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ABSTRACT

Drug resistance continues to undermine malaria control, threatening malaria elimination efforts.
Resistance to artemisinin has now been confirmed in Southeast Asia and quinine monotherapy
clinical failure, although rare, has been reported as well. Studies in Kenyan coast have reported
parasite reduced sensitivity to quinine and artemisinin, indicating an urgent: need for surveillance
of the first-line drugs in Kenya. Quinine and Artemether-lumefantrine are the first-line treatment
for complicated and uncomplicated falciparum malaria respectively in Kenya. The present
study established the association between in vitro quinine and dihydroartemisinin (the active
metabolite of artemisinin) sensitivity and micro satellite polymorphism within P. falciparum
sodium/hydrogen exchanger-l (Pfnhe-l) and multidrug resistance-6 (Pfmdr-6) genes in samples
collected from western, highlands and coastal regions of Kenya. In vitro activity was assessed as
the drug concentration that inhibits 50% of parasite growth (IC50) and parasite genetic
polymorphisms were determined by DNA sequencing. Associations between the in vitro quinine
and dihydroartemisinin sensitivity [phenotypic] with the polymorphisms of the Pfnhe-I and
Pfmdr-6 genes [genotypic] were established using regression method. The median (Interquartile
range) IC50svalues in nM for quinine and dihydroartemisinin were 65.56 (18.19-337.7) and 8.18
(3.39-13.48), respectively. Data revealed significant association between 1 and 2 DNNND repeat
and parasite susceptibility to quinine (p=0.014 and p=0.043, respectively). In addition,
significant association .was seen between DNNND single repeat and parasite response to
dihydroartemisinin (p=0.04).While No significant different between quinine and
dihydroartemisinin IC50with DDNHNDNHNND and DDNNNDNHNDD repeats (p=0.199 and
p=O.S7).On the other hand, due to variation in Nand NIN microsatellite repeat of Pfmdr-6 ten
haplotypes was established, there was significant association between 8, 9 and 13 Pfmdr-6
R1repeat and parasite susceptibility to quinine (p=0.02, p=0.012 and p=0.041). Out of 87 and 34
isolates tested against quinine and dihydroartemisinin 29% and 44% contained high IC50s, which
are considered quinine and dihydroartemisinin resistance based on World Health Organization
cut-off points (quinine IC50 > 31SnM and dihydroartemisinin IC50 > lOnM), respectively. This
indicates quinine and dihydroartemisinin resistance may be emerging in Kenya. Clinical efficacy
studies are required to confirm the validity of these markers and the importance of parasite
genetic background given the importance of these drugs in the management of malaria. To
further validate our observation and conclusions, it will be important isolates from different
malaria ecological zones and malaria endemicity regions of Kenya are analyzed.
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CHAPTER ONE

INTRODUCTION

1.1. Background information
Malaria is a protozoan disease caused by parasites of the genus Plasmodium. It is one of the

leadingcauses of illness and death in the world. It is the leading cause of death in children under

the age of 5 years and pregnant women in developing countries (Lagerberg, 2008~Martens and

Hall, 2000). In 2010, there were estimated 216 million episode of malaria, out of this, 170

millioncases were in Africa, it is estimated that 655000 malaria deaths occurred, of which 95%

were in Africa. In addition, 86% of malaria deaths globally were children under the age of five

years (WHO, 2011). The disease accounts for 30 % of Kenya's outpatient visits, 19 percent of

hospitaladmissions, 2-3% of inpatient deaths (MOH, 2011). Therefore there is an urgent need

formoving towards control and elimination of this dreadful monster, which has great implication

on socio-economic well being of a nation. This can only be achieved through continued

surveillanceof the parasite chemo sensitivity and use of control measures that are geared towards

eliminationof the vector.

Malaria is transmitted from person to person by the bite of mosquitoes infected with the

protozoan parasite Plasmodium. It is characterized by periodic cycles of high fever followed by

chill, this occurs due to the destruction of red blood cells. Plasmodium species is hermaphroditic

protozoan,with haploid asexual replication ~ the human host and a brief diploid sexual phase in

the mosquito vector. Haploid parasites divide mitotically in the human host, and some cells

differentiate into male and female stages. Male and female gametes fuse in the mosquito host to

form a short-lived diploid zygote. Mitotic division then gives rise to haploid cells that develop
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into infective sporozoites, which migrate to the mosquito salivary glands and infect humans

during mosquito blood feeding (Tilley et al., 2011) . There are four distinct species of malaria

that are of clinical importance to humans which include P. falciparum, P. vivax, P. ovale and P.
l

maiariae. It is now recognized that the monkey malaria parasite P. knowles! also infect humans

with reports of infections in Malaysia and other countries in southeast Asia (Cox-Singh et ai.,

2008). Of these P. falciparum is responsible for over 90% of cases and most of the malaria

deaths worldwide (WHO, 2008).

A variety of drugs have been used to treat malaria in Kenya over the years including; artemisinin

derivatives (dihydroartemisinin-DHA, artemether- ART), quinolones (4-aminoquinolone and

methyl-quinolones) and its related compound aryl alcohol, Antifolate combination drugs and

antibiotics (WHO, 201Oa). However, P. falciparum has developed resistance to the mainstream

antimalarial drugs including Quinolones (chloroquine, amodiaqunine, piperaquine, lumefatrine,

mefloquine and quinine) and Sesquiterpine lactone artemisinin and its derivative in most parts of

the world (WHO, 20 lOa). Resistance of Pifalciparum to chemotherapeutic agents has

consistently hampered efforts to control and eradicate malaria (Schlitzer, 2007). In Kenya

chloroquine was the first line drug of choice till 1998 when parasite resistant was reported

(Shretta et ai., 2000). It was officially replaced with sulfadoxine - pyrimethamine (SP) (Mbaisi

et al., 2004) and by the year 2004, the parasite had developed resistance to SP and the drug had

to be replaced with Artemether lumefatrine (AL) (Bousema et ai., 2003). Recently, reduced

parasite sensitivity to AL has been reported ill the Kenyan Coast (Borrmann et al., 20 11~Mwai et

aI., 2009) indicating an urgent need for surveillance of the first line treatment in in the country

including both holendemic and hyper-endemic regions.
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A 7-day quinine in combination with doxycycline oral therapy has remained widely used as

first-line therapy for complicated malaria and second line drug for uncomplicated malaria
~

(WHO,201Oc). However quinine monotherapy clinical failure has been 'reported in Asia and

SouthAmerica, although more rarely in Africa (Achan et al., 2009; Chongsuphajaisiddhi et al.,

1983;Pukrittayakamee et al., 1994). Nevertheless, a study conducted in Kenyan coast on culture

adaptedisolate showed parasite reduced sensitivity to Quinine (Mwai et al., 2009). AL is one of

the Artemisinin combination therapies (ACT) comprising of Artemether one of the artemisinin

deriavative (rapidly acting compound) and lumefantrine one of the quinolones (long acting

compound).Considering the importance of the two drugs in management of malaria in Kenya,

the current study focused on determining the status of DHA the active metabolite of artemisinin

and QN. The need for the present study was further motivated by the fact that in vitro method

was used in assessing the parasite susceptibility to the two drugs in the previous studies

(Okomboet al., 2010). Furthermore, a clear in vitro parasite susceptibility to artemether would

nothave been established since artemether only acts after being metabolized to DHA.

