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Abstract 

Malaria remains a major global health problem. Highly effective anti-malarial 

treatments are critical to the malaria elimination agenda. However, the emergence of 

multidrug-resistant P. falciparum and P. vivax challenge these efforts. 

 

In this thesis, novel ex vivo tools were developed and applied to investigate various 

phenotypic aspects of anti-malarial resistance and resulted in the following principal 

findings: 

 

1. Napththoquine and methylene blue showed potent ex vivo efficacy against 

multidrug resistant P. falciparum and P. vivax, highlighting their potential use 

for malaria treatment. 

 

2. A rapid and robust drug susceptibility quantification method by using flow 

cytometry was developed; highlighting the potential use of this method for 

routine ex vivo drug surveillance and higher throughput anti-malarial drug 

screening. 

 

3. The evaluation of various programs and online platforms to estimate anti-

malarial IC50s, a key parameter in expressing cytostatic drug activity, 

provides useful guidance for researchers in making an informed decision on 

what analysis tool is most suitable for their purposes. 
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4. Testing of ‘reversed chloroquine’ compounds and CQ reversal agents 

revealed contrasting resistance reversal patterns between P. falciparum and P. 

vivax, indicating different CQ transport mechanism in the two species. 

 

5. CQ transport kinetic studies using a novel field-applicable flow cytometry 

assay revealed contrasting patterns in P. falciparum and P. vivax, supporting 

a growing body of evidence suggesting different mechanisms of CQ action 

and resistance in these two species. 

 

This thesis contributed to the improvement of ex vivo tools for drug resistance 

surveillance and the screening of novel anti-malarial lead compounds. For the first 

time, the studies investigated CQ uptake and efflux in P. vivax and hence, 

contributed to a better understanding of the mechanisms of CQ action and resistance 

in this species. Finally, the phenotypic data provide a prerequisite for more in-depth 

genomic studies on the molecular determinants of anti-malarial resistance. 
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  Introduction and CHAPTER 1:

Literature Review 

 

1.1. GENERAL INTRODUCTION TO MALARIA 

1.1.1. Life Cycle of Malaria Parasites 

Malaria is a mosquito-borne disease caused by parasitic protozoans that belong to the 

genus Plasmodium. Six species of Plasmodium are known to infect humans: P. 

falciparum, P. vivax, P. malariae, P. knowlesi, and two recently discovered sub-

species of P. ovale: P. ovale curtisi and P. ovale wallikeri [1]. The parasites are 

transmitted from person to person by the female Anopheles mosquito of which there 

are approximately 40 species that are competent malaria vectors [2]. 

The life cycle of Plasmodium is complex. It starts inside the midgut lumen of 

the mosquito where fertilization occurs between male and female gametes to form 

zygotes. The zygotes then develop into mobile, banana-shaped ookinetes which 

invade and traverse the midgut epithelium where they undergo meiosis and 

subsequently transform into oocysts. The oocysts undergo several rounds of mitosis 

as they mature and eventually release thousands of haploid sporozoites. These 

sporozoites journey in the haemolymph through the haemocoel, and finally invade 

the salivary glands of the mosquito. After the sporozoites invade the salivary glands, 

they migrate into the host when the mosquito is taking a blood meal [3]. 

During a blood meal, the mosquito injects sporozoites into the subcutaneous 

tissue of the human host and from there, they travel to the liver and invade liver cells 
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(hepatocytes). Inside the hepatocytes, each sporozoite undergoes schizogony (exo-

erythrocytic schizogony) and after approximately 10-14 days of replication, 

schizonts rupture and release thousands of merozoites into the bloodstream that, in 

turn, invade red blood cells (erythrocytes) [4]. P. vivax and P. ovale differ from the 

other Plasmodium species as they are capable of lying dormant in the liver as 

hypnozoites and can cause relapses weeks or even months after clearance of an acute 

blood stage infection [5, 6]. After the invasion of red blood cells, the parasites begin 

their asexual reproduction phase (erythrocytic schizogony). During this phase, which 

lasts approximately 24 hours for P. knowlesi, 48 hours for P. falciparum, P. vivax, 

and P. ovale, or 72 hours for P. malariae, the merozoites pass through a number of 

stages: small ring form parasites grow into trophozoites, which then enlarge rapidly 

to form multinucleated schizonts containing a varying number of merozoites 

depending on the species: 14-24 merozoites in P. vivax, 6-18 in P. ovale, 8-12 in P. 

malariae, up to 16 in P. knowlesi, and 16-36 in P. falciparum. Upon maturation, the 

schizonts rupture and release merozoites into the bloodstream that, in turn, reinfect 

erythrocytes [7, 8]. Each species preferentially invades particular erythrocyte age 

classes: Whereas P. falciparum and P. knowlesi are capable of invading both young 

(reticulocytes) and mature erythrocytes, P. vivax and P. ovale show a strong 

preference for reticulocytes and P. malariae for mature erythrocytes [9, 10]. At a 

certain point that is dependent on different factors such as parasitaemia, host immune 

status, and the intracellular environment of the erythrocyte, gametocytogenesis is 

triggered: the trophozoites develop into sexual stages (gametocytes) [11, 12]. During 

this process, both male and female gametocytes are produced [12]. Ingestion of these 

gametocytes by a mosquito during a blood meal triggers gametogenesis, where both 

male and female gametocytes undergo a series of changes. The male gametocytes’ 
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DNA undergoes three divisions to produce eight nuclei, and this is followed by the 

formation of eight flagella. Each flagellum then pairs with a nucleus and separates 

from the parasite cell in a process called exflagellation to produce highly motile male 

gametes (microgametes). On the other hand, the female gametocytes undergo a 

relatively simple maturation process and become enlarged and spherical 

(macrogametes). Fertilization of female gametes by male gametes occurs 

immediately after gametogenesis. 

 

 

Figure 1-1. Life cycle of the malaria parasite (Adapted from Centers for Disease 
Control and Prevention; http://www.cdc.gov/malaria/about/biology/ [7]). 
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1.1.2. Clinical Features and Pathogenesis of Malaria 

The clinical manifestations of malaria range from mild symptomatic infection 

to severe disease and death [4]. P. falciparum and P. vivax are the two most 

prevalent malaria parasites in humans and cause the greatest burden of disease. 

Malaria causes a flu-like illness that involves fever, headache, chills, and general 

fatigue. The clinical appearance of malaria is one of recurrent bouts of fever, which 

coincide with the synchronised release of merozoites from ruptured parasitized 

erythrocytes [9, 13]. Almost all severe forms and deaths from malaria are caused by 

P. falciparum. However, in recent years, an increasing number of severe and fatal 

malaria cases caused by P. vivax, particularly in young children, have been reported 

from several regions, especially those where high-grade multidrug resistant parasites 

are endemic [14-17]. The pathogenesis of mild and severe malaria results from a 

combination of a) the destruction of red blood cells by rupturing schizonts, b) host 

immune responses, and c) obstruction to tissue perfusion caused by cytoadherence of 

parasitized erythrocytes to vascular endothelium in P. falciparum malaria 

(sequestration) [18]. 

 

1.1.3. Global Malaria Burden 

The most recent report by the World Health Organization (WHO) estimated that in 

2015 there were 214 million cases of malaria and 438,000 deaths from the disease 

globally [19]. In 2010, 2.57 billion people were estimated to be at risk of P. 

falciparum infection. Of these, 1.13 billion people live in areas of unstable 

transmission where the risk of malaria is low and annual case incidence is unlikely to 

exceed one per 10,000; the majority of people in this group live in Asia. The 

remaining 1.44 billion people live in areas of stable transmission where the risk of 
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malaria infection is higher; the majority of these populations are located in Africa 

[20]. Malaria caused by P. vivax was, until recently, considered a benign infection 

and has received much lower priority from researchers, policy makers, and funding 

bodies in the past. However, the burden of P. vivax should not be underestimated as 

approximately 2.48 billion people lived at any risk of P. vivax in 2010, of which the 

majority lived in Central Asia and smaller fractions in South East Asia, the 

Americas, and Africa [21]. In Central and South East Asia, P. vivax accounts for up 

to 50% of all malaria cases. The proportion of vivax malaria in Central and South 

America is even greater, accounting for approximately 71-81% of all malaria cases 

[22]. P. vivax infections are nearly absent in Africa (in particular in West Africa), 

one of the commonly accepted reasons being the inherited lack of Duffy glycoprotein 

expression on the surface of the red blood cells that is known to prevent merozoite 

invasion. However, infections are also observed in Duffy negative individuals in 

Brazil and some parts of Africa [23, 24]. 
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1.2. ANTI-MALARIAL CHEMOTHERAPY 

Early diagnosis and treatment with highly effective anti-malarial drug 

regimens remain the mainstay of the management of patients with malaria and the 

control of transmission in the community. 

Several classes of anti-malarial compounds are in common use. 

 

1.2.1. 4-Aminoquinolines 

1.2.1.1 Chloroquine 

Chloroquine (CQ) was one of the most important and successful single drugs 

for the treatment and prophylaxis of malaria in history. Since its discovery in the 

1940s, CQ has been documented as a highly effective and safe drug for the treatment 

and prophylaxis of malaria [25]. CQ is a blood schizonticidal agent and its action is 

on stages of the parasites that are involved in haemoglobin degradation. In the red 

blood cells, host haemoglobin is digested by the malaria parasite inside the acidic 

digestive vacuole (DV). The digestion process breaks haemoglobin into its 

constituent amino acids, which are essential for parasite growth, and a heme moiety 

called ferriprotoporphyrin IX (FPIX), which is toxic to the malaria parasites. The 

parasites cannot degrade this molecule and therefore, they sequester FPIX within the 

DV as an inert, non-toxic biocrystal, called hemozoin (malaria pigment) [26-29]. A 

recent study on the mode of action suggested that CQ adsorbs on the crystals’ 

surfaces and prevents their growth and hence, heme detoxification [30]. CQ is the 

cheapest and most widely available anti-malarial on the market. However, resistance 

emerged and spread globally and it is currently estimated that the majority of the 

world’s parasite population is resistant to CQ [31]. 
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1.2.1.2 Amodiaquine 

Amodiaquine (AQ) was first introduced as an alternative to CQ in the late 

1970s since it appeared to retain its efficacy against CQ-resistant (CQR) P. 

falciparum in some areas of Africa. In vitro studies suggested that AQ inhibits the 

polymerisation of hemozoin in a similar manner to CQ [32]. AQ was actively used 

for malaria prophylaxis; but in the late 1980s, the drug was no longer recommended 

for prophylaxis due to rare, but serious adverse effects, such as severe neutropenia, 

agranulocytosis, and liver damage [33-35]. However following documentation that 

these adverse effects were not apparent following short-course treatment of acute 

infections [36], AQ has become widely used in Africa in combination with artesunate 

for the treatment of uncomplicated malaria, as well as follow-up treatment in severe 

malaria [36, 37]. 

 

1.2.1.3 Naphthoquine 

Naphthoquine (NQ) was first developed and synthesized in China in the 

1980s and demonstrated excellent efficacy against the murine malaria parasite P. 

berghei and CQR P. falciparum laboratory strains [38, 39]. Clinical studies showed 

that a single-dose regimen of NQ in combination with artemisinin (ARCO™; 

Kunming Pharmaceuticals, China) was highly effective against P. falciparum [40-42] 

and P. vivax [43-45]. However, concerns have been raised that the current single-

dose regimen provides inadequate reduction of the early parasite biomass, leaving 

NQ vulnerable to the selection of drug-resistant parasites due to its slow elimination 

rate [39]. ARCO™ is currently approved and registered in more than 10 countries, 

although it has yet to achieve WHO prequalification status. 
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1.2.2. 4-Methanolquinolines 

1.2.2.1 Quinine 

Quinine, as a component of the bark of Cinchona officinalis, a tree native to 

South America, has been used to treat febrile diseases, including malaria, from as 

early as the 17th century. In vitro, quinine shows rapid schizonticidal action against 

intra-erythrocytic malaria parasites [46, 47]. It also has gametocytocidal activity 

against P. vivax and P. malariae, but not P. falciparum [48, 49]. Quinine remained 

the first choice for malaria treatment until the discovery and widespread use of CQ in 

the early 1940s. Today, quinine is no longer used as first-line therapy for malaria due 

to its poor tolerability, long treatment course, and difficult dosing regimen [50]. 

However, quinine in combination with antibiotics such as clindamycin is still being 

used to treat uncomplicated malaria of pregnant women in the first trimester and 

intravenous quinine is recommended for the treatment of severe malaria during this 

period of pregnancy [51-53]. 

 

1.2.2.2 Mefloquine 

Mefloquine (MFQ) was developed in the 1970s by the US Army Anti-

Malarial Drug Development Program in collaboration with WHO and Hoffmann La 

Roche [54]. Although its exact mechanism of action is unknown, it is believed to 

exert its anti-malarial action by interrupting membrane trafficking events involved in 

the uptake of metabolites [29]. It is currently being used with artesunate as a 

combination therapy. 

Artesunate-mefloquine is currently used for the treatment of uncomplicated 

malaria and chemoprophylaxis in healthy subjects in several countries in Southeast 

Asia and South America. Although concerns have been raised regarding the 
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neurological and neuropsychiatric side effects of MFQ, these adverse effects are 

seldom debilitating and this combination has generally been shown to be well 

tolerated [53]. 

 

1.2.3. Arylaminoalcohol 

1.2.3.1 Lumefantrine 

Lumefantrine (benflumetol), a fluorene derivative of the aminoalcohol class, 

is a lipophilic drug with variable absorption. Lumefantrine’s mode of action is not 

fully understood; however, like the aminoquinolines, it is thought to inhibit 

hemozoin formation [55]. Lumefantrine is used in combination with artemether (co-

artemether or Coartem®) and is widely deployed in Africa and available to the public 

at highly subsidized prices (approximately US$1 per adult treatment) through the 

Affordable Medicines Facility-Malaria (AMFm) program [56]. Artemether causes a 

rapid reduction in the parasite biomass whereas lumefantrine is more slowly 

absorbed and metabolized, killing residual parasites that may survive DHA [57]. This 

combination therapy is administered in six doses over three days (twice a day) and 

needs to be administered with a small amount of fatty food or drink to enhance 

absorption of lumefantrine [58]. 

 

1.2.4. 8-Aminoquinolines 

1.2.4.1 Primaquine 

Primaquine (PQ) is an 8-aminoquinoline used for three therapeutic 

approaches: a) primary prophylaxis against all species of malaria, b) terminal 

prophylaxis for individuals highly exposed to P. vivax and P. ovale, and c) radical 

cure in individuals infected with P. vivax or P. ovale. PQ is the only registered anti-
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malarial drug known to have activity against the hypnozoite stages of P. vivax and P. 

ovale. Prevention of relapses requires a standard daily dose of PQ administered over 

14 days, a regimen that is associated with poor compliance. PQ can cause haemolytic 

anaemia in people with glucose-6-phosphate dehydrogenase (G6PD) deficiency [59]. 

From a safety perspective, patients should ideally be screened for G6PD deficiency 

prior to offering primaquine therapy. However, in practice, this is not the case since 

the standard method for G6PD deficiency screening – the fluorescent spot test – 

requires laboratory expertise, special equipment, cold storage for reagents, and is 

relatively expensive. Therefore, the inability to distinguish between G6PD normal 

and deficient patients often results in all of them being denied PQ therapy, leaving 

the hypnozoite reservoir mostly unharmed [60]. To solve this dilemma, several field-

applicable point-of-care G6PD diagnostic devices are currently under trial, with the 

hope that the availability of such devices can improve laboratory-based G6PD 

diagnosis to ensure safe use of PQ [61-63]. 

 

1.2.5. Bisquinolines 

1.2.5.1 Piperaquine 

Piperaquine (PIP) was first synthesized in China in the 1960s and used 

extensively between 1960 to 1980 as prophylaxis and treatment against malaria in 

this country [64, 65]. Its precise mechanism of action is unknown; however, it is 

thought to be similar to CQ as they have very related chemical structures. PIP 

resistant P. falciparum emerged during the 1980s in regions where it was used as 

monotherapy (mainly in China) [66, 67]. However, in the 1990s, PIP was 

rediscovered as a suitable long half-life partner drug in combination with artemisinin 

derivatives [68]. Randomized clinical trials in Asia, Africa, and South America show 
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that dihydroartemisinin-piperaquine (DHP) has excellent tolerability and efficacy. 

The simpler three-dose regimen of DHP affords practical advantages over the six-

dose co-artemether regimen [69]. 

 

1.2.6. Antifolates 

1.2.6.1 Sulfadoxine-Pyrimethamine 

The antifolates pyrimethamine and proguanil were developed as anti-malarials in the 

1950s. However, monotherapies resistance emerged rapidly (within one year in the 

case of proguanil) [50]. In order to increase efficacy and prevent drug resistance, 

pyrimethamine was subsequently combined with the sulfonamide drug sulfadoxine. 

Sulfadoxine and pyrimethamine (SP) acts synergistically by competitively inhibiting 

two target enzymes in the folate pathway: Sulfadoxine inhibits dihydropteroate 

synthase (DHPS), a key enzyme in the biosynthesis of folate; pyrimethamine inhibits 

dihydrofolate reductase (DHFR), a key enzyme in the redox cycle for the production 

of tetrahydrofolate, a cofactor that is essential for the biosynthesis of DNA and 

proteins [70]. Due to the rapid spread of SP-resistant parasites, SP is no longer 

recommended. Currently, SP, in combination with artesunate, is being used to treat 

uncomplicated malaria in areas where SP resistance is not yet established. The 

combination is not available as a fixed-dose combination and there is a risk of the 

distribution of loose artesunate tablets despite the WHO ban on artesunate 

monotherapy [53]. 

 

1.2.7. Artemisinins 

Artemisinin compounds originated from the Chinese herb qinghaosu 

(Artemisia annua) and had been used for the treatment of fever since more than 
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1,500 years. In the late 1960s, artemisinin was re-discovered as anti-malarial and 

since then, an array of semi-synthetic oils, as well as water soluble derivatives have 

been developed, including artesunate, artemether, arteether, dihydroartemisinin, and 

artelinic acid [71]. The artemisinin derivatives rapidly kill a broad range of asexual 

and sexual blood stages of the parasite and are the most effective anti-malarial 

compounds in the 20th century [72]. In addition, intravenous artesunate has been 

proven to be superior to intravenous quinine and is now recommended by WHO as 

the first-line treatment for severe malaria [73, 74]. The anti-malarial property of 

artemisinins is dependent upon its sesquiterpene lactone structure that contains a 

unique endoperoxide bridge [75]. Once artemisinin derivatives are absorbed by the 

body, they are converted to the active metabolite dihydroartemisinin (DHA), which 

has a very short half-life (less than 45 minutes) [76]. Similar to other anti-malarials, 

artemisinins are particularly active against late ring and trophozoite stages of the 

parasite, but also target the early ring stages. Whereas they inhibit haemoglobin 

uptake and retard parasite growth in late rings and trophozoites, [77], they inhibit P. 

falciparum phosphatidylinositol-3-kinase (PfPI3K) in early ring stages, an enzyme 

that produces the signalling lipid phosphatidylinositol-3-phosphate involved in the 

export of proteins that mediate P. falciparum virulence [78]. The use of artemisinin 

monotherapy is not recommended since its short-course regimens are associated with 

high rates of recrudescence, due to their rapid elimination from the body [79]. 

Therefore, artemisinins are usually used in combination with other anti-malarials 

(artemisinin-based combination therapies; ACT). The rationale behind ACT is that 

the short-acting, but potent artemisinin derivative delivers a rapid reduction in 

parasite biomass, while the remaining parasites are killed by the more slowly 

eliminated partner drug [80]. 
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The main ACTs in routine use are: 1) artesunate-mefloquine, 2) artesunate-

sulfadoxine-pyrimethamine, 3) artesunate-amodiaquine, 4) artemether-lumefantrine, 

and 5) dihydroartemisinin-piperaquine (DHP). 
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1.3. DRUG RESISTANT MALARIA 

The emergence of resistant parasite to all anti-malarials deployed worldwide poses a 

major threat to the global malaria control and elimination agenda. In this subchapter, 

the epidemiology of drug resistant malaria and putative mechanisms of resistance, 

with a focus on the anti-malarial CQ, are reviewed. 

 

1.3.1. Epidemiology of Drug Resistant Malaria 

1.3.1.1 Chloroquine Resistance 

CQ resistance was first reported in Southeast Asia and South America in the 

1950s and by the 1970s, CQ was no longer effective in these areas. In Africa, CQ 

resistance emerged in the 1970s and resistance levels rose rapidly [50]. CQ resistance 

in P. vivax was first reported from soldiers returning to Australia from Papua New 

Guinea in 1989 [82], almost 30 years after CQR P. falciparum emerged, followed by 

reports of CQR P. vivax two years later from the Papua province located in the 

eastern part of Indonesia (formerly known as Irian Jaya) [83]. Although CQ remains 

effective in some countries, increasing cases of CQR P. vivax have been reported 

from areas such as Thailand, Ethiopia, and South America. [84]. The global 

distribution of CQR malaria is depicted in Figures 1-6 (P. falciparum) and 1-7 (P. 

vivax). 
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Figure 1-5. Global distribution of CQR P. falciparum in 2001 (adapted from 
Wongsrichanalai et al. [50]). 
 

