
 
Clinical and Molecular evaluation of the therapeutic efficacy 

of the antimalarial drug artemether-lumefantrine 

 
 
 
 
 
 

Balikagala Betty 
 
 

 
 
 
 
 
 
 
 

Submitted in partial fulfillment of the requirements of the degree of Doctor of Philosophy 

March 2017 

 
 
 
 
 

 
Division of Malaria Research, Proteo-Science Center, Ehime University, Matsuyama, Ehime, 

Japan 

 
 
 
 
 
 



	 ii	

Abstract 

Individual drug treatment may select resistant parasites in the human body, a process termed in 

vivo selection. Some single nucleotide polymorphisms (SNPs) in Plasmodium falciparum 

chloroquine-resistance transporter (pfcrt) and multidrug resistance gene 1 (pfmdr1) genes have 

been reportedly selected after artemether-lumefantrine treatment. However, there is a paucity of 

data regarding in vivo selection of Plasmodium falciparum Kelch propeller domain (pfkelch13) 

polymorphisms, responsible for artemisinin-resistance in Asia, and six putative background 

mutations for artemisinin resistance; D193Y in ferredoxin, T484I in multiple resistance protein 2, 

V127M in apicoplast ribosomal protein S10, I356T in pfcrt, V1157L in protein phosphatase and 

C1484F in phosphoinositide-binding protein.   

 

Artemether-lumefantrine efficacy study with a follow-up period of 28 days was conducted in 

northern Uganda in 2014. The above-mentioned genotypes were comparatively analysed before 

drug administration and on days; 3, 7, and 28 days after treatment.  

 

In 61 individuals with successful follow-up, artemether-lumefantrine treatment regimen was very 

effective with PCR adjusted efficacy of 95.2%. Among 146 isolates obtained before treatment, 

wild-type alleles were observed in 98.6% of isolates in pfkelch13 and in all isolates in the six 

putative background genes except I356T in pfcrt, which had 2.4% of isolates as mixed infections. 

In vivo selection study revealed that all isolates detected in the follow-up period harboured wild 

type alleles in pfkelch13 and the six background genes. 
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Mutations in pfkelch13 and the six background genes may not play an important role in the in 

vivo selection after artemether-lumefantrine treatment in Uganda. Different mechanisms might 

rather be associated with the existence of parasites after treatment.  
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Summary 

Malaria is a life threatening tropical disease, caused by protozoan parasites of the genus 

Plasmodium. Five species of plasmodia cause malaria in humans via the bite of female 

mosquitoes of the genus Anopheles during a blood meal. These include; Plasmodium falciparum, 

P. vivax, P. malariae, P. ovale and P. knowlesi. Of the five species, P.falciparum poses the 

greatest threat. This thesis focuses on P.falciparum. Nearly half of the world's population is at 

risk of malaria infection and 91 countries have ongoing malaria transmission. According to the 

latest 2016 WHO estimates, 212 million cases of malaria and 429 000 deaths were reported 

worldwide, Africa disproportionately hosting 90% of the malaria cases and 92% of malaria 

deaths. Several malaria control strategies involving vector control (i.e. the use of insecticide-

treated mosquito nets (ITNs), indoor residual spraying (IRS) and early diagnosis and treatment 

with artemisinin-based combination therapy (ACT) have resulted in significant decline in malaria 

infections and death. Indeed between 2010 and 2015, the number of new malaria cases fell by 

21% globally and malaria death rates fell by 29% globally and by 31% in the African Region. 

 The recent gain in malaria control is partly attributed to the wide-scale use of ACTs for 

the treatment of malaria in all endemic regions. Unfortunately these fragile gains are threatened 

by the emergence of artemisinin resistance. Currently artemisinin resistance has been confirmed 

in 5 countries in South East Asia (SEA). These include; Cambodia, Lao People’s Democratic 

Republic, Myanmar, Thailand and Vietnam. Current studies in Africa show no evidence of 

artemisinin resistance. However, there is a possibility that the established resistance in South East 

Asia may invade the African continent, which faces the greatest burden of the disease, as 
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previously observed in chloroquine and sulfadoxine/pyrimethamine resistance. Yet there are no 

treatment alternatives to the current ACT in the drug development pipeline. 

 In 2014, Pfkelch13 gene (PF3D7_1343700) was identified as the molecular marker for 

tracking artemisinin resistance. Some mutations in this gene are associated with artemisinin 

resistance in South East Asia. In addition, genome wide association studies identified several 

single nucleotide polymorphisms (SNPs); D193Y in ferredoxin (fd), T484I in multidrug 

resistance protein 2+ (mdr2), V127M in the apicoplast ribosomal protein S10 (arps10), I356T in 

chloroquine-resistance transporter (crt), V1157L in protein phosphatase (pph) and C1484F in 

phosphoinositide-binding protein (pibp) assumed to be background genetic changes for 

artemisinin resistance in South East Asia. In Africa, polymorphisms in these genes have been 

occasionally observed, but they are different from those reported in South East Asia. Making it 

unclear whether the existence of these mutations in Africa is a consequence of selection induced 

by the use of antimalarial drugs.  

 During treatment with a malaria drug, less susceptible parasites can be selected in the 

human body, a process termed in vivo selection. This is because the treatment creates drug 

concentration circumstances that are sufficient to kill susceptible, but not less susceptible 

parasites. Previous investigations revealed that artemether-lumefantrine (AL) treatment (an ACT 

widely used in the treatment of uncomplicated malaria selected for parasites harbouring alleles 

with K76 in the Plasmodium falciparum chloroquine-resistance transporter (pfcrt) gene and N86, 

184F and D1246 in Plasmodium falciparum multidrug resistance gene 1 (pfmdr1). However, the 

possibility of similar in vivo selection has not been fully investigated in pfkelch13 and the 

putative background genes.  
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 Therefore, this study evaluated the therapeutic efficacy of AL, (the current first line 

treatment for uncomplicated malaria in Uganda), in Gulu Northern Uganda, a region of intense 

malaria transmission in May and October 2014. Individuals suspected to have malaria were 

consecutively enrolled from the outpatient department in St. Mary’s hospital Lacor, one of the 

hospitals offering healthcare to the people in Gulu Northern Uganda. Before enrolling 

participants in the study, permission for participation (informed consent) was sought from each 

individual. Thereafter, � the presence of malaria was confirmed by microscopy and species-

specific polymerase chain reaction (PCR). Blood for parasite genotyping was also collected. 

Supervised administration of oral AL was performed for all recruited individuals and followed up 

on days 1, 2, 3, 7 and 28. On each follow up day, as at enrollment, the presence of malaria was 

confirmed microscopically and by species-specific PCR. Blood for parasite genotyping was also 

collected. At the end of the follow-up period, participants were assigned treatment outcomes 

according to WHO guidelines as: adequate clinical and parasitological response (ACPR), early 

treatment failure (ETF), late clinical failure (LCF) and late parasitological failure (LPF). 

Genotypes in the above mentioned genes were quantified at baseline and then comparatively 

analysed before drug administration and on days; 3, 7, and 28 days after treatment to determine 

evidence of in vivo selection for polymorphisms associated with AL resistance. 

 Excellent early response to AL treatment was observed in almost all patients. Only one 

(1.6%) child showed microscopically residual parasites (delayed parasite clearance) on day 3 

after treatment. However, this prevalence of day 3 parasite positive individuals in the present 

study was less than 5% or 10%, which are the benchmarks for artemisinin-resistance. Confirming 

the absence of artemisinin resistance in Africa. PCR-confirmed day 3 parasite positivity after AL 

treatment was much higher than microscopically confirmed positivity; 22.9%, versus 1.6%. Also, 
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individuals that were parasite positive by PCR on day 3 had significantly higher enrollment 

parasitaemia compared to the PCR negative group, suggesting that parasite biomass before 

treatment may be associated with treatment success and PCR parasite-positive outcome on day 3 

after treatment. Similar to the excellent early treatment response, artemether-lumefantrine 

treatment was very effective with PCR adjusted efficacy of 95.2%. Only three individual failed 

on treatment by developing new malaria infections within 28 days after initial treatment.  

 The molecular analysis revealed that among 146 isolates obtained before treatment, wild-

type alleles were observed in 98.6% of isolates in pfkelch13 and in all isolates in the six putative 

background genes except at position I356T in pfcrt, which had 2.4% of isolates as mixed 

infections. In vivo selection analysis revealed that pfkelch13 mutations were not observed in the 

parasite positive samples on day 3, 7 and 28, consistent with the recent observations from 

Kenyan children. Also, no selection of putative six non-synonymous polymorphisms was 

observed, suggesting that these genetic changes may not be responsible for parasite persistence in 

the present study. In contrast, Pfcrt K76 and Pfmdr1 N86/D1246 were observed in all recurrent 

parasites. The prevalence of Pfmdr1 Y184F (33.3%) in the recurrent parasites was higher than 

baseline (14%), although not statistically significant. These observations support the potential 

selection of Pfcrt K76 and Pfmdr1 N86/Y184F/D1246 haplotype after AL treatment. In vivo 

selection of these mutations would increase these allele prevalence in the parasite population. 

 In conclusion, this study demonstrated that AL treatment remains of high efficacy for the 

treatment of P. falciparum malaria after 8 years of use in a region of high malaria transmission in 

Uganda. Mutations in pfkelch13 and the six background genes may not play an important role in 

the in vivo selection after artemether-lumefantrine treatment in Uganda. Different mechanisms 

might rather be associated with the existence of parasites after treatment.  
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1.0 BACKGROUND  

1.1 Malaria and its global burden  

Malaria is a life threatening tropical disease caused by protozoan parasites of the genus 

Plasmodium. Five species of plasmodium parasites cause malaria in humans. Four of these are: 

Plasmodium. falciparum, P. vivax, P. malariae and P. ovale which are spread from one person to 

another via the bite of female anopheles mosquitoes (malaria vectors) during a blood meal. The 

fifth is P. knowlesi that causes malaria in macaque monkeys. P. knowlesi malaria is transmitted to 

people when an Anopheles mosquito infected by a monkey bites and infects humans (zoonotic 

transmission) (Cox-Singh J et al 2008). Of the five species, P. falciparum and P. vivax are the 

most prevalent and pose the greatest threat to humans. P. falciparum is most prevalent on the 

African continent, and is responsible for most malaria-related morbidity and deaths globally, 

while P. vivax is the dominant parasite in most countries outside Sub-Saharan Africa.  

