4 0.474 

Parasite density 

(Pf/mm3 blood) 
60171 51805 2120 - 200400  61744 50076 53529 

614

20 
0.397 

Temperature (°C) 37.9 1.0 36.2 - 40.8  38.0 1.1 37.7 0.5 0.995 

Parasite clearance data 

Slope half-life 2.5 1.1 0.5 - 5.2  2.6 1.1 2.1 1.1 0.343 

PC50% (h) 6.0 3.2 0.8 - 14.8  6.7 2.9 3.0 2.4 0.0008 

PC90% (h) 11.6 4.8 2.1 - 21.8  12.6 4.3 7.3 4.8 0.007 

PC95% (h) 14.1 5.7 2.6 - 26.2  15.2 5.2 9.4 5.8 0.016 

PC99% (h) 19.9 8.0 3.9 - 37.8  21.2 7.5 14.4 8.3 0.052 

* - pfk13 expression profile after 2 hours of treatment. pfk13 > 1 represent the infections group with fold change relative expression 

above one and pfk13 < 1 represent the infections group with fold change relative expression below one. 

We obtained pfk13 transcript expression data for the 47 infections analyzed at the six timepoints under 

review, except for the 24 hours point, at which 3 of the 47 infections did not provide reliable pfk13 

transcript results. After AM-LF treatment initiation, a wide range of pfk13 transcript fold change in 

expression was observed throughout all timepoints (Figure 12a). Using the pfk13 expression levels of 

each infection before treatment initiation (0 hours) to understand the fold change in expression after 

treatment initiation, the expression ranged from 0.2 to 4.1-fold after 2 hours, 0.1 to 4.4-fold after 4 hours, 

0.1 to 8.3-fold after 8 hours, 0.1 to 7.7-fold after 16 hours and 0.04 to 6.1-fold after 24 hours. Strong 

correlations of pfk13 expression were observed between all post-treatment timepoints (Figure 12b), with 

individual infection variation defined at the first time point after treatment (2 hours) and maintained over 
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time (Figure 12a; gray connection lines). The data were not normally distributed (Shapiro–Wilk, W=0.47–

0.66, P<0.0001), showing skewness for decreased expression of pfk13 response (Figure 12a; yellow bar 

showing median values). This observed differential expression was not linked to genetic variability at the 

pfk13 gene-resistant loci, since all infections were found to be WT from amino acid 464 up to the 3'-

terminus of the open reading frame. By taking parasite clearance (PC) data (Table 9) together with the 

pfk13 expression profile over time, we noticed a clear clade based on Spearman correlation, inferring 

that pfk13 down-regulation is associated with longer PC time (Figure 12b).  

To confirm this, infections were stratified into two groups defined by infections with increased or 

decreased expression of pfk13 by more than or less than 1-fold, respectively (Figure 12a, red dashed line 

cut-off of 1 signifying no variation compared with before treatment initiation; 2–ΔΔCt=2°). Reinforcing the 

negative correlation result (Figure 12b), after 2 hours of treatment, a significant difference (P<0.001) in 

PC times was observed, with higher mean PC50% values in the infections group with reduced pfk13 

expression. This significant difference was maintained for the PC90%, PC95% and PC99%, but did not reach 

significance for the PC slope half-life (Table 9). To better understand the risk factor of the two groups 

(pfk13<1 and pfk13>1) to predict the PC time, we performed a Kaplan–Meier survival analysis using the 

PC50%. Significant difference in survival time for PC50% is observed between the two groups (median 

pfk13<1=7.1 hours; pfk13>1=1.9 hours) (Figure 12c). 

SNPs at pfk13 have been identified as molecular markers of ACT resistance among Southeast Asian 

patients (Miotto et al., 2015). These have been found in <3% in Africa (Kamau et al., 2015), possibly 

explaining the lack of extreme cases of long PC time. Variation in this phenotype nevertheless exists and 

has been well documented (Kone et al., 2020; Ouattara et al., 2015). The question remains of whether 

there are other factors beyond open reading frame variation that might explain clearance differences in 

Africa. In this molecular prospective approach, we explored for the first time the transcriptional profile of 

pfk13 during AM-LF therapy. Since transcriptional variation appears to be higher than genetic variation in 

our study, we have hypothesized that it might have an important role in the early stage of development 

of drug resistance. Previously, a large ex vivo transcriptomic study of P. falciparum isolates from Southeast 

Asian and African patients, collected before treatment and encompassing normal and delayed PC time, 

revealed high variation in pfk13 expression, although not correlated with artemisinin resistance (Mok et 

al., 2015). Our prospective study describing pfk13 expression during treatment also showed a large range 

of transcription levels, with 20 times the dynamic range observed after 2 hours of treatment. Interestingly, 

the intrinsic transcription features of each individual infection prevailed during the 24 hours of study 

(Figure 12a). The PfK13 propeller domain encodes six Kelch motifs theoretically playing a role in protein 
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degradation via polyubiquitination or involved in cell response to oxidative stress. The C580Y mutation 

was shown to decrease affinity for a protein substrate, thereby increasing its steady-state levels by 

reducing ubiquitination and proteasomal degradation (Mbengue et al., 2015). Parasites responding with 

decreased expression of pfk13 could therefore act as a similar outcome, translated into a slow phenotype 

and manifested as longer PC times. This hypothesis could explain the clear negative correlation observed 

between the clearance parameters of the infections herein analyzed and their pfk13 transcriptional 

response (Figure 12b). Moreover, recently PfK13 mutations were shown to decrease hemoglobin 

endocytosis leading to less artemisinin activation and consequent resistance, which happens due to 

reduced protein abundance (Birnbaum et al., 2020; Yang et al., 2019). Reduced transcript levels are 

expected to lead to a similar reduced in protein abundance that can explain the higher PC values. The 

difference between the pfk13 gene expression groups could also be explained by the different ring 

developmental stage at the sample collection time, as recently described (Gibbons et al., 2018). These 

authors explored the transcriptional profiling of a recombinant PfK13 strain, with increased susceptibility 

to artemisinins, revealing down-regulation of pfk13 expression at early rings and up-regulation at the early 

trophozoite stage. They could distinguish this short period of stage development through a full 

transcriptomic approach and not by microscopic observation of morphological changes, constraining the 

validation of this hypothesis in our study. A Kaplan–Meier survival analysis using the PC50% for the two 

groups (pfk13<1 and pfk13>1) revealed a significant difference in survival time (PC50% medians: 

pfk13<1=7.1 h; pfk13>1=1.9 h) (Figure 12c), demonstrating that there is a prognostic value of the pfk13 

transcriptional profile to predict the PC time. A larger study with full transcriptomic approach would be 

needed to dissect this phenotypic clearance outcome more comprehensively. Our study thus revealed 

the pfk13 transcripts as a potential additional factor relevant for in vivo PC outcome of ACT, at least in 

the scenario of AM-LF treatment in PfK13 WT African parasites. 
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4.4 Study 3: Multigenic architecture of piperaquine resistance trait in 

Plasmodium falciparum 

Published: The Lancet Infectious Diseases, 20(1): 26-27. 1 January 2020.  

doi: 10.1016/S1473-3099(19)30689-9 

 

As mentioned in Study 1, treatment failure of DHA-PPQ is prevalent in South East Asia, due to 

piperaquine failure (Amato et al., 2017; Witkowski et al., 2017) and there is concern that further 

implementation of this therapy or piperaquine derived therapies in Africa could lead to fast emergence of 

resistance. William L Hamilton and colleagues and Rob W van der Pluijm and colleagues described the 

genomic evolution of Plasmodium falciparum malaria and the spread of DHA-PPQ resistance in this 

species in Southeast Asia (Hamilton et al., 2019; van der Pluijm et al., 2019). Resistance in the region 

has been associated with pfcrt polymorphisms and CNV in plasmepsins and pfmdr1 genes (Bopp et al., 

2018; Dhingra et al., 2019, 2017; Hamilton et al., 2019; Ross et al., 2018; van der Pluijm et al., 2019; 

Witkowski et al., 2017). Despite compelling evidence regarding the determinant effect of pfcrt 

polymorphisms on piperaquine resistance (Dhingra et al., 2019, 2017; Ross et al., 2018), the roles of 

plasmepsins and pfmdr1 genes, which were first identified in a 2017 phenotype–genotype association 

study, remain unclear (Witkowski et al., 2017).  

Therefore, in the Study 3, P. falciparum parasite lines were generated with an extra copy of the 

plasmepsin 2 (pfpm2) or the hybrid of the plasmepsin 1 and plasmepsin 3 genes (pfpm3–1), which is a 

hybrid plasmepsin gene created by a duplication event (Amato et al., 2018; Ansbro et al., 2020). These 

lines were generated in the southeast-Asian derived Dd2 genetic background to study the contribution of 

plasmepsins to piperaquine resistance (Figure 13). Moreover, this study aimed to validate, in vitro, the 

plasmepsins amplification in mediating piperaquine resistance in the field. 

4.4.1 Plasmepsin disruption 

An extra pfpm2 or pfpm3-1 copy was introduced using the attP-attB system in the P. falciparum Dd2 

strain, which originates from Southeast Asia (Figure 13) (Antony et al., 2016; Guinet et al., 1996; Walliker 

et al., 1987). Pfpm2 and pfpm3-1 were amplified from Dd2 strain and a field isolate genomic DNA, 

respectively, and introduced into the attP containing plasmid named pDC2. This 
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Figure 13. Generation of plasmepsin 2 (PM2) extra copy and hybrid plasmepsin 3-1 (PM3-1) Dd2 

parasite lines. (A) – A copy of plasmepsin 2 (pfpm2) and plasmepsin 3-1 (pfpm3-1) was introduced into the Dd2attB line 

using the attB-attP recombinase system. pINT contains the Bxb1 integrase (Int) and G418 resistance gene (Neo). Pfpm2 and 
pfpm3-1 hybrid were amplified from genomic DNA and introduced into the pDC2 plasmid, which has blasticidin selection 
marker (bsd) and attP that recombines with attB on the genome of the Dd2attB line. (B) – PCR confirmation of plasmepsins 
extra copy integration into the genome of Dd2attB. Primers are represented in the scheme on A. (C) – Quantitative PCR data 
presenting expression and copy number of pfpm3-1, pfpm2, plasmepsin 1 (pfpm1) on edited lines relative to Dd2. Data are 
presented as mean with SEM. Statistical significance was determined via two-tailed, student's t-test comparing mutated lines 
with Dd2 WT. Three independent assays were performed. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001.  
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plasmid was co-transfected with pINT, an integrase mycobacteriophage Bxb1 coding plasmid, into the 

Dd2attB strain. This strain is modified to contain an attB site into the cg6 non-essential locus, and the 

integrase can catalyze the recombination between the attP plasmid into the attB locus, effectively 

introducing an extra plasmepsin copy into the genome (Figure 13).  