1.3.1.2 Quinine Resistance 

Quinine resistance was first observed in Brazil nearly 100 years ago; 

however, resistance to quinine has never been high grade, with the drug retaining 

some activity, but having its action delayed or diminished. Decreased sensitivity of 

P. falciparum to quinine has been mainly documented in Southeast Asia and South 

America [85]. 
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Figure 1-6. Distribution of chloroquine resistant (A) and sensitive (B) P. vivax 
based on clinical trials conducted between January 1960 and April 2014 
(adapted from Price et al. [84]). 
CQ resistance status was divided into three categories in the top panel based on the 
primary outcome of clinical trials. Category 1: Resistance represents greater than 
10% recurrences by day 28, irrespective of blood CQ concentration. Category 2: 
Resistance included confirmation of recurrences within 28 days in the presence of 
whole blood CQ concentrations >100 nM. Category 3: Resistance included at least 
5% recurrences by day 28, irrespective of blood CQ concentration. 
 

  

19 
 



1.3.1.3 Sulfadoxine-Pyrimethamine Resistance 

After the emergence of CQ resistance, SP was used as a replacement of CQ as first-

line anti-malarial therapy in many endemic areas. However, resistance developed 

rapidly. For instance, SP was introduced in Thailand and Cambodia in 1967; 

however, cases of SP resistance were reported from these areas in the same year [86]. 

Since then, high-grade SP resistance has been reported from most of Asia and East 

Africa. [87-90]. Levels of SP resistance are lower in West Africa; however, clinical 

failures have been reported and parasites carrying gene mutations associated with SP 

resistance are distributed throughout the entire region [91]. 

  

1.3.1.4 Mefloquine Resistance 

MFQ resistance was first reported in the late 1980s on the Thai-Cambodian 

and Thai-Myanmar borders. The emergence of MFQ resistance in this area may have 

been triggered by the heavy use of the chemically related drug quinine prior to the 

introduction of MFQ [92]. Epidemiological studies have since shown that the 

molecular change leading to MFQ resistance has arisen in several different places 

and on multiple genetic backgrounds [93]. 

 

1.3.1.5 Artemisinin Resistance 

Artemisinin resistance was also first documented on Thai-Cambodian border, 

first evidenced by delayed parasite clearance rates [94, 95] and reduced drug 

susceptibility of ring stage parasites [96-99]. In the Greater Mekong subregion, ACT 

treatment failure has been observed in multiple locations, particularly where 

resistance to the partner drug also exists [100]. For instance, in Thailand and 

Cambodia, treatment failure with artesunate-MFQ occurred due to the high 
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prevalence of MFQ resistance [101]; in Cambodia, failure following DHP treatment 

occurred due to the likely emergence of resistance to PIP [102-104]. There is a 

growing concern that the resistant parasites may migrate to or emerge indigenously 

in sub-Saharan Africa [105]. This poses a global crisis, since this would undermine 

the global anti-malarial strategy of ACTs for uncomplicated malaria and intravenous 

artesunate for severe malaria. 

 

1.3.2. Chloroquine Resistance in P. falciparum 

Due to their threat to the global malaria control and elimination agenda, drug 

resistant parasites have been the subject of intense research to find the molecular 

mechanisms underpinning drug resistance. One of the most intensively studied 

mechanisms is CQ resistance in P. falciparum. 

The main determinant of CQ resistance in P. falciparum is a protein called 

Plasmodium falciparum chloroquine resistance transporter (PfCRT). In 1991, 

Wellems and colleagues identified PfCRT as the main determinant of CQ resistance 

using a genetic cross between a CQR (Dd2) and a CQ-sensitive (CQS; HB3) P. 

falciparum clone. The authors identified a single locus on chromosome 7 that 

conferred the CQR phenotype [106]. Using the restriction fragment length 

polymorphism method, Su et al. subsequently mapped the CQR locus to a 36-kb 

region with 8 putative genes [107]. In 2000, Fidock and colleagues described the 

PfCRT protein [108]. PfCRT contains 424 amino acids with a predicted molecular 

mass of 49 kDa and 10 putative trans-membrane domains which localize at the 

membrane of parasite’s DV, the site of CQ action [108]. Sequence comparisons 

between CQR and CQS strains further revealed eight codon differences at positions 

74, 75, 76, 220, 271, 326, 356, and 371, which led to amino acids substitutions near 
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the transmembrane domain, with six of them changing the charge or hydrophilicity at 

the substrate-binding site. One mutation, the substitution of threonine (T) for lysine 

(K76) at codon 76 was present in all resistant isolates and absent from all sensitive 

isolates [108]. The critical role of the K76T mutation was further confirmed in 

clinical trials showing that this mutation to be highly associated with in vivo CQ 

therapeutic failure [109-114]. 

The most important phenotypic characteristic of CQ resistance was that CQR 

parasites accumulated less CQ into their DV than CQS parasites [27, 108, 115, 116]. 

This finding led to the hypothesis that pfcrt is able to control the access of CQ to its 

target. The mechanism of how this happens has been the subject of intense debate. 

The different models proposed are briefly reviewed in the following sections. 

 

 

Figure 1-7. Structure of P. falciparum chloroquine resistance transporter 
protein (PfCRT) containing 10 trans-membrane domains. Numbers represent 
polymorphic amino acids (Adapted from Sanchez et al. [117]). 
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1.3.2.1 Channel Model 

CQ exists in three forms, the unprotonated free base, the mono-protonated, or 

the di-protonated molecule, with each form having different membrane permeability. 

The unprotonated free base is the only membrane permeable form of the molecule 

and freely diffuses into the erythrocyte and the parasite’s DV. In the DV, CQ 

molecules become protonated and trapped inside the acidic compartment (acidotropic 

trapping), where it is believed to exert its action [118, 119]. 

The voltage-gated channel model evokes a specific interaction between 

PfCRT and CQ. In this model, mutated PfCRT provides a leak that facilitates the 

movement of protonated CQ out of the DV and hence, less CQ accumulates in the 

DV of CQR parasites [120, 121]. This model was initially postulated by Warhurst 

and colleagues [120] who suggested that replacement of the charged amino acid 

lysine by an uncharged threonine within the trans-membrane domain of the mutated 

PfCRT allows the flow of protonated CQ out of the DV (i.e., efflux). Evidence for 

this model was initially provided by demonstrating that CQ efflux was equally rapid 

in CQS and CQR parasites in the absence of metabolic energy (glucose deprivation) 

or in the presence of the proton uncoupler carbonylcyanide-p-

trifluoromethoxyphenylhydrazone (FCCP) [121]. However, this mechanism was 

questioned because glucose deprivation and the addition of FCCP also breaks down 

the DV pH gradient [122, 123], which is required for acidotropic trapping of CQ 

inside the DV [119]. Accordingly, more CQ is able to rapidly efflux from the cell by 

simple diffusion in both CQS and CQR parasites, hence abolishing the need for such 

a voltage-gated PfCRT channel. 
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1.3.2.2 Carrier/Transporter Model 

To meet the criteria as a carrier, PfCRT must display three unique properties: 

1) saturation kinetics with increasing substrate concentration, 2) competitive 

inhibition, and 3) trans-simulation kinetics, a characteristic of a carrier that is 

generally explained by a model in which substrates that are located on one side of the 

membrane are able to accelerate the movement of substrates on the other side of the 

membrane. In comparison, a channel plays a rather passive role, either accepting or 

rejecting a substrate, based on specific criteria such as size and charge [117, 124]. 

Recent studies indicate that PfCRT fulfils these criteria as a carrier or 

transporter. A study by Martin and colleagues [125] successfully expressed 

functional wild-type and mutated pfcrt in Xenopus laevis oocytes and showed that 

PfCRT-mediated transport of CQ in mutated pfcrt variants is saturable and the 

movement can be inhibited by a range of different drugs and compounds in a 

concentration-dependent manner. On the other hand, wild-type pfcrt was unable to 

transport CQ [125]. The inability of wild-type pfcrt to transport CQ was thought to 

be associated with the membrane potential. Whereas protonated CQ is unable to 

interact with PfCRT when the binding site contains a positive charge (i.e., wild-type 

PfCRT with lysine at codon 76), removal of the positive charge by an amino acid 

substitution with threonine alters the substrate specificity of PfCRT, eventually 

allowing the transport of the protonated CQ down its electrochemical gradient (i.e., 

away from its site of action in the DV) [126]. 

Extensive studies by Sanchez and colleagues have further shown that PfCRT acts as 

a carrier, rather than a channel by demonstrating the trans-stimulation CQ movement 

in live P. falciparum cultures [127-130]. Extracellular CQ was able to stimulate the 

efflux of pre-loaded radiolabelled CQ from both CQR and CQS parasites. The efflux 
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kinetics was different in the absence or presence of metabolic energy sources. In the 

presence of metabolic energy, consistently higher initial efflux rates were apparent in 

CQR parasites, while in the absence of metabolic energy, the initial efflux rates were 

comparable in both CQR and CQS parasites [130]. Evidence of PfCRT functioning 

as a transporter was further supported by bioinformatics analysis. In silico analysis 

revealed that PfCRT can be classified within the drug/metabolite transporter 

superfamily that includes carriers transporting weak bases and divalent organic 

cations in a bi-directional way [131]. 

 

1.3.3. Chloroquine Resistance in P. vivax 

CQ resistance in P. vivax has received less attention compared to P. 

falciparum. The absence of reliable, robust, and sensitive methods for the detection, 

mapping, and monitoring of CQ efficacy in P. vivax compounded this emerging 

problem [84]. In P. falciparum, recrudescent infections are defined as the re-

emergence of a genetically identical parasite in the peripheral blood after treatment 

and can be distinguished from newly acquired infections with relative ease by typing 

genetic markers such as msp1, msp2, and glurp [132]. In P. vivax, the interpretation 

of resistance is more complex because recurrent infections can arise from 

recrudescence, reinfection, or relapses (i.e., activation of hypnozoites leading to 

parasitaemia) [84]. It was initially believed that the parasites causing relapse would 

be a subset of the parasites that initially caused infection (i.e., they are genetically 

identical). However, a study by Imwong and colleagues [5] demonstrated that 

relapses can also be triggered by the activation of heterologous hypnozoite 

populations (i.e., genetically distinct parasites). Therefore, it is impossible to reliably 

discriminate between recrudescence of a blood-stage infection and a relapse with a 
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homologous strain, or between a new infection and a relapse with a heterologous 

strain [5, 6]. 

In contrast to P. falciparum, the phenotypic characterization of CQ resistance 

in P. vivax remains elusive. The limited knowledge of P. vivax biology can be 

attributed to several factors, most notably to the lack of a continuous in vitro culture 

system for this species. Molecular studies have failed to show a compelling 

association between CQR genotypes and phenotypes. To date, the main genetic CQR 

determinants that have been investigated in P. vivax are pvcrt-o and pvmdr1, the 

orthologues of pfcrt and pfmdr1, respectively, in P. falciparum. Nomura and 

colleagues compared pfcrt homologues from several Plasmodium species and 

although they observed synteny between P. falciparum and P. vivax, they found no 

association between mutations in pvcrt-o and the clinical response to CQ [133]. 

Since the identification of pvcrt-o as a potential molecular determinant of CQ 

resistance in P. vivax, many studies have been conducted, but with variable 

outcomes. Expression studies in which pvcrt-o was transfected into P. falciparum 

and Dictyostelium discoideum showed that overexpression of this gene was able to 

reduce CQ susceptibility, which could be reversed by verapamil, suggesting a role of 

pvcrt-o in modulating CQ transport and accumulation in P. vivax [134]. In a separate 

study, parasites obtained from a traveller with severe vivax malaria acquired in the 

Brazilian Amazon was found to have a 22-fold increased pvcrt-o transcription level 

compared to parasites obtained from uncomplicated vivax malaria patients [135]. 

Furthermore, a Brazilian study of 44 clinical isolates demonstrated increased pvcrt-o 

levels in patients with severe disease or poor response to CQ [136]. In contrast, a 

study from Papua, Indonesia, found no correlation between pvcrt-o expression levels 

and ex vivo CQ susceptibility [137]. Furthermore, field studies from Indonesia, 
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Thailand, the Brazilian Amazon, and Madagascar have shown no relationship 

between pvcrt-o polymorphisms and either clinical or ex vivo CQ response [138-

140]. 

The second gene that was investigated in more details in relation to CQ 

resistance was pvmdr1. The gene was identified and characterized in 2005 using P. 

vivax isolates from various geographical regions: Although two pvmdr1 allelic 

variants (i.e., Y976F, and F1076L) were detected with varying frequency in different 

areas, their role in CQ resistance was not investigated [141]. In a subsequent study in 

Papua, Indonesia, where CQR P. vivax isolates were prevalent, the single nucleotide 

polymorphism (SNP) translating into the Y976F substitution in pvmdr was found in 

all vivax malaria patients attending local health facilities. In contrast, the same amino 

acid substitution was not found in P. vivax isolates from Thailand, where CQ 

resistance remained infrequent [138]. A pvmdr1 SNP (F1076L) has been identified in 

P. vivax samples from Thailand, Indonesia, and at very low frequency in South 

America, where CQ remained effective in many areas [142]. However, direct 

associations between these polymorphisms and in vivo or ex vivo CQ resistance were 

rarely demonstrated and hence, results remain inconclusive, in particular since CQ 

resistance can occur in isolates with a fully wild-type pvmdr1 gene [138, 143, 144]. 

 

1.4. MONITORING DRUG RESISTANT MALARIA 

1.4.1. In Vivo Drug Efficacy 

In vivo drug studies remain the gold standard method for monitoring anti-

malarial drug efficacy and guiding drug policy [145]. Although these clinical studies 

produce results which directly inform policy makers, their interpretation is 
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confounded by several factors such as host immunity, pharmacokinetics, and 

compliance to follow-up. As outlined in subchapter 1.3.3, interpreting the results of 

drug efficacy studies have been proven to be more challenging in P. vivax than in P. 

falciparum. Additionally, the high prevalence of multiple clone infections with P. 

vivax, even in areas with low transmission, further complicates the interpretation of 

results [146]. Clinical efficacy of P. vivax, therefore, has to be interpreted in light of 

the timing of recurrences, plasma drug concentrations, the half-life of the drug(s), 

and the early parasitological response [147]. Such clinical studies are logistically 

difficult to conduct and may miss early indicators of emerging parasite resistance. 

Therefore, monitoring of in vivo drug resistance should ideally be combined with in 

vitro and molecular studies of the parasite response [148]. 

 

1.4.2. Molecular Markers of Resistance 

Advances in the understanding of the molecular mechanisms underlying drug 

action and resistance have enabled the identification of molecular markers (e.g., 

point mutations and gene amplification in genes encoding transporters and enzymes) 

associated with drug resistance in P. falciparum (briefly reviewed in subchapter 

1.3.1). In a pioneering study from Mali, the association found between the pfcrt 

K76T mutation and the high CQ treatment failure rate in P. falciparum demonstrated 

that such molecular markers could be used in the surveillance of CQR P. falciparum 

[109]. Likewise, the association between pfdhfr and pfdhps mutations and clinical or 

in vitro resistance to SP has been proven in several studies in a variety of 

transmission settings [149-151]. Furthermore, MFQ resistance could be effectively 

surveyed by measuring pfmdr1 copy number variants (CNV) using real-time PCR as 

increased gene copy numbers were demonstrated to be strongly associated with 
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clinical treatment failure [152]. The more recent identification of the kelch-13 

markers associated with artemisinin resistance is also being used for the molecular 

surveillance of artemisinin-resistant parasites [153]. 

In contrast to P. falciparum, correlations between molecular markers of drug 

resistance and its phenotypic outcomes in P. vivax are still elusive with no reliable 

marker for CQR yet available for geospatial mapping. 

 

1.4.3. Ex Vivo / In Vitro Surveillance 

Ex vivo drug susceptibility assays provide an alternative means of assessing 

drug sensitivity of Plasmodium spp. free from the confounding effects of host 

immunity, recurrent infections, and drug pharmacokinetics. These ex vivo techniques 

can assess several drugs simultaneously and permit quantification to the individual 

components of anti-malarial combinations, as well as testing for synergism or 

antagonism between compounds. However, ex vivo tests are logistically difficult to 

perform reliably, protocols often vary between laboratories, threshold values for 

resistance are poorly defined, and the correlation with therapeutic efficacy tests is 

often not established [154]. Therefore, they are not readily amenable to large-scale 

epidemiological mapping, especially in endemic low-resource countries [155]. 

Nevertheless, ex vivo monitoring has proven to be an important complementary tool 

for anti-malarial resistance surveillance. 

The effect of anti-malarial drugs ex vivo or in vitro against asexual parasites 

is generally measured by the following principal assay types: 

 

a) Inhibition of parasite growth (schizont maturation): The principle 

behind this assay is to measure the growth of parasites from ring to 
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schizont stage over a 24-48 hours’ culture period in the absence and 

presence of anti-malarials. 

b) Inhibition of parasite multiplication (reinvasion assay): In reinvasion 

assays, parasite growth is measured by assessing the increase in 

parasitaemia (i.e., reinvasion of newly developed merozoites) in the 

absence or presence of anti-malarials over a 48-72 (1 cycle) up to 120 (2 

cycles) hours culture period. 

c) Ring-stage survival assays (RSA): The RSA was developed more 

recently to characterize P. falciparum parasites that were slowly clearing 

after ACT treatment. In this type of assay, early ring-stage parasites are 

pulsed with clinically relevant concentration of artemisinin or its 

derivatives for 6 hours and ring stage survival assessed after 72 hours. 

Artemisinin-resistant parasites were identified to have a much higher ring 

survival rate compared to sensitive isolates [97, 98]. 

Each of these assay systems has its associated advantage and disadvantage. For 

instance, growth inhibition assays are not suitable for testing long-acting anti-

malarials or compounds that specifically target DNA replication, because an 

incubation period of ≤48 hours is too short to capture the effect of such drugs; hence, 

only reinvasion-based assays allow the testing of compounds from these drug 

classes. However, the application of re-invasion assays is currently limited to P. 

falciparum only since P. vivax re-invasion assays, although technically possible and 

used for in-depth studies on the reinvasion processes in this species, are logistically 

demanding and expensive and therefore, not easily amenable to implementation in 

field-based laboratories for large-scale epidemiological studies [156]. 
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Different indicators and quantification techniques have been used to measure parasite 

growth and/or reinvasion. This section briefly reviews these approaches and 

techniques, along with their pros and cons. 

 

1. Morphology of parasites 

In schizont maturation assays (also known as the WHO microtest [157]), 

mature schizont stage parasites, microscopically identified by their 

morphological features, are counted in relation to the total number of asexual 

parasites treated with various concentrations of anti-malarials over the 24-48 

hours culture period. Schizont maturation assays are relatively easy to 

perform and can be done with limited technical equipment, making them 

well-suited for field sites. However, this quantification method is labour-

intensive and requires highly skilled microscopists to limit inter-individual 

variability in parasite counts [158]. 

 

2. Detection of parasite-derived biomolecules 

Parasite growth can be assessed by detecting biomolecules (i.e., proteins or 

enzymes) that are produced during the life cycle. Three major biomolecules, 

namely 1) pLDH [159], 2) HRP2 [160], and 3) P. falciparum aldolase [161], 

have conventionally been applied in enzyme-linked immunosorbent assay 

(ELISA) to quantify drug response assessed by both schizont maturation or 

reinvasion. Whilst the ELISA-based assays are relatively simple to perform, 

they require specific laboratory infrastructure (i.e., microplate readers and 

strict adherence to cold or frozen storage of ELISA reagents in order to avoid 
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degradation), and – due to the need for specific antibodies – are moderately 

expensive. 

 

3. Incorporation of radio-labelled nucleotides (Isotopic assay) 

The principle of this quantification method is based on the parasite’s need for 

hypoxanthine as a nucleic acid precursor during replication. The use of 

radiolabelled hypoxanthine followed by scintillation counting of lysed 

parasites after drug exposure can, therefore, be used to quantify drug 

susceptibility. Isotopic assays are well-suited for high-throughput screening 

(HTS) of novel anti-malarial drugs using laboratory-adapted P. falciparum 

strains since they permit longer and variable incubation times and hence, 

enable the testing of slow-acting drugs such as antibiotics and 8-

aminoquinolines [158]. However, there are several drawbacks that make these 

assays less applicable in a field setting. They require the use of isotopic 

materials, but certified laboratory facilities, including radioactive disposal 

sites, are often not available in resource-restricted countries. In addition, the 

assays require a reasonably high parasitaemia (i.e., ≥0.5%); therefore, 

limiting its application to field isolates with generally lower parasitaemias 

[158]. 

 

4. Fluorescence-based techniques 

There has been an increase in the use of intercalating nucleic acid dyes such 

as SYBR Green [162-164] and PicoGreen [165, 166] to detect parasites DNA 

as a proxy of parasite biomass. Since mature erythrocytes lack a nucleus, 

binding of the dyes is specific to the parasites’ nucleic acids in the intra-
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erythrocytic development stage. The fluorescence of nucleic acid dyes is 

commonly quantified by fluorometry or flow cytometry [162, 163]. However, 

flow cytometry-based quantification allows an additional level of resolution: 

By taking advantage of the ability to assess the light scattering properties of 

infected red blood cells, the relative nucleic acid content combined with the 

size and granularity of acquired cells allows the discrimination of asexual 

stages of the parasite (i.e., rings, trophozoites, and schizonts). Hence, flow 

cytometry-based assays are not only suitable for measuring reinvasion but 

also parasite growth (i.e., maturation from ring to schizont stage) [167-169]. 