 

Nearly half of the world's population is at risk of malaria infection and at least 91 countries have 

ongoing malaria transmission. According to the latest WHO estimates, 212 million cases of 

malaria and 429 000 deaths were reported worldwide (World Malaria Report 2016). Sub-Saharan 

Africa disproportionately carries the highest share of this global malaria burden. In 2015, the 

African region was home to 90% of malaria cases and 92% of malaria deaths. However, South-

East Asia, Latin America and the Middle East, are also at risk (World Malaria Report 2016). 

Populations at greatest risk of contracting malaria include infants, children under 5 years of age, 

pregnant women, people living with HIV/AIDS, non-immune migrants, mobile populations and 
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travellers. These high-risk groups require, National Malaria Control Programmes to take special 

measures to protect them from malaria infection, taking into consideration their specific 

circumstances. 

 

The burden of malaria extends far beyond morbidity and mortality, as malaria strongly impacts 

on the social and economic development of both individuals and governments (Malaney et al., 

2004). Individuals and their families incur costs in purchase of drugs for treating malaria at 

home; expenses for travel to, and treatment at, clinics; lost days of work; absence from school; 

expenses for preventive measures; expenses for burial in case of deaths. Similarly, governments 

are burdened with maintenance, supply and staffing of health facilities; purchase of drugs and 

supplies; public health interventions against malaria, such as insecticide spraying or distribution 

of insecticide-treated bed nets; lost days of work with resulting loss of income; and lost 

opportunities for joint economic ventures and tourism. Direct costs (like, illness treatment, 

premature death) have been estimated to be at least US$ 12 billion per year (CDC).  

This thesis focuses on P. falciparum. 

 

1.2 Life cycle of p.falciparum 

Malaria parasites have a complex life cycle alternating between the female Anopheles mosquito 

and the human host as illustrated in Figure 1. When an infected Anopheles mosquito bites to feed, 

saliva containing sporozoites is injected from its salivary gland into the human host. After 

entering the human bloodstream, sporozoites reach the liver and invade the hepatocytes where 
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they undergo asexual replication, which takes about 1-2 weeks. Each sporozoite may result in 

tens of thousands of merozoites. On release from the liver, the merozoites are delivered into the 

bloodstream, where they rapidly infect erythrocytes. Inside the erythrocyte the asexual division 

starts. The merozoite matures from ring-stage trophozoite to pigmented trophozoite and 

multinuclear schizont. Finally the rupture of the erythrocyte releases several merozoites into the 

bloodstream to continue the erythrocytic cycle, which is about 48 hours. The erythrocytic cycle is 

followed by the malaria characteristic fever. Some merozoites in the erythocytes develop into 

micro- and macrogametocytes (male and female). These are necessary for carrying on the 

infection to a new host. When an anopheline mosquito takes a blood meal, the gametocytes may 

be taken up. They are transported to the mosquito midgut, where the sexual cycle starts. 

Macrogametes and microgametes fuse and develop into a zygote and then an ookinete, which 

goes through the wall of the midgut and develops into an oocyst. The rupture of the oocyst will 

result in many sporozoites that migrate to the salivary glands for transmission to a new host 

during the next blood meal of the mosquito. The development in the mosquito takes about 10-18 

days, although the mosquito can be infective for another 1-2 months. 
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Figure 1: P.falciparum life cycle (Ménard R. Nature Medicine 2005) 

 

1.3 Malaria transmission  

Malaria is transmitted through the bite of adult female Anopheles mosquitoes at the time of 

taking a blood meal to nurture their eggs. More than 400 species of Anopheles mosquitoes are 

reported but only 30 are of major importance. The major vector in Sub-Saharan Africa is 

Anopheles gambiae, which like other vectors, bites between dusk and dawn. 

Anopheles mosquitoes lay their eggs in water, which hatch into larvae, eventually emerging as 

adult mosquitoes ready to feed. Each species of Anopheles mosquito has its own preferred 

aquatic habitat; for example, some prefer small, shallow collections of fresh water, such as 

puddles and hoof prints, which are abundant during the rainy season in tropical countries.  
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Malaria transmission and epidemiology depends on factors related to the parasite, vector, human 

host, and the environment. Transmission is more intense in places where the mosquito lifespan is 

longer (so that the parasite has time to complete its development inside the mosquito) and where 

it prefers to bite humans rather than other animals. The long lifespan and strong human-biting 

habit of the African vector species is the main reason why nearly 90% of the world's malaria 

cases occur in Africa. Transmission also depends on climatic conditions that may affect the 

number and survival of mosquitoes, such as rainfall patterns, temperature and humidity.  

 

In many places, transmission is seasonal, with the peak during and just after the rainy season. 

Malaria epidemics can occur when the climate and other conditions suddenly favour transmission 

in areas where people have little or no immunity to malaria. They can also occur when people 

with low immunity move into areas with intense malaria transmission. Human immunity is 

another important factor, especially among adults in areas of moderate or intense transmission 

conditions. Partial immunity is developed over years of exposure to malaria, and while it never 

provides complete protection, it does reduce the risk of severe disease. For this reason, most 

malaria deaths in Africa occur in young children, whereas in areas with less transmission and low 

immunity, all age groups are at risk. Figure 2 presents the distribution of malaria endemic regions 

worldwide. 
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Figure 2 Countries endemic for malaria in 2000 and 2016. Source: WHO database 

 

1.4 Clinical manifestations of P. falciparum malaria 

Malaria is an acute febrile illness, but its outcome is influenced by host and parasite factors. In 

high transmission areas, individuals progressively develop partial immunity to malaria, after 

repeated infections (premunition). This process of premunition is protective against clinical 

malaria (uncomplicated and severe), but especially severe malaria. The malaria infections are 

usually suppressed however asymptomatic infections occur. The process of premunition is absent 

in areas of low malaria transmission (Langhorne et al., 2008). In fact non-immune individuals 

become ill at the first exposure. Malaria is not symptomatic during the liver stage of the infection, 

with clinical symptoms only being associated with the erythrocytic stage. In non-immune 

individuals, malaria symptoms appear 7 days or more (usually 10–15 days) after the infective 

mosquito bite. Malaria symptoms usually begin as non-specific like presence of headaches, 
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fatigue, abdominal discomfort, muscle and joint aches, followed by specific symptoms of fever, 

chills, sweating, anorexia and vomiting. If not treated within 24 hours, P. falciparum malaria can 

progress to severe illness, often leading to death (World Malaria Report 2016). Co-infections like 

HIV/AIDs, may affect the outcome of a malaria infection by interfering with malaria immunity 

(Renia, L. & S. M. Potter. 2006). 

 

1.5 Malaria control 

An integrated approach comprised of prevention (vector control and chemoprophylaxis) and early 

diagnosis with prompt effective treatment is utilized in malaria control. Vector control measures 

include; the use of insecticide treated nets (ITNs), and Indoor residual spraying (IRS) which have 

majorly contributed to the decline in malaria morbidity and mortality (Lengeler, 2004, Kigozi R 

et al 2012). Regarding the other arm of control measures, a number of antimalarial drugs are 

currently under clinical use for treating malaria. These include the 4-aminoquinolines 

(amodiaquine), the arylaminoalcohols (mefloquine, halofantrine, lumefantrine), antifolates 

(sulfadoxine-pyrimethamine (SP)), atovaquone, artemisinin and its derivatives (artesunate, 

artemether) (WHO: Guidelines for treating malaria). Different treatment regimens are suited for 

different malaria manifestations i.e. complicated, uncomplicated or asymptomatic malaria. The 

main objective of treating severe malaria is to prevent death. Secondary objectives are prevention 

of disability and recrudescent infections. Currently WHO recommends that adults and children 

with severe malaria (including infants, pregnant women in all trimesters and lactating mothers) 

be treated with intravenous or intramuscular artesunate for at least 24 hours or until when they 

can tolerate oral medication. There after, complete 3 days treatment with of an ACT (single dose 
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of primaquine is add in low transmission areas).  

 

For uncomplicated malaria the objective of treatment is to cure, i.e. eradicate the infection to 

prevent progression to severe disease. Furthermore, from the public health perspective the 

objective is also to reduce transmission of the infection to others (WHO: Guidelines for treating 

malaria). Uncomplicated P.falciparum malaria in children and adults (except pregnant women in 

their first trimester) is treated with one of the following recommended artemisinin-based 

combination therapies (ACT); (a) artemether + lumefantrine (b) artesunate + amodiaquine (c) 

artesunate + mefloquine (d) dihydroartemisinin + piperaquine and (d) artesunate + sulfadoxine-

pyrimethamine (SP). Antimalarial drugs are also used in malaria prevention, both as 

chemoprophylaxis for travellers to malaria endemic areas or for intermittent preventive treatment 

in pregnant women (IPTp) and infants (IPTi). IPTp, involving the administration of a full dose of 

sulfadoxine-pyrimethamine (SP), is recommended in high endemic areas. In the future, other 

malaria control measures such as vaccines or genetically modified mosquitos can become useful. 

 

1.6 Antimalarial drug resistance 

1.6.1 Definition 

Antimalarial drug resistance is defined as the ability of a parasite to survive and/or multiply, 

despite the administration and absorption of the drug given in doses equal to or higher than those 

recommended.  
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Key drivers of antimalarial drug resistance include the different genetic structure of malaria 

parasites especially in regions known for antimalarial drug resistance, substandard treatment, 

unregulated or poorly administered antimalarial drugs and artemisinin monotherapy (World wide 

Antimalarial Resistance Network), or changes in the drug exposure due to for example poor 

absorption. 