After transfection, selection was applied for 5 days with G418, which selects for pINT plasmid, and 

BSD, which selects for pDC2 that expresses the bsd selection marker. Parasite growth was observable 

by microscopy after 14 days post drug selection, and bsd selection was applied continuously to select for 

integrated parasites, which reappeared after 10 days. The integration event was confirmed by PCR, which 

identified the integration at both 5' and 3' and the absence of wild type cg6 allele (Figure 11B). The 

resulting lines are denoted Dd2attB PM2 and Dd2attB PM3-1. Figure 13 illustrates the strategy and shows an 

electrophoresis gel of editing events. 

 Plasmepsin copy numbers were confirmed by qPCR for both strains (Figure 13C). Plasmepsin 

expression was also evaluated through qPCR, in which the Dd2attB PM2 displayed 2-fold increased pfpm2 

expression but the Dd2attB PM3-1 only had a 1.2-fold pfpm3 increase in expression, despite having two 

pfpm3 copies in the genome (Figure 13C). This effect might be related to feedback or compensatory 

mechanisms. Indeed, on the Dd2attB PM3-1 line, we detected increased expression of plasmepsin 1. 

Curiously, this effect only seems to happen for the hybrid pfpm3-1 gene and not for the extra copy of 

pfpm2. Another hypothesis could be a decreased transcription due to the hybrid DNA or even instability 

of the hybrid mRNA. 

4.4.2 Plasmepsin amplification leads to decrease pfmdr1 copy number 

In the course of generating the transgenic lines, we observed a de-amplification of the three pfmdr1 

copy number detected in Dd2 parasites, in both Dd2attB PM2 and Dd2attB PM3-1 mutant strains (Figure 14C), 

which led to increased susceptibility to mefloquine as expected (Figure 14F). This result corroborates 

observations of piperaquine-resistance selection in southeast Asia (Bopp et al., 2018) and suggests that 

the reduction of pfmdr1 copy number occurs as a result of a cellular physiological digestive-vacuole 

adaptation to withstand plasmepsin gene amplification events rather than a direct process of selection 

for piperaquine resistance. To explore this, we used the Fluo-4 that has been demonstrated to accumulate 

on digestive vacuole with kinetics depending on PfMDR1 transport and independent of other loci (Calçada 

et al., 2020; Friedrich et al., 2014; Reiling and Rohrbach, 2015; Rohrbach et al., 2006).  Intriguingly, the 

Dd2attB PM2 and Dd2attB PM3-1 lines present higher Fluo-4 fluorescent values, even though these lines have 

fewer copies of pfmdr1 (Figure 12A and C).  
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Figure 14. Fluo-4 accumulation assays, pfmdr1 expression and mefloquine drug 

susceptibility assays. (A) – Fluo-4 accumulation after 4 hours of incubation measured through flow cytometry. Data 

is presented in fluorescence arbitrary units (A.U.) (B) – Parasite vacuole area measured on fluorescent microscopy using the 
area around Fluo-4 and outside MitoTracker staining. (C) – Quantitative PCR data presenting copy number and expression of 
pfmdr1. (D) – Fluorescence microscopy of a parasite incubated with Fluo-4 and MitoTracker. Scale = 5 µm (E) – Fluo-4 
accumulation after 4h of incubation with verapamil (VP) and elacridar (ELA), and both combined measured through flow 
cytometry. Data is presented in percentage of fluorescence related to untreated control.  (F) – IC50 derived from nonlinear 
regression from 12-fold dilution assays of mefloquine susceptibility, and in presence of VP, ELA and VP+ELA. Data are 
presented as mean with SEM. Three independent assays were performed. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001. 
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Moreover, as expected, using elacridar, a chemical blocker of PfMDR1, there was a decrease in Fluo-4 

fluorescence in Dd2 WT strain and no effect was observed using verapamil, a chemical blocker of PfCRT. 

Intriguingly, on Dd2attB PM2 and Dd2attB PM3-1 strains, there was no impact of elacridar on Fluo-4 

fluorescence. The area of the vacuoles remained unchanged between mutants and WT strain (Figure 

14B).  These results point to an alteration in vacuolar physiology that impacts the probe fluorescence. 

This probe has been shown to be highly dependent on pH (Rohrbach et al., 2005), so pH change of 

vacuole due to increased plasmepsin copy number is a possible hypothesis. Nevertheless, this assay is 

not enough to clearly pinpoint which specific changes occurred in the dynamics of the vacuole. 

Since piperaquine has been shown to select for plasmepsin increased copy numbers, these results 

suggest that decreased pfmdr1 copy numbers in the field is an indirect consequence of piperaquine 

pressure in addition to the discontinuation of mefloquine-based therapies. Likewise, this data supports 

the use of mefloquine and piperaquine in combination for triple combination therapies, as these 

compounds exert simultaneously different pfmdr1 pressures. 

4.4.3 Plasmepsin amplification leads to high grade resistance to piperaquine 

Drug susceptibility assays were performed to explore the impact of plasmepsin duplication in 

piperaquine resistance. As somewhat expected, no significant alteration of these parasite lines was 

detected at the half maximal inhibitory concentration (IC50) of piperaquine, as usually the phenotype 

manifests as high-grade resistance (Figure 15A). Moreover, given the association of pfcrt mutations and 

pfmdr1 with piperaquine resistance, drug assays were performed using verapamil as an inhibitor of PfCRT 

and elacridar as an inhibitor of PfMDR1. No alteration in IC50 was observable for the Dd2attB PM2 and Dd2attB 

PM3-1 strains. Additionally, in similar assays, the range of piperaquine concentrations was extended to 

detect possible bimodal resistance phenotype, as previously reported (Bopp et al., 2018). Both 

plasmepsin 2 and plasmepsin 3–1 gene amplifications contributed to bimodal piperaquine resistance. 

This phenotype was enhanced in the presence of the verapamil and elacridar inhibitors, creating a 

bimodal effect on piperaquine susceptibility (Figure 15B), similar to that previously described in 

Cambodian P. falciparum isolates and genetically engineered strains with PfCRT mutations (Bopp et al., 

2018; Dhingra et al., 2017; Ross et al., 2018). This effect was higher with PfCRT inhibition (area under 

the curve [AUC] was 74 [95% CI 67–82] for plasmepsin 2 and 42 for plasmepsin 3–1) than with PfMDR1 

inhibition (AUC was 47 [95% CI 40–54] for plasmepsin 2 and 29 for plasmepsin 3–1; (Figure 15C).  
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4.4.4 Discussion 

The first evidences of piperaquine resistance associated plasmepsins duplications with the phenotype 

(Witkowski et al., 2017). Moreover, later studies identified pfmdr1 decreased copy number variations and 

pfcrt polymorphisms (Bopp et al., 2018; Ross et al., 2018). Subsequently, the role of PfCRT has been 

confirmed in vitro as a mediator of piperaquine resistance (Dhingra et al., 2019; Ross et al., 2018), while 

the role of plasmepsin duplication in this phenotype remains elusive. Hypothesis for the reason why pfcrt 

 

Figure 15. Piperaquine susceptibility assays. (A) – IC50 derived from nonlinear regression from 12-point dilution 

assay of piperaquine susceptibility (B) – Growth curve for the piperaquine extended susceptibility assay of 24-point dilution. 
(C) – Area under the curve (AUC) calculated from the second curve of response from the bimodal susceptibility assay, as 
depicted in (B). Threshold of 30 (dashed horizontal line) was defined as threshold of piperaquine resistance, as previously 
reported (Bopp et al., 2018b). Verapamil (VP) was used as chemical blocker of PfCRT and elacridar (ELA), as chemical blocker 
of PfMDR1, verapamil plus elacridar were used combined (VP+ELA). Data are presented as mean with SEM. Three 
independent assays were performed. Statistical significance was determined via ANOVA. **p<0.01 ***p<0.001 
****p<0.0001. 
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mutations were not identified earlier suggest that a proportion of piperaquine-resistant isolates to not 

involve mutations in pfcrt but rely on alternative pathways such as one involving plasmepsins duplications. 

Alternatively, pfcrt mutations recently evolved and therefore were not captured in initial studies. Moreover, 

another possibility is that these pfcrt mutations need specific backgrounds to develop, such as one 

provided by plasmepsins duplication. 

 Temporal data suggests that the pfcrt mutations associated with piperaquine resistance arose on a 

genetic background of amplified plasmepsins and correlate with temporal de-amplification of pfmdr1 

(Dhingra et al., 2019; Ross et al., 2018). Most of the pfcrt mutation are observed after 2010 becoming 

more prevalent between 2011-2013 and became the dominant allele by 2016 (Dhingra et al., 2019; 

Ross et al., 2018). These mutations seem to have arisen independently in strains with Dd2 PfCRT 

background and mutant PfK13 (Ross et al., 2018). Curiously, high plasmepsin copy number (4 and more 

copies) were more frequent in 2012 and 2013, and by 2016 plasmepsin duplication (2-3 copies) was 

the predominant amplification status (Dhingra et al., 2019). Additionally, survival rates of piperaquine-

treated field isolated adapted parasites increased, in vitro, over the years (Dhingra et al., 2019).  

Together with our data, these findings suggest an initial selection of high number of plasmepsin locus 

amplifications with a simultaneous decrease in pfmdr1 copy number variations to accommodate the 

plasmepsin amplification events. These mutations might not cause a full resistant phenotype. Instead, 

these events likely generated a low grade piperaquine resistance that created a favorable P. falciparum 

genetic background for novel pfcrt mutations to arise in the context of piperaquine pressure. These 

parasites can have increased resistance to high concentrations of piperaquine, likely at a lower fitness 

cost.  