 

1.4.4. Challenges of Ex Vivo/In Vitro Drug Susceptibility Testing 

The variety of available assays reflects the different methodological, logistic, 

and financial factors that have to be considered when choosing the most appropriate 

assay system and quantification method for a specific purpose in a given setting. For 

instance, schizont maturation assays quantified by microscopy or pLDH/aldolase 

ELISA-based methods may be more suitable than isotopic assays at resource-poor 

field sites. Another example is when manpower is limited, ELISA-based assays, 

which require a minimal amount of labour, may be better suited than very labour-

intensive microscopy-based assays. Although the methods described above have 

been essential in the phenotypic characterization of drug resistance, additional 

challenges remain, in particular with regard to the comparability and consolidation of 

results from different laboratories. 
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1.4.4.1 Non-standardized Assay Conditions 

Drug susceptibility is commonly expressed as the concentration of the drug 

needed to suppress growth to 50% of that observed in the absence of drug (i.e., half 

maximal inhibitory concentration, IC50). However, numerous variable factors in 

different assay systems, including 1) duration of assay, 2) initial haematocrit, 3) 

initial parasitaemia, 4) composition of the culture medium, 5) drug plate preparation 

(fresh versus lyophilized drug plates), and 6) use of different reference strains for 

quality control (QC) procedures make it difficult to compare the IC50 values directly 

between laboratories [170, 171]. Since each method described above has its own 

advantages and disadvantages and are chosen according to specific needs, a 

commonly agreed on, standardized ex vivo/in vitro drug testing protocol is unlikely 

to be implemented. To address this, regardless of which method is to be applied, it is 

recommended to: 1) use reference laboratory strains with defined phenotypes (e.g., 

K1/W2 (CQR P. falciparum) or 3D7/HB3 (CQS P. falciparum) for direct 

comparison of IC50s between methods and 2) consistently use the same method for 

longitudinal studies conducted in the same area; and should a different method be 

implemented, it should be carefully validated with the previously applied approach 

[154]. 

 

1.4.4.2 Estimation of Reproducible IC50s 

Raw in vitro/ex vivo assays data are commonly expressed by plotting the anti-

malarial drug concentration (dose) against the parasite growth (response). The 

resulting dose-response curve is usually sigmoid and provides four main parameters: 

minimum and maximum effects, steepness (slope), and most importantly, the 
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midway point describing the required drug concentration to inhibit growth to 50% of 

that observed in the absence of drug (IC50). 

The estimation of reproducible IC50 values itself remains a challenge for 

many investigators. It is time-consuming and often subjective since the process itself 

involves visual inspection of individual dose-response curves. Furthermore, 

laboratories often have different criteria for accepting or rejecting assay data, leading 

to a variety of selection biases, such as excluding assays where IC50 estimates could 

not be precisely produced [171]. Moreover, investigators use a variety of means to 

obtain IC50 estimates by using software packages and freely available tools that apply 

algorithms based on polynomial regression [160], sigmoid inhibition models based 

on non-linear regression [171, 172], or non-linear mixed-effects models (NONMEM) 

[173]. All these variations make comparisons of data from different laboratories 

difficult. 

 

1.4.4.3 Challenges of P. vivax Drug Susceptibility Assays 

All methods described in subchapter 1.4.3 were initially developed and 

adapted to P. falciparum laboratory strains and field isolates. However, the 

challenges in conducting ex vivo drug susceptibility assays are more prominent for P. 

vivax. The main challenges in conducting P. vivax drug susceptibility testing include: 

a) The lack of a simple and reliable long-term in vitro culture system, 

b) The low initial parasitaemia that is commonly found in P. vivax 

infections, 

c) The lower P. vivax asexual reproductive rate compared to P. 

falciparum, and 
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d) The asynchronous nature of P. vivax infections (i.e., circulation of 

mixed parasite stages at blood collection and hence, the start of the 

assay). 

Despite the wide range of available assays, a modified version of the WHO short-

term schizont maturation assay followed by microscopy quantification is still a 

preferred method for drug susceptibility testing in this species. Due to the main 

challenges above, attempts to find a suitable alternative ex vivo method for P. vivax, 

either by isotopic, colorimetry or fluorometry methods have been largely 

unsuccessful, mainly caused by the low parasite signal (e.g., DNA or protein) to 

background noise (e.g., leukocyte contamination, erythrocyte auto-fluorescence, 

presence of gametocytes, and contaminating host protein) ratio [165, 168, 174, 175] 

at the end of the assay. 

A summary of assay types and quantification methods available for both P. 

falciparum and P. vivax is outlined in table 1-1. 
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1.5. THE DEVELOPMENT OF NEW ANTI-MALARIAL DRUG 

COMPOUNDS 

 

Anti-malarial therapy is the central pillar for controlling malaria infections. 

However, several challenges still need to be addressed in order to be able to 

eliminate and ultimately eradicate the disease: 

• Resistance to all anti-malarial drugs has been reported; hence, current 

treatment options are limited. 

• The number of reports of P. falciparum treatment failure with ACT, 

the most potent treatment option to date, is increasing in the Greater 

Mekong Subregion. 

• Limited options for P. vivax radical cure. Primaquine is the only 

licenced compound and requires a 14-day regimen, which can lead to 

poor compliance and is not suitable for patients with G6PD 

deficiency. 

• In the absence of a reliable vaccine, there is a need for an improved 

prophylactic agent to protect vulnerable populations such as young 

children and expectant mothers. 

 

Over the past decade, new potential anti-malarials with novel modes of action 

have been developed and tested, mainly through the work of the organization 

Medicines for Malaria Venture (MMV) and their partners. MMV is a non-profit 

organization, specialized in leading product development through partnerships 

between public and private sector institutions. Established in 1999, MMV aims to 
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reduce the burden of malaria by developing new, effective, and affordable anti-

malarial drugs that fulfil two target product profiles (TPPs) [178]:  

• TPP 1: The novel antimalarial drug should be able to treat 

acute uncomplicated falciparum and vivax malaria (i.e., by 

clearing asexual blood-stage parasites), reduce transmission 

(i.e., by targeting gametocytes), and preventing relapse in the 

case of vivax or ovale malaria (i.e., by killing hypnozoites). 

• TPP 2: The novel antimalarial drug should be able to provide 

chemoprotection (i.e., by targeting hepatic schizonts) and 

potentially be active against asexual blood-stage parasites for 

treating emerging infections. 

The development progression of lead anti-malarial candidates and the 

chemical structures of these anti-malarials are outlined in Figures 1-8 and 1-9. The 

most advanced new anti-malarials, currently at different phases of their development 

process, are briefly outlined the following section. 

 

1.5.1. Novel Endoperoxides 

Artemisinin compounds in current use are semi-synthetic artemisinins and 

derived from the plant Artemisia annua. In recent years, the limited supply of raw 

materials has become a major issue driven by an increasing global demand. Large-

scale production of artemisinins through chemical techniques as well as 

bioengineering is not commercially viable at this point in time. Therefore, a fully 

synthetic anti-malarial that not only matches the anti-malarial activity of 

artemisinins, but also is affordable to produce and market, is desirable [179]. 
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Fully synthetic endoperoxides have been developed, some of which are 

currently in their clinical trial phases. These include the 1,2,4-trioxolanes OZ277 

(also known as RBx11160 or arterolane) and OZ439 (artefenomel) [180]. OZ277, in 

combination with PIP (Synriam®), has been tested in a limited number of Phase III 

clinical trials with satisfactory results and been approved for clinical use in India 

[181, 182]. On the other hand, OZ439, in combination with PIP, has now progressed 

to phase IIb clinical trials. Previous phase IIa trials demonstrated that this drug is 

able to clear P. falciparum and P. vivax rapidly from the blood with a good safety 

profile. In addition, the long half-life (46-62 hours) makes it suitable to be used in a 

single-dose treatment in combination with other drugs [183]. 
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Figure 1-9. Chemical Structures of New Anti-malarial Candidates (Adapted 
from Wells et al. [184]). 
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1.5.2. Spiroindolones 

In the past, anti-malarial drug developers had a focus on relatively well-

exploited drug targets, such as the Plasmodium dihydrofolate reductase, 

dihydropteroate synthetase, the cytochrome bc1 complex, and the haemoglobin 

degradation pathway. While these compounds remain important in the treatment of 

malaria, the discovery of novel chemotypes with a distinct mode of action is 

preferred. Through the technical advances in high-throughput phenotypic screening, 

a novel class of anti-malarial drugs called spiroindolones was discovered in 2010. 

The first compound from this class, KAE609 (cipargamin), works by inhibiting 

PfATP4, an enzyme that regulates sodium and osmotic homeostasis in the parasite’s 

plasma membrane [185]. It has been demonstrated to possess high potency against P. 

falciparum and P. vivax clinical isolates (with IC50s in the single-digit nanomolar 

range), an excellent cure rate, and acceptable safety profile in a murine malaria 

model [186]. Recently, a phase II clinical trial for this compound has been 

completed. After treatment with 30 mg daily KAE609 for 3 days, rapid clearance of 

parasites (even faster than artesunate) with minimum adverse effects was achieved in 

patients with uncomplicated P. falciparum or P. vivax infections [187]. Currently, 

another phase II trial to evaluate the efficacy and safety of 28-day cure rate with 

single dose regimen is underway [188]. 

 

1.5.3. Imidazolopiperazines 

Imidazolopiperazines belong to another novel class of anti-malarial drugs 

with potent blood-stage and liver-stage activity [189, 190]. Extensive lead compound 

optimization of this compound led to the development of KAF156 which 

demonstrated sub-nanomolar activity against P. falciparum laboratory strains as well 
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as P. falciparum and P. vivax clinical isolates, potent therapeutic activity in a malaria 

mouse model, good prophylactic activity in a sporozoite challenge mouse model, 

transmission blocking properties in vivo and in vitro, and complete protection when 

given as single oral dose in the mouse model [191]. A phase I clinical trial in healthy 

individuals showed that KAF156 is generally well tolerated, with only mild side 

effects in a low number of cases [192]. Currently, a phase II proof-of-concept (POC) 

study in patients with uncomplicated P. falciparum and P. vivax infections is 

underway [188]. 

 

1.5.4. Imidazopyrazines 

A cell-based screen using P. falciparum asexual blood stage parasites has 

recently successfully identified a new class of anti-malarials, the imidazopyrazines. 

One of the compounds from this class, KDU691, has demonstrated potent 

preventive, therapeutic, and transmission-blocking activity in rodent malaria models, 

and was active against asexual stages of P. falciparum and P. vivax field isolates. 

Additionally, it inhibited liver-stage hypnozoites in the simian parasite P. cynomolgi. 

KDU691 targets a lipid kinase, phosphatidylinositol-4-OH kinase, resulting in altered 

intracellular distribution of phosphatidylinositol-4-phosphate, an important 

phospholipid component of the parasite’s cell membrane [193]. 

 

1.5.5. Quinolone-3-Diarylethers 

Quinolone-3-diarylethers belong to a new class of anti-malarial drugs derived 

from endochin. Optimization of endochin-like 4(1H)-quinolone derivatives led to the 

discovery of the two lead compounds ELQ-300 and P4Q-391. Both compounds were 

highly selective for and potent inhibitors of the parasites’ mitochondrial cytochrome 

44 
 



bc1 complex. They were found to be active against both the liver and blood stages of 

the parasite, and all forms that are crucial for transmission: the gametocytes, the 

zygote, the ookinetes, and the oocysts. Both compounds showed low nanomolar 

IC50s against a range of P. falciparum lab strains and P. falciparum and P. vivax 

clinical isolates. In vivo efficacy of these compounds was tested in P. berghei-

infected ICR mice and both compounds were found to be highly efficacious with 

curative doses as low as 0.1 mg/kg per day. In addition, ELQ-300 showed the same 

therapeutic efficacy against P. yoelii [194]. 

 

1.5.6. Pyrazoleamides 

Pyrazoleamides belong to a new chemical class of molecules that were 

identified through structure-based in silico screening of a compound library. On the 

basis of its biological, pharmaceutical, and toxicological profiles, a compound called 

PA21A092 was selected as a preclinical candidate to be further developed for first-

in-human studies. PA21A092 exerted its activity by targeting Na+ homeostasis 

regulation in blood-stage P. falciparum parasites. It showed potent activity in the low 

nanomolar range against both asexual and sexual stages of P. falciparum laboratory 

strains, as well as the asexual stages of P. falciparum and P. vivax clinical isolates. In 

vivo studies using a murine malaria model showed that the compound was highly 

potent when administered as a single oral dose for 4 consecutive days. Molecular 

studies revealed that full resistance to this compound could be imparted by mutations 

in two proteins: a calcium-dependent protein kinase (PfCDPK5) and a P-type cation-

ATPase (PfATP4). However, further studies are required to fully elucidate the 

mechanism of resistance [195]. 
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1.5.7. Triazolopyrimidines 

DSM265, a novel malaria compound from the triazolopyrimidine class, was 

first identified from high-throughput whole-cell assays [196]. DSM265 was 

developed from the hits of target-based screens against dihydroorotate 

dehydrogenase (DHODH), a key enzyme in the de novo pyrimidine synthesis. It was 

active against both blood and liver stages of P. falciparum and was predicted to 

provide therapeutic concentrations for more than 8 days after a single oral dose. In 

addition, DSM265 demonstrated an excellent safety profile. These properties 

position DSM265 as a new potential drug combination partner for either single-dose 

treatment, or weekly prophylaxis [197]. 

 

1.5.8. Thiazine Dyes 

The anti-malarial activity of the thiazine dye methylene blue (MB) was first 

reported at the end of the 19th century [198]. Although effective in treating malaria, 

MB was abandoned from the drug development pipeline due to its reversible, but 

unpleasant, side effects [199, 200]. However, there is a renewed interest in the use of 

MB to treat drug-resistant malaria. MB has potent schizonticidal activity against 

CQR P. falciparum [201-203] and P. vivax [204], as well as activity against P. 

falciparum gametocytes [205, 206]. In addition, clinical trials have demonstrated that 

the effective anti-plasmodial doses of MB are safe in both adults and children [207, 

208]. 

 

1.5.9. Protein Kinase Inhibitor-Like Compounds 

A compound series based on a 2,6-disubstituted quinoline-4-carboxamide 

scaffold was recently discovered from the Dundee protein kinase scaffold library and 
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further optimized to yield DDD107498, a lead candidate for preclinical and first-in-

human studies [209]. By producing resistant 3D7 clones and using a whole genome 

sequencing approach, translation elongation factor 2, that is important for protein 

synthesis, was discovered as DDD107498’s target. DDD107498 showed excellent 

efficacy against multiple stages of P. falciparum laboratory strains, as well as P. 

falciparum and P. vivax clinical isolates, with good pharmacokinetic properties and 

an acceptable safety profile. It also demonstrated transmission blocking properties, 

chemoprotection, and effectiveness as single dose treatment [209]. 

 

1.5.10. Chloroquine Analogues 

An alternative approach to combat drug-resistant malaria is to modify 

existing anti-malarials into a compound that regains efficacy against drug resistant 

parasites. 

One example is AQ-13, a short-chain aminoquinoline anti-malarial that is 

structurally similar to CQ, but with a shorter side chain. AQ-13 has been shown to be 

effective against CQ- and MFQ-resistant P. falciparum in vitro and in 2005, a phase 

1 clinical trial with healthy individuals showed positive results with a minimal 

difference in toxicity compared to CQ [210]. Currently, a phase IIa study comparing 

AQ-13 with the artemether-lumefantrine combination is underway 

(ClinicalTrials.gov identifier: NCT01614964). 

A second example is ferroquine (SSR97193), an organometallic drug which 

contains a ferrocenyl group incorporated into the basic skeleton of CQ. Ferroquine 

has two mechanisms of action. The first mechanism is similar to CQ, where 

hemozoin bio-mineralization of the toxic heme product is prevented. The second 

mechanism is through the generation of free radicals by the iron atom in the 
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ferrocene core, which has been shown to severely damage and kill the parasites 

[211]. Ferroquine demonstrated potent activity with high oral bioavailability in a 

mouse model [212, 213]. It also proved effective against P. falciparum laboratory 

strains [212-214], as well as field isolates of P. falciparum [215-217] and P. vivax 

[218, 219]. Recent phase II clinical trial results showed that ferroquine, in 

combination with artesunate, was highly effective against uncomplicated P. 

falciparum malaria and was safe at all doses tested [220]. 

 

1.5.11. Chloroquine Resistance Reversal Agents 

Another strategy that can be utilized to overcome malaria drug resistance, in 

particular to CQ, is the use of chloroquine resistance reversal agents (CQRRAs), also 

known as chemosensitizers. CQRRAs are compounds that can restore drug activity 

in resistant parasites without having intrinsic activity against the organism. Several 

CQRRAs have been identified to reverse in vitro CQ resistance in P. falciparum. 

Many of which are licensed for other medical conditions, including the calcium 

channel blockers verapamil (VP) [221-223] and mibefradil (MF) [224], the 

antihistamine chlorpheniramine [225-227], and the antidepressants desipramine 

[228] and imipramine [229]. 

The mechanism by which CQRRAs reverse CQ resistance is not fully 

understood. The calcium channel blocker VP is the most extensively studied RA. 

When treated with VP, CQ accumulation in CQR parasites increased several fold, 

leading to a decrease of CQ IC50s to similar levels of those observed in CQS 

parasites [230]. Recent in-depth kinetics studies suggest that VP inhibits PfCRT-

mediated CQ transport by interacting with multiple binding sites of the mutant 

PfCRT [231]. However, variations in the genetic background of CQR parasites were 
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shown to affect the reversal activity of VP. For instance, CQ resistance in parasites 

expressing the PfCRT CVIET isoform, which is predominant in Southeast Asia and 

Africa, were more readily reversed by VP compared to parasites expressing the 

PfCRT SVMNT isoform that is predominant in South America and the Western 

Pacific [232]. 

Although promising, the therapeutic viability of CQRRAs remains 

questionable. The doses required to achieve adequate reversal activity in vivo can 

lead to poor tolerability and adverse side effects for the patient [233]. Many of the in 

vitro studies in P. falciparum do not mimic physiological conditions of human blood 

accurately. For instance, while desipramine is able to reverse CQ resistance in vitro, 

this drug did not enhance the efficacy of CQ in clinical trials [234]. Boulter and 

colleagues have demonstrated that this reduction in reversal activity of desipramine 

is associated with the binding of desipramine to plasma proteins [235]. A similar 

finding was observed for VP: Binding to the plasma proteins albumin and α1-acid 

glycoprotein significantly reduced the reversal activity of VP in vitro [236]. 

In 2006, Burgess and colleagues reported the development of innovative 

hybrid molecules that consist of CQ linked with a reversal agent side chain [237]. 

These ‘reversed chloroquine’ (RCQ) compounds showed highly potent activity 

against a range of drug-resistant P. falciparum lab strains and have been proven to be 

potent against CQR P. falciparum in a mouse model. These compounds resulted in 

enhanced uptake and accumulation in the parasite’s DV of CQR parasites and 

inhibition of hemozoin production in a manner analogous to, but more potent than, 

that of CQ [237-239]. In addition to its excellent potency, the use of these 

compounds as therapeutic agents looks promising as they are relatively easy and 

potentially cheap to produce [240]. 
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1.6. RATIONALE AND AIM OF THIS THESIS 

The preceding subchapters provided an overview of the major challenges faced by 

the emergence and spread of drug-resistant malaria, with a specific focus on the 

difficulties in monitoring drug-resistant parasites, as well as the knowledge gap in 

understanding CQ action and resistance in P. vivax, compared to P. falciparum. The 

difficulties encountered in conducting P. vivax research in general, and ex vivo 

phenotypic investigations in particular, hampered both new anti-malarial drug 

development and mapping and monitoring of drug-resistant P. vivax. Therefore, it 

was the overarching aim of the current thesis to develop and validate novel tools in 

order to define the phenotypic properties of CQ activity against P. vivax. In addition, 

comparative analyses in both P. vivax and P. falciparum isolates were intended to 

explore further potential differences in the modes of CQ action resistance between 

the two species. The following specific objectives were addressed in this thesis. 

 

1.6.1. Ex Vivo Testing of Novel Anti-malarials 

In the past, development of novel anti-malarials focused on the in vivo and in 

vitro efficacy against P. falciparum only. However, one of the requirements for a 

novel anti-malarial to be classified as an ideal drug as mentioned in section 1.5 

above, is to be potent against two of the most prevalent malaria species: P. 

falciparum and P. vivax. In this thesis, the comparative ex vivo drug susceptibility of 

standard anti-malarials and two novel experimental compounds currently in the anti-

malarial drug development pipeline, NQ and MB, were tested against multidrug-

resistant P. falciparum and P. vivax clinical isolates. The findings from this aim are 

presented in chapter 2. 
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1.6.2. Development and Validation of a Robust and Simple Ex Vivo Drug 

Susceptibility Assay 

As described in subchapter 1.4.4.3, many challenges are encountered when 

conducting P. vivax drug susceptibility assays. Microscopy, the preferred 

quantification method, is labour-intensive, subjective, and time-consuming. 