In vitro assessment of the susceptibility of malaria parasites to drugs remains an important

component of antimalarial drug efficacy surveillance. Since this method is largely independent

of clinical factors, it provides information that complements clinical assessment of drug efficacy

as well as to background information for the development and evaluation of drug policies. Thus

the method is convenient for assaying both QN and DHA.
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The fact that QN resistance has been slow to evolve and propagate in P. falciparum indicates

that there may be a multifactorial basis of resistance. The mechanism of drug resistance is not

clear, but certain genes have been implicated in reduced susceptibility to QN (Nkrumah et al.,
\

2009). One gene implicated is a P. falciparum Na(+)IH(+) exchanger(Pfhn~-l), studies found
,

increases in QN resistance as a result of Pfhne-Imediated pH perturbations, microsatellite

polymorphisms, or decreased expression (Bennett et al., 2007; Nkrumah et al., 2009; Pradines et

al., 2010). Sequence polymorphisms in Pfnhe-I gene have been analyzed in laboratory strains

and field isolates with variable susceptibilities to QN (Andriantsoanirina et al., 2010; Baliraine

et al., 2011; Ferdig et al., 2004; Okombo et al., 2010; Pelleau et al., 2011). Several variants of

ms4760 have been described where ms4760-1 with 2 copies of DNNND repeat units was

significantly associated with reduced in vitro QN sensitivity in laboratory clones (Ferdig et al.,

2004) and in field isolates (Okombo et al., 2010). To the contrary, other studies have not found

association between polymorphisms in Pfnhe-I gene, with QN reduced susceptibility

(Andriantsoanirina et al., 2012; Pelleau et al., 2011). Polymorphisms in the Pfnhe-I ms4760

DDNHNDNHNND and DDNNNDNHNDD repeats have also been associated with varying in

vitro QN susceptibilities (Andriantsoanirina et al., 2010; Baliraine et al., 2010; Baliraine et al.

2011; Briolant et al., 2010; Briolant et al., 2011; Henry et al., 2009; Meng et al., 2010; Nkrumah

et aI., 2009; Okombo et al., 2010; Pelleau et al., 2011; Sinou et al., 2011; Vinayak et al., 2007a).

On the other hand, the mechanism(s) of action of artemisinin drugs is controversial and not well-

known. But, several clinical studies based in Southeast Asia have classified artemisinin

resistance as delayed parasite clearance along with reduction of in vitro susceptibility to

artemisinin drugs (Dondorp et al., 2009; Noedl et al., 2008). More recent studies have detected

signs of positive selection at several putative transporter genes in parasite populations including
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one coding for the ABC transporter PF 13-0271 multidrug resistance 6 (Pfmdr-6) (Cui et al.,

2012;Mu et aI., 2010). Pfmdr-6 encodes 1049 amino acids protein; it harbors two indels and a

numberof variations in three simple repeats (R1, R2 and R3). Substitution in Pfmdr-6 has been,
shown to be significantly associated with reduced chloroquine (CQ) IC50s~n culture adapted

parasites (Mu et al., 2003b). 3-base pair indels in Pfmdr-6 have also been shown to be

associatedwith reduced response to QN and Artesunate in fresh isolates (Anderson et al., 2005).

A Studycarried out in China - Myanmar border area implicated microsatellites repeat Rl, which

has seven different alleles (ranging from 6 to 12 repeats) to be associated with in vitro

susceptibilityto DHA and a further significant correlation between 7 repeats in microsatellite N

andreduced sensitivity to lumefantrine was reported (Wang et al., 2012).

Theconflicting findings on the role played by Pfnhe-l gene on parasite susceptibility to QN and

Pfmdr-6 gene to different antimalarials, that have been attributed largely to the strain and the

geographicorigin of the parasites (Nkrumah et al., 2009), forms the basis of the current study

focusingon establishing the association between microsatellite variation in Pfnhe-l and Pfmdr-6

and in vitro parasite susceptibility to QN and DHA from four different and distinct eco-

epidemiologicalzones in Kenya. This will shed more light on the general understanding of the

molecular basis of malaria parasite-drug resistance, thereby progressively contributing

immenselyonto the previous study by Okombo et al (2010) that only focused on Pfnhe-l gene in

association with amino alcohols in isolates from the Kenyan coast with seasonal endemic

malaria.
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1.2. Statement of the problem
Besidesuse of mosquito vector control (indoor residual spraying and insecticides-treated bed

nets and curtains) and chemoprophylaxis in malaria control, antimalarial chemotherapy playsa

pivotal role in relieving infection (Eisele et al., 2005). However the later i~hampered by the

abilityof the parasite to select quickly for resistance against antimalarial. Parasite drug resistance

maybe due to de novo selection of genetic mutation that confer resistance (genetic drift) or due

to drugpressure that leads to selection of specific genes (Mackinnon and Hastings, 1998).

Currentlythere is no single antimalarial in clinical use against which the parasite has not yet

developedresistance (WHO, 20 lOa). In most countries, ACT based drugs are used as the first

line treatment for uncomplicated malaria, Kenya included. However, there is evidence of

emergence of artemisinin resistance in western Cambodia border and Thailand (Phyo et al.,

2012;White, 2008). Considering the absence of good alternative antimalarial drug to ACT, the

emergenceand spread of artemisinin-resistant parasites would be devastating. In Kenya AL one

of the ACT is the last line of treatment for uncomplicated malaria and QN as the second line, QN

is also used as first line of treatment for complicated malaria. Parasite resistance to these drugs

has not yet been reported, although parasite reduced susceptibility to QN and DHA in vitro has

beenreported in the Kenyan coast. Thus, a critical surveillance and understanding of the status of

the parasite response to the two drugs is timely. The fact that Kenya has very different malaria

ecologies, the current study focused on four distinct sites; Kisumu (KDH) and Malindi (MDH)

low land area with stable endemic malaria (holoendemic) along with Kisii (KSI) and Kericho

(KCH)highland areas with seasonal endemic malaria.

Although molecular markers of QN and DHA resistance have not yet been identified, tracking

markers that have been previously implicated to be associated with parasite reduced

6..



r

susceptibility to these drugs will provide a valuable tool to inform cofonnulation policy.

Contradicting results have been reported on the association between microsatellites variation of

Pfnhe-I gene and parasites susceptibility to QN. Similarly, differing results have been reported
l

on association between micro satellites variation of Pfmdr-6 gene with different antimalarial.

Thus, this study focused on establishing the association between Pfnhe-I and Pfmdr-ti genes in

QN and DHA parasite resistance in isolates from the four regions in Kenya (KDH, MDH, KSI

and KCH).

1.3. Objectives

1.3.1. General objective

To determine the association between in vitro QN and DHA antimalarials drugs susceptibility

with length variation in microsatellites repeats of Pfmdr-ti and Pfnhe-I genes in P. falciparum

parasite that circulated in Kenya during 2010-2011.

1.3.2. Specific objectives

l. To determine in vitro antimalarial drug (QN and DHA) susceptibility patterns of P.

falciparum parasites that circulated in Kenya during 2010-2011.