The initial F145I, M343L and H97Y PfCRT mutations were shown to confer a high fitness cost and are 

being replaced by less resistant but fitter T93S and I218F mutations (Dhingra et al., 2019; Ross et al., 

2018). These initial mutations H97Y, F145I and G535V were also shown to occur in parasites with 3 to 

7 copies of pfpm2 (Ross et al., 2018). Moreover, in this study all piperaquine resistant PfCRT mutants 

had pfmdr1 single copy, despite the presence of field samples with multiple pfmdr1 copies, which further 

implies the pfmdr1 single copy as important to resistance and not just a consequence of mefloquine 

removal (Ross et al., 2018). Interestingly, in previous studies using pfcrt-edited parasites with a single 

plasmepsin copy, these parasites developed an enlarged and translucent digestive vacuole, while this 

phenotype was not observed for piperaquine resistant field parasites harboring PfCRT mutations 

combined with multiple copies of pfpm2 (Boonyalai et al., 2020; Ross et al., 2018). This suggests that 

plasmepsins can directly counteract vacuole disruption caused by mutant PfCRT, which in the field are 
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likely to be associated with a fitness cost (Dhingra et al., 2019). In vitro removal of PfCRT mutations 

coincides with improved growth rates and pfpm2 de-amplification, linking these two factors (Ross et al., 

2018). Accordingly, in the field plasmepsin duplication still seems necessary as these parasites seem to 

retain at least plasmepsin locus duplication (Ross et al., 2018). Even though, pfcrt mutations in vitro 

seem sufficient to generate resistance and might dispense the plasmepsin duplications (Ross et al., 

2018). As such, likely the initial expansion of mutations in PfCRT could have been propelled by 

plasmepsin duplications which could have a beneficial impact on the fitness cost caused by these 

mutations.  

Recently, the structure of  PfCRT was unraveled, and the piperaquine resistance associated mutation 

C350R that emerged in the 7G8 isoform and the mutations T93S, I218F, F145I, H97Y, G353V that 

emerged in the Dd2 isoform were located in the helices that line the central negatively charged cavity  (J. 

Kim et al., 2019). The mutation M343L, which confers low grade piperaquine resistance in the Dd2 

isoform, was located deeper into the central cavity closer to the parasite cytosol (J. Kim et al., 2019). 

Contrary to other mutations, the M343L was shown to not confer a fitness cost when introduced into the 

Dd2 strain. However, it confers a fitness cost in a Cambodian adapted parasite with a Dd2-like pfcrt 

background (Ross et al., 2018). Location of the mutation is important for fitness cost, possibly due to 

alterations in solute transport, but additional factors including mutations in other genes are important for 

the overall fitness cost of the strain. PfCRT 7G8 isoform was shown to  bind to piperaquine but not to 

transport, which was consistent with the sensitive role of the strain (J. Kim et al., 2019). The F145I and 

C350R mutation were shown to transport piperaquine when introduced into the 7G8 strain and associated 

with piperaquine resistance phenotype (J. Kim et al., 2019). Interestingly, these mutations have reduced 

chloroquine transport (J. Kim et al., 2019). On the contrary, the introduction of F145I mutation into the 

Dd2 strain did not increase piperaquine transport. Notably, in another study there was no significant 

difference in intracellular piperaquine concentration on the edited Dd2 piperaquine sensitive control line 

versus the Dd2 piperaquine resistant variants expressing the PfCRT mutations F145I, M343L, or G353V, 

suggesting that these mutations do not confer resistance by accumulating less piperaquine in the Dd2 

background (Ross et al., 2018). Moreover, there was an increase in the intracellular accumulation of 

piperaquine resistant edited field isolates when removing PfCRT resistant conferring mutations (Ross et 

al., 2018). These reflect the genetic background impact in piperaquine resistant and highlight the complex 

relationship between PfCRT mutations and piperaquine resistance, which does not appear to be explained 

solely by changes in drug accumulation or efflux. Likewise, our results show that verapamil, a chemical 

blocker of PfCRT, in the Dd2 plasmepsin amplificated lines is enough to confer resistance to piperaquine. 
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As a blocker of PfCRT function, this result does not support generation of resistance by increased 

transport. There is possibility that more than one mechanism prevails to give resistance. One alternative 

mechanism involves piperaquine-mediated binding to and functional inhibition of certain PfCRT isoforms, 

recalling earlier reports of distinct drug binding sites in this transporter (Bellanca et al., 2014; Callaghan 

et al., 2015; Lekostaj et al., 2008; Richards et al., 2016). Moreover, due to the similar effect of verapamil 

and elacridar in the presence of plasmepsin duplication, in our study, another possibility is altered 

vacuolar function that negates the effect of high piperaquine concentrations. Due to the role of both 

piperaquine and plasmepsins on the hemoglobin degradation pathway it is likely that changes in this 

pathway affect piperaquine resistance and that PfCRT altered physiological function could lead to 

disruptions in this process. Further investigations in gene-edited parasites or heterologous expression 

systems will be important in delineating the relationship between PfCRT mutations, plasmepsins copy 

number, drug accumulation, and piperaquine resistance. 

Piperaquine resistance is multifactorial, as seen by the disparity of resistant field samples and their 

genotypes, which can dispense either plasmepsins amplifications or pfcrt mutations. As such, conceivably 

in different genetic backgrounds to those used in this study, plasmepsins duplications could confer 

different degrees of resistance, and could potentiate other loci to mediate resistance in the field. 

Additionally, other loci might be in the process of selection and fixation that could make PfCRT mutant 

parasites resistant while dispensing plasmepsin duplications. Continuous temporal monitoring of the 

dynamics of parasite populations in the areas of DHA-PPQ therapy usage is necessary to understand the 

evolution of resistant parasites and to prevent further fixation of resistant alleles that avoid fitness costs. 

Deep sampling of contemporary isolates is of particular importance to detect emergence of novel alleles 

in this propense background and to avoid propagation of piperaquine resistance to neighboring areas. 

Such fixation could lead to parasite populations to become permanently resistant even after removal of 

piperaquine based therapies. This could render new therapies based on piperaquine ineffective and 

compromise strategies of mass drug administration for eradication efforts. 

Altogether, our results recapitulate in vitro a complementary mechanism between plasmepsins, 

pfmdr1, and pfcrt involved in piperaquine resistance, supporting the molecular epidemiological data in 

southeast Asia and furthering understanding of how piperaquine drug resistance evolves.  
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4.5 Study 4: The P. falciparum protein PfMRP1 functions as an influx ABC 

transporter 

Manuscript under submission. Preprint available at Research Square, 13 January 

2022. https://doi.org/10.21203/rs.3.rs-1210682/v1 

 

The ABC transporter super-family is known to transport a wide variety of substrates across cellular 

membranes against a concentration gradient, an action driven by ATP hydrolysis. These transporters are 

present in multiple life forms, from prokaryotes to the most complex eukaryotes, with importers described 

so far in prokaryotes and plants (Rees et al., 2009). ABC transporters also serve as drug targets and are 

important mediators of drug resistance. PfMRP1 has been localized at the parasite plasma membrane 

(Raj et al., 2009) and was suggested to be a homeostatic modulator of oxidative status and a component 

of the oxidative response, moreover PfMRP1 was hypothesized as a folate transporter (Atamna and 

Ginsburg, 1997; Bozdech and Ginsburg, 2004; Raj et al., 2009; Rijpma et al., 2016b). However, the 

physiological function of this transporter remains largely unexplored. 

Early reports have linked PfMRP1 single nucleotide polymorphisms with different susceptibilities to the 

antimalarial (Mu et al., 2003) and  further studies on drug response in clinical isolates and in vivo malaria 

chemotherapy appeared to support these findings (Dahlström et al., 2009b, 2009a; Phompradit et al., 

2014a, 2014b; Raj et al., 2009; Veiga et al., 2011). However, while trying to validate the role of PfMRP1 

in drug resistance in vitro, conflicting reports have emerged.  

Applying ZNF gene editing, this study describes two pfmrp1-disrupted lines in the geographically distinct 

P. falciparum 3D7 and Dd2 parasite strains. Our data disclose PfMRP1 as a potential importer can likely 

transport folate and related compounds, including drugs related to the folate pathway. This is an unusual 

function of a plasma membrane importer from the ABC transporter family in a eukaryotic organism, aside 

from plants. A brief introduction to the theme was provided here, but a more detailed description is 

present on the introduction of this thesis on the importance of ABC transporters in P. falciparum including 

PfMRP1. 

4.5.1 Pfmrp1 disruption 

Using customized ZFNs we disrupted the pfmrp1 gene in P. falciparum Dd2 and 3D7 parasites, by 

single crossover integration of plasmid into the gene locus (Figure 16). These two strains originate from 

Southeast Asia and Africa respectively, are part of genetically distinct subpopulations of P. falciparum, 
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and harbor very distinct antimalarial drug responses (Antony et al., 2016; Guinet et al., 1996; Walliker et 

al., 1987). ZFNs were engineered to bind neighboring sites on opposite strands of pfmrp1, producing a 

double-stranded break 1208 bp upstream of the stop codon. Our homology-driven template consisted of 

a 2.5 kb pfmrp1 fragment engineered with three synonymous mutations at the ZFN binding site, to 

prevent ZFNs from cleaving the plasmid and promoting the integration of the plasmid, disrupting the 

pfmrp1. 

 

Red blood cells infected with ring-stage P. falciparum 3D7 or Dd2 parasites were electroporated with 

the pfmrp1 ZFN disruption plasmid (Figure 16). This plasmid expresses the bsd selection marker, 

 

Figure 16. Construction of pfmrp1 disrupted strains. (a) – Schematic of the ZFN-based strategy. Plasmid 

expresses the pfmrp1-targeting ZFN pair (ZFN L and ZFN R) linked by a 2A peptide from the calmodulin promoter (pfcam) 
and heat shock protein 86 (hsp86) 3’ UTR, and the blasticidin S deaminase (bsd) cassette, which confers resistance to 
blasticidin. The ZFNs create a double-stranded break in pfmrp1 (thunderbolt), which can be repaired by recombination with 
the pfmrp1 homologous region on the plasmid (pfmrp1 hom) leading to pfmrp1 disruption (∆pfmrp1) due to introduction of 
plasmid by single cross-over recombination. (b) – PCR genotyping to confirm ∆pfmrp1 strains. WT – PCR with primers p5+p2, 
which amplifies the intact gene (~5.7kb). 5’ – PCR with primers p3+p4, which amplifies integration of plasmid into pfmrp1 
within the 5’ region. 3’ – PCR with primers p1+p2, which amplifies integration of plasmid into pfmrp1 within the 3’ region. 
Amplification confirms integration by a single-crossover event. 
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conferring resistance to BSD. Parasite growth was observable by microscopy after 18-22 days post drug 

selection. pfmrp1 disruption was confirmed by PCR, which identified the full-length gene only in non-

mutated wild type strains. PCRs spanning both ends of integration were positive for knockout (Δpfmrp1) 

strains, denoted 3D7Δpfmrp1 and Dd2Δpfmrp1, which were then cloned by limiting dilution and one clone was 

chosen to proceed (Figure 16).  