Therefore, a more robust, simple, and objective method was sought for. Among the 

various quantification methods tested and validated, flow cytometry-based methods 

offered several advantages such as the ability to identify different parasite stages and 

overcome the obstacle of low signal-to-noise ratios encountered with other 

quantification methods such as fluorometry and colorimetry. In this project, the flow 

cytometry-based method was further rationalized by using a single stain technique 

that provides a simpler, more rapid and robust assay for higher throughput drug 

testing in Plasmodium field isolates. The findings are presented in chapter 3. 

 

1.6.3. Comparison of Different Computer Programs and Online Platforms for 

the Analysis of Ex Vivo Drug Response Data 

As outlined in subchapter 1.4.4.2, determination of IC50 values is challenging. 

Different computer programs and online platforms, each with their own features, are 

available for raw in vitro or ex vivo drug response data analysis. In this study, five of 

the most commonly used analytical platforms were assessed by applying them to the 

same dataset of ex vivo drug response data and the outputs were compared with 

regard to both estimation of reliable IC50s and ease-of-use. The findings are 

presented in chapter 4. 
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1.6.4. Evaluation of Chloroquine Resistance Reversal Agents against 

Chloroquine-Resistant Plasmodium Field Isolates 

In P. falciparum, the activity of CQRRAs in reversing CQ resistance has been 

extensively studied. However, similar investigations in P. vivax are restricted to one 

study only in which it was shown that VP did not have any reversal activity in CQR 

P. vivax isolates from Papua, Indonesia [138]. A comparative assessment of CQ 

resistance reversal activity will add to a better understanding of the mechanisms 

involved in CQ action and resistance in different Plasmodium species. In this project, 

modification of ex vivo CQ susceptibility by CQRRAs against multidrug-resistant P. 

falciparum and P. vivax was investigated by using two set of compounds: a) 

Reversed chloroquine (RCQ) compounds and b) CQ + CQRRAs VP, MF, L703,606 

(L7), and PQ. The findings of these studies are presented in chapters 5 and 6. 

 

1.6.5. Characterization of CQ Uptake and Efflux Kinetics in CQR and CQS P. 

falciparum and P. vivax Field Isolates 

Despite the controversies regarding CQ resistance mechanism in P. 

falciparum (subchapter 1.3), it is widely accepted that decreased accumulation of CQ 

in the DV of the parasite limits the access of CQ to hematin (its primary target) and 

that disruption of CQ uptake into and/or efflux out of the DV is central to CQ 

resistance in P. falciparum. To date, there have been no reports about similar studies 

investigating CQ uptake and efflux kinetics in P. vivax. CQ uptake and efflux 

kinetics are commonly investigated by using radioactive CQ probes ([3H]); however, 

since radiation facilities and radioactive waste disposal was not available at the field 

site, the project intended to adopt a 3-step approach: 
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1. Develop and optimize an alternative method to study CQ uptake and efflux 

kinetics that can be transferred to field sites in endemic countries, 

2. Define CQ uptake and efflux kinetics in different developmental stages of 

CQS and CQR P. falciparum and P. vivax isolates, and 

3. Assess the impact of CQ resistance RAs on CQ uptake and efflux kinetics in 

ring and trophozoite stages in both Plasmodium species. 

The findings of these CQ kinetic studies are presented in chapter 7. 

 

1.7. STUDY DESIGN AND METHODOLOGIES 

1.7.1. Study Site and Subjects 

Field isolates of Plasmodium spp. were collected at the Malaria Research 

Facility of the Yayasan Pengembangan dan Kesehatan Masyarakat Papua (YPKMP) 

(Papuan Health and Community Development Foundation (PHCDF)) in Timika 

(Papua Province, Indonesia), an area with multidrug resistant malaria [241, 242]. 

This area is in forested lowland where malaria transmission is unstable, occurring 

throughout the entire year. This project recruited patients presenting to the Timika 

Health Clinic (Puskesmas Timika) and the Rumah Sakit Mitra Masyarakat (RSMM) 

hospital where approximately 15,000 outpatients and 3,000 inpatients are treated for 

malaria each year. Patients with microscopically confirmed mono-Plasmodium spp. 

infections presenting at the outpatients facilities were recruited into the study after 

informed written consent has been obtained, and blood was collected by 

venepuncture. After removal of host white blood cells using cellulose column 

filtration [243], packed infected red blood cells (IRBC) were used for ex vivo 

experiments as outlined below. 
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1.7.2. Methodologies 

1.7.2.1 Determination of Drug Susceptibility 

For all chapters, conventional susceptibility testing using a modified schizont 

maturation assay, followed by microscopic quantification was applied to test the 

efficacy of novel anti-malarials against Plasmodium spp. field isolates as described 

previously [242, 244]. 

 

1.7.2.2 Flow Cytometric Quantification of Plasmodium Ex Vivo 

Drug Susceptibility 

For Chapter 3, a simplified nucleic acid single staining method followed by 

flow cytometric analysis was developed as an alternative to the standard microscopy-

based quantification method. The single stain technique was first developed and 

tested in P. falciparum laboratory strains before further validation in P. falciparum 

and P. vivax field isolates and comparison with both the microscopy-based 

quantification method and a previously published double staining method [168] was 

performed. The comparison of these microscopy- and flow cytometry-based methods 

was conducted using a panel of the standard anti-malarials CQ, PIP, MFQ, AQ, and 

AS. 

For chapters 6 and 7, drug susceptibilities were assessed using the flow cytometry-

based quantification method described in chapter 3. 
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1.7.2.3Evaluation of CQ Reversal Agent (CQRRAs) Activities in 

CQS and CQR Plasmodium field isolates 

For chapters 5, the ex vivo efficacy of the RCQ compounds PL69 and PL106 

was tested against P. falciparum and P. vivax field isolates. For chapters 6 and 7, the 

potential of a panel of chemosensitizers to reverse CQ resistance in Plasmodium spp. 

was evaluated. VP, the long-known reference CQRRA, was compared with newly 

discovered CQRRAs including MF, L7, and PQ. MF and L7 were selected as these 

compounds showed superior potency compared to VP in previous studies, with L7 

potentially having a novel chemosensitizing mode of action [224]. PQ was selected 

because it is currently in clinical use and previous studies have demonstrated that PQ 

was able to reverse CQ resistance at clinically relevant concentrations [245, 246]. 

First, the activity of CQRRAs in combination with CQ was tested against CQR and 

CQS P. falciparum laboratory strains prior to further testing in P. falciparum and P. 

vivax field isolates. 

 

1.7.2.4 Assessment of CQ uptake and efflux kinetics in clinical 

Plasmodium field isolates 

Isotopic assays, using radio-labelled [3H]-CQ, are well established for P. 

falciparum laboratory strains and described in detail elsewhere [127, 130, 247]. In 

this study, a similar approach was used to measure CQ kinetics ensuring 

standardization of haematocrit, parasite density, the synchronicity of infection (i.e., 

percentage of ring, trophozoite, and schizont stages) and buffer conditions [248, 

249]. However, since CQ uptake and efflux studies using radio-tracer methods were 

not feasible at the field laboratory, an alternative approach had to be explored. 

Previous studies have reported the pharmacology and sub-cellular localization of a 
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fluorescent CQ probe N-(7-Chloro-4-quinolyl)-N′-ethyl-N′-(N″-6′-(7-nitro-2,1,3-

benzoxadiazol-4-amino) hexanamidoethyl-1,4-diaminopentane (NBD-CQ; Figure 1-

10) and its validity in assessing CQ uptake and efflux kinetics in P. falciparum 

laboratory strains [248]. Novel assays to measure CQ uptake and efflux kinetics 

using NBD-CQ as the probe and a portable BD Accuri C6 Flow Cytometer® System 

for data acquisition had to be developed and optimized for this project. The assays 

were first validated in CQR and CQS P. falciparum laboratory strains and compared 

with the isotopic method. In the next step, the assays were transferred and adopted to 

P. falciparum and P. vivax field isolates in order to define CQ uptake and efflux 

kinetics in the absence and presence of CQRRAs. The findings of these studies are 

presented in chapter 7 of this thesis. 
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  CHAPTER 2:

Potent Ex Vivo Activity of Naphthoquine and 

Methylene Blue against Drug-Resistant Clinical 

Isolates of Plasmodium falciparum and 

Plasmodium vivax 

 

2.1. Chapter Overview 

The potency of the 4-aminoquinoline napththoquine (NQ) and the thiazine dye 

methylene blue (MB) against P. falciparum has been demonstrated in numerous ex 

vivo studies and clinical trials. However, there are no drug susceptibility data for 

these compounds for P. vivax. In this chapter, the ex vivo drug activity of these 

compounds was tested against multidrug-resistant P. falciparum and P. vivax field 

isolates collected from Papua, Indonesia. The results from this study are presented in 

the format of the published peer-reviewed journal article in Antimicrobial Agents and 

Chemotherapy. 
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  CHAPTER 3:

Quantification of Plasmodium Ex Vivo Drug 

Susceptibility by Flow Cytometry 

 

3.1. Chapter Overview 

In view of all the drawbacks of the microscopy-based quantification method of 

Plasmodium drug response, as outlined in more detil in subchapter 1.4, an alternative 

quantification method developed and optimized. This chapter presents the validation 

of a novel simple and field-applicable flow cytometry-based assay to quantify drug 

susceptibility of clinical P. falciparum and P. vivax field isolates. The results from 

this study are presented in format of the published peer-reviewed journal article in 

Malaria Journal. 

 

3.2. Declaration of Author’s Contribution 

GW, RNP, and JM conceived and designed the experiments. GW, IG, PP, DA, FC, 

BFS, and SK performed field laboratory experiments and corresponding QC 

procedures. GW, IH, and JM analysed the data. RN, EK, BC, and JRP contributed 

reagents, materials, and analysis tools. GW, RNP, and JM wrote the paper. All 

authors read and approved the final manuscript. 
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3.3. Journal Article 

 

Quantification of Plasmodium ex vivo drug susceptibility by flow cytometry 

 

Wirjanata G, Handayuni I, Prayoga P, Apriyanti D, Chalfein F, Sebayang BF, Kho 

S, Noviyanti R, Kenangalem E, Campo B, Poespoprodjo JR, Price RN, Marfurt J. 

 

Malar J. 2015 Oct 24;14(1):417. doi: 10.1186/s12936-015-0940-8. 

 

Tables 1, 2, 3, and 4 in this journal article are Tables 3-1, 3-2, 3-3, and 3-4 in the 

List of Tables. 

Figures 1, 2, and 3 in this journal article are Figures 3-1, 3-2, and 3-3 in the List of 

Figures. 
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  CHAPTER 4:

Analysis of Ex Vivo Drug Response Data of 

Plasmodium Clinical Isolates: The Pros and 

Cons of Different Computer Programs and 

Online Platforms 

 

4.1. Chapter Overview 

Ex vivo/in vitro drug susceptibility is commonly reported in the form of the half 

maximal inhibitory concentrations (IC50) of drugs, a parameter that can be estimated 

by using various statistical approaches. In this study, several licensed computer 

programs and online platforms were assessed and compared with regard to their 

ability to estimate reliable IC50 values, as well as their ease of use. The results from 

this study are presented in format of the published peer-reviewed journal article in 

Malaria Journal. 

 

4.2. Declaration of Author’s Contribution 

GW, RNP, and JM conceived and designed the experiments and evaluation. GW, IH, 

FC, and PP performed field laboratory experiments. GW, IH, and SZ analysed the 

data. EK, JRP, and RN contributed reagents, materials, and analysis tools. GW, JAS, 

RNP, and JM wrote the paper. All authors read and approved the final manuscript. 
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4.3. Journal Article 

 

Analysis of ex vivo drug response data of Plasmodium clinical isolates: The pros 

and cons of different programs and online platforms. 

 

Wirjanata G, Handayuni I, Zaloumis, SG, Chalfein F, Prayoga P, Kenangalem E, 

Poespoprodjo JR, Noviyanti R, Simpson JA, Price, RN, Marfurt J. 

 

Malar J. 2016 Mar 2;15(1):137. doi: 10.1186/s12936-016-1173-1 

 

Tables 1, 2, 3, and 4 in this journal article are Tables 4-1, 4-2, 4-3, and 4-4 in the 

List of Tables. 

Figures 1, S1, S2, S3, S4, and S5 in this journal article are Figures 4-1, 4-2, and 4-3, 

4-4,  4-5, and 4-6 in the List of Figures. 

Figures A1, A2, A3, A4, and A5 in this chapter are Figures 4-7, 4-8. 4-9, 4-10, and 

4-11 in the List of Figures. 
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4.4. Supplementary Figures 

 

Figure S1. Bland–Altman plots of agreement between NONMEM and 

ICEstimator 1.2 in Plasmodium falciparum (left) and Plasmodium vivax (right). 

Dotted lines indicate 95 % limits of agreement. Data for artesunate were slightly 

skewed and could bias the estimated mean difference and 95 % limits of agreement.  
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Figure S2. Bland–Altman plots of agreement between NONMEM and 

GraphPad Prism 6.0 in Plasmodium falciparum (left) and Plasmodium vivax 

(right). Dotted lines indicate 95 % limits of agreement. Data for artesunate were 

slightly skewed and could bias the estimated mean difference and 95 % limits of 

agreement. 

  

113 
 



 

Figure S3. Bland–Altman plots of agreement between NONMEM and 

HNNonlin in Plasmodium falciparum (left) and Plasmodium vivax (right). Dotted 

lines indicate 95 % limits of agreement. Data for artesunate were slightly skewed and 

could bias the estimated mean difference and 95 % limits of agreement. 
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Figure S4. Bland–Altman plots of agreement between NONMEM and IVART in 

Plasmodium falciparum (left) and Plasmodium vivax (right). Dotted lines indicate 

95 % limits of agreement. Data for artesunate were slightly skewed and could bias 

the estimated mean difference and 95 % limits of agreement. 
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Figure S5. Bland–Altman plots of agreement between NONMEM and 

WinNonlin in Plasmodium falciparum (left) and Plasmodium vivax (right). 

Dotted lines indicate 95 % limits of agreement. Data for artesunate were slightly 

skewed and could bias the estimated mean difference and 95 % limits of agreement. 
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4.5. Appendices 
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  CHAPTER 5:

Contrasting Ex Vivo Efficacies of “Reversed 

Chloroquine” Compounds in Chloroquine-

Resistant Plasmodium falciparum and P. vivax 

Isolates 

 

5.1. Chapter Overview 

“Reversed Chloroquine” (RCQ) compounds, hybrid molecules combining a CQ-like 

moiety and an imipramine-like pharmacopore, have been developed and 

demonstrated to be efficacious (i.e., reverse CQ resistance) in P. falciparum 

laboratory strains in vitro. In this chapter, ex vivo drug susceptibility of two of these 

RCQ compounds (PL69 and PL106) were tested against multidrug-resistant P. 

falciparum and P. vivax field isolates collected from Papua, Indonesia. The results 

from this study are presented in format of the published peer-reviewed journal article 

in Antimicrobial Agents and Chemotherapy. 

 

5.2. Declaration of Author’s Contribution 

GW, RNP, and JM conceived and designed the experiments. GW, BFS, FC, Pr, and 

IH performed field laboratory experiments and corresponding QC procedures. SJB 

and DHP synthesized the RCQ compounds. RN, EK, and JRP contributed reagents, 
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materials, and analysis tools. GW, IH, and JM analysed the data. GW, RNP, and JM 

wrote the paper. All authors read and approved the final manuscript. 

 

5.3. Journal Article 

 

Contrasting ex vivo efficacy of "reversed chloroquine" compounds in 

chloroquine resistant Plasmodium falciparum and P. vivax isolates 

 

Wirjanata G, Sebayang BF, Chalfein F, Prayoga, Handayuni I, Noviyanti R, 

Kenangalem E, Poespoprodjo JR, Burgess SJ, Peyton DH, Price RN, Marfurt J. 

 

Antimicrob Agents Chemother. 2015 Jul 6. pii: AAC.01048-15. [Epub ahead of 

print] 

 

Tables 1, 2, 3, and 4 in this journal article are Tables 5-1, 5-2, 5-3, and 5-4 in the 

List of Tables. 

Figure 1 in this journal article is Figure 5-1 in the List of Figures. 
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  CHAPTER 6:

Potential to Reverse Chloroquine Resistance in 

P. falciparum and P. vivax Field Isolates 

 

6.1. Chapter Overview 

The potential to reverse CQ resistance ex vivo of several chemosensitizers, including 

verapamil (VP), mibefradil (MF), L703,606 (L7), and primaquine (PQ) was 

investigated in CQ sensitive and CQ resistant P. falciparum and P. vivax field 

isolates collected from Papua, Indonesia. At the time of thesis submission, the 

content of this chapter has been submitted for publication to the journal 

Antimicrobial Agents and Chemotherapy and is currently under peer review. 

 

6.2. Declaration of Author’s Contribution 

GW, RNP, and JM conceived and designed the experiments. GW, IH, PP, LL, DA, 

RW, and BG performed field laboratory experiments and corresponding QC 

procedures. EK, JRP, RN, DEK, and QC contributed reagents, materials, and 

analysis tools. GW, IH, and JM analysed the data. GW, RNP, and JM wrote the 

paper. All authors read and approved the final manuscript. 
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Plasmodium falciparum and P. vivax demonstrate contrasting chloroquine resistance 

reversal phenotypes 
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Tables 1, 2, and 3 in this manuscript are Tables 6-1, 6-2, and 6-3 in the List of 

Tables. 

Figures 1 and 2 in this manuscript are Figures 6-1 and 6-2 in the List of Figures. 
 

6.3.1. Abstract 

High-grade chloroquine (CQ) resistance has emerged in both P. falciparum and P. 

vivax. The aim of the present study was to investigate phenotypic differences of CQ 

resistance in both of these species and the ability of known CQ resistance reversal 

agents (CQRRAs) to alter CQ susceptibility. 

Between April 2015 and April 2016, the potential of verapamil (VP), mibefradil 

(MF), L703,606 (L7), and primaquine (PQ) to reverse CQ resistance was assessed in 

46 P. falciparum and 34 P. vivax clinical isolates in Papua, Indonesia, where CQ 

resistance is present in both species, using a modified schizont maturation assay. 

In P. falciparum, CQ IC50s were reduced when CQ was combined with VP (1.4-

fold), MF (1.2-fold), L7 (4.2 fold), or PQ (1.8 fold). The degree of CQ resistance 

reversal in P. falciparum was highly correlated with CQ susceptibility for all 

CQRRAs: VP (R2=0.951), (R2=0.852), L7 (R2=0.962), and PQ (R2=0.901), in line 

with observations in P. falciparum laboratory strains. In contrast, no reduction in CQ 

IC50s was observed with any of the CQRRAs in P. vivax, even in those isolates with 

high chloroquine IC50s. 

The differential effect of CQRRAs in P. falciparum and P. vivax suggests significant 

differences in CQ kinetics and potentially the likely mechanism of CQ resistance 

between these two species. 
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6.3.2. Introduction 

Malaria remains one of the most important infectious diseases in the world with 214 

million new cases and 438,000 deaths notified in 2015 (1). Chloroquine (CQ) has 

been the mainstay of malaria treatment and prophylaxis since the 1940s. Evidence of 

CQ resistance in P. falciparum infections was first reported from the Thai-

Cambodian border and Colombia within a decade of its deployment and since then, 

CQ resistance has spread worldwide (2). Today, the WHO recommends the use of 

CQ to be restricted to non-falciparum malaria in areas with CQ susceptible infections 

and for the prevention of P. vivax and P. ovale relapses in pregnant and breastfeeding 

women (3). CQ is still recommended for the treatment of P. vivax malaria in many 

areas, but its efficacy is threatened by the emergence and spread of CQ resistant 

(CQR) P. vivax with severe public health consequences (4). 

Mutations in the pfcrt gene encoding the PfCRT (Plasmodium falciparum 

chloroquine resistance transporter) protein are a major molecular determinant of CQ 

resistance in P. falciparum (5). It is hypothesized that mutant PfCRT is capable of 

transporting CQ away from its haeme target in the digestive vacuole (DV), thus 

reducing CQ accumulation in CQR parasites. The debate as to whether mutant 

PfCRT acts as a saturable carrier, or a voltage-gated channel (reviewed in (6)), is 

ongoing. Whereas CQ resistance in P. falciparum has been well studied, little is 

known about its mechanisms in P. vivax. Candidate markers such as pvcrt-o and 

pvmdr1 have been investigated; however, reports about the association between these 

molecular determinants and in vitro and in vivo CQR phenotypes are conflicting (7-

10). 

A number of CQ resistance reversal agents (CQRRA), also known as 

chemosensitizers, have been identified in P. falciparum in vitro. The term ‘reversal 
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agent’ refers to compounds that restore the activity of another drug, without having 

intrinsic activity against the organism (11). The majority of CQRRAs are licensed for 

other medical conditions, including the calcium channel blocker verapamil (12, 13), 

antihistamines chlorpheniramine and cyproheptadine (14-17), antidepressants 

(desipramine (18, 19)), and neuroleptic compounds (chlorpromazine (20)). Although 

the mechanisms by which CQRRAs reverse CQ resistance is not fully understood, 

recent in-depth kinetic studies suggest that verapamil (VP) interacts with multiple 

binding sites of mutant PfCRT and inhibits PfCRT-mediated CQ transport (21). In 

addition, the amino acid replacement from lysine to threonine at position 76 of pfcrt 

(K76T) appears to be critical in determining the presence or absence of CQ 

resistance reversibility by VP, whereas upstream mutations at positions 72-75 

influence the degree of reversibility (22, 23). Furthermore, reduced reversal activity 

in the presence of plasma proteins has been reported for desipramine (24) and VP 

(25). Primaquine (PQ), an 8-aminoquinoline drug currently used to prevent P. vivax 

relapses and the radical clearance of gametocytes in falciparum malaria, is the only 

agent with demonstrable potential to reverse CQ resistance at clinically relevant 

concentrations (26, 27). More recently, the antidiarrheal agent loperamide, the 

calcium channel blocker mibefradil (MF), and the neurokinin 1 (NK1) receptor 

antagonist L703,606 (L7) have been shown to possess even greater potency to 

reverse CQ resistance in P. falciparum compared to VP (28). 