2. To establish the number variation in microsatellites of Pfnhe-I and Pfmdr-6 gene in

Kenyan Plasmodium falciparum isolates during 2010-2011.

3. To determine association between number variations in microsatellites of Pfnhe-I and

Pfmdr-6 genes with antimalarial drug susceptibility profile.

1.4. Research questions
1. What are the in vitro QN and DHA susceptibility patterns of P. falciparum

parasites that circulated in Kenya in 201O-2011?
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2. What are the number variations in microsatellites of Pfnhe-l and Pfmdr-6 genes in

the Kenyan P. falciparum Isolates circulating during 2010- 2011 ?

3. What is the association between in vitro QN and DHA susceptibility profiles with

"-.number variation in microsatellite of Pfnhe-l and Pfmdr-6 genes?

1.5. Justification of the study

Drug pressure from commonly used antimalarials has been associated with emergence of drug

resistance. This has been a major public health concern because it hinders the control and

elimination of malaria. AL which is one of the ACT therapies is the first line treatment of

malaria whereas QN is the second-line treatment for uncomplicated malaria. QN is also used by

pregnant women and children less than 6 kg, administered intravenously, in Kenya. P.

falciparum resistance to these drugs has been reported in South East Asia, Brazil and South

America (WHO, 201Oc) but not yet in Kenya. Though, reduced parasite susceptibility to QN

and DHA the active metabolite of artemisinin has been reported in the Kenyan Coast (Borrmann

et al., 2011~ Mwai et al., 2009). There is therefore an urgent need for a critical surveillance of

the status of parasite response to both QN and DHA in differing malaria ecology in Kenya.

A number of studies have implicated QN parasite susceptibility to microsatellite polymorphism

in Pfnhe-l gene, the same association has been seen in parasite DHA sensitivity and

microsatellites polymorphism Pfmdr-6 gene with conflicting outcomes (Andriantsoanirina et al.,

2010; Ferdig et al., 2004~ Henry et al., 2009~ Okombo et al., 201O~Vinayak et al., 2007a~ Wang

et al., 2012). Given that the influence of Pfnhe-l on QN susceptibility as well as influence of

Pfmdr-6 on DHA has been shown to be strain-dependent, these apparently conflicting results

may be explained, in part, by differences in the geographic origin of the parasites analyzed, as
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their local selection history and genetic background varies. Thus, further in vitro investigation is

required to determine the context in which Pfnhe-I and Pfmdr-6 can be used as molecular

markerof QN and DHA resistance. Hence, the current study focused on analyzing microsatellite
l

polymorphism in Pfnhe-I and Pfmdr-6 and its association tested with in 'wtro susceptibility to

QN and DHA in isolates from both lowland and highland malaria endemic regions in Kenya.

This information would be useful in advising policy makers on public health implications of

continueduse of quinine monotherapy and the status of Coartem use. DHA in combination with

piperaquinine(duo-cotecxin) has been proposed to replace AL (Hasugian et al., 2007; Ratcliff et

al., 2007). However, unraveling the situation of microsatellite polymorphism in Pfnhe-I and

Pfmdr-6 genes in parasite susceptibility may lead to development of new drugs. Thereby curbing

drug resistance and reducing morbidity and mortality associated with malaria which would

translateto a stable socio-economic growth.
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CHAPTER TWO

LITERATURE REVIEW

2.1. Malaria

Malaria is a vector borne parasitic infection that is transmitted by anopheline mosquitoes

(Greenwoodand Mutabinwa, 2002). Malaria, caused by an infection with P. falciparum, is

complexand affects a significant number of people living in disease-endemic areas of the world,

especially sub-Saharan Africa (WHO, 2011). P. falciparum causes immense morbidity and

mortalityespecially in children under the age of five years, pregnant women and non-immune

adults (Breman et al., 2006). Repeated exposure to infection over time establishes a partial

immunity,which can protect persons from clinical malaria later in life (Snow and Marsh, 1998;

Trape et al., 2002). When effectively treated, uncomplicated malaria has a mortality rate of

-0.1%. In untreated or ineffectively treated persons with inadequate immunologic responses,

falciparum malaria evolves into a severe form that can be fatal. Then, the mortality rate is -14%

withoptimal medical involvement (Myint et al., 2004).

In the past it was thought that malaria would be eradicated. Despite use of improved control

measures that target the vector such as treated nets, insecticides and chemoprophylaxisis, areas

of high transmission remain largely unchanged. This is' due to vector developing resistance to

insecticides and lack of fully efficacious vaccines. Thus, eradication campaigns have been

abandoned in favor of more sensible control strategies such as development of efficacious

vaccines and use of accurate diagnosis and proper medication. But the complexities of the

malaria parasite have made the malaria vaccine development process strenuous and a fully

efficacious vaccine currently does not exist. This has render antimalarial drugs the most
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important global malaria intervention for relieving infection. However, there are only a few

classes of antimalarial drugs in use, and most of them have been in use for decades. Those that

are easily affordable for many malaria - endemic countries are restricted to chloroquine,
\

sulfadoxine/pyrimetharnine, quinine, amodiaquine and ACTs (Olliaro and-Taylor, 2003). There

use now has been hampered by the ability of the parasite to select quickly for resistance,

primarily in P. falciparum, which exhibits resistance to almost every class of antimalarial drugs

(WHO, 20 lOb). Therefore, many endemic countries face a situation in which there are no

affordable, effective antimalarial drugs available. Thus, antimalarial resistance has been

identified as the most plausible single factor contributing to increased child mortality in Africa

(Snow et al., 2001). In order to understand the mechanisms of resistance, it is important to first

review the history of antimalarial drugs and development, and to recognize the mechanisms of

drug activity.

2.2. Antimalarial drugs
Treatment of malaria has relied on a limited collection of drugs: quinolines (the mainstay of

malaria control), antifolates (the traditional second-line agents) and recently, artemisinin

compounds (act more rapidly but are short lived) (Olliaro, 2001). Antimalarial chemotherapies

have their targets in the parasites' mitochondria, food vacuole, cytoplasm, parasite membrane

and apicoplast where they inhibit biochemical or metabolic pathways that culminate in

elimination of the parasites from the host (WHO, 20IOa).

2.2.1. Quinolones

Quinolone drugs used in the clinical management of P. falciparum malaria can be categorized

into two main subgroups; 4-aminoquinolines (including chloroquine (CQ), amodiaquine (AQ),

Piperaquine (PQ) and pyronaridine (PYN).The other one is quinoline methanols (also referred to

11
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as aryl amino alcohols and include quinine (QN), mefloquine (MFQ), halofantrine (HLF) and

lumefatrine (LU) (Warhurst et al., 2007).

The exact mechanisms by which quinolones exert antimalarial activity are still unclear. They are
'-.

known to accumulate in the acidic digestive vacuole, component of the endolysosomal system of

the intra-erythrocytic malaria parasite. Notably, although the quinoline methanols and the 4-

aminoquinolines both act on the endolysosomal system, it has been proposed that they may kill

the intra-erythrocytic malaria parasite in different ways. For example quinoline methanols such

as chloroquine act by morphologic changes and hemoglobin accumulation in endocytic vesicles

of the parasite. While, the 4-aminoquinolines such as quinine and mefloquine act through

morphologic changes but not causing the accumulation of hemoglobin (Fitch, 2004).