 

To test whether the Δpfmrp1 mutants showed any differential expression of transcripts that could lead 

to altered metabolic pathways, we conducted a transcriptome sequencing (RNA-Seq) analysis. Total RNA 

was extracted from P. falciparum 3D7 and Dd2 strains and their respective 3D7Δpfmrp1 and Dd2Δpfmrp1 lines, 

tightly synchronized at the early trophozoite stage. At this stage, the pfmrp1 has the highest expression 

(Bozdech and Ginsburg, 2004; Rovira-Graells et al., 2012; Toenhake et al., 2018; Veiga et al., 2010). 

Deconvolution analysis of the 3D7 and Dd2 bulk transcriptomes suggests that the 3D7 WT and 3D7Δpfmrp1 

parasites were not similarly synchronized, having different mixes of rings and trophozoites, making 

comparison difficult (Figure 17a). The WT and Δpfmrp1 Dd2 samples were very similar in their 

composition of stages. However, we found few differences in gene expression between them (Figure 15b). 

pfmrp1 was expressed at a lower level in the Dd2Δpfmrp1 as expected, confirming that the disruption 

influenced the expression of the transcript. However, other differences were largely limited to clonally 

variant genes, which might have become differentially expressed stochastically during cloning of the 

mutant line (Figure 17b). This suggests that the pfmrp1 disruption has little effect on the parasite 

transcriptome at this point in the lifecycle.  

 

Figure 17. Transcriptomic analysis of mutant parasites. Transcriptome sequencing (RNA-Seq) analysis to 

test whether the ∆pfmrp1 mutants showed any differential expression of transcripts and altered metabolic pathways. (a) – 
Deconvolution analysis of the Dd2 and 3D7 bulk RNA-seq samples. The composition of stages was similar between WT and 
∆pfmrp1 for Dd2. The proportion of trophozoites in the 3D7∆pfmrp1 was ≈20% lower than for WT, making comparison difficult. 
(b) – A volcano plot showing differentially expressed genes (red dots) between WT and mutant Dd2 parasites. pfmrp1 is 
clearly downregulated as expected, but other differential expressed genes are limited to clonally variant genes. 
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4.5.2 Pfmrp1 disruption has no impact on quinoline and dihydroartemisinin susceptibility 

In vitro drug susceptibility assays were performed on WT and Δpfmrp1 lines. Tightly synchronized ring-

stage parasites were incubated with antimalarials, using a range of 10 compound concentrations diluted 

2–fold, for 72 hours. Parasitemias were quantified using flow cytometry. IC50 values were determined for 

chloroquine, mefloquine, lumefantrine, dihydroartemisinin, pyrimethamine, trimethoprim, WR99210, 

methotrexate and aminopterin. Of note, there was no alteration in IC50 for the commonly used quinoline 

antimalarials chloroquine, mefloquine and lumefantrine, nor to dihydroartemisinin for either 3D7Δpfmrp1 or 

Dd2Δpfmrp1 strains when compared to their parental strains (Figure 18a). IC50 values were in the range of 

previous reports. The main differences observed in chloroquine susceptibility between the parental Dd2 

and 3D7 strains are explained by known polymorphisms in the PfCRT and PfMDR1 (Johnson et al., 2004; 

J. Kim et al., 2019; Ross et al., 2018; Veiga et al., 2016). 

4.5.3 Pfmrp1 disruption leads to resistance to folate analogues 

3D7Δpfmrp1 and Dd2Δpfmrp1 were strikingly less sensitive to the antifolates methotrexate and aminopterin, 

compared to their respective parental strains. The IC50 values for the 3D7Δpfmrp1 and Dd2Δpfmrp1 lines were 

increased by 15 and 40-fold when assayed against methotrexate (P=0.001 and P<0.0001, respectively) 

and 6 and 25-fold against aminopterin (P=0.0016 and P=0.0032, respectively), respectively, compared 

to their WT parental controls (Figure 18a and Figure 18d). However, WT and Δpfmrp1 lines displayed 

comparable responses to the antifolates pyrimethamine, trimethoprim and WR99210. Strain-specific 

differences in susceptibility to pyrimethamine, trimethoprim and WR99210 were observed as expected 

due to genotypic differences in the P. falciparum dihydrofolate reductase (pfdhfr) gene (Fidock et al., 

1998; Ping Wang et al., 1997). Methotrexate and aminopterin are folate analogs (Figure 18b), while 

pyrimethamine, trimethoprim and WR99210 are structurally distinct to folate, which might account for 

the differential pattern of susceptibility changes to these antifolates. These results suggest that loss of 

pfmrp1 leads to parasite resistance to folate analogs. This would be incompatible with an exporter 

function, as the disruption should lead to increased drug concentration in the parasite cytoplasm, leading 

to heightened drug sensitivity in the Δpfmrp1 lines. These findings suggest PfMRP1 as an importer 

present in the P. falciparum plasma membrane.  
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Figure 18. pfmrp1 disruption leads to decreased susceptibility to folate analogs. (a) – In vitro IC50 

antimalarial responses for ∆pfmrp1 and wild-type (WT) 3D7 and Dd2 Plasmodium falciparum strains. Drug susceptibility 
assays were performed to obtain values of IC50 presented as the mean ± s.e.m. for chloroquine, mefloquine, lumefantrine, 
dihydroartemisinin, pyrimethamine, trimethoprim, WR99210, methotrexate and aminopterin. Statistically significant 
differences were observed for methotrexate and aminopterin, manifesting as a significant increase in the IC50 for the 3D7∆pfmrp1 
(15-fold for methotrexate, P=0.001 and 6-fold for aminopterin, P=0.0016) and Dd2∆pfmrp1 (40-fold for methotrexate, P<0.0001 
and 25-fold for aminopterin, P=0.0032) strains relative to their respective parental control strains. Assays were performed in 
at least 3 independent biological replicates (black squares and triangles represent the exact number of independent biological 
replicates). Statistical evaluations comparing WT and ∆pfmrp1 for each strain were performed using two-tailed unpaired t-
tests with Welch’s correction. (b) – The PfDHFR inhibitors methotrexate and aminopterin are folate analogs. Red circles 
represent functional group differences between analogs and folate. (c) – In vitro IC50 responses for Dd2 WT and Dd2∆pfmrp1 
strains in the presence of only MTX (Control) or MTX plus MK571, a PfMRP1 chemical inhibitor. Results are normalized 
against control condition. Values presented are the mean ± s.e.m. of the ratio of IC50 for each assay to the mean of the Control 
condition for each strain. PfMRP1 chemical inhibition led to a significant decrease in methotrexate susceptibility only for the 
Dd2 WT strain. Assays were performed in 6 independent biological replicates (black squares and triangles). Statistical 
evaluation comparing conditions was performed using two-tailed unpaired t-tests with Welch’s correction using non-
normalized IC50 values. (d) – In vitro growth response curves for methotrexate and aminopterin of Dd2 and 3D7 WT and 
∆pfmrp1 strains. These response curves represent the increases in the IC500 values for the Dd2∆pfmrp1 and 3D7∆pfmrp1 observed for 
both folate analogs. Assays were performed in 3 independent biological replicates, each dot represents mean + s.e.m. for 
each concentration. 
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To confirm that the observed resistance phenotype was mediated by PfMRP1, the MRP chemical 

inhibitor MK571 was used to block PfMRP1 transport in the Dd2 strain (da Costa et al., 2018; Gekeler et 

al., 1995; Tivnan et al., 2015). A small but significant increase (1.3-fold, P=0.0042) in IC50 was observed 

for MTX only in MK571-treated Dd2 WT parasites (24.7 ± 1.4 nM) compared to untreated controls (18.8 

± 0.8 nM), whereas no difference was observed for the MK571-treated Dd2Δpfmrp1 line, supporting a 

PfMRP1-mediated effect (Figure 18c). The fold-increase in methotrexate IC50 values by chemical inhibition 

was considerably lower compared to the increase observed with the Dd2Δpfmrp1 line (Figure 18a and Figure 

18d), which might be explained by incomplete chemical inhibition of PfMRP1-mediated transport by 

MK571. 

Moreover, in the context of understanding the possible crosstalk between antimalarial drug resistance 

mediators, we examined the effect of inhibiting PfCRT and PfMDR1 in Dd2Δpfmrp1 parasites with verapamil 

and elacridar, respectively. Verapamil-mediated inhibition led to a small (1.2-fold, P=0.0315) but 

significant decrease in methotrexate susceptibility in Dd2∆pfmrp1 parasites (896 ± 42.4 nM compared to 767 

± 42.4 nM), whereas no effect was observed in Dd2 WT (Figure 19). These results suggest that PfCRT 

might interplay with PfMRP1 to augment methotrexate resistance. This increased resistance could be due 

to trapping of residual methotrexate in the digestive vacuole, away from its cytosolic site of action, with 

methotrexate being unable to be effluxed by PfCRT in the presence of verapamil that is a known blocker 

of PfCRT-mediated drug transport (Shafik et al., 2020). No effect was observed with elacridar-mediated 

inhibition (Figure 17).  

 

 

Figure 19. PfCRT inhibition amplifies the decreased susceptibility of Dd2∆pfmrp1 parasites to folate 
analogs. In vitro IC50 responses for Dd2 WT and Dd2∆pfmrp1 strains in the presence of MTX only (Control) and MTX plus the 

chemical inhibitors elacridar (ELC) and verapamil (VP). PfCRT chemical inhibition led to significant decrease in MTX 
susceptibility only for the Dd2∆pfmrp1 strain. Assays were performed in 3 independent biological replicates (squares). Statistical 
evaluations comparing conditions for each strain were performed using Kruskal-Wallis test with multiple comparisons 
performed using Tukey’s test. 
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4.5.4 Pfmrp1 disrupted parasites accumulate less fluorescein methotrexate 

To understand how resistance to folate analogs occurs in the Δpfmrp1 parasites, we measured the 

time-dependent accumulation of fluorescein MTX (F-MTX), a fluorescent derivative of methotrexate, using 

flow cytometry. Remarkably, the Dd2Δpfmrp1 line showed a significant lack of F-MTX accumulation over time, 

with an average of 3.3 times less F-MTX fluorescence intensity after 3 hours of incubation compared to 

Dd2 WT parasites (Figure 20a). The observed F-MTX phenotype seems specific to PfMRP1-mediated 

transport (Figure 20b). Fluo-4 is a calcium probe that enters the parasite through passive diffusion, 

accumulates in the parasite digestive vacuole, and can be modulated by PfMDR1-mediated transport 

(Calçada et al., 2020; Friedrich et al., 2014). Repeating the assay with Fluo-4 showed no differences in 

accumulation between Dd2 WT and Δpfmrp1 parasites (Figure 20b). These results provide evidence that 

PfMRP1 can import F-MTX, an effect that is much reduced in Dd2Δpfmrp1, thus explaining the resistance 

phenotype. The residual accumulation observed in Dd2Δpfmrp1 might occur through a distinct transport 

pathway, passive diffusion, or both. 