 

1.6.2 Emergence of antimalarial drug resistance 

Antimalarial drug resistance may result by two events: (i) the initial event; i.e. genetic changes 

resulting into resistant parasites and (ii) selection of resistant parasites that survive treatment 

within an individual. The genetic events (mutations) that confer antimalarial drug resistance are 

usually spontaneous, rare and are independent of the drug used (White NJ. 2004). They may be 

mutations in or changes in copy numbers of genes or related to the drug’s parasite target or 

influx/efflux pumps that affect intra-parasitic drug concentrations. A single genetic change may 

be all that is required to effect drug resistance or multiple independent events (White NJ. 2004).  

 

The rate and frequency of antimalarial drug resistance is directly influenced by a number of 

factors. Firstly, high mutation rates, which promote faster emergence of resistance but also enable 

the parasite, to quickly adapt to its changing environments (Sniegowski PD et al., 2000), which is 

the situation when parasites are exposed to changing drug selection pressures. An “accelerated 

resistance to multiple drugs” (ARMD) phenotype has been suggested to be present in parasites 

from Southeast Asia. The parasites putatively acquire drug resistance at a much higher rate than 

strains from other regions, explaining why resistance to new drugs often arises first in Southeast 
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Asia (Rathod PK et al., 1997).  

 

Secondly, drug pressure influences selection of mutations. Selection occurs when parasites in the 

primary infection survive treatment, and recur (recrudescence), while the sensitive parasites are 

killed. Effective treatment is important to maintain adequate drug levels within circulation. In the 

case that parasites are exposed to sub-therapeutic drug concentrations like the use of sub-standard 

drugs, improper dosing, poor drug pharmacokinetics and pharmacodynamics or occurrence of 

infections during the terminal elimination phase of the prior antimalarial drug, less susceptible 

parasites may be selected (Müller O 2011). These parasites may be subsequently transmitted to 

mosquitoes and to other hosts. In high transmission settings selection usually occurs, when new 

infections (re-infections) emerge after treatment specifically when large parasite populations are 

exposed to sub-therapeutic drug concentrations of slowly eliminated drugs (Peters, W 1987). At 

lower levels of resistance, the sub-therapeutic drug concentrations may however be sufficient to 

eliminate the sensitive parasites. Unlike high transmission settings, in low transmission regions 

e.g. South East Asia, most malaria infections result in clinical disease. Therefore almost all 

parasites are under drug pressure leading to the selection of even rare parasite subpopulations.  

 

1.6.3 Impact of antimalarial drug resistance  

Antimalarial drug resistance poses considerable threat to malaria control efforts. At the moment, 

resistance has emerged to all classes of antimalarial drugs, artemisinins inclusive (Noedl H et al., 

2009). For high transmission settings like the Africa, which is home to over 90% of malaria 

infections, antimalarial resistance poses devastating effects like frequent malaria morbidity, 
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increased risk of severe malaria, high mortality as was evidenced with chloroquine resistance 

(Trape, J. F 2001). Drug resistance has also been associated with the spread of malaria to new 

areas and re-emergence of malaria in areas where the disease had been eradicated. It has also 

significantly increased the occurrence of epidemics in low transmission areas (Björkman A, 

Bhattarai A, 2005).  

 

1.7 Artemisinin based combination therapy (ACT) 

Identification of artemisinins as antimalarial components of the ubiquitous annual wormwood 

Artemisia annua was to stop the spread of chloroquine-resistant P. falciparum. Artemisinin 

derivatives specifically possess important pharmacological characteristics, which include rapid 

onset of action, a short half-life, broad range of activity against all stages of the parasite’s life 

cycle, and are very safe (White NJ, 2008). Most importantly, artemisinin derivatives are active 

against gametocytes, the sexual stage of parasites (Pukrittayakamee S, 2004). A decrease in 

gametocytes potentially reduces malaria transmission especially in endemic areas (Okell LC, et 

al., 2008). However, the excellent pharmacological properties of artemisinins adduce the 

possibility of inadequate treatment. Mainly because malaria patients quickly get symptom relief 

after the initial dose, that they stop the treatment without completing the fully prescribed dose. 

This incomplete cessation of treatment creates situations of sub-therapeutic drug concentrations 

that are associated with the emergence of artemisinin resistance (White NJ, et al., 2009). Failure 

to complete treatment is even more likely to occur if patients are treated with longer treatments 

like artemisinin-based monotherapy, which requires 7-days of treatment. In fact, the recurrence of 

parasites, which might have escaped the artemisinin treatment, is occasionally observed in 
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artemisinin monotherapy as recrudescence (Price R, et al., 1998). This is why drug combinations 

have been proposed (e.g. artemisinin combination therapy, ACT) to reduce the duration of 

therapy and, more importantly, to clear residual parasites that may have escaped artemisinin 

treatment (White NJ. 2004).  

 

Currently, the fixed-dose ACTs including artemether-lumefantrine, artesunate-mefloquine, and 

artemether-amodiaquine have been implemented as a first-line treatment in most malaria endemic 

countries. Piperaquine only being recently added among ACTs and implemented as first-line 

treatment for uncomplicated malaria in Cambodia, China, Myanmar, and Vietnam (World 

Malaria Report 2011). The rationale of ACTs can be explained from the pharmacokinetic profile 

of artemisinins and partner drugs. After administration, artemisinins are converted to the more 

potent form of dihydroartemisinin in vivo and rapidly eliminated with half-lives of ~1 hour. In 

case of a 3-day regimen, it covers only two asexual parasite cycles. Although this treatment 

results in a 100 million reduction in parasite numbers, it is not enough to completely clear all 

parasites in the human body. Requiring additional effect from partner drugs. All partner drugs in 

ACT combinations, have long blood concentration half-lives sufficient to kill residual parasites 

after 3 days of treatment with artemisinins (White NJ. 1997). The use of ACTs has undoubtedly 

contributed to the substantial reduction in the malaria burden (Enserink M. 2007). However, 

clinical artemisinin resistance is a major threat especially in South East Asia. Schema of an ACT 

is presented in figure 3. 
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Figure 3. Activity of artemisinins and their partner drugs in the ACT drug combination 

 

1.7.1 Artemether-lumefantrine combination (Coartem®) 

Artemether-lumefantrine combination (Coartem®) is a safe and well tolerated 6-dose regimen of 

artemether (20 mg) co-formulated with lumefantrine (120 mg). Lumefantrine formerly known as 

benflumetol, is a blood schizontocide that belongs to the arylaminoalcohol group of antimalarials, 

which also includes mefloquine and halofantrine. It has a half-life of about 3–5 days and offers 

post treatment antimalarial prophylaxis of up to 4 weeks (Ezzet et al., 1998). It is absorbed and 

cleared more slowly, to eliminate residual parasites that may remain after artemether or DHA 

have been cleared from the body and thus prevent recrudescence. Lumefantrine is a highly 

lipophilic drug and its bioavailability is markedly increased if the drug is administered with a 

fatty meal (Ashley E.A. et al., 2007).  
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Artemether     Lumefantrine 

Figure 4. The chemical structures of artemether and lumefantrine. 

Artemether on the other hand is a semisynthetic artemisinin derivative. Like lumefantrine it’s a 

lipophilic compound. The main active metabolite, of artemether is dihydroartemisinin, which is 

more potent. Desbutylbenflumetol (DBB), (Ntale et al., 2008) the active metabolite of 

lumefantrine, shows to a certain extent in vitro cross-resistance with both artemether and 

lumefantrine (Noedl et al., 2001) warning of a risk for a common mechanism of reduced 

susceptibility to both drugs (Wernsdorfer, 2004). 

 

1.8 P. falciparum in-vivo drug resistance 

The clinical treatment failure following appropriate administration of drugs is considered the 

golden standard for monitoring antimalarial drug resistance, because it is the real world 

experience. Therefore clinical trials involving treating patients under direct supervision and then 

following them up for certain duration of time best reflects response to treatment within an area. 

In the circumstances that less susceptible or resistant parasites exist in an area, during the period 

of antimalarial treatment, less susceptible parasites may be selected in the human body, a process 
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termed in vivo selection. This is because the treatment creates drug concentration circumstances 

that are sufficient to kill susceptible, but not less susceptible parasites. Although clinical trials, 

may be disadvantaged with logistic demands, and the possibility of detecting parasites resistant to 

only one of the drugs in the combination, they best reflect the real drug resistance level within a 

region.  

 

Currently in vivo artemisinin resistance is a major threat to malaria control. In August 2014, 

WHO developed a working definition for in vivo artemisinin resistance based on findings from 

routine therapeutic efficacy studies of ACTs, clinical trials of artesunate monotherapy, and 

pfkelch13 gene sequencing. Suspected partial artemisinin resistance was defined as: presence of 

5% or more patients with pfkelch13 resistance associated mutations; or ≥ 10% of patients with 

persistent parasitemia by microscopy on day 3 after treatment with ACT or artesunate 

monotherapy; or ≥ 10% of patients with a parasite clearance half-life of ≥ 5 hours after treatment 

with ACT or artesunate monotherapy. Confirmed partial artemisinin resistance was defined as: ≥ 

5% of patients carrying pfkelch13 resistance associated mutations, all of whom have been found, 

after treatment with ACT or artesunate monotherapy, to have either persistent parasitaemia by 

microscopy on day 3, or a parasite clearance half-life of ≥ 5 hours (WHO Status report on 

artemisinin resistance). Such criteria were evaluated in this project. 

 

1.9 Drug resistance mechanisms 

Drug resistance may result following different mechanisms for instance:  (i) Genetic mutations 
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that alter drug metabolism or change drug targets with eventual loss of the drug’s activity; (ii) 

Decreased access of the drug to its target, especially when the drugs are removed from their 

cellular compartment by mutations in transporters. 