2.2.1.1. Quinine

Quinine is natural compound found in Cinchona bark used for four centuries in malaria endemic

regions. It is still a major antimalarial drug, especially for treatment of severe malaria cases or

malaria in pregnant women. It has been used as a malaria treatment for more than 350 years in

Africa, with little emergence and spread of resistance. Discovery of chloroquine revolutionalised

the treatment of malaria, pushing quinine to the sidelines. But due to parasite resistance to CQ,

QN has been the drug of choice against chloroquine resistant strains. All the same, the

emergence of QN resistance (QNR) has been documented. The first cases of QN clinical failure

were observed in Brazil and Asia in the 1960s (Bjorkman and Phillips-Howard, 1990~ Giboda

and Denis, 1988).

12
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2.2.2. Artemisinin

Artemisininis the active component of the ancient Chinese herb qinghao (blue-green herb). It is

generallybelieved that various reactive intermediates of this sesquiterpene lactone (rather than
l

the intact molecule) are the actual parasiticidal agent. Artemisinin derivatives including;

artemether,artesunate, arteether and dihydroartemisinin (DHA). Artemisinins mechanism of

actionhas not been clarified but its activation is presumed. This plant contains an endoperoxide

bridge that is essential for antimalarial activity and appears to undergo an iron-catalyzed

decompositioninto free radicals (Meshnick, 2001). The compounds apparently exert antimalarial

effectsvia free-radical damage, possibly by alkylation of plasmodial proteins (Asawamahasakda

et al., 1994; Bhisutthibhan et al., 1998). Artemesinin targets the parasites in the erythocytic

stages, the rnerozoites and the gametocytes, preventing both their growth and spread.

Artemisininderivatives act rapidly than any other drug and have short half-life and therefore, it

is used in combination with long lived Antimalarials (lumefatrine, piperaquine, mefloquine).

Artemisinincombination therapy can be fixed for example Artemether- lumefatrine (coartem)

and DHA-piperaquine (Artekin), while others are not fixed for example artesunate plus

mefloquineor amodiaquine.

2.2.2.1. Dihydroartemisinin

Artemisininand its semisynthetic derivatives are metabolized to the highly reactive hemiacetal

(DHA), the active metabolite of this drug class. Activation of the endo-peroxide bridge is a

prerequisitefor the generation of ROS and of carbon-centered radicals. Subsequent alkylation of

essentialparasite proteins such as the Ca2+ ATPase SERCA (Eckstein-ludwig et al., 2003), in

concert with lipid peroxidation of vacuole membranes, triggers autodigestion of the parasite

(O'Neill and Posner, 2004). Heme and heme iron seem to be important for oxidation and to
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determine the selective toxicity to intra-erythrocytary parasites (trophozoides, shizontes). A

number of trials have shown dihydroartemisinin/piperaquine to be highly effective in the

treatment of uncomplicated P. falciparum malaria (Keating, 2012). Recently, emergence of
\

artemisinin resistance in western Cambodia has been confirmed (Dondorp er al., 2009; Noedl et

al., 2008; Noedl et al., 2010).

2.3. Resistance to antimalarial drugs
Drug resistance in relation to the malaria parasite was defined by the WHO in 1965 as the "the

abilityof a parasite strain to survive and/or multiply despite the administration and absorption of

a drug given in doses equal to or higher than those usually recommended but within tolerance of

the subject. Further, the active form of the drug must be able to gain access to the parasite or the

infectedred blood cell for the duration of the time necessary for its normal action (Bruce-Chwatt,

1986). A variety of factors contributes to, and has an impact on, the development of resistance in

the malaria parasite, including pharmacological, host-parasite, and operational factors.

Pharmacological factors include the drug's pharmacokinetic and pharmacodynamic

characteristics, as well as its intrinsic propensity to generate resistance. Host-parasite factors

include epidemiology and transmission intensity (the higher the entomological inoculation rate,

the higher the chance of being infected and diseased early in life but also the sooner immunity

develops and the more diverse the genetic pool; in areas of low transmission, resistance, once

established tends to spread more rapidly) and operational aspects (inadequate drug treatment

policies, irrational prescribing and drug use, uncontrolled drug market, counterfeit products, and

noncompliance)(WHO,2011).

Chemotherapy has encountered mounted resistance against the various antimalarial drugs posing

great challenges in malaria control today. It has been particularly difficult to clear malaria due to

14
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,
complexmechanisms employed by the parasite in drug resistance. Also due to ability of the

anophelesmosquito vector to develop resistance to the insecticides under use (WHO, 2010a).

Emergence of drug resistance is as a result of spontaneously occurring mutations or gene,
amplification.Drug-resistant mutants are selected in the presence of levels of drug that are

inadequateto suppress their growth. Considering the size of the malaria genome (3 x 107 bp), the

number of parasites in 1 infected individual (108-1012
), and the mutation rate caused by

replicationerrors by eukaryotic DNA polymerases (-1 in 1012
), parasites with randomly mutated

genomesare likely to occur in any infection. However, resistance is considerably rarer in vivo,

beinginfluenced by drug type, the underlying resistance mechanism, and the patient's state of

acquired immunity (Hastings et ai., 2002). In some cases, there are mutations in the gene

encoding the drug target. Single or multiple mutations of the same gene may accumulate,

conferringincreasing degrees of resistance. The dihydro folate reductase (DHFR) of biguanide

antifolatesand the cytochrome b of atovaquone are particularly prone to resistance (per-parasite

resistancemutation frequencies are 1 in 1011 and 1 in 1012
, respectively) (Woodrow and Krishna,

2006).

In other cases, resistance requires multigenic, independent mutations to be expressed. Typically,

this applies to chloroquine (per-parasite resistance mutation frequency is 1 in 10-19
). These

features explain why chloroquine was effective for several decades before it was rendered

ineffective, whereas antifolates, even in combinations targeting 2 different enzymes (dihydro

folate reductase and dihydroptorate synthetase), have a very short useful therapeutic life span.

Critical to what happens next is the number of parasites exposed to the drug and its

pharmacokinetic and pharmacodynamic characteristics. Most vulnerable to resistance are those

drugs with a slow onset of action (i.e., low killing rates or parasite reduction ratios) and slow
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elimination profiles (long half-lives), with a long "selective window" (corresponding roughly to

the period during which levels are -20%-80% of the drug's maximum inhibitory concentration)

(Hastings et al., 2002). The antifolate combination pyrimethamine-sulfadoxine, with its long
\

Half-life and a resistance that develops through single-point mutations, 1'So particularly prone to

resistance. Drug resistant parasites have appeared in areas almost as soon as new medications

have been introduced, making it important to understand the molecular mechanisms involved

and to develop strategies subverting the parasites ability to survive in the presence of drug

pressure.