To confirm the location of F-MTX inside the infected red blood cell, parasites were incubated with F-

MTX and visualized using confocal microscopy. After a 3-hour incubation period, F-MTX accumulated in 

the parasite cytosol, co-localizing with MitoTracker fluorescence that labels mitochondria, but not with the 

DAPI nuclear stain (Figure 20c). Confocal microscopy confirmed the same accumulation pattern observed 

in the flow cytometry assay, with Dd2 WT exhibiting more F-MTX accumulation than Dd2Δpfmrp1 (Figure 20c). 

The fluorescence was quantified on widefield microscopy and the ratio of F-MTX/MitoTracker fluorescence 

was significantly increased in Dd2 WT parasites, demonstrating more F-MTX accumulation than Dd2Δpfmrp1 

(Figure 20d). 

However, a drug susceptibility assay showed that F-MTX does not retain the antimalarial activity of MTX, 

most likely due to its bulkier structure preventing binding to PfDHFR, the target of MTX (Figure 21). Since 

transport proteins are less specific in their substrate binding properties compared to the interaction of a 

substrate with the less accessible active site of an enzyme, F-MTX might be transported into the parasite 

cytoplasm via PfMRP1 but unable to bind PfDHFR and impair parasite growth. 

Overall, both the flow cytometry and confocal microscopy data on the transport of F-MTX into infected 

red blood cells point to a putative import function of PfMRP1.  
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Figure 20. pfmrp1-disrupted parasites accumulate less fluorescein methotrexate (F-MTX) than 
WT parasites. a – Flow cytometry-based F-MTX accumulation assay over time for Dd2 WT and Dd2∆pfmrp1 strains. F-MTX was 

used at 1000 nM. 0 nM of F-MTX and uninfected RBCs were used as controls for baseline and autofluorescence. Dd2∆pfmrp1 
parasites accumulated less F-MTX than WT, a trend that was maintained over 3 hours. At the endpoint WT parasites (1470 ± 
219 AU) had ≈3-fold more F-MTX fluorescence compared to ∆pfmrp1 parasites (434 ± 49 AU). Assays were performed in 3 
independent replicates. Mean ± s.e.m. values are presented. AU – Arbitrary fluorescence units. Statistical evaluation 
comparing Dd2 WT and Dd2∆pfmrp1 was performed using two-way ANOVA with multiple comparisons inside the same time point 
performed using Šídák's multiple comparisons test. b – Quantification from the cytometry-based F-MTX accumulation assays 
for Dd2∆pfmrp1 parasites normalized to Dd2 WT fluorescence after 3 hours of incubation. Quantification with Fluo-4 (that enters 
the parasite cytoplasm through passive diffusion) performed in similar way was used as a control for non-specific transport. 
Fluo-4 was incorporated to the same degree in WT and ∆pfmrp1 parasites as expected, while F-MTX was ≈0.3-fold less 
fluorescent in ∆pfmrp1 parasites. Assays were performed in 3 independent biological replicates. Statistical evaluation was 
performed comparing Dd2 WT and Dd2∆pfmrp1 for each condition using two-tailed unpaired t-test with Welch’s correction. c – 
Confocal microscopy-based MTX accumulation assay after 3 hours of F-MTX incubation for Dd2 WT and Dd2∆pfmrp1 strains. 
MitoTracker was used to stain live parasites. ∆pfmrp1 parasites exhibited less fluorescence than WT (representative 
parasites). The image was cropped around a single parasite, and the different channels were merged using FlowJ software 
(MERGE). F-MTX and MERGE images have increased to 40% brightness for better visualization. BF – Bright field; DAPI - 4′,6-

diamidino-2-phenylindole; MT – MitoTracker. d – Quantification from widefield microscopy-based F-MTX accumulation assay 
as a ratio of F-MTX/MitoTracker fluorescence for Dd2 WT and Dd2∆pfmrp1 strains. 11 and 7 parasites were counted for each 
condition from 2 independent biological replicates. There is a significant difference of the fluorescence ratio between WT and 
∆pfmrp1 strains (≈2-fold). Statistical evaluation comparing conditions was performed using two-tailed unpaired t-tests with 
Welch’s correction. AU – Arbitrary units. 
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4.5.5 Folate analogues compete for PfMRP1 transport 

To further explore the propensity of PfMRP1 to transport antimalarial drugs, the F-MTX probe was used 

as a proxy of transport capacity. We performed flow cytometry competition assays and measured the 

fluorescence of F-MTX in infected RBCs, after 3 hours incubation periods with varying concentrations of 

different compounds and a fixed concentration of F-MTX. These assays tested chloroquine, mefloquine, 

dihydroartemisinin, and amodiaquine, as well as the antifolates methotrexate, aminopterin, 

pyrimethamine, trimethoprim and MK571. Competition assays showed that increases in the 

methotrexate, aminopterin or MK571 concentration caused concentration-dependent decreases in F-MTX 

accumulation in Dd2 WT parasites but not in Δpfmrp1 parasites (Figure 22). These results demonstrate 

that F-MTX competes for the same transport pathway as methotrexate, aminopterin and MK571. This 

pathway is mediated by PfMRP1, as evidenced by the lack of competition in the Dd2Δpfmrp1 line (Figure 22). 

These assays further suggest that residual F-MTX in the Dd2Δpfmrp1 strain is probably the result of another 

transport mechanism or passive transport. The reduction in accumulation was more pronounced for 

methotrexate and aminopterin compared to MK571. This finding is likely related to MK571 acting as a 

weak chemical inhibitor of PfMRP1, as supported by the IC50 results in the presence of MK571 (Figure 

22), compared to PfMRP1 role in direct transport of methotrexate and aminopterin. 

 

4.5.6 Folate impacts parasite growth 

Parasite growth was monitored to understand the overall impact of Δpfmrp1. Regular levels of folate in 

human serum are around 6-20 µg/L and folate deficiency in RBCs is considered below 151 µg/L (World 

 

Figure 21. Fluorescein methotrexate (F-MTX) does not impact in parasite growth unlike 
methotrexate (MTX). In vitro growth response curves of the Dd2 WT strain treated with varying concentrations of for 

MTX and F-MTX. Parasite growth inhibition was achieved with only MTX. Assays were performed in 3 biological replicates. 
Each point represents mean ± s.e.m. for each concentration. 
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Health Organization, 2015). Standard RPMI medium used for in vitro culture contains 1 mg/L folate, 

which is 10 times higher than the limit of folate deficiency in RBCs and around 50 times higher than in 

human serum. Therefore, we modified an assay to limit exogenous folate in order to reduce parasite 

folate pools and evaluate parasite reliance on external folate sources, and hence PfMRP1 dependency 

(Ping Wang et al., 1997). Additionally, since Δpfmrp1 impacts folate-related transport, growth was 

evaluated in culture medium lacking an exogenous source of folate. Parasites were cultured for 14 days 

in medium depleted of folate, after which parasites were tightly synchronized at 0.05% parasitemia and 

growth was measured in regular medium, medium depleted of folate or medium containing 100 µg/L 

folate. Both 3D7Δpfmrp1 and Dd2Δpfmrp1 parasites were able to achieve high parasitemia like WT control 

parasites under regular culture conditions, although Dd2Δpfmrp1 displayed slightly less growth at high 

parasitemia (>5%) (Figure 23). Without exogenous folate supplementation, the Dd2 strain displayed 

similar growth in the first cycle but slower growth rate in the second cycle, with around 2% parasitemia 

compared to 6-8% of regular culture medium. Dd2 parasites were nonetheless able to reach parasitemia 

of around 8% one cycle later (Figure 23a). In contrast, 3D7 parasites displayed similar growth rates in 

medium with or without exogenous folate (Figure 23b). There was no difference in growth between WT 

and Δpfmrp1 strains in medium without exogenous folate (Figure 23a and Figure 23b). To confirm that 

this was not an artifact due to parasites still having access to folate pools, cultures were diluted multiple 

times using red blood cells from the same blood donor bag and growth was monitored in medium lacking 

folate (Wang et al., 1999). Results showed no difference between WT and Δpfmrp1 growth for both strains 

in continuous culture in medium depleted of folate (Figure 23c and Figure 23d). Overall, no major 

differences in growth between WT and Δpfmrp1 were observable for both 3D7 and Dd2 strains. 

The assay with medium containing 100 µg/L folate had results comparable to medium without folate. 

Addition of a source of exogenous folate partly recovered Dd2 growth compared to medium without folate, 

with parasites able to grow to 4% on the second cycle compared to 2% in medium without folate (Figure 

23a). As with medium lacking folate, there was no impact on the 3D7 growth rate (Figure 23b). These 

results support the impact of exogenous folate on the growth rate of Dd2, which we observed to be 

considerably faster than 3D7 under our in vitro conditions. Accordingly, the Dd2 growth rate without folate 

supplementation resembled the 3D7 growth rate (Figure 23a and Figure 23b). Although, PfMRP1 might 

impact parasite growth as observed for Dd2Δpfmrp1 cultured in standard medium, likely this impact is only 

observable under very rich in vitro growth conditions or as a result of fitness cost at high parasitemia as 

previously reported (Raj et al., 2009). Furthermore, the effect of folate on the overall Dd2 growth is likely 

independent of PfMRP1 and mediated by alternative pathways.  
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Figure 22. Folate analogs compete with fluorescein methotrexate (F-MTX) for PfMRP1 transport. 
Flow cytometry competition assays using a range of compounds concentrations from 0 to 1000 nM with a fixed concentration 
of 1000 nM F-MTX in Dd2 WT and Dd2∆pfmrp1 strains. Incubation proceeded for 3 hours prior to detection of F-MTX. Aminopterin, 
methotrexate and MK571 showed decreasing levels of F-MTX accumulation with increased drug concentrations in the Dd2 
WT strain, an effect that was absent in the Dd2∆pfmrp1 line. No effects were observed for chloroquine, amodiaquine, 
dihydroartemisinin and folate. Assays were performed in one replicate, except for methotrexate that the phenotype was 
confirmed by further independent biological replicate. Only one independent replicate is presented due to inherent variations 
in absolute fluorescence. The second replicate is presented in supplementary figure 7 and presented identical results. Mean 
values are presented. 
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4.5.7 Folic acid impacts the antifolate response 