Assessment of CQ resistance reversal activity has generally been conducted using P. 

falciparum laboratory strains or field isolates with well-defined CQ susceptibility 

phenotypes. This approach is more challenging for P. vivax, since it cannot as yet be 

sustained in continuous ex vivo culture. Hence, the investigation of reversal activity 
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in P. vivax is restricted to the assessment of field isolates, with a single publication 

reporting a lack of VP reversal activity in a small number of isolates (10). 

The current study aimed to investigate the mechanistic differences of CQ resistance 

conferring determinants in the two species, with a comparative assessment of the 

activity of VP, MF, L7, and PQ to reverse CQ resistance in clinical P. falciparum 

and P. vivax field isolates. 

 

6.3.3. Materials and Methods 

Study area and field sample collection. The study was conducted in Timika, Papua 

Province, Indonesia, between April and December 2015. Patients presenting to the 

Rumah Sakit Mitra Masyarakat (RSMM) Hospital were enrolled into the study if 

they were diagnosed with a microscopically confirmed P. falciparum or P. vivax 

mono-species infection with a parasitaemia between 2,000 and 80,000 parasites/µL. 

Plasmodium spp. isolates were processed only if at least 60% of asexual forms were 

at ring stage. Patients were excluded if they had been treated with CQ in the last 30 

days or any other antimalarial treatments in the last 2 weeks, or had a hemoglobin 

concentration below 5g/dL. After written informed consent was obtained, 5 mL of 

venous blood was collected and processed immediately. Host white blood cells were 

removed using commercially available Plasmodipur® filters (Europroxima B.V., 

Arnhem, The Netherlands) according to the manufacturer's instructions and the 

packed infected red blood cells (iRBC) were used for the ex vivo drug susceptibility 

assays. 

 

Evaluation of intrinsic antimalarial activities of CQ resistance reversal agents 

(CQRRAs). Verapamil hydrochloride (VP; Sigma-Aldrich, Australia), mibefradil 
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hydrochloride (MF; Tocris Bioscience, UK), L703,606 (L7; Sigma-Aldrich, 

Australia), and primaquine (PQ; WWARN QA/QC Reference Material Programme 

(43)) were selected as CQRRAs in this study. The intrinsic antimalarial activities of 

the recently reported MF and L7 had hitherto only been tested in the CQR strain K1 

(28). Therefore, prior to the experiments in field isolates, the intrinsic antimalarial 

properties of these reversal agents, in addition to VP and PQ, were assessed in CQR 

(K1 and W2) and CQS (3D7 and FC27) P. falciparum lab strains (BEI Resources, 

ATCC Manassas, Virginia, USA). 

 

Drug compounds and drug plate preparation. Each drug plate (96 wells) 

contained 11 serial concentrations (2-fold dilutions) in duplicate. Pre-dosed drug 

plates were made by adding 25 µL of drug dilutions to each well, followed by 

lyophilization and storage at 4°C. The maximum concentrations of CQ (provided by 

the WWARN QA/QC Reference Material Programme (43)) was 2,993 nM. In order 

to minimize the intrinsic antimalarial activities of the CQRRAs, but retain their 

reversal activities, the concentrations of CQRRAs in experiments with multiple lab 

strains and P. falciparum and P. vivax field isolates were set as follows: For VP, the 

concentration added to each serial CQ dilution was derived from previous 

experiments performed by Martin et al (13) and Martiney et al. (i.e., 1,000 nM) (44), 

and for PQ, it was derived from previous findings by Bray and colleagues (i.e., 500 

nM) (26). Fixed concentrations of MF (0.355 µM) and L7 (1.5 µM) added to each 

serial CQ dilution were based on the lowest IC50s observed across the multiple 

parasite strains tested (Table 2). 

Ex vivo drug susceptibility assay. Drug susceptibilities of Plasmodium isolates 

were measured using a modified schizont maturation assay as described previously 

136 
 



(40, 45). Drug susceptibility profiles were presented as inhibition of parasite growth 

from ring to schizont stage. Two hundred microliters of a 2% hematocrit blood 

medium mixture (BMM), consisting of RPMI 1640 medium supplemented with 10% 

human serum (P. falciparum) or McCoy’s 5A medium supplemented with 20% 

human serum (P. vivax), were added to each well of the pre-dosed 96-well drug 

plates. The parasites were cultured in a candle jar at 37.0°C for 35-50 hours. 

Incubation was stopped when more than 40% of ring-stage parasites had reached the 

mature schizont stage in the drug-free control well. The plates were harvested by 

preparing thick blood films from each well of the plates. Thick blood films were 

stained with 5% Giemsa solution for 25 minutes and examined microscopically. 

Differential counts of 200 asexual parasites in the test slides were classified into ring, 

trophozoite, and mature schizont stages. To reduce parasite classification error and 

standardized parasite identification between readers, only schizonts with at least 5 or 

more well-defined chromatin dots were classified as mature schizonts at harvest. 

Free merozoites and gametocytes were not included in the count. To determine the 

effect of each antimalarial drug, the schizont count at each drug concentration was 

normalized with that of the corresponding drug-free control well. 

 

Data analysis. Drug response data were analyzed using the In Vitro Analysis and 

Reporting Tool (IVART), a free and automated online platform to produce IC50 

estimates by applying non-linear regression analysis (46). Final data analysis was 

performed using STATA (version 14.1; Stata Corp., College Station, TX) and 

GraphPad Prism 6 (GraphPad Software, Inc.). The Wilcoxon signed-rank test, 

polynomial regression analysis, and Spearman rank correlation were used for 

nonparametric comparisons. The inflection point was determined from the point 
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where the second derivative of each CQRRA polynomial regression equation 

equaled zero (f’’(x) = 0). 

 

Ethical approval. Ethical approval for this project was obtained from the Human 

Research Ethics Committee of the NT Department of Health & Families and 

Menzies School of Health Research, Darwin, Australia (HREC 2010-1396) and the 

Eijkman Institute Research Ethics Commission, Jakarta, Indonesia (EIREC 47 and 

EIREC 67). 

 

6.3.4. Results 

Susceptibility to CQ and CQ resistance reversal agents (CQRRAs). A total of 80 

clinical isolates from patients with single-species infections (46 P. falciparum and 34 

P. vivax) were assessed between April 2015 and April 2016. CQ alone and in 

combination with VP (CQV), MF (CQM), and L7 (CQL) were assessed in all 

isolates; but the assessment of the combination of CQ plus PQ (CQPQ) was 

restricted to 26 P. falciparum and 20 P. vivax isolates. CQV data of 14 P. falciparum 

and 5 P. vivax isolates were excluded from analysis as the CQ+VP combination in 

one of the drug plate batches failed to pass the internal drug plate quality control 

(QC). Adequate growth for harvest (defined as ≥40% schizonts after ≥35 hours of 

incubation) was achieved in 80% (37/46) of P. falciparum and 59% (20/34) of P. 

vivax isolates. The baseline characteristics of the isolates processed are presented in 

Table 1. 
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The IC50s of each CQRRA against CQR (K1 and W2) and CQS (FC27 and 3D7) P. 

falciparum laboratory strains resulted in similar intrinsic activities, as well as 

reversal properties as those observed in previous studies (Table 2). All CQRRAs 

tested possessed weak (micromolar range) intrinsic antimalarial properties across 

different parasite strains, with median VP IC50s between 6.5-28.5 µM, MF IC50s 

between 1.5-8.9 µM, L7 IC50s between 5.4-12.8 µM, and PQ IC50s between 9.6 µM 

and 14.4 µM. The IC50s for these P. falciparum laboratory strains treated with 

CQ+CQRRAs are presented in Table 2. VP, MF, and L7 showed potent reversal 

activity against the CQ resistant (CQR) isolates K1 and W2, reducing the median CQ 

IC50s by approximately 5.6 to 12-fold, 6.3 to 7.6-fold, and 5.1to 22.7-fold, 

respectively. In contrast, PQ showed only a modest CQ IC50 reduction in K1 and W2 

(i.e., 1.6 and 1.5-fold CQ IC50 reduction, respectively). CQ IC50s in the CQ sensitive 

(CQS) strains FC27 and 3D7 were not affected by the addition of all CQRRAs 

tested. 
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The CQ and CQ+CQRRA IC50s and IC90s of P. falciparum and P. vivax field isolates 

are presented in Table 3 and Figure 1. The median IC50 of CQ in 37 P. falciparum 

isolates was 93.5 nM (Range: 14.4–427.7), and the median IC90 was 154.4 nM 

(Range: 17.9–747.2), with 14 isolates (54%) having an IC90 greater than 150 nM. 

The ex vivo susceptibility of P. falciparum to all of the CQRRA combinations was 

significantly lower than that to CQ alone: 22.5 nM to 77.4 nM for IC50 and 53.2 to 

135.9 nM for IC90 (all p≤0.006). 

In the 20 P. vivax isolates, the median ex vivo CQ susceptibility was 51.2 nM (Range 

7.0–118.0) for the IC50 and 84.1 nM (Range: 56.3–254.2) for the IC90, both 

significantly lower than the respective values for the 37 P. falciparum isolates 

(p=0.005 and p=0.009, respectively), with six isolates (30%) having an IC90 greater 

than 150 nM. In contrast to the effect of CQRRAs in P. falciparum, there was no 

significant difference in the IC50s observed in P. vivax isolates with compounds L7 

and PQ and a small increase in the median IC50 with VP and MF (85.2 nM, p=0.026 

and 72.6 nM, p=0.033, respectively; Table 3). 
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Association between the degree of reversal activity and CQ susceptibility. 

Overall, the CQ IC50 for the P. falciparum isolates was correlated with the ΔIC50, 

compared to CQV (R2=0.948), CQM (R2=0.842), CQL (R2=0.958) and CQPQ 

(R2=0.900; p<0.001 for all). The data were best fitted to a 3rd order polynomial 

regression model with inflection points at a CQ IC50 of 44 nM for CQV and CQM, 

42 nM for CQL, and 67 nM for CQPQ. In contrast, there was no correlation between 

CQ IC50 for the P. vivax isolates and the ΔIC50 for any of the tested CQRRAs; this 

was also apparent in the 10 (50%) isolates with CQ IC50s above the inflection points 

(42-67 nM) observed in P. falciparum (Figure 2). 
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Figure 2. Polynomial regression analysis between ΔIC50 (=CQ IC50 minus 

CQ+CQRRA IC50) and CQ IC50. Data were analyzed using a third order 

polynomial regression model. The vertical dotted lines denote the inflection point of 

CQ IC50 in P. falciparum and the corresponding concentration in P. vivax. In P. 

vivax, the data failed to fit any order polynomial regression model. R-squared values 

represent the coefficient of determination. 
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6.3.5. Discussion 

Our comparative study confirms the ability of four known CQRRAs to reverse CQ 

resistance in P. falciparum laboratory strains and this was also apparent in the CQR 

P. falciparum clinical isolates (Figure 1). The reduction in CQ susceptibility with 

MF and VP was more modest in the clinical isolates (1.2 and 1.4-fold, respectively) 

compared to the laboratory strains (10 and -old, respectively). Whereas PQ showed 

similar reversal activity in both laboratory strains and clinical isolates (~1.5-fold), L7 

had the most potent reversal activity in clinical isolates (almost 4-fold). In contrast, 

none of these CQRRAs significantly increased CQ susceptibility in the P. vivax 

isolates under similar experimental conditions. 

In P. falciparum, the reversal of CQ resistance is associated with increased 

accumulation of CQ in the parasite’s digestive vacuole (DV) and a reduction of CQ 

IC50s, and this is most apparent in CQR strains (13, 29). The potency of CQRRAs in 

reversing CQ resistance is influenced by the genetic background of the parasites, 

with pfCRT variants playing a critical role (23, 30). Although pfCRT has been 

identified as a key determinant of CQ resistance and a target for chemosensitizers, 

both mechanisms are likely to be modulated by other factors, including variability at 

other genetic loci (31, 32). This may, in part, explain the observed differences in the 

degree of potential to reverse CQ resistance between the laboratory strains and 

clinical isolates. Furthermore, whereas laboratory strains represent CQ susceptibility 

phenotypes at the extreme ends of the spectrum, the clinical isolates were much more 

diverse with a range of IC50 values. Clinical isolates can represent a complex mixture 

of parasites with up to 10 parasite clones per infection (33, 34). Our clinical isolates 

were specifically selected for ex vivo phenotyping and all came from patients with 

moderate to high parasitaemia and a majority of the parasites at ring stage. 
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Approximately 20% of P. falciparum and 35% of P. vivax infections were polyclonal 

(unpublished data) and these isolates are more likely to contain a mixture of CQR 

and CQS parasite clones compared to mono-clonal isolates or laboratory strains. This 

may have accounted for the greater variability in the potential to reverse CQ 

resistance that we observed in this field study. 

The relationship between CQ susceptibility and the potential of verapamil, 

mibefradil, L703,606, and primaquine to reverse CQ resistance was explored using 

polynomial regression. Whereas the degree of CQ resistance reversibility was a 

function of CQ susceptibility in P. falciparum, there was no apparent relationship 

between the potential to reverse CQ resistance and baseline CQ susceptibility 

observed in P. vivax, even in isolates with IC50s greater than the inflection point 

observed in P. falciparum. 

Clinical studies have demonstrated a high degree of CQ resistance in Papua 

Indonesia and Papua New Guinea (35, 36). In a study in Timika conducted in 2005, 

65% of patients had a recrudescent infection within 28 days of treatment with 

chloroquine monotherapy; with early failure in 15% of patients (37). In view of this 

high level of CQ resistance, antimalarial treatment policy was changed to DHA-

piperaquine in 2006 and it has not been ethical to repeat a clinical trial of CQ therapy 

since this time. Thus, continued surveillance for chloroquine resistance has relied on 

monitoring ex vivo drug susceptibility in clinical isolates. The definition of ex vivo 

CQ resistance using a universal threshold for the IC50 has significant limitations, 

particularly when comparing different drug susceptibility assays such as 

[3H]hypoxanthine incorporation and schizont maturation assays. We have shown 

previously that the ex vivo CQ susceptibility in Papua (where there is known high-

grade in vivo CQR P. vivax) and Thailand (where CQ is clinically effective against 
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P. vivax), using the same assay methodology, differed accordingly, with the Papuan 

isolates having significantly higher IC50s than those in Thailand (38). 

Our ongoing ex vivo surveillance of CQ susceptibility suggests that whilst IC50s have 

fallen slightly, and are indeed lower than that documented for P. falciparum (Table 

3), a significant proportion of the P. vivax clinical isolates remain CQ resistant. 

Clinical and pharmacology studies suggest that growth of parasites in whole blood 

concentrations greater than 100 ng/mL is indicative of CQ resistance (39). Assuming 

that a minimum inhibitory concentration (MIC) corresponds to an ex vivo IC90 of 

approximately 150 nM, then at least 6 of the 20 (30%) P. vivax isolates assessed in 

the current study would be categorized as highly CQ resistant. There was no 

significant difference in either the IC50 or IC90 in these isolates when any of the 

CQRRAs were added to CQ ex vivo. 

The mechanisms of CQ action and resistance in P. vivax and hence, the potential to 

reverse CQ resistance in this species, remains unknown. Sà et al. have demonstrated 

that the 3D7 P. falciparum strain transformed with the pfcrt orthologue pvcrt-o 

showed 2.2-fold increased CQ IC50s and this effect could be reversed with VP (9). 

More recently, two ‘reversed chloroquine’ (RCQ) compounds (PL69 and PL106) 

were assessed against P. falciparum and P. vivax isolates collected from the same 

area as the current study and showed different susceptibility profiles between species 

(40). Whereas the IC50s of both compounds were significantly lower than CQ alone 

in P. falciparum, only PL69 showed some, albeit weak reversal activity in P. vivax, 

suggesting that the imipramine-like moiety of PL69 may have an effect on CQ 

activity in P. vivax. Further investigations on CQ kinetics will be needed to elucidate 

how P. vivax evades CQ toxicity. 
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In conclusion, all CQRRAs tested in this study demonstrated reversal activity in 

CQR P. falciparum isolates, with the recently identified pharmacophore L703,606 

being the most potent. There was no corresponding reduction in chloroquine 

susceptibility in P. vivax. The results of the study suggest differences in CQ kinetics 

between the two Plasmodium species, with the lack of reversal activity in P. vivax 

supporting a growing body of work suggesting that the molecular determinants of 

CQ resistance in these two species may be different (41, 42). 

 

150 
 



6.3.6. References 

1. World Health Organization. 2015. World Malaria Report 2015. World 
Health Organization. 

2. Payne D. 1987. Spread of chloroquine resistance in Plasmodium falciparum. 
Parasitol Today 3:241-246. 

3. World Health Organization. 2015. Guidelines for the Treatment of Malaria 
- 3rd Edition. World Health Organization. 

4. Price RN, von Seidlein L, Valecha N, Nosten F, Baird JK, White NJ. 
2014. Global extent of chloroquine-resistant Plasmodium vivax: a systematic 
review and meta-analysis. Lancet Infect Dis 14:982-991. 

5. Fidock DA, Nomura T, Talley AK, Cooper RA, Dzekunov SM, Ferdig 
MT, Ursos LM, Sidhu AB, Naude B, Deitsch KW, Su XZ, Wootton JC, 
Roepe PD, Wellems TE. 2000. Mutations in the P. falciparum digestive 
vacuole transmembrane protein PfCRT and evidence for their role in 
chloroquine resistance. Mol Cell 6:861-871. 

6. Ecker A, Lehane AM, Clain J, Fidock DA. 2012. PfCRT and its role in 
antimalarial drug resistance. Trends Parasitol 28:504-514. 

7. Baro NK, Pooput C, Roepe PD. 2011. Analysis of chloroquine resistance 
transporter (CRT) isoforms and orthologues in S. cerevisiae yeast. 
Biochemistry 50:6701-6710. 

8. Orjuela-Sanchez P, de Santana Filho FS, hado-Lima A, Chehuan YF, 
Costa MR, Alecrim MG, del Portillo HA. 2009. Analysis of single-
nucleotide polymorphisms in the crt-o and mdr1 genes of Plasmodium vivax 
among chloroquine-resistant isolates from the Brazilian Amazon region. 
Antimicrob.Agents Chemother. 53:3561-3564. 

9. Sa JM, Yamamoto MM, Fernandez-Becerra C, de Azevedo MF, 
Papakrivos J, Naude B, Wellems TE, Del Portillo HA. 2006. Expression 
and function of pvcrt-o, a Plasmodium vivax ortholog of pfcrt, in Plasmodium 
falciparum and Dictyostelium discoideum. Mol Biochem Parasitol 150:219-
228. 

10. Suwanarusk R, Russell B, Chavchich M, Chalfein F, Kenangalem E, 
Kosaisavee V, Prasetyorini B, Piera KA, Barends M, Brockman A, Lek-
Uthai U, Anstey NM, Tjitra E, Nosten F, Cheng Q, Price RN. 2007. 
Chloroquine resistant Plasmodium vivax: in vitro characterisation and 
association with molecular polymorphisms. PLoS.ONE. 2:e1089. 

11. Egan TJ, Kaschula CH. 2007. Strategies to reverse drug resistance in 
malaria. Current opinion in infectious diseases 20:598-604. 

151 
 



12. van Schalkwyk DA, Walden JC, Smith PJ. 2001. Reversal of chloroquine 
resistance in Plasmodium falciparum using combinations of 
chemosensitizers. Antimicrob Agents Chemother 45:3171-3174. 

13. Martin SK, Oduola AM, Milhous WK. 1987. Reversal of chloroquine 
resistance in Plasmodium falciparum by verapamil. Science (New York, 
N.Y.) 235:899-901. 

14. Basco LK, Ringwald P, Le Bras J. 1991. In vivo-in vitro test for 
chloroquine potentiation by cyproheptadine against Plasmodium falciparum. 
Trans R Soc Trop Med Hyg 85:206-207. 

15. Okonkwo CA, Coker HA, Agomo PU, Ogunbanwo JA, Mafe AG, Agomo 
CO, Afolabi BM. 1999. Effect of chlorpheniramine on the pharmacokinetics 
of and response to chloroquine of Nigerian children with falciparum malaria. 
Trans R Soc Trop Med Hyg 93:306-311. 

16. Sowunmi A, Oduola AM, Ogundahunsi OA, Falade CO, Gbotosho GO, 
Salako LA. 1997. Enhanced efficacy of chloroquine-chlorpheniramine 
combination in acute uncomplicated falciparum malaria in children. Trans R 
Soc Trop Med Hyg 91:63-67. 