 

1.9.1 Genes influencing artemether- lumefantrine resistance 

1.9.1.1. The Kelch13 propeller gene 

In 2014, Ariey et al identified PF3D7_1343700 (Pfkelch13), as the gene responsible for 

artemisinin resistance (Ariey F et al., 2014) by establishing an artemisinin-resistant parasite line 

from the artemisinin-susceptible F32 Tanzania clone following a 125-cycles of stepwise 

artemisinin selection for 5 years. Whole-genome sequencing of the resistant parasite line together 

with its parental line identified at least eight SNPs in seven genes of the resistant parasites. The 

M476I Pfkelch13 mutation was identified as the mutation responsible for artemisinin resistance 

because: (i) It was the first mutation to be acquired by the resistant parasites during the stepwise 

drug selection and (ii) it appeared concurrently with a steep increase in parasite survival (Ariey F 

et al., 2014). However, using RSA in 49 culture-adapted parasite isolates obtained from 

Cambodia, the M476I mutation acquired in the stepwise selection experiment was not observed, 

but four other mutations (Y493H, R539T, I543T and C580Y) were identified and closely 

associated with high RSA survival rates (Ariey F, et al., 2014). In 2015, direct evidence 

associating the Pfkelch13 mutations M476I, Y493H, R539T, I543T or C580Y to artemisinin 

resistance were reported by Straimer J et al.  
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1.9.1.1.2 Pfkelch13 protein structure and function 

The Pfkelch13 gene a single exon gene, with orthologues in rodent and simian malaria parasites 

and is highly conserved among them. It encodes a 726 amino acid protein consisting of three 

domains. The N-terminal: a Plasmodium- specific sequence, a broad-complex, tramtrack, bric-a-

brac/poxvirus and zincfinger (BTB/POZ) domain and a C-terminal 6-blade propeller domain of 

the kelch motif (Ariey F et al 2014). The function of the N-terminal plasmodium-specific 

sequence is unknown, because it lacks functional motifs. The Pfkelch13 BTB/POZ domain 

consists of about 120 amino acids and functions as a mediator for homo-dimerization and in 

some cases hetero-dimerization with other proteins (Bardwell VJ & Treisman R, 1994). The 

kelch motif consists of approximately 50 amino acids and its four-stranded anti-parallel beta 

sheet, forms a blade structure (Adams J et al., 2000). This motif is observed as 6–8 repeats in a 

protein, forming a large toroidal shape termed the beta-propeller domain (Mita et al 2016). 

According to PlasmoDB data, the Pfkelch13 protein is expressed at the asexual, sexual and 

transmission stages. As reviewed in Mita et al., 2015, Pfkelch13 performs several functions, like; 

regulation of gene expression (e.g., RAG2) and intracellular transport (e.g., p40). Pfkelch 13 like 

other proteins with kelch motifs conducts its function via protein–protein interactions through a 

beta-propeller domain. For instance, in P. falciparum, Pfkelch13 exerts its function through 

interactions between beta-propeller or BTB/POZ domains and other proteins. 

 

As reviewed in Mita et al 2015, Pfkelch13 has high sequence similarity to the human kelch-like 

ECH-associated protein 1 (KEAP1), which is a negative regulator of the antioxidant response. 

Under normal conditions, KEAP1 binds to nuclear factor erythroid 2-related factor 2 (NRF2), a 
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transcription factor that activates a set of antioxidant responsive genes. The Formation of the 

KEAP1–NRF2 complex facilitates ubiquitination and subsequent proteasomal degradation of 

NRF2 in the cytosol, whereby expression of NRF2-regulated antioxidant genes is suppressed. 

However, the KEAP1–NRF2 complex is disrupted with oxidative stress and NRF2 translocates to 

the nucleus where it activates a set of antioxidant-responsive genes. Therefore, since malaria 

parasites are exposed to oxidative stress by artemisinin treatment, it is possible that Pfkelch13 

may function similar to KEAP1, although no NRF2 orthologue has been identified in 

Plasmodium spp.  

 

1.9.1.1.3 Population genetics of pfkelch13 

Previously studied antimalarial drugs, showed either one or a few mutations conferred 

antimalarial resistance, for example the pfcrt-K76T mutation for chloroquine resistance and 

dihydrofolate reductase (dhfr)-S108N mutation in pyrimethamine resistance (Mita T et al., 2009, 

Fidock DA et al., 2000). In Pfkelch13 however, several mutations have been associated with 

artemisinin resistance (Ashley EA et al., 2014, Straimer J., 2015). As reviewed by Mita et al, 

approximately 100 non-synonymous mutations with substantial geographical difference have 

been reported in Pfkelch13 (Mita et al., 2015). The five Pfkelch13 mutations M476I, Y493H, 

R539T, I543T and C580Y associated with artemisinin resistance are exclusively distributed in 

GMSR. Mainly because, ACT was introduced earlier in the GMSR than in other regions and also, 

the stronger artemisinin pressure in the region may have selected multiple Pfkelch13 mutations, 

leading to a considerably higher prevalence of mutant parasites. 
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Pfkelch13 mutations M476I, Y493H, R539T, I543T and C580Y confer high level artemisinin 

resistance as determined by RSA survival rate (Straimer J et al., 2015), but C580Y is 

predominantly observed in the field. The wide spread distribution of the C580Y mutation in 

GMSR suggests the likelihood of this mutation being the most adapted for survival. The wide 

repertoire of Pfkelch13 mutations suggests multiple origins of artemisinin resistance (Miotto O et 

al., 2015), contrasting observations of chloroquine and pyrimethamine resistance (Roper C et al., 

2004). 

 

1.9.1.1.4 Clinical implications of pfkelch13 mutations 

Associations between Pfkelch13 mutations and treatment outcomes have been demonstrated. 

First, Ashley et al using artemisinin monotherapy (Ashley et al., 2014) observed that parasites 

with non-synonymous Pfkelch13 mutations were associated with parasite-clearance half-life 

longer than 5 h (Ashley et al., 2014). Another study in China showed that the most prevalent 

mutation in the area, F446I was significantly associated with much longer parasites clearance 

half-lives and day 3 parasitemia after artemisinin monotherapy (Huang F et al 2015). One study 

in Uganda also suggested the potential association between A578S mutation and prolonged 

parasite-clearance time in children with severe malaria (Hawkes M, et al., 2013). In Cambodia, 

using combination therapy, with follow up duration of 42-day Pfkelch13 polymorphisms were the 

most significant risk factors for treatment failure (Leang R et al., 2015). Two studies conducted 

in Africa however showed high ACT efficacy with no significant association between clinical 

outcomes and Pfkelch13 polymorphisms (Ouattara A et al., 2015, Plucinski MM et al., 2015). 
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1.9.1.1.5 P.f kelch 13’s role in artemisinin resistance 

Different molecular mechanisms and targets have been suggested regarding the role of Pf kelch 

13 in artemisinin resistance. 

1.9.1.1.5.1 Increased production of PI3P 

Mbengue et al (Mbengue A et al 2015) reported that the active metabolite of artemisinins 

(dihydroartemisinin) inhibited the enzymatic activity of P. falciparum phosphatidylinositol 3-

kinase (PfPI3K), which is required to phosphorylate P. falciparum phosphatidylinositol to 

produce phosphatidylinositol-3-phosphate (PI3P). PI3P reportedly mediates cell signaling and 

survival in other organisms (Davis WJ et al., 2015). Therefore, in artemisinin-susceptible 

parasites a decrease in PI3P concentrations induced by artemisinin treatment would impair 

activation of cell survival signaling pathways, which would be fatal to parasites (Mbengue A et 

al., 2015). In contrast, PI3P concentrations were higher in artemisinin-resistant parasites, 

suggesting that PI3P-mediated signaling may be important in artemisinin resistance. In more 

experiments using transgenic parasite lines overexpressed the human VSP34, PI3K, and 

increased PI3P concentration, the authors observed that the transgenic parasites exhibited higher 

RSA survival than the parent 3D7 strain, suggesting that PI3P levels would strongly affect 

artemisinin resistance (Mbengue A et al., 2015).  

 

Relating to the role of Pfkelch13 in artemisinin resistance, the authors demonstrated that wild 

type Pfkelch13 binds to PfPI3K facilitating K48-linked ubiquitination and subsequent proteasome 

degradation of PfPI3K. In contrast, Pfkelch13 mutation C580Y bound less to PfPI3K, causing 

less degradation of PfPI3K and consequently high PI3P concentrations in the resistant parasites. 
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Highlighting the role of this mutation in artemisinin resistance. 

 

1.9.1.1.5.2 Up-regulation of ubiquitin/proteasome system 

Oxidative stress inhibits protein translation and induces protein degradation by the 

ubiquitin/proteasome system (Amm I et al., 2014). In the artemisinin-resistant parasites, the 

ubiquitin/proteasome system is up regulated compared to artemisinin-susceptible parasites 

(Dogovski C et al., 2015). They established that the parasites mount a stress response, which may 

manifest as growth retardation with engagement of the proteasome-ubiquitin pathway. The stress 

response in parasites with K13 mutations is enhanced with up-regulation of the 

ubiquitin/proteasome system, which induces prompt degradation of the damaged proteins. In 

contrast, Epoxomicin a clinically used proteasome inhibitor inhibits the stress response, 

promoting parasite death, synergizing the effect of artemisinins. This mechanism is presented in 

figure 5. 
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Figure 5 Model of killing and survival-promoting events following treatment with ART, 

(Dogovski C et al., 2015) 

 

1.9.1.1.5.3 Activation of unfolded protein response pathway 

Experiments evaluating artemisinin resistance using transcriptomic profiling, showed that most 

up-regulated genes in the resistant parasites were exported proteins (Witkowski B et al., 2010). 

Mok S et al, in another study conducted in Southeast Asia, observed that artemisinin-resistant 

parasites displayed modifications of the transcriptional profiles in erythrocytic asexual stages 

(Mok S et al., 2011). Genes related to basic metabolic and cellular pathways in the ring stage 

were delayed in artemisinin-resistant parasites compared with artemisinin- susceptible parasites. 