To understand the impact of folate on the antifolate resistance phenotype observed in Δpfmrp1 

parasites, we performed 72-hour drug susceptibility assays under various folate conditions. IC50 values 

were measured for pyrimethamine, trimethoprim, WR99210, aminopterin, methotrexate and the two non-

antifolate based compounds ferroquine and DMS265, as controls.  Assays were performed in the 

presence of diminished folate conditions, namely no exogenous folate, and a folate supplementation of 3 

µg/L or 100 µg/L folic acid, the last being the folic acid concentration previously tested and that partly 

recovers Dd2 growth rate. Similarly to growth assays (Figure 24) there was no impact on the overall 

growth of these strains in the 72-hour period of the assay. Results showed a slight but significant increase 

in susceptibility of Dd2Δpfmrp1 relative to WT parasites when assayed against pyrimethamine or trimethoprim, 

relative to WT parasites, under conditions of 3 µg/L of folate or 100 µg/L of folate (Figure 24). These 

results suggest that an inefficiency of Dd2Δpfmrp1 to import folate could render the drugs slightly more 

effective under limiting exogenous folate conditions, possibly due to lower intracellular dihydrofolate levels, 

 

Figure 23. Impact of folate on growth of wild-type (WT) and Δpfmrp1 lines. a/b – Parasite growth 

monitored along time in RPMI-based medium with regular concentration of folate (1 mg/L), 100 µg/L folate, or no folate for 
Dd2 (a) and 3D7 (b) P. falciparum strains after growth for two weeks under folate starvation. Dd2∆pfmrp1 showed an impairment 
of growth compared to Dd2 WT under regular conditions at high parasitemia, an effect that was not detectable in 3D7 
parasites. Dd2 propagated more slowly in medium with reduced concentration of folate compared to regular medium, while 
3D7 growth was independent of folate. These data need careful interpretation, as the RBCs used for parasite culture naturally 
contain folate. Mean ± s.e.m. values are presented. Assays were performed in 3 independent biological replicates. c/d – 
Parasite growth was monitored over time in RPMI medium without folic acid supplementation. After parasites grew to near 
2% parasitemia, they were diluted multiple times (arrows) to eliminate confounding effects regarding initial parasitemia and 
folate pools. There was no difference in growth between WT and ∆pfmrp1 Dd2 (c) and 3D7 (d) parasites after multiple 
intraerythrocytic cycles. Mean ± s.e.m. values are presented. Assays were performed with 2 independent biological replicates 
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the natural substrate of PfDHFR. Other folate conditions for pyrimethamine, trimethoprim, and WR99210 

did not show significant differences but presented the same trend. An inefficiency to import folate could 

explain the phenotype of the decreased growth of Dd2Δpfmrp1 under regular conditions (Figure 23). On 3D7, 

generally no effect was observed for any of these antifolates, except for a small decrease in susceptibility 

of 3D7Δpfmrp1 to trimethoprim under 100 µg/L folic acid. 

The resistance phenotype of 3D7Δpfmrp1 and Dd2Δpfmrp1 parasites for methotrexate and aminopterin was 

maintained under all folate conditions (Figure 24). Surprisingly, the susceptibility to aminopterin was 

drastically reduced under lower folate concentrations, an effect that was even more pronounced for the 

3 µg/L folic acid supplementation compared with no exogenous folate (Figure 24). A similar effect was 

observed for methotrexate, although with a less pronounced difference and evident only in the Dd2Δpfmrp1 

and parental Dd2 lines (Figure 24). This phenotype might be multifactorial, as it seems to be independent 

of PfMRP1 for aminopterin, as the effect is observable also in WT parasites. A slight increase in IC50 was 

also observed for Dd2 WT at 3 µg/L folic acid for MTX (2-fold, P<0.0001), additionally pointing to a 

PfMRP1-independent effect. These data, with Dd2 drug response being more affected by folate 

concentration, agree with parasite growth assays, in which Dd2 was generally more impacted by folate 

concentrations.  

Both methotrexate and aminopterin are expected to be competitors of folate for the PfDHFR binding 

site, and in this case a lower folate concentration was expected to render parasites more susceptible to 

drug action. However, the opposite was observed where less exogenous folate led to lowered susceptibility 

to the antifolate analogs methotrexate and aminopterin. This result suggests that this phenotype was 

likely independent of PfMRP1 and was instead due to another mechanism. Likewise, a similar phenotype 

was observed for antifolates that are structurally different from folate (pyrimethamine, trimethoprim, 

WR99210) and even unrelated compounds that are not expected to act on the folate pathway (DSM265 

and ferroquine) (Figure 24). Overall, this phenotype was more pronounced in the Dd2 strain in terms of 

fold variation of drug response, except for aminopterin where similar changes were observed for 3D7 

strain.  
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4.5.8 Pfmrp1 is phylogenetically unrelated to other eukaryotic ABC transporters 

ABC transporters are an ancient family present in a wide variety of species ranging from prokaryotes to 

eukaryotes. The results suggesting that PfMRP1 can function as an influx ABC transporter prompted us 

to investigate evolutionary relationships among PfMRP1 and other proteins from the same family and 

explore potential links between sequence similarity and function. We started by using the PfMRP1 amino 

acid sequence to BLASTp query the landmark database that includes a taxonomically diverse and non-

redundant set of protein sequences. This resulted in 116 protein hits from 11 different species 

(Caenorhabditis elegans, Arabidopsis thaliana, Dictyostelium discoideum, Glycine max, Saccharomyces 

cerevisiae, Drosophila melanogaster, Danio rerio, Homo sapiens, Schizosaccharomyces pombe, Mus 

musculus and Leishmania donovani).  Except for PfMRP2 that shared moderate sequence identity with 

PfMRP1 (49% identity and 64% query coverage), all hits from other organisms showed low identity (<25%). 

Phylogenetic analysis using these sequences placed PfMRP1 and PfMRP2 in an isolated branch in the 

phylogeny (Figure 25). These sequences were inferred to share a node, deep in the phylogeny, only with 

an ABC transporter from Leishmania donovani (XP_003863220.1) but with a low bootstrap support 

value. In contrast, several other ABC transporters from different species were found to be highly related 

to each other, branching within well-supported monophyletic clades. This finding suggests that although 

PfMRP1 harbors transmembrane helices typically found in the ABC transporters that function as 

exporters, it has a distinct protein sequence and origin. This finding is compatible with the hypothesis 

that PfMRP1 might have an atypical transport function.  

4.5.9 Glutathione-dependent oxidative parasite status 

PfMRP1 has been previously associated with glutathione transport (Ballatori et al., 2005; Raj et al., 

2009). To interrogate this further, we employed genetically encoded fluorescent probes that are a more 

accurate method to probe glutathione cytosol redox status compared with chemical analysis of whole-cell 

extracts (Kasozi et al., 2013; Morgan et al., 2013). We acquired a highly specific and sensitive glutathione 

biosensor consisting of yeast glutaredoxin-1 (yGrx1) fused to the redox-sensitive variant of green 

Figure 24. Folic acid impacts parasite drug responses. In vitro IC50 responses for ∆pfmrp1 and wild-type 

(WT) 3D7 and Dd2 P. falciparum strains, with varying concentrations of exogenous folate (100 µg/L, 3 µg/L and no 
exogenous folate). IC50 values are presented as mean ± s.e.m. for pyrimethamine, trimethoprim, WR99210, aminopterin, 
methotrexate, ferroquine and DSM265. All compounds are antifolates, except for ferroquine and DSM265, which are 
functionally different. #: bar represents a higher IC50 value than indicated due to a greatly reduced susceptibility to 
compound that was beyond the limit of detection in this assay. Assays were performed in 3 independent biological 
replicates. Statistical evaluations comparing WT and ∆pfmrp1 for each strain and condition were performed using two-
tailed unpaired t-tests with Welch’s correction. Statistical evaluations comparing same strain between folate conditions 
were performed using one-way ANOVA with multiple comparisons performed with Tukey’s multiple comparisons test. 
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fluorescent protein (roGFP2) (Kasozi et al., 2013; Morgan et al., 2013), cloned this sensor into the pDC2 

expression vector, and successfully transfected epissomal plasmid into the Dd2 and Dd2Δpfmrp1 lines. 

A 

cytometer-based assay was performed where the baseline fluorescence was collected for ≈1 minute, after 

which parasites were submitted to a stimulus and measured for approximately 4 minutes (Figure 24). 

The collected baselines showed no difference between the Dd2Δpfmrp1 and parental parasites in their 

homeostatic redox status (Figure 26b). The oxidative agent H2O2 and reducing agent DTT were used to 

validate the assay and the probe in our system. As expected, H2O2 diminished and DTT increased the 

488/405 nm fluorescence ratio, an effect that was observed in real time (Figure 26a). Furthermore, the 

probe detected changes in glutathione disulfide (GSSG) and reduced glutathione (GSH) content (Figure 

26b a). Comparing Dd2Δpfmrp1 and parental parasites, no differences were observed for any of these stimuli. 

We then subjected parasites to a first stimulus with GSSG or GSH for 1 minute to put the parasites into 

 

Figure 25. Maximum likelihood phylogenetic representation of pfmrp1 and other ABC 

transporters. Sequences were retrieved by a BLASTp query of the Landmark database using the PfMRP1 amino acid 

sequence. The sequences of ABC transporters spanning a wide taxonomic range (n=117) were aligned with MAFFT and 
the phylogenetic analysis was performed with IQtree. Tree visualization was done with iTOL using PhyloPic images. 
Bootstrap support values are indicated in each node with blue circles. 
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a more oxidized or reduced state, respectively (Figure 26a). A second stimulus was then applied to test 

whether PfMRP1 could impact the return to homeostasis or even cause further stress. A slight effect was 

observable after GSSG stress, with Dd2 WT being able to recover its reduced status faster after 

introduction of exogenous GSH; however, this effect was not pronounced (Figure 26b a). Notably, PfMRP1 

did not seem to impact any other glutathione redox-dependent phenotype under these conditions (Figure 

26a). 