2.3.1. Plasmodium falciparum resistance to QN

The mechanism of Quinine resistance (QNR) is not well known but it has been termed complex

and multigenic. QNR has been associated with mutations in both the P. falciparum multi drug

resistance gene mdrl (Pfmdr-l)(Reed et al., 2000) and the P. falciparum chloroquine

resistance transporter gene (Pfcrt) (Cooper et al., 2007). Other genetic polymorphisms, such as

mutations in the P. falciparum resistance protein gene Pfmrp (Mu et al., 2003a) and variations

of microsatellite length in the sodium/hydrogen exchanger gene Pfnhe-l(Ferdig et al., 2004) may

contribute to QNR (Ferdig et al., 2004). Using quantitative trait loci (QTL) on the genetic cross

of HB3 and Dd2 strains, Ferdig et al., (2004) identified genes on chromosome 5, encoding

Pfmdr-l. Also on chromosome 7, encoding Pfcrt and chromosome 13, encoding Pfnhe-L, which

was associated with QN, reduced susceptibility. In order to understand the role played by

microsatellite polymorphism of Pfnhe-I genes it is important to first review the structure of this

gene.

16



2.3.1.1. Plasmodium falclparum Na+!W exchanger-l (P/nhe-l) gene
Pfnhe-I is a 5763 base pair gene; it encodes a 226kDa parasite plasma membrane protein

containing 12 transmembrane domains. The sequences of Pfnhe-I gene have multiple and

complexvariations such as point polymorphisms at three separate codons (790, 894 and 950). It
'-.0

has microsatellite variations in three different repeat sequences (msRl, ms3580 and ms4760).

Microsatellites are small (1-4 base pair) tandem repeats, of non coding DNA scattered

throughoutthe genome of P. falciparum (Volkman et al., 2001). They change at a faster rate

thansinglenucleotide polymorphism (SNPs) due to replication slippage (Anderson et al., 2000a;

Suet al., 1999).The majority of microsatellites consists of 1-3 base pairs TA repeats (e.g., T, TA

orTAA),although some more complex repeats have been found (Anderson et al., 2000b; Mu et

al., 2002; Volkman et al., 2001). This may in part be a consequence of the ~ 80% AT rich

genome of P. falciparum (Gardner et al., 2002). P. falciparum has an abundance of

polymorphicmicrosatellite (Anderson et al., 2000a; Su et aI., 1999).

Onlyvariation in ms4760 region of the Pfnhe-I gene with 222 base pair has shown significant

associationwith in vitro QN response in 71 P. falciparum lines (CQ-resistant and low-level

QN-resistantDd2 clone from Indochina and the drug-sensitive HB3 clone from Honduras)

(Ferdiget al., 2004). Few studies have shown that the number ofDNNND, DDNNNDNHNDD,

andNHNDNHNDDD amino acid motifs in ms 4760 influence in vitro QN sensitivity (Ferdig et

al., 2004;Meng et al., 2010; Okombo et al., 2010; Vinayak et al., 2007b). However, parasite QN

susceptibilityhas been shown to be strain dependent (Nkrurnah et aI., 2009). The same group

further suggested that this effect might depend on the CQ resistance status of the host parasite

strain,even though reduced Pfnhe-I expression levels did not alter the CQ response of the strains

investigated. A study carried out on 29 culture adapted field isolates (Okombo et al., 2010)
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showed no association between the ICso of QN and the repeat number variation in msRl,

msR3580and DDNHNDHHNND (4760) whereas previous studies by Ferdig et al., (2004) and

Henryet al., (2009) indicated that increase in DNNND and NHNDNHNNDDD repeats were
\

associated with reduced susceptibility to QN these apparently conflicting results may be

explained,in part, by differences in the geographic origin of the parasites analyzed, as their local

selectionhistory and genetic background may differ.

2.3.2. Plasmodium falciparum resistance to DBA
AlthoughACTs display high activity against multi-drug resistant parasites, they are often used

inan area where resistance already exists to the longer lasting component of the ACT. Therefore,

there is risk that pre-existing resistance to these older partner drugs could lead to drug failure.

This is evidence by what occurred when MQ+SP was introduced in areas where there was

alreadypre-existing SP resistance (Wongsrichanalai et aI., 2004). A very recent study found that

a new fixed dose AS+MQ treatment was well-tolerated and effective, making it a suitable

replacement of AS+MQ non-fixed regimens (Krudsood et aI., 2010). The mechanism(s) of

actionof artemisinin drugs is controversial and not well-known, but even so less is known about
.

potentialresistance mechanisms to the drugs (Cui and Su, 2009; Krishna et al., 2006; Meshnick,

2002). Until recently, emergence of artemisinin resistance in western Cambodia has been

confirmed (Noedl et af., 2010). Currently, there are a number of genes that have tentative

associationswith the site of action or reduced susceptibility to artemisinins. The P. falciparum

multiple drug resistance 1 (Pfmdr-l) gene has received the most attention, because several

mutations (N86Y, Y184F, S1034C, N1042D and D1246Y) occurring in Pfmdr-I from field

isolates are associated with altered sensitivity to multiple structurally unrelated antimalarials

suchas CQ, mefloquine (MQ), QN, halofantrine (HF), and artemisinins (Reed et al., 2000; Sidhu
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et ai., 2005) In addition, Pfmdr-I amplification is a key determinant for both in vivo and in vitro

resistance to MQ and HF (Price et al., 2004). Increased Pfmdr-I copy number, which is more

prevalent in west Cambodia, is associated with increased risk of therapy failures of artesunate
l

(AS)-MQ, the major ACT deployed in Thailand and Cambodia (Lim et 'at., 2009). The sarco/

endoplasmic reticulum calcium-dependent ATPase (SERCA) homologue PfATP-6 has been

considered as a specific target of artemisinins, since artemisinin derivatives inhibit this enzyme

expressed in Xenopus oocytes (Eckstein-ludwig et aI., 2003) and this inhibition was abolished by

the introduction of the L263E mutation in the predicted transmembrane domain 3 of PfATP-6

(Uhlemann et al., 2005). Another mutation (S769N) has been linked to artemether resistance in

P. falciparum field isolates from French Guiana (Jambou et al., 2005). However, the L263E

mutation has not been found in field isolates from most malaria endemic areas, and S769N is

very rare (Ibrahim et al., 2009; Tanabe et al., 2011; Zhang et al., 2008). Though multiple new

single nucleotide polymorphisms (SNPs) have been detected in pfatp-6, their associations with

artemisinin resistance have not been established. Mutations in several other genes also have been

suggested to be responsible for artemisinin resistance. Mutations in the UBP1 gene encoding a

deubiquitination enzyme have been identified to confer artemisinin resistance in the rodent

malaria parasite P. chabaudi (Hunt et al., 2007). However, the equivalent mutations have not

been found in P. falciparum field isolates from Cambodia and Thailand (Imwong et al., 2010).

Recent studies based on genome wide approach (Cui et al., 2012; Mu et al., 2010) detected signs

of positive selection. This occurred at several putative transporter genes in the parasite

populations including one coding for ABC transporter Plasmodium multidrug resistance -6 gene

(Pfmdr-6). Microsatellite variation in Pfmdr-6 gene has been linked to P. falciparum DHA
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,
reducedsensitivity (Wang et al., 2012). To understand the role of microsatellite polymorphism in

Pfmdr-6 gene in antimalarial drug resistance, a review of the structure of this gene is necessary.