This is partially explained by the observation that artemisinin-resistant parasites express growth 

retardation at this stage (Dogovski C et al., 2015). Functional pathways of the up-regulated genes 

were largely associated with the unfolded protein response that is also known to be a coping 
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mechanism in response to endoplasmic reticulum stress, (Hetz C et al., 2015) implying that 

artemisinin resistance weakens potential damage of parasite proteins by artemisinin. Such 

mechanisms have been observed in parasites with Pfkelch13 resistance associated mutations. 

 

1.9.1.2 Markers of a genetic background for artemisinin resistance 

Mutations in Pf kelch13 have been reported to arise on a particular genetic background that is 

common in Southeast Asia. The strongest markers of this genetic background are non-

synonymous mutations in apicoplast ribosomal protein S10 (arps10) gene on chromosome 14 

and ferredoxin (fd) on chromosome 13. Other background markers include non-synonymous 

mutations in multidrug resistance transporter 2 (mdr2) on chromosome 14, chloroquine 

resistance transporter (crt) on chromosome 7, protein phosphatase (pph) on chromosome 10 and 

phosphoinositide-binding protein (pibp) on chromosome 7 (Miotto O et al., 2015). Associations 

between background markers and Pfkelch13 mutations are multiple and the proportion of 

samples with Pfkelch13 mutations correlates with the background marker frequency (Miotto O et 

al., 2015). Background markers have also been strongly associated with slow parasite clearance 

rates highlighting the possibility that they can be regarded as markers of the risk that an 

artemisinin-sensitive parasite in Southeast Asia will acquire a Pfkelch13 mutation that makes it 

artemisinin resistant. 
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1.9.1.3 Pfcrt� 

The P.falciparum chloroquine resistance transporter (pfcrt) gene is the main determinant of 

chloroquine resistance, with K76T as the key mutation mediating resistance (Fidock et al., 2000) 

(Figure 6). Chloroquine acts inside the digestive vacuole where it binds to hematin, preventing 

the detoxification process of the byproducts produced during haemoglobin digestion (Bray et al., 

1998). The PfCRT protein is located in the digestive vacuole membrane. The mutated form is 

believed to function as an exporter, transporting chloroquine out from the digestive vacuole 

(Valderramos & Fidock, 2006). In addition to its recent involvement in chloroquine resistance, 

PfCRT has also been seen to affect the response to arylaminoalcohols and artemisinins. Sidhu et 

al observed in a transfection experiment, that acquisition of the pfcrt K76T mutation increased 

the susceptibility to mefloquine and artemisinin (Sidhu et al., 2002). Moreover, when 76T is 

exchanged to K76, the wild type form shows decreased susceptibility to mefloquine and to some 

extent also to artemisinin (Lakshmanan et al., 2005).   

 

Figure 6 The PfCRT protein, showing the predicted ten trans-membrane domains. Adapted from 
(Valderramos & Fidock, 2006). 
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1.9.1.4 Pfmdr1� 

The P. falciparum homologue, P- glycoprotein homologue 1 (Pgh1), was discovered through the 

cloning of its coding gene, named P. falciparum multidrug resistance gene 1 (pfmdr1) (Foote et 

al., 1989). Pgh1 belongs to the ATP-binding cassette (ABC) transporter superfamily and is made 

of two domains of six trans-membrane regions, two nucleotide binding domains (NBDs) and 

Walker A and B conserved sequences, which are typical for ABC transporters (Peel, 2001). The 

protein is expressed during the asexual erythrocytic stages and is essentially located in the 

membrane of the digestive vacuole (Cowman et al., 1991). Sequencing of pfmdr1 using 

laboratory-adapted strains from different geographical areas resulted in the identification of SNPs 

N86Y, Y184F, S1034C, N1042D and D1246Y, which modulate multi drug susceptibility (Foote 

et al., 1990) (Figure 7).  

 

Figure 7 The Pgh1 protein, encoded by pfmdr1, with two domains, consisting of six  trans-
membrane regions. The N86Y, Y184F, S1034C, N1042D and D1246Y SNPs are  marked at their 
respective amino acid position. Adapted from (Valderramos & Fidock,  2006). 
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Field isolates have shown associations between pfmdr1 SNPs and susceptibility to mefloquine, 

lumefantrine and halofantrine, as well as to quinine and artemisinins (Reed et al., 2000, Price et 

al., 2006,). Furthermore, gene amplification of pfmdr1 may have an important role in the 

mechanism of resistance to several antimalarials. Increased pfmdr1 copy number has been 

associated with decreased in vitro susceptibility to mefloquine, halofantrine and quinine in field 

isolates (Price et al., 1999). Supporting the available in vitro data, pfmdr1 amplification has been 

associated with treatment failures after mefloquine, artesunate-mefloquine and artemether-

lumefantrine treatment in Southeast Asia (Price et al., 2006). 

  



	 47	

2.0. EVALUATION OF THE THERAPEUTIC EFFICACY OF ARTEMETHER 

LUMEFANTRINE  

2.1 Study Rationale 

Since the mid-2000s, artemisinin-based combination therapy (ACT) has been deployed as first-

line treatment for uncomplicated Plasmodium falciparum malaria in nearly all malaria endemic 

countries (World Malaria Report 2014). The wide-scale deployment has been regarded as one of 

the central causes of the recent decline in malaria related morbidity and mortality rates (Eastman 

RT & Fidock DA., 2009). However, since the first report of artemisinin-resistant P. falciparum 

malaria in Western Cambodia (Noedl H et al., 2009), geographical areas of artemisinin resistance 

have steadily spread into the Greater Mekong sub-region (Ashley EA., et al 2014, WHO Status 

report on artemisinin resistance). In Africa, although previous clinical trials have demonstrated 

rapid parasite-clearance after ACT treatment (4ABC Study Group 2011), there is a global 

concern that artemisinin resistance may invade this region following the path previously observed 

in chloroquine and sulfadoxine/pyrimethamine resistance (Roper C et al., 2004, Mita T et al., 

2011, Mita T et al., 2009, Mita T et al., 2009).  

 

In 2014, pfkelch13 (PF3D7_1343700) was identified as a useful molecular marker for tracking 

the emergence and spread of artemisinin resistant P. falciparum. Pfkelch13 encodes a 726 amino 

acid protein with a broad-complex, tramtrack, bric-a-brac/poxvirus and zincfinger (BTB/POZ) 

domain and a C-terminal 6-blade propeller domain (Ariey F et al., 2014). Some mutations in 

these two domains are associated with delayed parasite-clearance time following artemisinin 

treatment in Southeast Asia (Ashley EA et al., 2014, Ariey F et al., 2014). In addition, a recent 
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genome-wide association study also identified several single nucleotide polymorphisms (SNPs) 

that are assumed to be background genetic changes for artemisinin resistance, these include; 

D193Y in ferredoxin (fd), T484I in multidrug resistance protein 2+ (mdr2), V127M in the 

apicoplast ribosomal protein S10 (arps10), I356T in chloroquine-resistance transporter (crt), 

V1157L in protein phosphatase (pph) and C1484F in phosphoinositide-binding protein (pibp) 

(Miotto O et al., 2015). In Africa, polymorphisms in these genes have been occasionally 

observed, but mostly different from those reported in Southeast Asia (MalariaGen 2015, Ménard 

D et al., 2016). Making it unclear whether the existence of these mutations in Africa is a 

consequence of selection induced by anti-malarial use. 

 

During antimalarial treatment, less susceptible parasites can be selected in the human body, a 

process termed in vivo selection. This is because the treatment creates drug concentration 

circumstances that are sufficient to kill susceptible, but not less susceptible parasites. Previous 

investigations revealed that artemether-lumefantrine (AL) treatment selected for parasites 

harbouring alleles with K76 in pfcrt and N86, 184F and D1246 in pfmdr1 (Conrad MD et al., 

2014, Sisowath C et al., 2009, Happi CT et al., 2009). However, the possibility of similar in vivo 

selection has not been fully investigated in pfkelch13 and the putative background genes.  

 

Uganda adopted AL as the first line treatment for uncomplicated malaria in 2004, although actual 

implementation was in 2006. Since then, marked clinical efficacy has been reported; 0-0.5% of 

cases with residual parasites by day 3 (Yeka A et al., 2016, Yeka A et al., 2014, Yeka A et al., 

2013, Muhindo MK et al., 2014, Kapisi J et al., 2015, Arinaitwe E et al., 2009, Kamya MR et al., 
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2007, Bukirwa H et al., 2006, Yeka A et al., 2008, Dorsey G et al., 2007) and 1.0 - 6.0% of 

recrudescence (Yeka A et al., 2014, Yeka A et al., 2013, Arinaitwe E et al., 2009, Bukirwa H et 

al., 2006). All these values were determined microscopically. Molecular assessments using high-

sensitive PCR are however able to detect sub-microscopic infection of parasites during follow-up 

after anti-malarial treatment, some of which might possess resistant phenotypes (McNamara DT 

et al., 2006).  

 

In the absence of a vaccine, malaria control and treatment relies heavily on the use of antimalarial 

drugs, particularly dramatic for the African continent where the burden is high and cheap 

alternative drugs are sought. Drug pressure has been identified as one key factor in the emergence 

of resistance, especially when coupled with drug misuse or when used as monotherapy. Thus, 

evaluating drug resistance, looking for molecular markers that reliably detect resistant parasites, 

would support malaria control efforts. Therefore, in this study, we evaluated the therapeutic 

efficacy of AL in Gulu, Northern Uganda. Recruited individuals were followed up for a period of 

28 days after treatment and the presence of parasites was determined using polymerase chain 

reaction (PCR) to detect sub-microscopic infections. Genotyping of pfkelch13 polymorphisms, 

and putative background SNPs for artemisinin resistance in P. falciparum recurrent infections 

was done to evaluate whether AL treatment selected for polymorphisms in a region where it has 

been used for a long time. 
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2.2. Study objectives 

2.2.1. General objective 

To monitor the emergence of P. falciparum parasites showing resistance to artemether 

lumefantrine the currently used antimalarial drug for treating uncomplicated malaria in Uganda, 

and assessing the existence of parasitemia after treatment. 