 

A similar assay was performed using various antimalarials (methotrexate, aminopterin, MK571, 

pyrimethamine, chloroquine, dihydroartemisinin, lumefantrine, amodiaquine and mefloquine) and 

fluorescence was collected 5 minutes after the antimalarial stimuli (Figure 26c). Only pyrimethamine and 

MK571 resulted in a slight oxidative stress, and no impact of PfMRP1 on glutathione redox status was 

observed for any of these compounds (Figure 26c). This assay constituted a preliminary approach but 

 

Figure 26. Oxidative stress response of Dd2 wild-type and Δpfmrp1 lines. A – Real-time response of 

Grx1-roGFP probe of Dd2 WT and Dd2∆pfmrp1 line. After 60 seconds of baseline monitoring, challenges were applied with H2O2 as 
an oxidative stress inducer, DTT as a reducing agent, and oxidized glutathione (GSSG) and reduced glutathione (GSH). Further 
challenges with the same compounds were induced 60 seconds after first stimuli. Ratio of fluorescence 488:405 was 
normalized for the mean of initial 60 seconds baseline or after the first stimuli. Assays were run in 3 biological replicates. B 
– Baseline glutathione redox status monitored by pooling the first 60 seconds before stimuli in all testing conditions. C – 
Normalized 488:405 nm ratio of fluorescence after 5 minutes of antimalarial stimuli. 
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indicates no antimalarial or PfMRP1 influence of the short-term impact in the glutathione redox 

homeostasis. Further assays are necessary to evaluate the impact over larger periods of time.  

4.5.10 Discussion 

The ABC superfamily is the largest transporter protein family present in virtually all organisms. In 

eukaryotes, apart from plants, the ABC superfamily has been reported to mainly consist of exporter 

proteins. This family has been linked to protecting cells against toxic agents, including playing a role in 

drug resistance phenotypes. PfMRP1 is an ABC transporter whose biological role remains elusive in P. 

falciparum. pfmrp1 has been suggested to be under natural selective drug pressure but no compelling 

evidence has shown this transporter to mediate a resistance phenotype (Dahlström et al., 2009a, 2009b; 

Mu et al., 2003; Ursing et al., 2006). Our study of genetically engineered P. falciparum lines with 

disrupted pfmrp1 in two different genetic backgrounds, derived from Africa and Asia phylogeographic 

subpopulations, supports that PfMRP1 does not substantially impact the in vitro susceptibility to 

commonly used antimalarials such as chloroquine, dihydroartemisinin, lumefantrine, and mefloquine 

(Figure 18). Moreover, this transporter is dispensable for asexual blood stage parasite growth, provided 

the right in vitro conditions. 

Interestingly, in agreement with an earlier report (Rijpma et al., 2016b), we found that Δpfmrp1 

provided markedly increased resistance to the folate analog methotrexate, but not to other structurally 

unrelated antifolates such as pyrimethamine, WR99210 or trimethoprim (Rijpma et al., 2016b). 

Additionally, we observed that Δpfmrp1 also provides resistance to aminopterin, another folate analog, 

pinpointing this phenotype to be specific for folate-related compounds. Using MK571, a MRP inhibitor 

(Gekeler et al., 1995), we observed a decrease in methotrexate susceptibility only in the WT strain and 

not in Δpfmrp1 parasites, demonstrating this phenotype to be specific for PfMRP1 (Figure 18). The 

lowered sensitivity to folate analogs observed in the Δpfmrp1 lines suggests reduced drug accumulation 

in the parasite cytoplasm, where the target enzyme PfDHFR is located. Once in the cytoplasm, the 

antifolates compete with folate for binding to the PfDHFR active site, thereby inhibiting the folate pathway 

by blocking reduction of dihydrofolic acid to tetrahydrofolic acid, a key cofactor used in carbon transfer 

reactions. Using labelled fluorescein F-MTX we showed through microscopy and flow cytometry, that F-

MTX accumulates in the cytoplasm of WT parasites in contrast to Δpfmrp1 parasites, which only showed 

residual F-MTX accumulation (Figure 19). This suggests that in WT parasites, PfMRP1 is responsible for 

transporting F-MTX and likely other folate analogs into the parasite cytosol. 
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MRP proteins are folate transporters in diverse organisms, and in humans they are associated with 

transport of the anticancer agent methotrexate (Chen et al., 2002; Hooijberg et al., 1999; Zeng et al., 

2001). In P. falciparum, PfMRP1 has been associated with folate transport in vitro and in vivo (Dahlström 

et al., 2009b; Rijpma et al., 2016b). Previous pfmrp1 knockout experiments suggested apparently 

contradictory results of PfMRP1-mediated export of folate from the parasite cytoplasm, while 

concomitantly Δpfmrp1 parasites displayed reduced susceptibility to the antifolate methotrexate (Rijpma 

et al., 2016b). Due to the proposed exporter function of PfMRP1, this resistance phenotype was 

hypothesized to result from increased folate accumulation within the Δpfmrp1 parasites that could 

compete with methotrexate due to lack of export. However, our data, including drug assays with varying 

concentrations of folate, demonstrated that folate supplementation within the culture medium increases 

susceptibility to a panel of antimalarials. This included the folate analogs methotrexate and aminopterin, 

making it unlikely that folate competition is the main driver of the observed resistance phenotype (Figure 

24). Another proposed hypothesis based on structural similarity is that PfMRP1 directly transports 

methotrexate (Rijpma et al., 2016b). Under the new proposed importer function, a decrease in 

cytoplasmic MTX concentration in Δpfmrp1 parasites due to the absence of PfMRP1-mediated transport 

would explain reduced susceptibility. This hypothesis can further explain the reduction in folate 

concentration on the system of infected red blood cells previously observed (Rijpma et al., 2016b). Our 

data using labelled methotrexate supports the direct methotrexate transport hypothesis, implicating 

PfMRP1 as an importer protein. 

Earlier studies suggested that the main folate uptake pathway in P. falciparum is dependent on the 

proton gradient maintained by proton symporters at the parasite plasma membrane. The ATPase inhibitor 

concanamycin A greatly reduced folate uptake, linking folate transport with ATP-powered proton transport 

(Salcedo-Sora et al., 2011; Wang et al., 2007). Considering our results, the mechanism of concanamycin 

A-mediated inhibition of folate uptake is also compatible with blockage of the ATP-dependent PfMRP1 

transporter potentially involved in parasite folate import. Moreover, methotrexate has been shown to 

reduce folate import, suggesting a similar pathway of uptake (Wang et al., 2007). Accordingly, our 

competition assays indicate that methotrexate and aminopterin are transported by PfMRP1. Nevertheless, 

although folate, methotrexate and aminopterin share very similar structures and are likely to share the 

same transport pathway, we could not directly demonstrate that folate competes with F-MTX for PfMRP1-

mediated transport (Figure 22). P. falciparum is cultured in red blood cells that contain folate from the 

host, thereby making the folate competition assay challenging to interpret since the folate import system 



 

107 

could be saturated even without exogenous supplementation of folate. Furthermore, there was no major 

impact on parasite growth in folate-depleted medium.  

Our growth assays suggest that 3D7 is less dependent on an external folate source compared to Dd2. 

Since, the lack of folate was shown to reduce the Dd2 parasite growth rate, which in regular conditions 

is comparably higher to 3D7 (Figure 23). This could possibly be explained by the presence of para-

aminobenzoic acid in the medium, which can be used for de novo folate synthesis and bypass the lack 

of folate import. P. falciparum synthesizes folate de novo, and as such this pathway might be more 

functional in 3D7. The higher Dd2 growth rates, with folate supplementation, indicates additional 

mechanisms to import or use exogenous folate independently of PfMRP1, as Δpfmrp1 lines were not 

differentially impacted by the lack of exogenous folate (Figure 23). The Δpfmrp1 impact in Dd2 that 

causes slightly slower growth than WT, on regular culture conditions, might be related to the fact that this 

strain is more susceptible to the absence of folate. Consequently, less folate import due to Δpfmrp1 

might render the parasite less fit. Additionally, other folate transporters have been described, such as P. 

falciparum folate transporter 1 and 2 (PfFT1 and PfFT2) and might account for strain variability. Although, 

these transporters were hypothesized to be able to only transport pABA at physiological concentrations 

(Salcedo-Sora et al., 2011). 

The PfMRP1 import properties herein observed are not commonly observed in many eukaryotic 

organisms. Recently, a novel structure of an E. coli ABC importer, YbtPQ, was described that has an ABC 

type IV exporter structure (Wang et al., 2020). This transporter shows significant sequence similarity to 

Sav1866, a homolog of multidrug ABC transporters including MDR1 (Wang et al., 2020). Different ABC 

classifications are currently in use, including newer groupings based on the more translatable TMD folds 

and topologies resulting from advances in cryo-electron microscopy and X-ray crystallography  (Thomas et 

al., 2020). However, even structural reclassification does not enable predictions of transporter 

functionality. For example, type IV ABCs share a single structural scaffold yet have great functional 

diversity consisting of importers, exporters, lipid floppases, ion channels and regulators. PfMRP1 is 

predicted to be in the same structural class as the exporters Sav1866 and MDR1, but also importers 

such as YbtPQ and ABC Subfamily D Member 4 (ABCD4) (Dahlström et al., 2009a; Ward et al., 2007). 

Generally, this scaffold, which includes PfMRP1, allows a wide range of functions across multiple 

organisms. Obtaining the crystal structure of PfMRP1 would help to explore its transporter properties 

mechanistically.  

Horizontal transfer has played a role in the evolution of apicomplexan and evidence of prokaryote 

horizontal transfer has been found for the peroxiredoxins, a family of thiol-dependent hydroperoxidases 
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that function as detoxifying enzymes, redox sensors and chaperones (Djuika et al., 2015; Mu et al., 2002). 

Conceivably, the PfMRP1 transporter could also have resulted from horizontal transfer (Huang et al., 

2004b, 2004a; Striepen et al., 2004). Based on our phylogenetic analysis, pfmrp1 and pfmrp2 have 

identifiable ABC sequence motifs but have low overall sequence identity with the ABCs of other eukaryotic 

organisms and thus a distinct origin. Moreover, P. falciparum, as an intracellular parasite, encodes far 

fewer enzymes and transporters compared to other free-living eukaryotic microbes, which might lead the 

available transporters to have less substrate specificity and wider functionality (Gardner et al., 2002).  

MRPs are known to transport glutathione and conjugates (Jedlitschky et al., 1996; Rappa et al., 1997). 