17. Basco LK, Le Bras J. 1994. In vitro reversal of chloroquine resistance with 
chlorpheniramine against African isolates of Plasmodium falciparum. Jpn J 
Med Sci Biol 47:59-63. 

18. Bitonti AJ, Sjoerdsma A, McCann PP, Kyle DE, Oduola AM, Rossan 
RN, Milhous WK, Davidson DE, Jr. 1988. Reversal of chloroquine 
resistance in malaria parasite Plasmodium falciparum by desipramine. 
Science (New York, N.Y.) 242:1301-1303. 

19. Basco LK, Le Bras J. 1990. Reversal of chloroquine resistance with 
desipramine in isolates of Plasmodium falciparum from Central and West 
Africa. Trans R Soc Trop Med Hyg 84:479-481. 

20. Basco LK, Le Bras J. 1992. In vitro activities of chloroquine in combination 
with chlorpromazine or prochlorperazine against isolates of Plasmodium 
falciparum. Antimicrob Agents Chemother 36:209-213. 

21. Bellanca S, Summers RL, Meyrath M, Dave A, Nash MN, Dittmer M, 
Sanchez CP, Stein WD, Martin RE, Lanzer M. 2014. Multiple drugs 
compete for transport via the Plasmodium falciparum chloroquine resistance 
transporter at distinct but interdependent sites. J Biol Chem 289:36336-
36351. 

22. Lakshmanan V, Bray PG, Verdier-Pinard D, Johnson DJ, Horrocks P, 
Muhle RA, Alakpa GE, Hughes RH, Ward SA, Krogstad DJ, Sidhu AB, 
Fidock DA. 2005. A critical role for PfCRT K76T in Plasmodium falciparum 
verapamil-reversible chloroquine resistance. Embo J 24:2294-2305. 

23. Mehlotra RK, Fujioka H, Roepe PD, Janneh O, Ursos LMB, Jacobs-
Lorena V, McNamara DT, Bockarie MJ, Kazura JW, Kyle DE, Fidock 

152 
 



DA, Zimmerman PA. 2001. Evolution of a unique Plasmodium falciparum 
chloroquine-resistance phenotype in association with pfcrt polymorphism in 
Papua New Guinea and South America. Proc Natl Acad Sci U S A 98:12689-
12694. 

24. Boulter MK, Bray PG, Howells RE, Ward SA. 1993. The potential of 
desipramine to reverse chloroquine resistance of Plasmodium falciparum is 
reduced by its binding to plasma protein. Trans R Soc Trop Med Hyg 87:303. 

25. Gbotosho GO, Ogundahunsi OA, Happi CT, Kyle DE, Gerena L, 
Milhous WK, Sowunmi A, Oduola AM, Salako LA. 2006. The effects of 
alpha1-acid glycoprotein on the reversal of chloroquine resistance in 
Plasmodium falciparum. Ann Trop Med Parasitol 100:571-578. 

26. Bray PG, Deed S, Fox E, Kalkanidis M, Mungthin M, Deady LW, Tilley 
L. 2005. Primaquine synergises the activity of chloroquine against 
chloroquine-resistant P. falciparum. Biochem Pharmacol 70:1158-1166. 

27. Lehane AM, Kirk K. 2010. Efflux of a range of antimalarial drugs and 
'chloroquine resistance reversers' from the digestive vacuole in malaria 
parasites with mutant PfCRT. Mol Microbiol 77:1039-1051. 

28. Ch'ng JH, Mok S, Bozdech Z, Lear MJ, Boudhar A, Russell B, Nosten F, 
Tan KS. 2013. A whole cell pathway screen reveals seven novel 
chemosensitizers to combat chloroquine resistant malaria. Sci Rep 3:1734. 

29. Krogstad DJ, Gluzman IY, Kyle DE, Oduola A, Martin SK, Milhous 
WK, Schlesinger PH. 1987. Efflux of chloroquine from Plasmodium 
falciparum: mechanism of chloroquine resistance. Science (New York, N.Y.) 
238:1283-1285. 

30. Chen N, Kyle DE, Pasay C, Fowler EV, Baker J, Peters JM, Cheng Q. 
2003. pfcrt Allelic types with two novel amino acid mutations in chloroquine-
resistant Plasmodium falciparum isolates from the Philippines. Antimicrob 
Agents Chemother 47:3500-3505. 

31. Mu J, Ferdig MT, Feng X, Joy DA, Duan J, Furuya T, Subramanian G, 
Aravind L, Cooper RA, Wootton JC, Xiong M, Su XZ. 2003. Multiple 
transporters associated with malaria parasite responses to chloroquine and 
quinine. Mol Microbiol 49:977-989. 

32. Patel JJ, Thacker D, Tan JC, Pleeter P, Checkley L, Gonzales JM, Deng 
B, Roepe PD, Cooper RA, Ferdig MT. 2010. Chloroquine susceptibility and 
reversibility in a Plasmodium falciparum genetic cross. Mol Microbiol 
78:770-787. 

33. Robinson T, Campino SG, Auburn S, Assefa SA, Polley SD, Manske M, 
MacInnis B, Rockett KA, Maslen GL, Sanders M, Quail MA, Chiodini 
PL, Kwiatkowski DP, Clark TG, Sutherland CJ. 2011. Drug-resistant 
genotypes and multi-clonality in Plasmodium falciparum analysed by direct 
genome sequencing from peripheral blood of malaria patients. PloS one 
6:e23204. 

153 
 



34. van Schalkwyk DA, Burrow R, Henriques G, Gadalla NB, Beshir KB, 
Hasford C, Wright SG, Ding XC, Chiodini PL, Sutherland CJ. 2013. 
Culture-adapted Plasmodium falciparum isolates from UK travellers: in vitro 
drug sensitivity, clonality and drug resistance markers. Malar J 12:320. 

35. Karunajeewa HA, Mueller I, Senn M, Lin E, Law I, Gomorrai PS, Oa O, 
Griffin S, Kotab K, Suano P, Tarongka N, Ura A, Lautu D, Page-Sharp 
M, Wong R, Salman S, Siba P, Ilett KF, Davis TM. 2008. A trial of 
combination antimalarial therapies in children from Papua New Guinea. 
N.Engl.J.Med. 359:2545-2557. 

36. Sumawinata IW, Bernadeta, Leksana B, Sutamihardja A, Purnomo, 
Subianto B, Sekartuti, Fryauff DJ, Baird JK. 2003. Very high risk of 
therapeutic failure with chloroquine for uncomplicated Plasmodium 
falciparum and P. vivax malaria in Indonesian Papua. Am.J.Trop.Med.Hyg. 
68:416-420. 

37. Ratcliff A, Siswantoro H, Kenangalem E, Wuwung M, Brockman A, 
Edstein MD, Laihad F, Ebsworth EP, Anstey NM, Tjitra E, Price RN. 
2007. Therapeutic response of multidrug-resistant Plasmodium falciparum 
and P. vivax to chloroquine and sulfadoxine-pyrimethamine in southern 
Papua, Indonesia. Trans.R.Soc.Trop.Med.Hyg. 101:351-359. 

38. Suwanarusk R, Russell B, Chavchich M, Chalfein F, Kenangalem E, 
Kosaisavee V, Prasetyorini B, Piera KA, Barends M, Brockman A. 2007. 
Chloroquine resistant Plasmodium vivax: in vitro characterisation and 
association with molecular polymorphisms. PloS one 2:e1089. 

39. Baird JK, Leksana B, Masbar S, Fryauff DJ, Sutanihardja MA, Suradi, 
Wignall FS, Hoffman SL. 1997. Diagnosis of resistance to chloroquine by 
Plasmodium vivax: timing of recurrence and whole blood chloroquine levels. 
Am.J.Trop.Med.Hyg. 56:621-626. 

40. Wirjanata G, Sebayang BF, Chalfein F, Prayoga, Handayuni I, 
Noviyanti R, Kenangalem E, Poespoprodjo JR, Burgess SJ, Peyton DH, 
Price RN, Marfurt J. 2015. Contrasting Ex Vivo Efficacies of "Reversed 
Chloroquine" Compounds in Chloroquine-Resistant Plasmodium falciparum 
and P. vivax Isolates. Antimicrob Agents Chemother 59:5721-5726. 

41. Nomura T, Carlton JM, Baird JK, del Portillo HA, Fryauff DJ, Rathore 
D, Fidock DA, Su X, Collins WE, McCutchan TF, Wootton JC, Wellems 
TE. 2001. Evidence for different mechanisms of chloroquine resistance in 2 
Plasmodium species that cause human malaria. J.Infect.Dis. 183:1653-1661. 

42. Pearson RD, Amato R, Auburn S, Miotto O, Almagro-Garcia J, 
Amaratunga C, Suon S, Mao S, Noviyanti R, Trimarsanto H, Marfurt J, 
Anstey NM, William T, Boni MF, Dolecek C, Tran HT, White NJ, 
Michon P, Siba P, Tavul L, Harrison G, Barry A, Mueller I, Ferreira 
MU, Karunaweera N, Randrianarivelojosia M, Gao Q, Hubbart C, Hart 
L, Jeffery B, Drury E, Mead D, Kekre M, Campino S, Manske M, 
Cornelius VJ, MacInnis B, Rockett KA, Miles A, Rayner JC, Fairhurst 

154 
 



RM, Nosten F, Price RN, Kwiatkowski DP. 2016. Genomic analysis of 
local variation and recent evolution in Plasmodium vivax. Nature genetics 
48:959-964. 

43. Lourens C, Watkins WM, Barnes KI, Sibley CH, Guerin PJ, White NJ, 
Lindegardh N. 2010. Implementation of a reference standard and proficiency 
testing programme by the World Wide Antimalarial Resistance Network 
(WWARN). Malar J 9:375. 

44. Martiney JA, Cerami A, Slater AF. 1995. Verapamil reversal of 
chloroquine resistance in the malaria parasite Plasmodium falciparum is 
specific for resistant parasites and independent of the weak base effect. J Biol 
Chem 270:22393-22398. 

45. Wirjanata G, Sebayang BF, Chalfein F, Prayoga, Handayuni I, Trianty 
L, Kenangalem E, Noviyanti R, Campo B, Poespoprodjo JR, Mohrle JJ, 
Price RN, Marfurt J. 2015. Potent Ex Vivo Activity of Naphthoquine and 
Methylene Blue against Drug-Resistant Clinical Isolates of Plasmodium 
falciparum and Plasmodium vivax. Antimicrob Agents Chemother 59:6117-
6124. 

46. Woodrow CJ, Dahlström S, Cooksey R, Flegg JA, Le Nagard H, Mentré 
F, Murillo C, Ménard D, Nosten F, Sriprawat K. 2013. High-throughput 
analysis of antimalarial susceptibility data by the WWARN In Vitro Analysis 
and Reporting Tool (IVART). Antimicrob Agents Chemother 57:3121-3130. 

 

  

155 
 



  CHAPTER 7:

Chloroquine Uptake and Efflux Studies in P. 

falciparum and P. vivax Field Isolates 

 

7.1. Chapter Overview 

CQ transport kinetic studies have contributed to a better understanding of the 

mechanisms of CQ action and resistance in P. falciparum. Studies in P. vivax are far 

more challenging, due to an inability to maintain it in continuous in vitro culture, and 

the difficulty of using the conventional radiotracer method in field-based 

laboratories. This chapter presents the development and application of a field-

applicable flow cytometry-based assay to assess CQ uptake and efflux parameters in 

clinical P. falciparum and P. vivax field isolates; it is presented in the format of a 

draft manuscript. 
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7.3.1. Introduction 

The discovery of chloroquine (CQ) more than 80 years ago, paved the way for its 

massive global use [1]. However, resistance arose in P. falciparum, first evidenced 

on the Thai-Cambodian border in the 1950s. By the turn of the millennium, CQ 

resistance had spread throughout the malaria endemic world [2] and could no longer 

be used reliably for the treatment of P. falciparum malaria. Although CQ is still the 

first-line treatment of P. vivax malaria in most countries, reports of CQ resistant 

(CQR) P. vivax cases are increasing [3]. 

CQ resistance in P. falciparum is characterized by decreased accumulation of CQ in 

the DV, where it is known to prevent detoxification of hemozoin, leaving the 

parasites exposed to the lethal effect of their own digestion products [4]. Detailed 

analysis of a genetic cross between the CQ sensitive (CQS) HB3 and the CQR Dd2 

strains successfully mapped the determinants of CQ resistance to a 48-kb 

chromosomal segment which codes for the integral transmembrane protein called 

chloroquine resistance transporter (PfCRT) [5]. PfCRT is hypothesised to mediate 

CQ kinetics with mutations in pfcrt associated with increased efflux of CQ away 

from its heme target in the digestive vacuole (DV). The mechanism of PfCRT-

mediated CQ transport is unclear, and may be a consequence of a saturable carrier 

[6-8], or a mutant protein acting as a voltage-gated channel [9-11]. Little is known 

about both the phenotypic and genotypic characteristics of CQ resistance in P. vivax. 
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The orthologous genes pvcrt-o and pvmdr1 have been investigated previously; 

however, reports about the association between polymorphisms or altered expression 

levels and in vitro and in vivo CQR phenotypes are conflicting [12-17]. In addition, 

reduced CQ sensitivity in trophozoites compared to ring stages has been reported in 

P. vivax, but not P. falciparum [18, 19], highlighting further fundamental differences 

in CQ activity between the two species. 

The majority of CQ uptake and efflux kinetic studies have used radio-labelled CQ 

probes and focussed on the late trophozoite stages of P. falciparum laboratory strains 

[20-23]. More recently, the role of pfcrt allelic variants in mediating CQ transport 

kinetics has been addressed using heterologous expression systems of Xenopus laevis 

[6, 24, 25] and Saccharomyces cerevisiae [26, 27]. Although these studies confirm 

the critical role of PfCRT in CQ transport across the DV's membrane, interpretation 

and comparison of data is challenging because important experimental conditions 

varied substantially between studies. 

Standard radiotracer methods are difficult to undertake in remote field-based 

laboratories; hence, studies on CQ kinetic studies in clinical P. falciparum isolates 

are limited, and have never been performed in P. vivax. The recent development of 

fluorescent CQ probes in P. falciparum laboratory strains provides an opportunity to 

undertake more in-depth field based experiments. The probes 6-(N-(7-nitrobenz-2-

oxa-1, 3-diazol-4-yl)amino) hexanoic acid (NBD)-CQ [10, 28], LynxTag-CQGREEN 

[29], and coumarin-CQ [30], show similar pharmacology and subcellular localization 

as CQ and have been used successfully for cellular CQ transport studies in P. 

falciparum. 

The aim of this study was to develop a field-applicable assay using the fluorescent 

CQ probe NBD-CQ and flow cytometry to quantify CQ uptake and efflux parameters 
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in both ring and trophozoite stages of P. falciparum and P. vivax field isolates, and to 

assess the impact of CQ resistance reversal agents (CQRRA) on CQ uptake and 

efflux in both species. 

 

7.3.2. Materials and Methods 

Study area and field sample collection. The study was conducted in Timika, Papua 

Province, Indonesia, between August 2014 and March 2016. Patients presenting to 

the Rumah Sakit Mitra Masyarakat (RSMM) Hospital were enrolled into the study if 

diagnosed with a microscopically confirmed P. falciparum or P. vivax mono-species 

infection and a parasitaemia between 2,000 and 80,000 parasites/µL. Plasmodium 

spp. isolates were processed only if at least 60% of asexual forms were at ring stage. 

Patients were excluded from the study if they were treated with CQ in the last 30 

days or any other anti-malarials in the previous two weeks, or had hemoglobin levels 

below 5g/dL. After written informed consent was obtained, 5 mL of venous blood 

was collected and processed immediately. Host white blood cell depletion was 

performed using commercially available Plasmodipur® filters (Europroxima B.V., 

Arnhem, The Netherlands) according to the manufacturer's instructions and the 

packed infected red blood cells (iRBC) were used for all ex vivo procedures 

described below. 

 

P. falciparum laboratory strain culture. CQR P. falciparum strains K1 and W2 and 

CQS strains 3D7 and FC27 (BEI Resources, ATCC Manassas, Virginia, USA) were 

maintained using the method of Trager and Jansen [31] in complete malaria culture 

medium (CMCM) consisting of RPMI 1640 (Life Technologies, Victoria, Australia) 

supplemented with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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(HEPES; Life Technologies, Victoria, Australia), 2 mM L-glutamine (Life 

Technologies, Victoria, Australia), 40 mg/L gentamycin (Pfizer, NSW, Australia), 11 

mM glucose (Sigma-Aldrich, NSW, Australia), and 10% O+ human serum. Cultures 

were incubated at 2% hematocrit in a candle jar at 37°C. Synchronization of parasite 

cultures was conducted by D-sorbitol (Sigma-Aldrich, NSW, Australia)-treatment as 

previously described [32]. 

 

Compounds and drug plate preparation. CQ (WWARN QA/QC Reference 

Material Programme [33]) and NBD-CQ ([28], synthesized in-house by Associate 

Professor Roman Manetsch, Northwestern University, US) were prepared as 1 

mg/mL and 10 mg/mL stock solutions, respectively, in dimethyl sulfoxide (DMSO) 

and drug plates were pre-dosed by diluting the compounds in 50% Methanol 

followed by lyophilisation and stored at 4°C. Each drug plate (96 wells) contained 11 

serial 2-fold dilutions in duplicate (maximum concentration shown in brackets) of 

CQ (2,993 nM) and NBD-CQ (2,500 nM). Fixed concentrations of reversal agents 

verapamil hydrochloride (VP, Sigma-Aldrich, NSW, Australia; 1 µM), mibefradil 

hydrochloride (MF, Tocris Bioscience, UK; 0.355 µM), L703.606 (L7, Sigma-

Aldrich, NSW, Australia; 1.5 µM), and primaquine (PQ, WWARN QA/QC 

Reference Material Programme [34]; 0.5 µM) were added to each serial CQ dilution. 

 

Ex vivo drug susceptibility assay. CQ susceptibilities of Plasmodium isolates were 

measured using a modified schizont maturation assay as described previously [35, 

36]. Drug susceptibility profiles were presented as inhibition of parasite growth from 

ring to schizont stage. Two hundred microliters of a 2% hematocrit blood medium 

mixture (BMM), consisting of RPMI 1640 medium supplemented with 10% human 
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serum (P. falciparum) or McCoy’s 5A medium (Life Technologies, VIC, Australia) 

supplemented with 20% human serum (P. vivax), were added to each well of the pre-

dosed 96-well drug plates. The parasites were cultured in a candle jar at 37.0°C for 

35-50 hours. Incubation was stopped when ≥40% of ring-stage parasites had reached 

the mature schizont stage in the drug-free control well. The assays were harvested by 

preparing thick blood films from each well of the plates and quantified by 

microscopy as described in detail elsewhere [34, 35]. 

 

Parasite DNA staining for NBD-CQ uptake and efflux assays. Since NBD-CQ 

has a green fluorescence spectrum (excitationmax/emissionmax=470/550 nm), the 

nucleic acid dye SYTO 62 (Life Technologies, VIC, Australia; 

excitationmax/emissionmax=649/680 nm) was used to identify parasite-infected RBCs. 

One hundred eighty microliters of packed iRBCs containing ring or trophozoite stage 

parasites of P. falciparum (laboratory strains or field isolates) or P. vivax (field 

isolates) were re-suspended in 8,820 µL (final hematocrit: 2%) of RPMI 1640 

medium supplemented with 10% human serum (P. falciparum) or McCoy’s 5A 

medium supplemented with 20% human serum (P. vivax). To this BMM, 1 mL of a 

1:1,000 dilution of SYTO 62 in phosphate saline buffer (PBS, pH 7.4) was added. 

The mixture was incubated for 15 minutes at room temperature in the dark. Excess 

SYTO 62 was removed by centrifugation for one minute at 3,000 rpm and the iRBC 

pellet resuspended in 8,820 µL CMCM and this BMM was used for uptake and 

efflux assays. 

 

Evaluation of flow cytometry assay sensitivity. To test the sensitivity of the flow 

cytometry assay in detecting NBD-CQ, trophozoite stages of K1 and FC27 strains at 
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0.5% parasitaemia were incubated with different NBD-CQ concentrations. The 

BMM containing SYTO 62-stained parasites was transferred into 5 wells of a 96-

well plate at 1 mL per well. With the exception of the SYTO 62 control well (i.e., no 

NBD-CQ added), NBD-CQ was added as follows: 4 µL of NBD-CQ 1 mM (final 

concentration 4 µM), 3 µL of NBD-CQ 1 mM (final concentration: 3 µM), 2 µL of 

NBD-CQ 1 mM (final concentration: 2 µM) and 1 µL of NBD-CQ 1 mM (final 

concentration: 1 µM). The plate was then incubated in a candle jar at 37.0°C. Thirty 

µL of BMM were harvested at 30 minutes, 60 minutes, and 120 minutes after the 

start of incubation, washed once with 300 µL of PBS (i.e., centrifugation at 1,500 

rpm for 1 minute), and resuspended in 300 µL PBS for data acquisition by flow 

cytometry.  