2.3.2.1. Plasmodium falciparum multidrug resistance - 6 (Pfmdr - 6) gene
'--.

Thisgene is located in the plasma membrane of P. falciparum, it is an ABC transporter on

chromosome13 (chr 13) at position (locus) 1390 it encodes 1049 amino acids. It harbors two

indelsand a number of variations in three simple repeats.

ATPBindingCassette transporters form a special family of membrane proteins, characterized by

homologousATP-binding, and large, multi-spanning transmembrane domains. Several members

of this family are primary active transporters, which significantly modulate the absorption,

metabolism, cellular effectivity and toxicity of pharmacological agents. A typical ABC

transporter is composed of two transmembrane domains (TMDs), each consisting of six

transmembrane helices (TM), and two cytosolic Nuclei binding domain (NBDs). ABC

transporters are either encoded as full transporters (TMD-NBD-TMD-NBD) or as half

transporters(TMD-NBD) that upon translation combine to form a functional unit. The TMDs

makeup the transmembrane pore that contains one or more substrate-binding sites.

ABCtransporters, present in the plasma membrane in the inward-facing configuration allow

substratesto enter the putative substrate-binding chamber from the membrane or the cytoplasm.

Translocationof substrate across the membrane is achieved by rearrangement of the TM helices,

physicallyclosing them to the substrate delivery side and opening them on the opposite side of

the membrane. This mechanism is induced by the binding of ATP and the subsequent

dimerizationof the NBDs. ATP hydrolysis drives the NBDs apart, flipping the TMDs from the

outward-facingto the inward-facing conformation to reset the cycle (Jones et al., 2009).
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A study carried out by (Anderson et al., 2005) showed an association between a 3-base Pair

indels in the coding region of a Pfindr-6 gene and in vitro response to quinine (QN) and

artesunate (AS). (Wang et al., 2012) further reported the association between length variation in
\

microsatellites repeats of Pfmdr-6 gene and in vitro sensitivity of P. falcipsrum to DHA.

In Kenyan, especially lowlands regions (holoendemic), changes in drug susceptibility often

emerge first (Dennis et at. submitted). Drug-resistant malaria was first detected in Kenya in

1978, when chloroquine, an inexpensive and widely used drug was the medicine of choice for

treating the disease. Despite reports of resistance to this drug, chloroquine was still widely used.

In 1998 chloroquine was eventually replaced with sulphadoxine - pyrimethamine (Mens et al.,

2007) as the first line treatment (Shretta et al., 2000). By the year 2004, AL was the first line

drug since P. falciparum parasite had developed resistance to SP. Recently, case study done by

USAMRU-K malaria drug research group reported parasite slow clearance after the subject were

treated with oral AL, suggesting the emergence of reduced susceptibility to artemisinins, as well

as to the partner drugs.

2.4. Detection of resistance
The early signs of the emergence of drug resistance have often been overlooked, in part because

of the use of inadequate tests. No single method, available today, can answer all questions and

meet all requirements; thus, clarity about the intended objectives is vital in determining the

appropriate approach to use. Currently, three categories of techniques are used to assess

responses to antimalarial drugs: in vivo, in vitro and molecular tests (Plowe, 2003).

The in vivo test measures the effects of a given therapy in resolving symptoms and/or clearing

parasites from an infected individual. Outcomes and duration of follow up after treatment vary in

different studies, making comparisons difficult (White, 2002). The WHO developed a scheme
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for estimating the degree of antimalarial drug resistance, which involves studying patient

parasitemia over 28 days. The in vivo response to drugs was originally defined by WHO in terms

of parasite clearance (sensitive [S] and three degrees of resistance [RI, RII, RIll])

(Wongsrichanalai et al., 2002). '-.

Since the 1980s, measuring In vitro drug 50% inhibitory concentrations (IC50) against P.

falciparum field isolates has been useful in tracking clinical drugs susceptibility patterns (Bacon

et al., 2007; Desjardins et al., 1979). They provide a measure of the intrinsic sensitivity of

clinical isolates to antimalarial drugs (including individual components of antimalarial

combinations). It eliminates confounding host factors such as patient compliance,

pharmacokinetics, nutrition and immune status. These assays also allow the identification of

parasites with well characterized sensitive and resistant phenotypes. As compared to In vivo

testing which do not permit precise quantitative assessment of the parasite response in vitro drug

testing is ideal for exact determination of drug sensitivity.

Molecular methods are used for detection of malaria infection in both clinical and research

laboratories using different methods such as polymerase chain reaction (PCR). There are a

number ofPCR; conventional PCR that involve amplification ofa section of DNA used a pair of

specific primers), nested PCR that has the primary amplification of a wide region of the gene

followed by re amplification of the primary amplicon using primers which target a region within

the first amplified section and real time PCR that combine the use of specific primers in addition

to labeled probes (Mens et al., 2007). Compared to in vivo monitoring, molecular markers

analysis is a potentially cheap, fast and effective alternative method of tracking antimalarial drug

resistance in the field (Plowe et al., 2007). It also allows for analysis of cryopreserved
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specimens. Hence, molecular method are ideal for these kind of studies since total genomic DNA

ofP. falciparum are isolated from archived FTA filter paper blots.

There are a number of factors to be considered when choosing the type of test to use in a study,
,

these include: test material (patient samples, parasite from patient samples- or individual patient

infected with malaria parasite), throughput (multiple tests or single), interpretation of results

(Applicable to all compounds or single molecules), methodology (variety of method makes

comparison difficult or not), capacities required (limited in areas of endemicity or not) and use

(WHO, 2003) .

Therefore, trends in ICso values, coupled with molecular marker assays, help track emergence

and spread of anti-malarial drug resistance. Determining QN and DHA median ICso values in a

substantial number of P. falciparum isolates from 2010 to 2011 establishes a baseline which

may be useful for future comparisons if evidence of reduced QN and DHA susceptibility grows

and especially if the methodology remains consistent.
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CHAPTER THREE

MATERIALS AND METHODS

"-.
3.1. Study design
Thiswas part of an on-going study on malaria epidemiology and drug resistance patterns in

Kenyaapproved by Walter Reed Army Institute of Research (WRAIR No 1384) appendix 1 and

EthicalReview Committee of the Kenya Medical Research Institute (KEMRI SSC No.1330)

Appendix2.The previous study under the same protocol looked at the role of Pfmdr-l and Pfcrt

inchangingChloroquine, Amodiaquine, Mefloquine and Lumefantrine susceptibility in Western-

Kenya during 2008-2011. They found that LU select for 76K genotypes and the observed

increasein 76K genotypes was due to significant cross resistance between LU and MQ (Eyase et

al., 2013).In a retrospective study, a culture of the parasitized cell and in vitro drug sensitivity,

withmolecular analysis of microsatellites within Pfnhe-l .and Pfindr-6 genes was carried out at

USAMRU-KlKEMRIlaboratory in Kisian-Kisumu.