2.2.2. Specific objectives 

1. To evaluate artemether lumefantrine clinical efficacy in Gulu Northern Uganda. 

2. To determine whether artemether-lumefantrine treatment selects for polymorphisms in a 

region where it has been used for a long time. 

 

2.3. Materials and Methods 

2.3.1 Study site and study population 

The study was conducted at the peak of malaria transmission between May – July and October – 

November 2014 at St Mary’s Hospital Lacor in Gulu district, Northern Uganda. Malaria 

transmission in the study region is perennial with an estimated prevalence of > 60%, and 

entomological inoculation rate (EIR) of 100 or more infective mosquito bites per person per year 

(Uganda Malaria Indicator Survey 2009). Anopheles funestus is the major mosquito vector and a 

few infections are due to Anopheles gambiae (Okello PE. et al., 2006). Malaria control measures 

in the region include, indoor residual spraying (IRS), long-lasting insecticide-treated nets 

(LLINs), malaria case management with ACT and intermittent preventive treatment during 

pregnancy (IPTp). In particular, IRS has been scaled-up since 2009 to cover 10 high-malaria 
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burden districts (Apac, Kole, Gulu, Amuru, Nwoya, Pader, Agago, Kitgum, Oyam and Lamwo) 

in the mid-northern region (Uganda Malaria Indicator Survey 2014-15). Symptomatic individuals 

with P. falciparum positive results by rapid diagnostic test (RDT) were referred to the study 

physicians. The criteria for recruitment are shown in Supplementary Table 1. Individuals who 

had received anti-malarial treatment within two weeks prior to enrollment were excluded from 

AL efficacy study but recruited in the in vivo selection study.  

 

2.3.2 Ethics, consent and permissions 

Before enrollment, written informed consent was obtained from the participants’ parents or 

guardians, and children aged ≥7 years were assented. The study was reviewed and approved by 

Lacor Hospital Institutional Research and Ethics Committee (LHIREC) (Study protocol number 

LHIREC 008/05/2013 and 021/09/13) and regulatory approval was obtained from the Uganda 

National Council for Science and Technology (UNCST) (HS 1395). 

 

2.3.3. Artemether-lumefantrine treatment and follow-up assessment 

For the efficacy study, AL (Coartem®, Novartis 20 mg artemether/120 mg lumefantrine tablets) 

was orally administered twice daily for 3 days and follow-up assessments were performed on 

days 1, 2, 3, 7, and 28 after initial drug treatment. Dosage of oral Coartem® was adjusted 

according to the participant’s body weight: one (5–14 kg), two (15–24 kg), or three (25–34 kg) 

tablets. The drug was given as directly observed treatment (DOTS) for all patients by study 

nurses and physicians. After each treatment, patients were carefully observed for 30 minutes, and 

the same dose was re-administered if vomiting occurred. Rescue treatment regimen 
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(dihydroartemisinin-piperaquine) was administered daily for 3 days to any individuals who failed 

on the initial AL therapy. If the recruited patients developed severe malaria during follow-up, 

they were referred to the hospital for parenteral artesunate.  

 

At enrollment, venous blood samples (1 mL) were obtained from the cubital vein before initial 

treatment except for children < 2 years where finger prick sampling was performed. A finger-

prick blood sample of 100µL was obtained at each follow-up visit. Blood was spotted on 

chromatography filter paper (ET31CHR; Whatman Limited, Kent, UK). Haemoglobin (Hb) 

concentration was measured using a portable spectrophotometer Hemocue Hb 201 (HemoCue, 

Ängelholm, Sweden) on days 0 and 28 or on the day of late clinical failure. Anaemic patients 

with Hb level <10.0 g/dL were treated with Ferrous sulphate tablets for 14 days. Plasma 

concentrations of artemether and lumefantrine were not measured. Treatment outcomes were 

classified according to WHO guidelines for areas of intense malaria transmission as: adequate 

clinical and parasitological response (ACPR), early treatment failure (ETF), late clinical failure 

(LCF) and late parasitological failure (LPF) (WHO Methods for surveillance of antimalarial drug 

efficacy).  

 

2.3.4. Microscopic and molecular diagnosis of malaria parasites  

Thick and thin blood smears were stained with 2% Giemsa for 30 minutes. The number of 

parasites was counted per 200 white blood cells (WBCs), assuming 8,000 WBC/µL. Parasite 

density was calculated by averaging independent counts made by two microscopists. Discordant 

results (difference in parasite density of >50%) were re-examined by a third microscopist and, 
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parasite density calculated by averaging two closest counts. Slides were considered negative if 

after examination of thick smears, no parasite was detected in 100 high power fields. Parasite 

DNA was extracted from a quarter of dried blood spot (25µL) using a QIAamp DNA Kit 

(Qiagen, Hilden, Germany) (Sakihama N et al., 2001). In all first visit and follow-up cases, P. 

falciparum infections were assessed by species-specific PCR as previously described (Rubio JM 

et al., 1999). Genotyping of merozoite surface protein 1 (msp1), merozoite surface protein 2 

(msp-2) and glutamate rich protein (glurp), was also performed to differentiate between 

recrudescence and new infections on day 0 and the day of positive infection (Tanabe K et al., 

1999, WWARN: Tools and resources/procedures). Nested PCR products were analysed by 

electrophoresis using 2% agarose for msp-1 and msp-2 and 1.5% agarose for glurp. Patient 

samples were run side by side. Gel images were digitised and molecular weights determined 

using imagej software, an open platform for scientific image analysis. Densitometric curves were 

generated for each gel lane, and dominant bands in each lane were assigned molecular weights. 

Using reference strains, alleles were considered the same if molecular weights were within 10 bp 

for msp 2 and 20 bp for glurp.  

 

2.3.5. Genotyping of drug-resistant genes 

Polymorphisms in pfcrt (K76T) and pfmdr1 (N86Y, Y184F, S1034C, N1042D and D1246Y) 

were determined as reported (Duraisingh MT et al., 2000, Takahashi N et al., 2012). K13-

propeller domain was amplified by nested PCR, covering almost all the six propeller domain 

sequences, as described (Ariey F et al., 2014). The sequences were aligned using MUSCLE in 

MEGA software, version 6.06 (Tamura K et al., 2013) with P. falciparum 3D7 full-length 

sequence of K13-propeller domain (PF3D7_1343700) from PlasmoDB (PlasmoDB database) as 
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reference.  

 

Six background mutations for artemisinin resistance (D193Y in fd, T484I in mdr2, V127M in 

arps10, I356T in crt, V1157L in pph and C1484F in pibp) were amplified by multiplex PCR 

using gene specific primers  (Table 2). In brief, 10 μL reaction mixture consisted of 1 μL of DNA 

template, 0.5 μM of 6-primer sets, and PrimeSTAR Max DNA Polymerase (Takara Bio Inc., 

Otsu, Japan). Cycling conditions were: denaturation at 98ºC for 10 s, followed by 40 cycles of 

amplification (98ºC for 10 s, 60ºC for 10 s, and 72ºC for 90 s), with a final elongation period of 

90 s at 72ºC. ExoSAP-IT Kit was used for the purification of PCR products. SNP typing was 

performed on amplified products with 5 μL of reaction mixture consisting of 2.5 μL of Premix 

Ex Taq (Probe qPCR) (Takara Bio Inc.), 0.2 μM of each primer, 0.1 μM of LNA probe set, 0.05 

μL of ROX Reference Dye II, and 0.5 μL of template DNA using the 7500 Real-Time PCR 

System (Applied Biosystems). Primers and probes for SNP assay are also shown (Supplementary 

Table 2). The probes for detecting wild type and mutant SNPs were labeled with HEX and 6-

FAM (6-carboxyfluorescein) as reporters at 5' end, respectively. All probes contained Iowa 

Black® FQ (IBFQ) as a dark quencher at 3' end.  

 

To evaluate performance of the SNP assay system in all 6 genes, two P. falciparum strains, wild 

type (3D7) and a mutant-type (a strain from Thailand identified during preliminary experiments) 

were used as positive controls. Nucleotide sequence data are available in the GenBankTM, EMBL, 

and DDBJ databases under the accession numbers: LC193525 - LC193693. 
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2.3.6. Statistical analysis 

Kaplan–Meier product limit formula was used for the estimation of day 28-PCR-adjusted cure 

rates, which was the primary efficacy endpoint. The uncorrected and PCR-corrected Kaplan–

Meier cumulative treatment success rates up to day 28 were calculated for all participants. 

Patients were censored when either lost to follow-up or withdrawn from the study.  Either 

Fisher’s exact test or Pearson’s chi-square test (χ2) test were used for comparison of categorical 

variables, and Wilcoxon rank sum test was used for the continuous variables. P values < 0.05 

were considered statistically significant. R statistical software (version 3.2.0; R Foundation for 

Statistical Computing) was used for all the statistical analyses. 
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2.4 Results 

2.4.1 Studied individuals 

A total of 672 patients were screened, out of which 169 microscopically confirmed P. falciparum 

mono-infection were recruited. Sixty four of the 169 patients met the inclusion criteria for the 

artemether-lumefantrine therapeutic efficacy study (Figure. 8). The remaining 105 patients were 

excluded due to: antimalarial-drug usage within two weeks (n = 46), living outside the study 

catchment area (n = 18), severe malaria (n = 17) and for other reasons (n = 24). Of the 64 

enrolled individuals, two were lost to follow-up and one was withdrawn for taking antimalarial 

drugs outside the study protocol. This resulted in 61successfully followed-up cases (retention rate 

= 95.3%). Mean age and parasitemia of the studied individuals were 3.3 years and 11,579/μL 

(parasite density = 0.26%), respectively (Table 1). Older children (≥ 5 years) tended to have 

higher parasitemia as compared to the younger children < 5 years though not statistically 

significant (p = 0.31). Other characteristics remained comparable between age groups. 
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Figure 8. Study Design of Artemether-lumefantrine therapeutic efficacy study. 
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Table 1 Characteristics of 61 individuals in artemether-lumefantrine efficacy study at enrollment 

±  values are means and SD 

 

2.4.2 Artemether-lumefantrine treatment outcomes 

Excellent early response to AL treatment was observed in both age groups (Table 2). Fever was 

cleared by day 2 in almost all patients. Only one (1.6%) child (4 years and 9 month-old male) 

showed microscopically residual parasites on day 3. His parasite density was 1.0% at enrollment, 

gradually decreased on days 1 (0.46%) and 2 (0.38%), and was still present by day 3 (0.22%, 

9960 parasites/µL). The 3 days rescue regimen of dihydroartemisinin-piperaquine was, therefore, 

administered, and live parasites disappeared. However, pyknotic parasites persisted until day 7. 