 

Evaluation of NBD-CQ localization by fluorescence microscopy. To determine 

the localization of NBD-CQ, ring and trophozoite stages of the P. falciparum strain 

FC27 and a P. vivax isolate were double-stained with the nucleic acid dye 

hydroethidine (HE) and NBD-CQ. Six microliters of packed iRBCs were re-

suspended in 50 µL of 40 µg/mL HE. The mixture was incubated for 25 minutes at 

37.0°C in the dark. Excess HE was removed by centrifugation for one minute at 

3,000 rpm and washed once with 300 µL of PBS (i.e., centrifugation at 3,000 rpm for 

1 minute). The iRBCs were then re-suspended in 300 µL of CMCM containing 2 µM 

of NBD-CQ and transferred to a 96-well plate. The plate was then incubated in a 

candle jar at 37.0°C for one hour. After incubation, excess NBD-CQ was removed by 

centrifugation for one minute at 3,000 rpm and washed once with 300 µL of PBS 

(i.e., centrifugation at 3,000 rpm for 1 minute). The pellet was then used to prepare 

thin smears for fluorescence microscopy. Fluorescence microscopy was carried out 
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using a Carl-Zeiss AxioScope A1 fluorescence microscope equipped with a 470 nm 

LED module (blue light; for NBD-CQ detection) and 540-580 nm LED module 

(green light; for HE detection). Images were captured by using Axio IcM1 

monochrome camera and further image processing was conducted using the Carl 

Zeiss Zen Blue Edition software. 

 

NBD-CQ uptake assay. The BMM containing SYTO 62-stained parasites was 

transferred into 6 wells of a 48-well plate at 1 mL per well to measure NBD-CQ 

uptake in the absence of CQRRAs and in the presence of VP, MF, L7, and PQ. With 

the exception of the SYTO 62 control well, 2 µL of 1 mM NBD-CQ was added to 

each well (final NBD-CQ concentration: 2 µM). Then, CQRRAs were added to the 

respective wells as follows: 5 µL of 0.1 mg/mL VP (final concentration: 1,000 nM), 

2 µL of 0.1 mg/mL MF (final concentration: 355 nM), 9 µL of 0.1 mg/mL L7 (final 

concentration: 1,500 nM), and 2.3 µL of 0.1 mg/mL PQ (final concentration: 500 

nM). The plate was then incubated in a candle jar at 37.0°C. Thirty µL of BMM were 

harvested at 30-minute intervals during the first 6 hours, washed once with 300 µL of 

PBS (i.e., centrifugation at 1,500 rpm for 1 minute), and resuspended in 300 µL PBS 

for data acquisition by flow cytometry. 

 

NBD-CQ efflux assay. The BMM containing SYTO 62-stained parasites was 

separated into two different wells of a 48-well plate at 1 mL per well (i.e., efflux and 

control). Two µL of 1 mM NBD-CQ was added to the efflux well (final 

concentration: 2 µM) and the plate was incubated in a candle jar and at 37.0°C for 

two hours. In turn, the content of the efflux well was divided into 5 tubes (200 µL 

per tube) and the iRBCs were pelleted by centrifugation at 3,000 rpm for one minute, 
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followed by a wash step with PBS (3,000 rpm for 1 minute), and finally resuspended 

with 200 µL of pre-warmed (37.0°C) CMCM for the control well and the 

measurement of NBD-CQ efflux in the absence of CQRRAs, or CMCM containing 

either 1,000 nM of VP, 355 nM of MF, 1,500 nM of L7, or 500 nM of PQ. The plates 

were immediately incubated in a 37.0°C heat block and 30 µL aliquots were 

collected after 0 (immediately), 5, 10, 15, 30, 45, and 60 minutes of incubation and 

270 µL of PBS added for data acquisition by flow cytometry. 

 

Gating strategy to quantify NBD-CQ uptake and efflux parameters by flow 

cytometry. Samples were analyzed using a dual-laser (blue: 488 nm, 50 mW solid 

state; red: 640 nm, 30 mW diode) 3/1 emission detection configuration BD Accuri 

C6TM cytometer system equipped with a high-throughput 96-well sampler (BD 

Accuri CSamplerTM). The blue laser was used for the detection of NBD-CQ (FL1: 

530 + 15 nm) and the red laser was used for the detection of infected erythrocytes 

stained with SYTO 62 (FL4: 675 + 25 nm). The gating strategy is depicted in Figure 

1. First, cells were gated according to their FSC-H/SSC-H profile to exclude debris 

from the red blood cell (RBC) population. Secondly, iRBCs were gated based on 

their FL4-H fluorescence in the SSC-H/FL4-H plot. Finally, the gated iRBCs were 

analyzed in the SSC-H/FL1-H plot to quantify NBD-CQ fluorescence of the gated 

iRBCs. Automated data analysis using 50,000 acquired events per time point was 

conducted using the BD Accuri CFlow SamplerTM software. 
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Figure 1. Gating strategy for NBD-CQ fluorescence. Red blood cells (RBC) were 
identified and gated based on the forward/side scatter (FSC-H/SSC-H) dot plot in 
gate ‘RBC’. Infected red blood cells (iRBC) were then identified in the gate ‘iRBC’ 
based on the fluorescence intensity of SYTO 62-H (FL4-H). The fluorescence of the 
iRBC gate was then measured in the NBD-CQ-H (FL1-H) channel. The histogram on 
the far right depicts fluorescence signals in cells with (green) or without (red) NBD-
CQ. 

 

Kinetic modelling of raw uptake and efflux data. The raw uptake and efflux 

fluorescence data were first normalized with initial parasitaemia and modelled with 

GraphPad Prism 6 (GraphPad Software, Inc.). Uptake data fitted best to the 

Michaelis-Menten model (Figure 2A), commonly used for enzyme kinetics: Y = 

Vmax*X/ (Km + X), where Y represents the RFUs for NBD-CQ, X the time points, 

Vmax the maximum accumulation of NBD-CQ, and Km the time needed to reach 

Vmax/2. For consistency, in subsequent sections, Vmax/2 (i.e., the amount of NBD-CQ 

accumulated, expressed in RFU) and (Vmax/2)/Km (i.e., NBD-CQ accumulation rate, 

expressed in RFU/hour) were used as uptake parameters. Efflux data, expressed as 

percentage of NBD-CQ retained compared to saturation at the start of the assay 

(Figure 2B), fitted best to the exponential one-phase decay model: Y = (Y0 - 

Plateau)*exp(-K*X) + Plateau, where Y represents the proportion of NBD-CQ in the 

parasites, X the time points, Y0 the initial proportion of NBD-CQ in the parasites at 

the start of the efflux assay (=100%), plateau the Y value at infinite times, and K the 
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initial rate constant. In subsequent sections, the proportion of NBD-CQ lost during 

efflux (i.e., Y0-Plateau in the above equation) and the rate constant K were used as 

main efflux parameters.  

 

 

Figure 2. Kinetic modelling and determination of NBD-CQ uptake (A) and 
efflux (B) parameters. Uptake data were fitted using the Michaelis-Menten 
equation, where the Vmax represents the maximum accumulation of NBD-CQ 
(expressed in relative fluorescence unit (RFU)) and Km represents the time needed to 
reach half of Vmax (Vmax/2). Efflux data were fitted using an exponential phase decay 
model, where K represents initial efflux rate, Y0 the initial proportion of NBD-CQ, 
and plateau the amount of NBD-CQ retained at infinite times. The amount of NBD-
CQ lost during the efflux phase calculated by subtracting Y0 from the plateau. 
 

Statistical analysis. Raw drug response data were analysed using the In Vitro 

Analysis and Reporting Tool (IVART), a free and automated online platform to 

produce IC50 estimates by applying non-linear regression analysis [36]. Final data 

analysis of drug susceptibility, uptake and efflux data derived from dynamic and 

kinetic modelling was performed using STATA (version 14.1; Stata Corp., College 

Station, TX) and GraphPad Prism 6 (GraphPad Software, Inc.). Paired t-test was 

used for paired comparisons in P. falciparum laboratory strains. Susceptibility to CQ 

and CQ+CQRRAs was assessed by paired Wilcoxon signed-rank test. Correlation 

between uptake and efflux parameters, the degree of reversal, and log of CQ IC50s 

was assessed by Pearson’s correlation test. Mann-Whitney U test was used for 

interspecies comparisons. 
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Ethics. Ethical approval for this project was obtained from the Human Research 

Ethics Committee of the NT Department of Health & Families and Menzies School 

of Health Research, Darwin, Australia (HREC 2010-1396) and the Eijkman Institute 

Research Ethics Commission, Jakarta, Indonesia (EIREC 47 and EIREC 67). 

 

7.3.3. Results 

Anti-malarial activity of NBD-CQ 

To test the anti-malarial activity of NBD-CQ, ex vivo drug susceptibility was tested 

in three independent experiments in CQR and CQS P. falciparum laboratory trains 

(Table 1). The median IC50s for NBD-CQ in CQR strains (97.6 nM and 162.8 nM 

against K1 and W2, respectively) were in a similar range as unlabelled CQ (138.9 

and 174.6 nM, respectively). In CQS strains, the median IC50s of NBD-CQ were 

higher (43 nM for both FC27 and 3D7) than the CQ IC50s (9.3 nM and 6.7 nM, 

respectively). 

 

Table 1. Ex vivo drug susceptibility of P. falciparum laboratory strains to 
chloroquine (CQ) and NBD-CQ 

Strain 
PfCRT 72-76 

isoforms 

Median IC50 (nM, range) 

CQ NBD-CQ 

K1 (CQRa) CVIET 138.9 (116.9-150.2) 97.6 (82.4-111.8) 

W2 (CQRa) CVIET 174.6 (173.6-181.0) 162.8 (148.9-183.3) 

FC27 (CQSb) CVMNK 9.3 (8.5-10.8) 43.2 (33.4-44.3) 

3D7 (CQSb) CVMNK 6.7 (6.6-7.8) 43.3 (38.8-43.4) 
a Chloroquine-sensitive laboratory strains 
b Chloroquine-resistant laboratory strains 
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Optimization of the flow cytometry-based method for measuring NBD-CQ 

uptake and efflux parameters in P. falciparum laboratory strains 

To test the limit of NBD-CQ detection by the flow cytometry-based assay and 

determine the optimal NBD-CQ concentration for subsequent experiments, K1 and 

FC27 strains were treated with NBD-CQ at concentrations ranging from 1 to 4 µM 

and incubated for 2 hours (Figure S1). 

At concentrations of >2 µM, 100% of the infected red blood cells (iRBC) 

accumulated NBD-CQ after 2 hours incubation. However, at 1 µM, NBD-CQ 

plateaued at 48% and 60% of total iRBC populations of the K1 and FC27 strains, 

respectively. Based on these observations, the NBD-CQ concentration was set to 2 

µM for all subsequent experiments. 

 

Localization of NBD-CQ in P. falciparum and P. vivax 

To determine the localization pattern of NBD-CQ, ring and trophozoite stage 

parasites were stained with the fluorescent nucleic acid dye HE and NBD-CQ 

(Figure 3). The nucleus (stained with HE; red colour) can be clearly distinguished 

from the digestive vacuole, where NBD-CQ (green colour) is being accumulated. 
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NBD-CQ uptake and efflux in P. falciparum laboratory strains 

Comparisons of NBD-CQ uptake and efflux were made between ring and trophozoite 

stages and between CQS and CQR parasites (Table 2): 

 

NBD-CQ uptake in ring and trophozoite stages. Both ring and trophozoite stage 

parasites accumulated NBD-CQ, with trophozoites accumulating 2 to16-fold more 

compared to rings in both sensitive and resistant strains (Table 2). The rate of 

accumulation was 1.4-fold faster in trophozoites of CQR strains (K1 and W2) 

compared to rings; however, this was not apparent in CQS strains (Table 2). 

 

NBD-CQ uptake in CQR and CQS strains. NBD-CQ accumulated more in CQS 

parasites compared to CQR parasites for both rings and trophozoites (1.7 to 2.5-fold 

and 6 to 20-fold, respectively; Table 2), and the accumulation rate was also higher 

(10 to 30-fold and 5 to 25-fold, respectively; Table 2). 

 

NBD-CQ efflux in ring and trophozoite stages. Efflux of NBD-CQ was apparent in 

both ring and trophozoite stages; however, in contrast to the uptake experiments, 

there was no consistent difference in efflux between parasite stages. Whereas NBD-

CQ efflux was greater in trophozoites than rings in W2 and 3D7, there was no 

difference in NBD-CQ efflux in the K1 and FC27 strains (Table 2). Furthermore, 

whereas the efflux rate constant was 1.4 to 2.0-fold lower in K1 and FC27 

trophozoites compared to rings, there was no difference between stages of W2 and 

3D7 (Table 2). 
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NBD-CQ efflux in CQR and CQS strains. There was no difference in CQ efflux 

between CQR and CQS strains (Table 2). 
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The effect of CQ resistance reversal agents (CQRRAs) on NBD-CQ uptake and 

efflux in P. falciparum laboratory strains 

To assess whether NBD-CQ uptake and efflux are modified by CQRRAs, uptake and 

efflux experiments were conducted with parasites co-incubated with verapamil (VP), 

mibefradil (MF), L703,606 (L7), and primaquine (PQ). 

In both ring and trophozoite stages of CQR parasites, the addition of VP, MF, and 

L7, but not PQ, significantly increased NBD-CQ accumulation by 1.3 to1.6-fold, 1.9 

to 6.0-fold, and 2.4 to 3.7-fold, respectively (Figure 4) and the rate of accumulation 

(1.3 to 1.8-fold, 1.3 to 1.8-fold, and 1.5 to 2.1-fold, respectively; top panel of Figure 

S2). In contrast, CQRRAs affected neither NBD-CQ accumulation nor its rate in 

CQS parasites, the only exception being a higher accumulation rate (1.4-fold; Figure 

S2) observed with L7 in CQS FC27 ring stage parasites. 

The effect of CQRRAs on CQ efflux was tested in the CQS strains FC27 and 3D7, 

and the CQR strain K1, but not W2. In K1 parasites (CQR), the addition of VP and 

L7 resulted in a small, but significant reduction in NBD-CQ efflux (0.8 to 0.9-fold; 

Figure 4) and, for VP, its corresponding efflux rate constant (0.8-fold; Figure S2). 

However, the addition of MF resulted in a small but significant decrease in efflux in 

rings, but not trophozoites (0.9-fold; Figure 3), with no differences in the rate of 

efflux. Conversely, the addition of PQ had no effect on CQ efflux, although it did 

result in an increased efflux rate in K1 parasites (1.4-fold increase; Figure S2). 

Although the CQRRAs had no effect on NBD-CQ loss in CQS parasites, the addition 

of MF and L7 resulted in decreased efflux rates in FC27 ring stage parasites (0.8- 

and 0.7-fold, respectively; Figure S2), whereas the addition of VP resulted in a 

decreased efflux rate in 3D7 trophozoites (0.7-fold; Figure S2). 
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Ex vivo drug susceptibility of P. falciparum and P. vivax to CQ and CQ reversal 

agents (CQRRAs) in field isolates. 

The baseline characteristics of the samples for which CQ and CQ+CQRRA 

susceptibility assays were conducted are presented in Table S1. NBD-CQ uptake and 

efflux experiments were conducted on 18 P. falciparum and 12 P. vivax isolates and 

the effect of VP, MF, and L7 on NBD-CQ uptake and efflux parameters was 

conducted on 14 P. falciparum and 11 P. vivax isolates, and the effect of PQ on 10 P. 

falciparum and 9 P. vivax isolates. 

The IC50s of CQ and CQ+CQRRA for P. falciparum and P. vivax field isolates are 

presented in Figure S3. In P. falciparum isolates, the combination of CQ plus any of 

the CQRRAs reduced the median IC50 of CQ, from 70.2 nM to 53.0 nM for CQ+VP 

(CQV), 65.9 nM for CQ+MF (CQM), 22.2 nM for CQ+L7 (CQL) and 48.3 nM for 

CQ+PQ. In P. vivax isolates, the addition of VP, L7, and PQ did not affect CQ IC50s 

(median 56.1 nM), and the addition MF resulted a slight increase in CQ IC50s 

(median 89.9 nM). 
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Comparison of uptake and efflux profiles in P. falciparum and P. vivax field 

isolates 

The accumulation and rate of accumulation of NBD-CQ were significantly higher in 

trophozoite compared to ring stage parasites in both P. falciparum (2.6 to 2.7-fold 

increase) and P. vivax (2.5to 3.2-fold increase; Table 3).  

There were no overall differences in NBD-CQ loss between either stages or species. 

However, trophozoites had significantly lower rate of efflux in P. falciparum rings 

(2.5 fold; Table 3), although not in P. vivax. 

Compared to P. falciparum, P. vivax accumulated 4-fold more NBD-CQ and at a 

faster rate, and this was apparent in both ring and trophozoite stage parasites (Table 

3). NBD-CQ efflux was significantly less in P. vivax compared to P. falciparum (9% 

and 7% for rings and trophozoites, respectively; Table 3), and with significantly 

lower efflux rates (6- and 2-fold for rings and trophozoites, respectively; Table 3). 
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Association between NBD-CQ uptake and CQ susceptibility in P. falciparum 

and P. vivax field isolates 

The correlation of NBD-CQ uptake and CQ susceptibility are presented in panels A 

of Figures 5-6. There was a significant negative correlation between CQ 

susceptibility and NBD-CQ accumulation in rings (r=-0.533, p=0.027) and 

trophozoites (r=-0.486, p=0.048) of P. falciparum (Figures 5 and 6). A similar 

association was observed in P. vivax trophozoites, although this did not reach 

statistical significance (r=-0.564, p=0.071; Figure 6). No significant correlation was 

found between CQ susceptibility and the rate of accumulation of NBD-CQ in either 

species or parasite stage (Figures S3 and S4). 

 

Effect of CQ resistance reversal agents (CQRRAs) on NBD-CQ uptake, efflux 

and susceptibility in P. falciparum and P. vivax field isolates 

The effect of CQRRAs on NBD-CQ uptake and efflux differed significantly between 

P. falciparum and P. vivax (Panels B of Figures 5-6 and S4-S5). In P. falciparum, 

CQ susceptibility was significantly correlated with NBD-CQ accumulation and the 

rate of accumulation for all of the CQRRAs, with the exception of PQ, and this was 

apparent for both rings and trophozoites (Figures 5-6 and S4-S5). In contrast, none of 

the CQRRAs had any significant effect on either NBD-CQ uptake or accumulation 

rate (lower panels of Figures 5-6 and S4-S5) in P. vivax. The correlation of NBD-CQ 

efflux and CQ susceptibility for both species are presented in Figure 7 and S6. 

Unlike NBD-CQ uptake, there was no correlation between NBD-CQ efflux and CQ 

susceptibility in both species. 
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Figure 7. Pearson correlation between log-transformed CQ IC50s and %NBD-CQ 

loss during efflux in ring (top panel) and trophozoite (bottom panel) stages of P. 

falciparum (left) and P. vivax (right) field isolates. 
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7.3.4. Discussion 

The use of fluorescent probes has provided important insights into the study of CQ 

resistance in P. falciparum laboratory strains. We have expanded these studies to the 

investigation of clinical isolates of P. falciparum and P. vivax, quantifying CQ 

uptake and efflux parameters using the NBD-CQ probe. The validity of NBD-CQ 

was first assessed in laboratory strains using the schizont maturation assay and 

reassuringly, the IC50s for NBD-CQ were similar to those reported by Cabrera and 

colleagues for the same strains [28]. 

Most studies of CQ accumulation have measured the ratio (CQin/CQout ratio) of 

radio-labelled CQ in infected red blood cells (iRBCs) and the medium/supernatant, 

with high CQin/CQout ratios indicating high CQ accumulation in the parasites. For the 

current study, however, a different approach had to be explored. Data acquisition 

using liquid-phase assays and fluorometry was not sensitive enough to detect 

fluorescent signals from either lysates of parasitized red blood cells, or culture 

supernatants. Hence, a solid-phase assay based on flow cytometry was developed. 

This approach did not require control for non-specific binding or uptake of NBD-CQ 

into uninfected RBCs, ensuring that fluorescent signals were from infected RBCs. 

Our analysis of P. falciparum laboratory strains is in-line with previous studies [20, 

28, 37, 38], highlighting greater and faster accumulation of CQ in CQS isolates 

compared to CQR isolates. Previous CQ kinetic studies in P. falciparum have been 

conducted mostly with mature trophozoites, the life cycle stage in which 

haemoglobin catabolism and CQ accumulation is maximal [4]. In this study, we also 

examined ring stage parasites. We observed that CQ accumulation in ring stage 

parasites occurred, but at lower levels compared to trophozoites (2 to 17-fold 

difference; Table 2). These observations are in-line with an earlier study by Gluzman 
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et al. [39] in which CQ accumulation differed between 14- and 17-fold between rings 

and trophozoites of CQR and CQS laboratory strains. These findings are supported 

by observations that the formation of the acidified pre-DV compartments and 

haemoglobin degradation, and thus CQ accumulation, are initiated at ring stage [40]. 

In contrast, we could not find any significant difference in CQ efflux parameters 

between CQS and CQR P. falciparum clinical isolates. The role of CQ efflux in the 

aetiology of CQ resistance is still controversial [10, 21, 28, 41, 42], with some 

conflicting evidence possibly reflecting variation in methodologies, particularly the 

concentration of CQ used [21, 23, 43]. In our study, the NBD-CQ concentration used 

for preloading was relatively high (2 µM) and this may, in part, explain the lack of 

any observed difference in efflux [10, 28]. 