3.2. Study Sites
Thestudy sites were comprised of four Kenya Ministry of health districts hospitals located in

differentregions as shown in Appendix 3, Three from Nyanza region {Kisumu District Hospital

(KDH) found in the urban site of Kisumu latitude 00° {)6'S longitude 34° 45' E, Kisii District

Hospital(KSI) found in the urban site ofKisii latitude 00° 06'S longitude 34° 47 'E and Kericho

districthospital (KCH) located in the urban site of Kericho latitude 00° 22'S longitude 35° 21' E}

and one from coastal region Malindi District Hospital (MDH) located in the urban site of

Malindi latitude 03° 14'S and longitude 40° 06'E. KDH and MDH sites are endemic areas of

stablemalaria having altitude ranging from 0 to 1300 meters (M) above sea level. Kisii and
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Kerichoare seasonal epidemic malaria regions located in highlands having altitude ranging from

1500M- 2350M above sea level. In these regions the variable altitude contribute to variable

malariatransmission rates hence the choice of the sites was due to high and seasonal malaria

transmissionlevels throughout the year respectively.

3.3. Study population
Isolateswere obtained from consented individuals of both sex of six months and older with a

positiveP. falciparum rapid diagnostic test (RDT, Parascreen [pan/Pf] Zephyr Biomedical,

Vema Gao, India) and living in close proximity to the health centre as previously discussed

(Akalaet al., 2011).

3.4. Inclusion Criteria
Individualswho were at least 6 months and above, presenting with uncomplicated malaria using

rapiddiagnostic kit and confirmed with microscopy using thick and thin smears and were not on

antimalarial treatment were enrolled into the study. Also those who agreed to participate or

allowed their children to participate in the study were taken through the consenting process

beforesigning to confirm participation as shown in study protocol (Appendix 4).

3.5. Exclusion Criteria
Patients with malaria negative smear, infants younger than six months, persons with severe

malaria, and individuals who had malaria treatment two weeks prior to the visit. Those who

testedpositive for the malaria parasites and refused to participate were not eligible.

3.6. Sample size
To be 95% sure that an association between in vitro antimalarial drug susceptibility and length

variation in microsatellites repeats of Pfmdr-6 and Pfnhe-l genes in P. falciparum parasite with
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a plus or minus 15% of the population prevalence a sample size of 43 was needed. A population

prevalenceof 50% was considered based on previous studies (Okombo et al., 201O~Wang et al.,

2012). Prevalence of parasite resistance to a particular drug varies depending on the molecular
\

marker involved in resistance to that drug. Sample size calculation was-determined using the

STATAv.10 statistical package (StataCorp LP, College Station, TX). The formula adopted is

basedon (Cochran, 1963). Calculation was performed as follows:

n = ( Z;->I:~1-P)J
= (1.96

2
x 0.5 (1- 0.5)J
0.152

=43

Where;

Z,-Yz. Standard normal quartile corresponding tol00x(1-'~)%

P - Population prevalence of anti malaria resistance was 50%

d- Margin of error assumed to be 15%. It should be lower than 30% of P

The 15% margin of error was seen as the most significant margin of error for this study because

the study is meant to provide knowledge of the existence of aforementioned association. The

total number of samples collected in 2010 and 2011 from the four sites was 693. Stratified

sampling technique was used with proportionate allocation as shown in Table 1. The calculated

number of samples per site was 23, 12, 5, and 3 for KDH, KSI, KCH and MDH respectively

(Tablel). But the actual number of samples worked on per site was 70, 17, 4 and 2 KDH, KSI,
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KCH and MDH respectively: This was the case since most of the culture adapted parasite tested

against DHA didn't give out good readout.

Table 1: Number of samples per study site
"-.

study sites Number of samples Weights (number Strata sample size

(District collected (2010 and of samples (=weights*43)

hospitals) 2011) collected / 693)

Kisumu 374 0.54 23

Kisii 199 0.29 12

Kericho 77 0.11 5

Malindi 43 0.06 3

3.7. Malaria parasite culture and In vitro drug sensitivity

3.7.1. Plasmodium falciparum cultures

Cryopreserved whole blood (parasitized cells) were retrived from -80°C and revived using

methods previously described by Trager and Jensen (1979). Briefly, the cells were washed 3

times using differing percentage of sodium chloride (Nacl). That is.the vial contents (whole

blood plus glycerol) after thawing were asepticallytransfered into a well labelled 15ml

centrifuge tube. Dropwise, 0.5ml of 12% Nacl solution was added while swirling the tube then

left standing at room temperature (24°C) for 5 minutes. About 9m1 of 16% Nacl solution was

added gently to the 15ml centrifuge tube with the parasitized cells and centrifuged for 3 minutes

at 1500 revolution per minute (rpm) at 24°C. The supernatant was discarded, and 9ml of 0.2%

dextrose solution was added the 15ml tube with parasitized cell and mixed gently then
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centrifuged at 1500rpm for 3 minute. The supernatant was aspirated and then resuspended in

malaria culture media (MCM) (l0.43 g RPMI 1640 powder (Gibco), 25 mL 1 M HEPES

solution or 6 g HEPES (Gibco), 2 g NaHC03, 0.5 mL gentamicin (from 50 mg/ml, stock), 10 g
\

Albumax II) the recipes of respective content is shown in Appendix.5. The'i:otal volume of the 1

culture flask content was 4.5 ml MCM and 0.5 ml of 50 % washed red blood cells. The culture

was gassed with a mixture of 5% CO2, 5% 02 and 90% N2 and the flask placed in a incubator at

37°C for two days (Trager and Jensen, 1976).

After every 48 hours, the culture flasks was removed from the incubator and placed into the

biological safety cabinet. The supernatant was aseptically aspirated using a vacuum pump and

giemsa stain thick and thin blood films was prepared for each isolate. This was done in order to

confirm whether the parasites had adapted and attacked other red blood cells and to ascertain that

sterility was maintained. Parasitemia was calculated from the giemsa stained thin smear. The

isolates with parasitemia of 2% and above were prepared for drug testing. But for the isolates

that had parasitemia less than 2%, the culture media was changed, the culture gassed with a

mixture of 5% CO2, 5% 02 and 90% N2 and the flask placed in a incubator at 37°C till they were

ready for testing.

3.7.2. Drugs and plate coating

Sterility was maintained during the laboratory procedures by use of protective personal

equipment and decontaminating the work surface with 70% ethanol. QN and DHA were obtained

from Walter Reed Army Institute of Research.ixilver spring, MD. USA).

Stock drugs were prepared using weight/volume convention with salt or base formulation

weights used to calculated ICso values. Stock drug solutions at 1 mg/ml, were prepared in 2.4ml
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70% of ethanol for QN and 4.4ml 100% of dimethyl sulfoxide for DHA. The concentration

ranged from highest to lowest from well 1-12, QN (2,000 to 3.906) and DHA {(l00 to 0.195)

(nglml)} in the 96 well plate. 330 ilL of each of the drugs was added to column 1 manually and

malaria culture medium was added to well 2 through well 12 of the 96 wells plate as the drug

diluents. Two fold serial dilutions was attained by transferring 150 ul. of the drug component in

well 2-12 accompanied by thorough mixing using the automated laboratory workstation biomek

2000, to make the mother plate. About 12.5 III from each of the 96 wells of the mother plate was

transferred on to corresponding wells to make a daughter plate which was used in drug

sensitivity testing assay.