Prevalence of parasite-positive individuals on day 3 as assessed by PCR was 22.9%, whereas it 

was 1.6% by microscopy. Individuals that were parasite positive by PCR (19,026.9 ± 11.3, n = 

11) on day 3 had significantly (p = 0.0111) higher median parasitaemia at enrollment than the 

PCR negative group  (9,987.1 ± 10.5, n = 48). This suggests that parasite biomass before 

treatment may also be associated with treatment success and PCR parasite-positive outcome on 

day 3 (Figure 9). 

Characteristic < 5 years (n = 49) ≥  5 years (n = 12) 

Gender ratio, Male/female 32/17 5/7 

Age (years) 2.7 ± 13.0 5.9 ± 18.8 

Temperature (oC) 38.4 ± 1.3 38.5 ± 1.0 

Geometric mean parasitaemia (No. of parasites/µL) 10,429.8 ± 10.4 17,746.4 ± 12.4 

Haemoglobin (g/dL) 10.0 ± 1.9 10.8 ± 2.5 

Gametocytes present (n) 4 (8.2%) 1 (8.3%) 
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Table 2 Response to artemether-lumefantrine treatment 

Characteristic Age   Total (n = 61) 

< 5 years (n = 49) ≥  5 years (n = 12) 

Fever (≥ 37.5oC) persistence, n (%)      

  Day 1 11 (22.4) 1 (8.3) 12 (19.7) 

  Day 2 3 (6.1) 0 3 (4.9) 

  Day 3 0 0 0 

Parasite persistence  

 Microscopy, n (%) 

   

    Day 1 40 (81.6) 11 (91.7) 51 (83.6) 

    Day 2 13 (26.5) 5 (4.2) 18 (29.5) 

    Day 3 1 (2.0) 0 1 (1.6) 

  PCR, n (%)    

    Day 1 45 (91.8) 11 (91.7) 56 (91.8) 

    Day 2 27 (55.1) 6 (50) 33 (54.1) 

    Day 3 11 (22.4) 3 (25) 14 (22.9) 

Gametocyte persistence, n (%)    

  Day 1 4 (8.2) 1 (8.3) 5 (8.2) 

  Day 2 3 (6.1) 1 (8.3) 4 (6.6) 

  Day 3 3 (6.1) 1 (8.3) 4 (6.6) 

28-day WHO Treatment Outcome, n (%)    

  Early Treatment Failure 0 0 0 

  Late Clinical Failure 2 (4.1) 1 (8.3) 3 (4.9) 

  Late Parasitological Failure 0 0 0 

  Adequate Clinical and Parasitological   

  Response 

47 (96.0) 11 (91.7) 58 (95.1) 

Cure rate, n (%)     

  PCR Unadjusted 47 (96.0) 11 (91.7) 58 (95.2) 

  PCR Adjusted 47 (96.0) 11 (91.7) 58 (95.2) 

Abbreviations: PCR: polymerase chain reaction; WHO: World Health Organization.  
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Figure 9 Enrollment parasitaemia as compared between the PCR positive (n=11) and PCR 
negative group (n = 48) to evaluate its impact on day 3 parasite positivity.  

 

Similar to the excellent early treatment response, efficacy of AL was high with ACPR ratio of 

95.2% (Table 2). Only three individuals showed LCF on day 28 and were later confirmed as 

reinfection by msp1, msp2 and glurp genotyping (Supplementary Table 3). These children were 

all male, aged; 11 months, 3 and 6 years with enrollment temperature of 36.8oC, 39.2oC and 

39.1oC and initial parasitaemia of 1,400/µL (0.03%), 99,200/µL (2.2%) and 96,080/µL (2.1%), 

respectively. Although all were parasite negative by day 2, they had malaria recurrence on day 28 

with parasitaemia of 1,840/µL (0.04%), 8,460/µL (0.2%) and 32,120/µL (0.7%), respectively. 

The children were successfully treated with the rescue regimen. Gametocytes were observed in 

five individuals (8.2%) at enrolment, and in two cases, persisted until day 7 after AL treatment. 
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2.4.3 Drug-resistance related alleles at enrollment 

In addition to 64 patients for the therapeutic efficacy study, 105 patients who did not meet 

inclusion criteria for the therapeutic efficacy study were recruited into the molecular 

epidemiological study for drug resistance. In total, 146 P. falciparum confirmed blood samples 

(82/105 with good quality gDNA + 64 from the therapeutic efficacy study) were used for 

genotyping of drug-resistance related alleles. Amino acid substitutions in Pfkelch13, which have 

been associated with artemisinin resistance in the Greater Mekong Sub region (Ariey F., et al 

2014) were not detected; almost all (98.6%) carried wild-type allele and only A578S mutation 

was observed in two samples (1.4%) (Table 3). The six SNPs previously identified as background 

genetic changes for artemisinin resistance in Southeast Asia, were also genotyped (Miotto O., et 

al 2015). All isolates harboured wild-type alleles in fd, mdr2, arps10, pph and pibp. Mutant 

alleles were only observed in pfcrt as mixed alleles (I356 + 356T) (n = 3). Regarding the other 

polymorphisms in pfcrt, K76T, which is known to be the responsible genetic change for 

chloroquine resistance, was observed in 29.2% of the isolates. In pfmdr1, wild-type alleles were 

nearly fixed at all known polymorphic positions other than 184; position 86 (98.0%), 1034 

(98.6%), 1042 (100%) and 1246 (93.7%), respectively. At position 184, the prevalence of wild 

type alleles was high (80.4%), but as above, was significantly lower than at the other positions (p 

< 0.0001 by Pearson’s chi-square test). 
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Table 3 Prevalence of amino acid substitutions in the putative drug-resistance related genes in 
Plasmodium falciparum isolates collected before artemether-lumefantrine treatment.   

Gene 

Amino acid 

Position 

Genotypes 

Wild type (n,%) Mutant (n, %) Mixed (n, %) 

Pfkelch13  141 (98.6) 2 (1.4) A578S 0 

 fd D193Y 127 (100) 0 0 

mdr2  T484I 126 (100) 0 0 

arps10  V127M 127 (100) 0 0 

pph  V1157 122 (100) 0 0 

pibp  C1484F 127 (100) 0 0 

Pfcrt K76T 98 (68.1) 42 (29.2) 4 (2.7) 

 I356T 122 (97.6) 0 3 (2.4) 

Pfmdr1    N86Y 141 (98.0) 3 (2.1) 0 

 Y184F 115 (80.4) 14 (9.8) 14 (9.8) 

     S1034C 143 (98.6) 2 (1.4) 0 

     N1042D 145 (100) 0 0 

     D1246Y 134 (93.7) 9 (6.0) 0 

 

2.4.4 In vivo selection of drug-resistance related alleles after artemether-lumefantrine 

treatment 

Plasmodium falciparum positivity after AL treatment was assessed by PCR in 61 individuals who 

were treated and successfully completed 28 days of follow-up. There were 23 PCR positive 

samples: 14 on day 3, 4 on day 7, and 5 on day 28. In pfkelch13 and the six background genes for 

artemisinin resistance (genes encoding for ferredoxin, multiple resistance protein 2, apicoplast 

ribosomal protein S10, PfCRT protein, protein phosphatase and phosphoinositide-binding 

protein), all isolates carried wild-type alleles on day 3, 7 and 28 (Figure 10). All these 

observations were also found when the analysis was focused on a larger sample size involving 
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103 individuals (64 enrolled in the therapeutic-efficacy study + 39/46 with good quality DNA 

and who were excluded from the efficacy study due to previous antimalarial use but treated and 

followed-up) (Figure 11). Amino acid position 76 in pfcrt, wild-type alleles were predominant at 

both day 0 (66.3%) and the follow-up period (50% on day 3, 66.7% on day 7, and 100% on day 

28) (Figure 12). In pfmdr1, wild-type alleles were nearly fixed at all polymorphic amino acid 

positions except for 184 on day 0. These alleles were completely fixed on the all follow-up days 

(day 7 and 28) as well.  In contrast, position 184 remained polymorphic throughout the follow-up 

period without any trend of particular alleles except on day 7 where mutant alleles predominated 

(Figure 13) in a smaller sample cohort of 61 individuals.  

 

Figure 10 Allele prevalence in Pfkelch13, fd, mdr2, arps10, crt, pph and pibp among 61 isolates 
collected before and after artemether-lumefantrine treatment. Parasite genotypes were 
characterized at the time of presentation with malaria (day 0) and for infections detected within 
28 days after treatment with artemether-lumefantrine (AL). n values represent the number of 
samples analysed on each day. Wild-type genotypes are also indicated. 
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Figure 11 Allele prevalence in Pfkelch13, fd, mdr2, arps10, crt, pph and pibp among 103 isolates 
collected before and after artemether-lumefantrine treatment. Parasite genotypes were 
characterized at the time of presentation with malaria (day 0) and for infections detected within 
28 days after treatment with artemether-lumefantrine (AL). n values represent the number of 
samples analysed on each day. Wild-type genotypes are also indicated. 
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Figure 12 Allele prevalence in pfcrt K76T and pfmdr1among 103 isolates collected before and 
after artemether-lumefantrine treatment. Parasite genotypes were characterized at the time of 
presentation with malaria (day 0) and for infections detected within 28 days after treatment with 
artemether-lumefantrine (AL). n values represent the number of samples analysed on each day. 
Wild-type, mixed, and mutant genotypes are indicated. 
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Figure 13 Allele prevalence in pfcrt K76T and pfmdr1among 61 isolates collected before and 
after artemether-lumefantrine treatment. Parasite genotypes were characterized at the time of 
presentation with malaria (day 0) and for infections detected within 28 days after treatment with 
artemether-lumefantrine (AL). n values represent the number of samples analysed on each day. 
Wild-type, mixed, and mutant genotypes are indicated.  
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2.5 Discussion 

The present study revealed that both early and late responses to AL were still excellent in this 

study region of northern Uganda even after 8 years of its actual implementation as first-line 

treatment. Only one individual (1.6%) showed microscopically detectable parasites by day 3. 