MRPs have been shown as low affinity GSH transporters, while others do not transport GSH but can 

transport GSH conjugates (Ballatori et al., 2005). Also, GSH might be required for transport of other 

substrates or even stimulating the transport system, while not transported across the membrane (Ballatori 

et al., 2005). In P. falciparum, PfMRP1 was shown to potentially efflux GSH, as radioactive GSH 

accumulated in PfMRP1 parasites. Furthermore, GSH was shown to reduce chloroquine and quinine 

accumulation in W2 and 3D7 parasites and according decrease in susceptibility. However, such effects 

were also observed in W2 pfmrp1 disrupted parasites, which suggests a mechanism independent of 

PfMRP1 (Raj et al., 2009). Our studies using the glutathione biosensor yGRX1-roGFP2 only show effects 

in glutathione homeostasis for pyrimethamine and MK571, but no differences in behavior were observed 

between WT and Δpfmrp1, further suggesting these effects to be PfMRP1 independent. Furthermore, 

using diverse stimuli with H2O2, DTT, GSH and GSSG there was only an observable difference between 

WT and Δpfmrp1 in response to GSH after GSSG oxidative stress in returning to homeostasis, which 

occurred faster in Dd2 WT. This difference was not robust but hints at a possible impact of PfMRP1 in 

modulating GSH homeostasis (Figure 26). However, more robust assays are needed to determine the full 

extent of PfMRP1 involvement in modulating parasite glutathione redox status of the parasite. 

Overall, our data provide evidence that PfMRP1 functions as an ABC importer protein that can mediate 

import of folate analogs into the parasite cytoplasm. As one of the few ABC importers identified to date 

in the plasma membrane of a eukaryotic organism, this study highlights the importance of functional 

studies to elucidate the molecular basis of importer function in P. falciparum. 
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5. CONCLUSIONS 

Plasmodium falciparum is a very complex organism in which very high replication rates allow fast 

adaption to the environment, which lead to very complex resistance mechanisms. The past view of a 

direct relationship between a specific mutation to a resistance phenotype, as observed for chloroquine, 

is now outdated. Drug resistance phenotypes should now be explored and analyzed in a view of 

multifactorial causes (Figure 27).  

The work on this thesis explores critical alterations on parasite genome and transcriptome to unravel 

factors that contribute to resistance to ACT therapies. Study 1 and Study 2 explored in Africa, the continent 

most ravaged by malaria, genetic and transcriptomic factors that could be predicative of development of 

resistance to artemisinin and piperaquine. Even though reports of ACT resistance in Africa are still sparse 

compared to Southeast Asia, there is a fundamental importance to keep monitoring the emergence of 

resistance factors before these become fixated and drug resistance becomes harder to reverse.  

Study 1 explored the genetic background of parasites circulating in Mali from a DHA-PPQ trial and 

determined that plasmepsin2 copy number is present in 10% of recurrent infections. This increased copy 

number is frequently associated in Southeast Asia with therapy failure. Despite not identifying any trend 

with earlier recurrence for this subset, these findings highlight the importance to further evaluate parasites 

in the region for the presence of mutations associated with DHA-PPQ therapy failure and moreover 

evaluate the susceptibility of field isolates to piperaquine before large-scale implementation of DHA-PPQ 

in the area.  

Despite partner drug resistance being the most predicative marker of ACT failure, the artemisinin 

component of the therapy is also under significant pressure, which further increases pressure on already 

subpar partner drugs. As such, Study 2 evaluates in Tanzania the transcriptional response of pfk13 in 

patients treated with AM-LF. In this study, parasite clearance data had a negative correlation with pfk13 

expression, suggesting that pfk13 reduced expression could lead to longer parasite clearance times. 

PfK13 has been demonstrated to be the most predicative gene related to artemisinin resistance. In 

accordance with this study, recently PfK13 decreased protein levels associated with SNPs were shown to 

result in less susceptibility to artemisinin (Figure 27). Importantly, our study highlights the importance to 

monitor not only the genomic background of field circulating parasites, but also to monitor pfk13 

expression levels. Importantly, this study opens new opportunity to explore mechanisms behind pfk13 

expression that could impact artemisinin resistance. Epigenetic changes or alterations on regulatory 
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regions of pfk13 could also be predicative of artemisinin decreased susceptibility. Further elucidation of 

these mechanisms, as well as continuous monitoring of field parasites, are key topics for future advances. 

In vitro studies are fundamental to complement the field studies in order to understand the key factors 

and the mechanisms leading to drug resistance. Study 3 focused on exploring the factors that lead to 

resistance to piperaquine having particular focus in understanding the plasmepsins amplifications impact 

in resistance, which Study 1 identified as being present in Africa (Figure 27). This study corroborated 

former observations that plasmepsin copy number amplification leads to an intriguing phenotype of 

resistance to high concentrations of piperaquine in a bimodal effect. Furthermore, PfCRT and PfMDR1 

were identified as being able to augment the bimodal phenotype (Figure 27). Understanding how all these 

factors interact to promote resistance is of most interest in the future. This study highlights the interplay 

of various factors in generating resistance and gives insights into the possible way that resistance emerged 

previously in Southeast Asia.  

 This knowledge is fundamental to now monitor African parasites in order to detect earlier signs of 

resistance and adapt local policies.  

As observed in Study 3 and in the history of research on drug resistance, malaria transporter proteins 

are fundamental in resistance phenotypes as either main drivers of resistance or even as secondary 

players augmenting drug resistance phenotypes. There are transporters with an established role in 

antimalarial resistance such as PfMDR1 and PfCRT. The PfMRP1 had early studies pointing to an impact 

in antimalarial resistance, however, the role of this transporter has been unclear with even apparent 

contradictory reports. Study 4 explored the influence of PfMRP1 in drug resistance by creating in vitro 

strains lacking this transporter (Figure 27). This study demonstrated PfMRP1 to not have an apparent 

impact on the response to classic antimalarials. This study does not exclude the impact of PfMRP1 in 

modulating drug response in certain resistant background but indicates that PfMRP1 is not a main driver 

for resistance. Nevertheless, resistance to folate analogs was evident, corroborating a previous study that 

demonstrated knockout of PfMRP1 led to methotrexate resistance. Study 4 further expanded on that, 

pinpointing to be a specific effect to folate analogs. The cause of this phenotype was deciphered as a 

decrease in accumulation of these compounds in the parasite. Interestingly, this evidence points for 

PfMRP1 to act as an importer protein able to transport folate related compounds. This function is highly 

unusual for ABC transporters in eukaryotic organisms. The PfMRP1 was postulated as an exporter based 

on phylogenic comparison with other organisms and predicted 2D structure. However, even 3D structure 

seems not sufficient to predict functionality with transporters of similar 3D structures having different 

functions (Kavishe et al., 2009; Klokouzas et al., 2004; Martin et al., 2005; Veiga et al., 2011). This 
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study highlights a need to carefully interpret data regarding previously unidentified transporters and the 

importance to explore protein function to then infer about mechanisms of drug resistance. Moreover, 

Study 4 identified PfMRP1 as a potential folate transporter, in accordance with earlier reports of folate 

transport being linked with active transport (Salcedo-Sora et al., 2011; Wang et al., 2007). Despite that, 

folate transport might not be the main physiological function of PfMRP1. Putatively PfMRP1 could be just 

a redundant transporter transporting folate in lower rates compared to other primary transporters. In the 

future, it is of interest to explore other metabolic alterations within the cell to PfMRP1 even though this 

might prove challenging due to compensatory mechanisms, even potentially by the close homolog 

PfMRP2. Future studies could take advantage to disrupt both transporters at the same time.  

Overall, the work on this dissertation provides new advances into drug resistance phenotypes, 

particularly to ACTs giving new knowledge about artemisinin tolerance and piperaquine partner drug 

resistance. Furthermore, unravels PfMRP1 as having potential import functions able to influence folate 

related compounds transport.  
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Figure 27. Graphical scheme of mechanisms explored and unraveled in the thesis. (1) - Parasite uptakes 
hemoglobin (Hb) via endocytosis dependent on PfK13 and associated proteins. Decreased PfK13 expression, resultant 
from mutations or gene expression, can lead to reduced Hb uptake. (2) - Hb is degraded in the digestive vacuole, 
releasing toxic free heme by-product. (3) - Parasite catalyzes bio polymerization of toxic heme into hemozoin inert 
crystals. One of the possible mechanisms of action of piperaquine (PPQ) is inhibition of this process. (4) - Artemisinin 
(ART) class of drugs are activated via Fe2+-PPIX dependent cleavage of endoperoxide bridge, this process can generate 
oxygen reactive species. Activated ART (ART*) can lead to cell death by alkylating proteins, lipids and heme. Moreover, 
ART* might influence mitochondria potential. Reduced Hb uptake, via reduced PfK13 expression (1), consequently 
leads to reduced ART* which in turn makes the parasite less susceptible to the drug. This mechanism of resistance 
comes at a fitness cost for the parasite, as parasite breakdown Hb to obtain nutrients for survival. (5) - Plasmepsins 
are one of the first enzymes in the Hb digestion process and a potential target for PPQ action. Overexpression of 
plasmepsins led to bimodal resistance to high concentrations of PPQ, a process still not completely understood 
mechanistically. Moreover, overexpression of plasmepsins can help parasites to metabolize faster Hb for higher 
efficiency to obtain amino acids, potentially counteracting PfK13 reduced expression. (6) - Falcilysin participate in 
further degradation of Hb into small peptides. (7) - Small peptides are further broken down into amino acids, which 
are transported to cytosol. PfCRT has been recently identified as transporter of small peptides and amino acids. (8) - 
Additionally, mutated PfCRT forms can transport antimalarials, such as PPQ, reducing concentration of compound in 
digestive vacuole. Moreover, PfMDR1 can also transport antimalarials differentially dependent on specific mutations. 
By interfering on the PfCRT and PfMDR1 function by using chemical blockers, PPQ resistance phenotype was 
augmented. This phenotype is unlikely to be due to direct transport, since both import and export transport displayed 
similar phenotype. While the mechanism is uncertain for now, the altered subtract transport and homeostasis in this 
organelle renders the organelle more sensible to PPQ action. (9) - PfK13 mutations, due to disruption of protein 
function, have been suggested to also lead to resistance by augmented proteasome mediated degradation, unfolded 
protein response and affecting mitochondrial physiology and maintain potential during drug-induced ring stage 
quiescence. PfK13 reduced expression could act similarly and can affect artemisinin response. (10) - PfMRP1 is an 
active transporter that Study 4 indicates to be able to import folate related compounds, including the drugs methotrexate 
(MTX) and aminopterin (AMT). MTX and AMT act on dihydrofolate reductase (DHFR) blocking folate biosynthesis 
pathway, and disruption of PfMRP1 leads to parasite resistance to these compounds by blocking access to cytosol. 
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