Our study is the first documentation of CQ uptake and efflux in P. vivax clinical 

isolates, and highlighted the marked differences in CQ uptake and efflux parameters 

compared to P. falciparum. CQ accumulation was greater in P. vivax and occurred at 

a faster rate. Conversely, P. vivax expelled less CQ and at a slower rate. From a drug 

partitioning perspective, these findings imply that P. vivax is able to tolerate 

intrinsically much higher concentrations of CQ than P. falciparum and raise the 

possibility that CQ has different cytostatic or cytotoxic activity against both species. 

In a recent study, haemoglobin digestion and hemozoin formation, both targeted by 

CQ, were shown to be non-essential for the survival of parasites that develop in 

reticulocytes such as P. vivax and P. ovale [44]. Hence, it is plausible that P. vivax 

may have alternative modes of development and survival when exposed to drugs 

targeting the haemoglobin digestion pathway [44]. 

In contrast to P. falciparum laboratory strains, for which CQS and CQR phenotypes 

are clearly defined with CQ IC50s at the extreme ends of the spectrum, the clinical 
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isolates in our study present a far more scattered range of CQ IC50 values. Whilst a 

100 nM threshold is often used to categorize CQS and CQR parasites in P. 

falciparum, values applied in P. vivax studies have varied from 100 nM to 220 nM 

[12, 45]. However, in vitro and in vivo responses to CQ are poorly correlated [46, 47] 

and consensus on a universal CQ IC50 resistance threshold is lacking. In our analysis, 

we attempted to avoid this dilemma by correlating CQ uptake and efflux directly 

with CQ susceptibility (IC50s) on a continuum. In P. falciparum, CQ susceptibility 

and CQ accumulation were negatively correlated in both ring and trophozoites, and 

CQRRAs reversed both CQ accumulation, the rate of accumulation and the CQ 

IC50s. In contrast, neither CQ accumulation, nor the rate of accumulation correlated 

with CQ susceptibility in either ring or trophozoite stages of P. vivax, and CQRRAs 

were unable to reverse either CQ accumulation, the rate of accumulation, or elevated 

IC50s. These results, together with the finding of an overall higher CQ accumulation 

and rate in both rings and trophozoites of P. vivax, compared to P. falciparum, 

suggest that CQ uptake and efflux parameters and hence, potential mechanisms of 

resistance to this drug may be significantly different between the two species. 

The findings of this study support previous observations demonstrating a marked 

stage specificity of CQ action in P. vivax, but not P. falciparum. CQ has significantly 

reduced inhibitory activity against P. vivax trophozoites [18, 19]. This phenomenon 

appears to be an innate trait of P. vivax, since it is apparent in both CQS and CQR 

parasites, and was also apparent in P. vivax isolates from areas where CQ remains 

effective [48]. Although the insensitivity of P. vivax trophozoites to CQ may reflect 

lower CQ accumulation at trophozoite stage, our findings, in fact, demonstrate that 

P. vivax trophozoites accumulate more CQ compared to rings. Since CQ exerts its 

anti-malarial action at trophozoite stage, our findings are in concordance with the 
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hypothesis of Sharrock et al. [18], who proposed that CQ may have a different 

molecular target in P. vivax that is not primarily associated with the inhibition of 

haem crystallization. Nevertheless, further investigations are needed to understand 

haemoglobin metabolism and haem crystallization in P. vivax. 

The study has a number of limitations. The NBD-CQ concentration used in this study 

(2 µM) was relatively high compared to other studies, where CQ concentrations in 

the nanomolar range were applied, and this may have influenced our results. Early 

CQ transport studies were conducted with similarly high CQ concentrations [49, 50]; 

however, in the last two decades, most studies have opted to use nanomolar 

concentrations of drug [20, 21], despite such low concentrations being well outside 

the CQs therapeutic range [51]. At low nM concentrations, CQ exerts cytostatic 

activity against P. falciparum, and at this level, the IC50 is the most discriminatory 

parameter for drug susceptibility. However, at high CQ concentrations (µM range), 

CQ has a cytotoxic effect [52]. However, CQ cytotoxic assays are technically 

difficult to perform and hence, other studies have continued to apply low nM 

concentrations that were derived from cytostatic assays. Nevertheless, CQ transport 

studies have been successfully reported by using both nanomolar [20-22] and 

micromolar concentration ranges of the drug [10, 28, 29]. 

In conclusion, we have used a novel, flow cytometry-based assay to investigate drug 

transport in clinical P falciparum and P. vivax field isolates. The study findings 

confirm that CQ resistance in P. falciparum is associated with reduced CQ 

accumulation, but not increased CQ efflux. Our study shows a marked difference in 

CQ uptake parameters between P. falciparum and P. vivax which were modifiable by 

CQRRAs in P. falciparum, but not in P. vivax. Taken together, the study supports a 
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growing body of evidence that the mechanisms of CQ resistance, and possibly also 

the mode of CQ action, are different between these two species. 
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7.3.6. Supplementary Material 
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Figure S1. Sensitivity to detect NBD-CQ accumulation in P. falciparum 
laboratory strains by flow cytometry. Four concentrations were tested against K1 
(CQ resistant; closed symbols) and FC27 (CQ sensitive; open symbols): 4 µM (red), 
3 µM (blue), 2 µM (green), and 1 µM (purple). Each data point represents the 
average and error bars the standard error of the mean (SEM) from 9 independent 
experiments. 
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Figure S3. Ex vivo drug susceptibility of clinical P. falciparum (upper panel) and 

P. vivax (lower panel) field isolates. Numbers represent median IC50s (nM) and 

error bar the interquartile range (IQR). P values were derived by Wilcoxon rank sum 

test. 
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Figure S6. Pearson correlation between log-transformed CQ IC50s and NBD-CQ 

efflux rate constant in ring (top panel) and trophozoite (bottom panel) stages of P. 

falciparum (left) and P. vivax (right) field isolates. 
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  CHAPTER 8:

Concluding Discussion and Outlook 

 

Although great progress has been made in reducing the burden of malaria, the 

emergence and spread of multidrug resistant parasites poses severe challenges to the 

control and elimination of malaria. The greatest threat has been the rise of drug 

resistant P. falciparum, with reports of artemisinin resistance in the Greater Mekong 

Subregion and the emergence and spread of chloroquine resistant (CQR) P. vivax in 

most of the countries where it is endemic. 

P. vivax malaria was long regarded as a benign disease and hence has been largely 

neglected. The specific challenges of conducting P. vivax research have led to big 

knowledge gaps between P. vivax and P. falciparum, particularly with regard to the 

phenotypic characterization of drug action and resistance. 

This thesis presents a series of ex vivo studies that provide new insights on the 

different phenotypic characteristics of P. falciparum and P. vivax field isolates. The 

following sections summarise the major findings of these studies and discuss their 

relevance for a better understanding of the mechanisms of drug action and resistance 

which ultimately leads to the optimisation of anti-malarial drug development and 

disease surveillance strategies. 
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8.1. Potent Ex Vivo Activity of Novel Anti-Malarial Compounds 

against P. falciparum and P. vivax 

In order to ensure an armamentarium of effective anti-malarial treatments, it is 

imperative that new compounds with potent activity against both Plasmodium 

species continue to be identified and developed. 

In Chapter 2, the ex vivo activity of anti-malarial lead compounds was tested against 

P. falciparum and P. vivax field isolates in Papua, Indonesia, an area known to be 

endemic for multidrug-resistant P. falciparum and CQR P. vivax [1-3]. Using a 

modified schizont maturation test we were able to examine ex vivo susceptibility 

testing on fresh isolates to quantify drug susceptibility to the following lead 

compounds: 

• The 4-aminoquinoline naphthoquine (NQ), 

• The thiazine dye methylene blue (MB), and 

• The reversed chloroquine (RCQ) compounds PL69 and PL106. 

The ex vivo activity of NQ and MB against P. falciparum and P. vivax field isolates 

revealed that both compounds possess excellent ex vivo efficacy against multidrug-

resistant P. falciparum and CQ resistant P. vivax in the low nM range with broad 

stage specificity across early ring and trophozoite stages. In addition, MB showed 

potent gametocytocidal activity [4]. Although NQ and MB are clearly potent anti-

malarials, their potential use for the treatment of clinical malaria is uncertain. The 

antimalarial properties of MB were first reported in 1891 [5], but it has never been 

widely used in clinical practice, mainly because of its undesirable, but reversible side 

effects, such as skin discolouration. Interest in MB was renewed in more recent years 

as a promising gametocytocidal adjuvant to reduce transmission of P. falciparum, 

following a clinical trial demonstrating that the triple combination amodiaquine-
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artesunate (AS-AQ) plus MB enhanced gametocyte clearance compared to AS-AQ 

alone [6]. Given its excellent ex vivo activity and broad stage specificity, this thiazine 

dye may find its way back into the anti-malarial drug pipeline, if the side effect 

profile can be improved. 

NQ is currently deployed in combination with artemisinin (ARCO™) in a single 

dose regimen [7]. However, its long half-life results in prolonged sub-therapeutic 

plasma concentrations that may promote the emergence of drug resistant parasites. 

This risk may be reduced by combining NQ with a longer course of artesunate to 

reduce the potential for selecting drug resistance. 

In collaboration with Medicines for Malaria Venture (MMV), a number of other 

novel anti-malarial lead compounds were tested during the candidature (see “Other 

publications arising during the candidature”). These included the quinolone-3-

diarylethers ELQ-300 [8], the pyrazolamide PA21A092 (also called PA92) [9], the 

imidazolopiperazine KAF156 [10], and the protein kinase inhibitor-like compound 

DDD107498 [11]. Currently, ELQ-300, PA92, and DDD498 are in pre-clinical 

studies, whilst KAF 156 has just completed clinical phase IIa [12]. The further 

development of these lead compounds, together with the search for novel classes of 

potential anti-malarials, will undoubtedly ensure the supply of highly effective 

treatment options in the future. 

 

8.2. Improved Ex Vivo Drug Susceptibility Testing and Analytical 

Tools for Screening Anti-Malarial Compounds and Monitoring 

Drug Resistance 

Whilst drug susceptibility testing of P. falciparum can be conducted on culture-

adapted laboratory isolates, the inability to sustain P. vivax in continuous ex vivo 
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culture means that all drug testing must be done on fresh field isolates. A key focus 

of this thesis has been to address the challenges of conducting reliable and 

reproducible ex vivo drug susceptibility assays in a remote field setting, where it is 

possible to have access to patients with clinical malaria. The work has examined both 

the quantification of parasite growth in the presence of different concentrations of 

drug and the statistical analysis of the derived data. 

To quantify ex vivo drug susceptibility in field isolates in a more robust, rapid, and 

objective manner, a simple nucleic acid single staining flow cytometry-based method 

was developed (Chapter 3). The method performed equally well as conventional 

microscopy and a previously reported double staining technique [13]. Compared to 

microscopy, assay quantification could be achieved much faster and in a more 

objective manner. The implementation of this assay in field laboratories has the 

potential to greatly facilitate ex vivo drug resistance surveillance and screening of 

novel lead anti-malarials. Furthermore, with the availability of newer generation and 

affordable flow cytometers, the same methodology could be applied more widely by 

laboratories in endemic areas, resulting in better comparability of assay results. 

The flow cytometry method can be used to investigate other important phenotypic 

characteristics. For instance, the combined use of nucleic acid stains with other 

fluorescence-tagged probes has been used to study the mechanisms of drug action 

and resistance, such as CQ-induced apoptosis [14], or the quantification of hemozoin 

formation in P. falciparum using a cytometer system equipped with a depolarizing 

side-scatter signal filter [15]. The availability of the latter would have been highly 

complementary to this study since it would have provided important additional 

insights into the mechanism of CQ action against P. falciparum and P. vivax. 
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Unfortunately, such parallel studies were not feasible due to technical limitations 

(see subchapter 8.5 below). 

In Chapter 4, five programs and online platforms to estimate IC50 values, were 

assessed for their overall performance to provide a comprehensive comparison of 

different tools to analyse raw drug assay data. These included WinNonlin, GraphPad 

Prism 6.0, HN-NonLin, Anti-malarial ICEstimator (ICE), and In Vitro Analysis and 

Reporting Tool (IVART). Compared to Nonlinear Mixed Effect Modelling 

(NONMEM), each tool produced reliable IC50 estimates. With the features of each 

program in mind, the key recommendation of this validation was that GraphPad 

Prism 6.0 and the online tool IVART are more suitable for routine and medium- to 

high-throughput drug susceptibility testing, because both programs offer high degree 

of automation and provide comprehensive output parameters. For smaller scale drug 

testing, all programs generated reliable IC50 estimates. The finding presented in this 

chapter will provide researchers with useful information with respect to the pros and 

cons of the different analysis tools tested and guide their decision on which program 

may be the most useful for their specific purpose in a given setting (e.g. large- versus 

small-scale drug screening, or ex vivo surveillance of a limited number of anti-

malarials). 

 

8.3. Better Understanding of Plasmodium Biology: Contrasting CQ 

Reversal Activity and Uptake/Efflux in P. falciparum and P. vivax 

Chapter 5 examines the ex vivo antimalarial activity of PL69 and PL106, hybrid 

compounds between a CQ-like moiety with a CQ resistance reversal agent. The 

potent ex vivo activity of PL69, along with its excellent in vivo efficacy and safety 

profile in mice, has led this drug progressing to phase I clinical trials [16]. However, 
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the study also revealed additional important findings: Both compounds had different 

CQ resistance reversal potential in the two Plasmodium species, with P. falciparum 

being more susceptible to CQ resistance reversal activity compared to P. vivax. 

To examine this phenomenon further, the chemosensitizing effect of the CQRRAs 

verapamil (VP), mibefradil (MF), L703,606 (L7), and primaquine (PQ) was assessed 

in CQR P. falciparum and P. vivax field isolates. The study, presented in Chapter 6, 

revealed the same contrasting pattern of the potential to reverse CQ resistance 

between P. falciparum and P. vivax. 

CQRRAs were known to be able to modulate CQ uptake/efflux and hence, affect 

drug susceptibility in P. falciparum [17-20]. However, little is known of CQ uptake 

/efflux in P. vivax. Therefore, the logical next steps included comparative CQ 

transport studies in P. falciparum and P. vivax field isolates. 

Investigations applying state-of-the-art technologies in specifically equipped 

laboratories are rarely feasible at remote field sites in endemic countries. Indeed, the 

application of the conventional radiotracer methods for drug uptake/efflux studies 

was not possible at our field site in Papua. Chapter 7 addressed these challenges by 

adopting a two-step approach. Firstly, a field-applicable, flow cytometry-based 

method was developed to measure CQ uptake/efflux using a fluorescent CQ probe 

(NBD-CQ). The validity of the NBD-CQ probe and proof-of-principle for this 

method were tested in CQR and CQS P. falciparum laboratory strains, as well as 

different life cycle stages of these parasites. 

In the second phase, the method was transferred to the field site to conduct uptake 

and efflux experiments with fresh P. falciparum and P. vivax field isolates. 

For the first time, clear differences in CQ uptake/efflux between P. falciparum and 

P. vivax were demonstrated. P. vivax accumulated more NBD-CQ at a higher rate 
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and expelled less NBD-CQ at a slower rate compared to P. falciparum. Furthermore, 

the addition of CQRRAs, previously shown to impact on CQ uptake /efflux in P. 

falciparum, had a different effect on CQ uptake parameters in the two species. 

Whereas CQRRAs reversed both CQ uptake and CQ uptake rates in CQR P. 

falciparum isolates back to levels of CQS isolates, the same effect was not apparent 

in P. vivax isolates. 

These findings are in line with previous findings (presented in Chapter 5) 

demonstrating that conventional and novel CQRRAs can reverse CQR in P. 

falciparum, but not P. vivax. They also support the hypothesis that CQRRAs act by 

interfering with CQ transport in P. falciparum. 

 

The results of chapters 5, 6 and 7 raise two important questions. Firstly, since both 

Plasmodium species showed different CQ uptake, CQ efflux, and CQ resistance 

reversal profiles, does CQ exert the same mode of action against P. vivax as against 

P. falciparum (i.e., interference with hemozoin detoxification)? Secondly, since the 

observed differences in CQ uptake, efflux, and resistance reversal patterns, coupled 

with the fact that CQ resistance was only detected almost 4 decades after its 

deployment in P. vivax, suggests that the mechanism of resistance between these two 

species maybe very different. What are these molecular determinants of CQ 

resistance in P. vivax? 

Our understanding of CQ action and resistance in P. vivax is limited, with few 

putative molecular markers reported, none of which are associated or predictive of 

poor clinical response [21]. In view of the rise of CQ resistance in P. vivax, a better 

understanding of its phenotypic and genotypic determinant is critical to inform 

adequate intervention strategies to halt its spread. 
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8.4. Limitations of the Studies 

There are a number of important limitations of the ex vivo studies presented in this 

thesis. The proposed studies were dependent on the ability to collect venous blood 

from patients with clinical malaria. Previous studies at the Timika field site have 

demonstrated that drug activity in P. vivax is stage dependent, particularly that of 

CQ. P. vivax samples with <60% ring stage parasites do not produce robust IC50 

values [22]. Therefore, only patient samples presenting with >60% ring stage 

parasites for both P. falciparum and P. vivax were suitable for the studies. 

Furthermore, the majority of P. vivax infections in this location are highly 

asynchronous, with the most suitable patients often being young children who were 

reluctant to provide a venous sample. For these reasons, recruitment of patients with 

P. vivax into the study was low (often less than 1-2 per week). This was further 

compounded by a number of logistical interruptions such as local tribal wars and 

hospital staff strikes that made patient enrolment temporarily impossible at the field 

site. Distance of the site from the logistical centre in Darwin also raised issues when 

servicing of equipment was necessary. 

The consequence of these constraints was that sample size for some studies was 

lower than was anticipated and less than optimal, particularly in the intense uptake 

and efflux studies reported in Chapter 7. The strict selection criteria for the studies 

could potentially have resulted in a sampling bias for ex vivo drug susceptibility 

surveillance (i.e., the results may not be able to be extrapolated to the entire parasites 

population in the area). This issue is currently under investigation through molecular 

analysis, outside the scope of the current thesis. 
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Another important constraint on the field work was the limited amount of patient 

blood. All the studies included in this thesis were a part of a comprehensive long-

term drug surveillance study, covering a number of aspects of Plasmodium biology. 

In addition to the phenotypic characterization studies presented in this thesis, genetic 

and immunological studies were also being undertaken. Consequently, the total 

amount of blood (i.e., 6-18 mL whole blood, depending on age) available was 

limited. 

Additional complementary parasite studies would have been highly desirable to the 

work presented; for instance, the investigation of hemozoin formation in both 

species. However, it was not feasible to install a depolarizing SSC signal filter for the 

BD Accuri C6 Flow Cytometer® System, or an alternative portable cytometer system 

equipped with this feature, at the field site. Due to sample movement restrictions 

imposed by the Indonesian Materials Transfer Agreement (MTA) policy, we were 

unable to transfer frozen samples to conduct these experiments in Australia. 

 

8.5. Outlook 

The studies in this thesis present a unique insight into the phenotypic characterisation 

of Plasmodium field isolates. The work provides data for future studies and the 

ability with which to undertake these. 

Additional CQ transport kinetic experiments are needed to assess CQ uptake and 

efflux parameters in a larger number of field isolates in order to strengthen the power 

of the current findings, as well as to address the effect of CQRRAs on CQ efflux in 

Chapter 7. The optimization and validation of both quantification and analytical 

approaches described in this thesis have greatly facilitated testing and prioritisation 

of the development of novel antimalarials in the MMV pipeline. 
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The contrasting CQ transport profiles between P. falciparum and P. vivax raise 

important questions that will need to be addressed in further phenotypic and 

molecular studies. Complementary studies on hemozoin formation are planned to 

elucidate the action of CQ in both species. The commercial availability of the semi-

portable CyFlow® Cube System (Sysmex Partec) that allows a variety of 

configurations (i.e., up to 4 excitation lasers including UV-LED and 6-colour 

detection filters, including a depolarizing SSC signal filter for hemozoin detection) 

provides an excellent platform to conduct these parallel studies. 

Imaging experiments are also planned to investigate CQ localization and 

haemoglobin metabolism in P. vivax. Such studies demand high technical expertise 

and sophisticated instruments, including laser scanning confocal microscopy [23, 

24], electron microscopy [25, 26], or X-ray microscopy [27]. To achieve this, 

collaboration is sought with Australian core facilities providing the necessary 

expertise in applying imaging techniques with Plasmodium. Such experiments will 

need to be performed on frozen isolates transferred from the field to the respective 

core facilities. 

These complimentary studies will improve our understanding of the mode of action 

of CQ in P. vivax and may reveal more specific and useful information for 

optimising drug development. In addition, in order to elucidate the molecular 

determinants of CQ resistance in P. vivax, the precise phenotypic characterisation of 

the P. vivax isolates also provide important for association studies on both genomic 

and transcriptomic levels. 
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8.6. Conclusions 

The parasites’ ability to develop resistance to anti-malarial drugs is relentless and 

emphasises the importance of monitoring of the emergence and spread of drug 

resistant malaria. Advanced genomic studies may improve global drug surveillance 

in the future; however, such studies are reliant on carefully conducted studies 

producing robust phenotypes. Combined genotypic and phenotypic approaches will 

ensure that an effective drug development pipeline can be maintained. This will 

guarantee malaria control programs to be one step ahead the parasites so that regional 

malaria elimination can be achieved. 
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