Overall, similar excellent early response to AL treatment has been reported in other regions in 

Uganda (Yeka A et al., 2016, Yeka A et al., 2014, Yeka A et al., 2013, Muhindo MK et al., 

2014, Kapisi J et al., 2015, Arinaitwe E et al., 2009, Kamya MR et al., 2007, Bukirwa H et al., 

2006, Yeka A et al., 2008, Dorsey G et al., 2007). According to WHO criteria (WHO. Global 

plan for artemisinin resistance containment) an endemic region showing ≥ 10% cases with 

detectable parasites on day 3 after ACT treatment is regarded as an area with suspected 

artemisinin resistance. The Worldwide Antimalarial Resistance Network (WWARN) proposes a 

more sensitive benchmark of 5% threshold for sub-Saharan Africa because of higher levels of 

herd immunity to malaria in the region (WWARN; ACT Africa Baseline Study Group). In all 

cases, however, the prevalence of day 3 parasite positive individuals in the present study was less 

than the benchmarks for artemisinin-resistance.  

 

PCR-confirmed parasite positivity after AL treatment was much higher than microscopically 

confirmed positivity; 91.8% on day 1, 54.1% on day 2, and 23% on day 3. These prevalences 

were similar to two previous studies that molecularly assessed parasite positivity in Kenya and 

Tanzania (Beshir KB et al., 2013, Carlsson AM et al., 2011). Beshir et al. reported that PCR-

confirmed parasite positivity on day 3 would be a good predictor for malaria recurrence (Beshir 

KB et al., 2013). In this study, however, recurrence frequencies did not differ much between the 
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PCR-confirmed parasite positive group (7.7%) and the PCR-confirmed parasite negative group 

(4.2%) on day 3.  

 

Mechanisms of artemisinin resistance have been gradually uncovered albeit the overall picture 

has not been clarified. Enhanced stress response including activation of unfolded protein 

response and the PI3K/Pi3P/AKT pathway is thought to be the main mechanism for parasite 

survival in the presence of artemisinin (Mita T, et al., 2016, Paloque L et al., 2016). Pfkelch13 

has been elucidated to be involved in these processes (Mok S, et al., 2011, Dogovski C et al., 

2015). In the present analysis, however, nearly all parasites harboured wild-type alleles in 

pfkelch13 at enrollment. The only mutation observed in Pfkelch13 was A578S, which has been 

widely distributed in Africa (MalariaGen. 2015, Ménard D et al., 2016). Computational 

modelling reported that A578S could potentially disrupt the normal function of the Pfkelch13 

protein (Mohon AN et al., 2014). However, only one study has described a close link between 

A578S and prolonged parasite clearance after artemisinin treatment (Hawkes M et al., 2015) and 

others reported no association (Ménard D et al., 2016, Muwanguzi J et al., 2016, Ouattara A et 

al., 2015). Very recently, it has been described that introduction of A578S mutation into Dd2 did 

not change the in vitro artemisinin susceptibility determined by ring-stage survival assay (Ménard 

D et al., 2016). This observation partially supports the idea that A578S is not an artemisinin 

resistance related mutation. However, acquirement of artemisinin resistance would be a 

consequence of multiple genetic changes. As observed in this study and others (Miotto O et al., 

2015), genetic background was different between African and Southeast Asian parasites. Since 

Dd2 clone is derived from Indochina, similar transfection studies using African parasite in 

addition to further in vivo efficacy study and population genetic assessment would be required to 
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determine the potential role of A578S mutation.  

 

In vivo selection analysis revealed that pfkelch13 mutation was not observed in the parasite 

positive samples on day 3, 7 and 28, consistent with the recent observations Muwanguzi J et al., 

2016). Also, no selection of putative six non-synonymous polymorphisms was observed, 

suggesting that these genetic changes would not be responsible for parasite persistence in the 

present study. In contrast, Pfcrt K76 and Pfmdr1 N86/D1246 were observed in all recurrent 

parasites. Prevalence of Pfmdr1 Y184F (33.3%) in the recurrent patients was higher than baseline 

(14%), although not statistically significant. These observations support the potential selection of 

Pfcrt K76 and Pfmdr1 N86/Y184F/D1246 after AL treatment (Sisowath C et al., 2009, Happi CT 

et al., 2009). In vivo selection of these mutations would increase these allele prevalences in the 

parasite population. In fact, the analysis herein revealed much higher allele frequencies than 

previously reported (Ashley EA et al., 2014); 68% vs 0% in the Pfcrt K76, 98.0% vs 9.5% in 

Pfmdr1 N86 and 93.7% vs 16.9% in Pfmdr1 D1246.  
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2.6 Conclusions 

2.6.1 Overall conclusion 

The overall conclusion of this thesis is that artemether lumefantrine treatment remains of high 

efficacy for the treatment of P. falciparum malaria in Uganda, and mutations in pfkelch13 and the 

six background genes may not play an important role in the in vivo selection of polymorphisms 

associated resistance after artemether-lumefantrine treatment in Uganda. Different mechanisms 

might rather be associated with the existence of parasites after treatment.  

2.6.2 Specific conclusions 

1. Resistance to artemisinins does not seem to be a problem currently in Uganda and other 

African countries as evidenced by the low prevalence of individuals with delayed parasite 

clearance on day 3  

2. Pfkelch13 and the six background genes are not playing a role in the delay in parasite 

clearance and malaria recurrence observed in this study since all infections carried wild 

type alleles.  

3. Resistance to lumefantrine may be multigenic, including pfmdr1 and pfcrt and the 

observation of Pfcrt K76 and Pfmdr1 N86/Y184F/D1246 after AL treatment supports the 

potential selection of these alleles and supports their use as markers for in vivo 

lumefantrine tolerance, especially in Africa. 
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3.0 Personal reflections and future perspectives 

The emergence of artemisinin resistance seems to be restricted to the Greater Mekong Subregion. 

Emergence of artemisinin-resistant parasites particularly in Africa, is of great concern. One 

distinct feature of Pfkelch13 is that a number of SNPs can confer resistance, and multiple 

resistant lineages have been evidenced, (Miotto O., et al 2015) which may suggest the risk of 

potential independent emergence of artemisinin resistance in Africa. The acquirement of 

artemisinin resistance is also a consequence of accumulation of Pfkelch13 mutations and multiple 

background genetic changes such as non-synonymous the six background genes (Miotto O., et al 

2015). However, No clear evidence was obtained for the selection of mutant alleles in pfkelch13 

and the six-background genes, all of which have been reported to be associated with artemisinin 

resistance in Southeast Asia. Close monitoring of AL efficacy is therefore necessary in an effort 

to understand the influence of anti-malarial treatments and parasite persistence, in different 

genetic background of parasites and host interactions involved in the mutational process.  
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3.3 Supplementary Data 

Supplementary Table 1. Eligibility Criteria for recruitment into the therapeutic efficacy study and 
Molecular study 

 Therapeutic Efficacy Study 
 
Inclusion criteria 

1. Children aged 6 months to 10 years  

2. Fever (axillary temperature ≥ 37.5oC) or history of fever within the previous 24 hours. 
3. Body weight ≥ 5kg 
4. Uncomplicated malaria with asexual P.falciparum mono infection with parasitaemia ≤ 

200,000/µL. 
5. Hemoglobin concentration ≥ 5g/dL 

6. No history of hypersensitivity reactions or contradictions to the study drug. 
7. No evidence of concomitant febrile illness 
8. Provision of informed consent by a parent or guardian and assent for children ≥ 7 years 

and agreement to complete 28 days of follow-up. 
9. No regular medication, which could interfere with antimalarial drug, e.g. prophylaxis with 

cotrimoxazole for the prevention of Pneumocystis carinii pneumonia in children born to 
HIV positive women.  

10. Absence of severe malnutrition (defined as a child whose growth standard is below –3 z-
score, with symmetrical oedema involving at least the feet or mid-upper arm 
circumference < 110 mm). 

 
Exclusion Criteria 

1. Concomitant severe disease (cardiac, renal, hepatic diseases) or co-infection with other 
malaria species, which would place the subject at undue risk or interfere with the results of 
the study. 

2. Danger signs or evidence of severe malaria defined as: 

- Unarousable coma (if after convulsion, > 30 min) 
- Recent convulsions (1 to 2 within 24 hours) 
- Altered consciousness (confusion, delirium, psychosis, coma) 
- Lethargy 
- Severe anaemia (Hb < 5.0 g/dL) 
- Respiratory distress (breathing difficulties/labored breathing at rest) 
- Vomiting 
- Prostration 

3. Antimalarial drug usage within 2 weeks prior to enrollment into the study. 

4. Presence of other conditions that in the opinion of the Investigator would jeopardize the 
safety or rights of a child in the study or would render the child unable to comply with the 
follow-up. 

 Molecular Study 
Inclusion criteria 1. Aged ≥ 6 months 

2. Uncomplicated malaria with asexual P.falciparum mono infection of any density. 
3. Provision of informed consent by a parent/guardian and assent for children ≥ 7 years. 

Exclusion Criteria  None 
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