3.7.3. In vitro drug susceptibilty assay

The QN and DHA sensitivity of P. falciparum isolates were determined by SYBR Green 1-

based assay as previously described (Bacon et al., 2007; Johnson et al., 2007~ Rason et al.,

2008). P. falciparum reference isolates in clones "wild strain" 3D7 (cloned from isolate NF54,

which was derived from a case of airport malaria in the Netherlands presumed to be acquired

from the bite of an infected African mosquito), and "resistant strain" W2 were cultured at 6%

hematocrit, to reach 3 to 8% parasitemia, for 7 to 30 days, to establish parasite replication. Prior

to drug testing, the parasite culture were adjusted to 2% hematocrit and 1% Parasitemia then

cultured in the presence of antimalarial drug aliquots in complete RPMI 1640 culture media with

glucose and hypoxanthine enrichment (Poyomtip et al., 2012).

The plates were incubated for 72 hours in a gas mixture (5% CO2, 5% O2, and 90% N2) at 37°C.

100"tlof lysis buffer containing SYBR green I (Ix final concentration) was added directly to the

plates. The plates were then placed at room temperature (24°C) in the dark since SYBR green 1

dye is light sensitive, for 5-15 minutes. Parasite replication inhibition was quantified by
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measuring the per well relative fluorescence units (RFU) of SYBR green 1 dye using the Tecan

GeniosPlus® with excitation and emission wavelengths of 485 nm and 535 nm.

3.8. Molecular analysis of the markers

3.8.1. Plasmodium falciparum DNA extraction

Total genomic DNA of each P. falciparum was isolated from FTA filter paper blots or whole

blood using QIAamp DNA blood mini kit (Qiagen,Inc., Alameda,CA), according to

manufacturers instruction (Appendix 6).

'-.

3.8.2. Amplification of the candidate genes

3.8.2.1. Ms4760 region of Plasmodium falciparum Na +nr exchanger (Pfnhe-I) gene

The Pfnhe-I (PF13_0019) microsatellite containing ms 4760 was amplified from 87 isolates by

nested PCR using 1.5~1 concentration of each primer. Primary run primers {NHE-F (5'-

AGTCGAAGGCGAATCAGATG-3'; NHE-R (5' -GATACTTACGAACATGTTCATG-3')}

and secondary run primers {NHE-F (5'-ATCCCTGTTGATATATCGAATG-3'); NHE-R (5'-

TTGTCATTAGTACCCTTAGTTG.;3')} as previously used by Okombo et al., (2010). The 25~

reaction volume setup consisted; lOX PCR buffer to a final concentration of lx, 25mM MgCl2 to

a final concentration of 1.5mM, 20mM dNTPs mix to a final concentration of 2mM, 10~ of

each of the primers to a final concentration of 100nM, 5U/~1 Amplitaq DNA polymerase to a

final concentration of IU/reaction tube. Amplification of ms 4760 region was done under the

following amplification conditions for the first run: initial denaturation at 94°C for 5 minute,

subsequent 35 cycles of denaturation at 94°C for 30 second, annealing at 57°C for 30 second,

extension at 72°C for 30seconds and a final extension at 72°C for 7 min. conditions for the

second run: initial hybridization at 94°C for 5 minute, subsequent 35 cycles of denaturation at
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94°Cfor 30 second, hybridization at 59°C for 30 second, extension at 72°C for 30seconds and a

finalextension at 72°C for 7 min. The PCR products were resolved by electrophoresis on a 2%

agarosegel, stained with O.5uglml ethidium bromide and visualized under UV. PCR amplicon
l

werepurified using QIAquick spin column based DNA purification kit (Qiagen®) according to

manufacturesinstructions (Appendix. 7).

3.8.2.2. Pfmdr-6 microsatellite repeats

Microsatellite repeats in the Pfmdr-ti (PF13_0271) were determined by conventional PCR

adaptedfrom (Wang et al., 2012). Each repeat was amplified differently; 1.3 ~l concentration of

each pnmer for Pfmdr-6 msRl (N motif) repeat ABC- 43F{(5'-

TCTGCAATTCATTATTTTGTCAAC-3'); Mdr-557R (5'-TCTATACTTACATTATCCACA-

3')} in a buffer containing 2mM dNTP, 1.5mM MgCh, and 1U of Amplitaq DNA polymerase.

under the following amplification condition: initial denaturation for 30sec at 94°C prior to 35

cycles(denaturation at 94°C for 20 see, hybridization at 50°C for 45 see, extension at 72°C for

lmin) and a final extension at 68°C for 5min. Pfmdr-ti msR2 (NI motif) repeat was amplified

using the 1.3 ~l concentration of each pnmers ABC-399F {(5'-

R(5'-TGACCTCAATGAAGCAAAAGAA-3'); ABC-1786

GCCCAAAATTTAGGAAAGACAA-3')} usmg Amplitaq DNA polymerase under the

following amplification conditions: initial denaturation at 94°C for 4 min prior to 35 cycles

(denaturation at 94°C for 30 see, hybridization at 55°C for 30 see, extension at 72°C for 30sec)

and a final extension at 72°C for 7min. Pfmdr-6 msR3 (NIN repeat) repeat was amplified using

the 1.3 ul concentration of each primers Mdr-1648F {(5' -GCGGAGCAAAATACATTCAA-3')

; Mdr-2643 R(5'-AGTATAAAGATCAATATCATC-3')} to generate amplicons by using

Amplitaq DNA polymerase under the following amplification conditions: initial denaturation at
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94°C for 4 min prior to 35 cycles (denaturation at 94°e for 30 see, hybridization at 49°e for 30

see, extension at 72°e for 30sec) and a final extension at 72°e for 7min. The peR products were

resolved by electrophoresis on a 2% agarose gel, stained with O.5ug/ml ethidium and visualized

underUV. PCR amplicons were purified as described in Appendix.7. '-.

3.8.3. DNA Sequencing

3.8.3.1. Big Dye terminator peR

A l3J.LI reaction volume for a big dye terminator PCR was set up using 5J.LI of the purified PCR

amplicons as the template, 2}l1of 5x Big dye buffer, lul of 4}lM of each primers set previously

used, IJ.LI Big dye version 3.1 and 4}l1of nuclease free water.

The fluorescent dye terminator PCR was set at an initial denaturation temperature of 95°C for

5minutes, 30 cycles of 95°C for 15 seconds, 55°C for 30 seconds and 68°C for 2.5 minutes.

The final extension was at 68°C for 3 minutes and the PCR, amplicons were held at 4°C.

3.8.3.2. Sepbadex cleanup for sequencing

Sephadex was loaded on the plate loader filling all the holes. The 96 wells Millipore multiscreen

plate was slid onto the plate holder then turned upside down and the plate holder tapped to

transfer the sephadex into the wells. Three hundred micro-litres (300}l1) of millipore distilled

water were added to each of the wells and the plate leftto set for a minimum of 3 hours. A 96

well optical PCR plate was aligned at the bottom of the multi screen plate and spun at 910 x g for

5 minutes to remove excess water. A new 96 well optical PCR plate was aligned at the bottom of

the multiscreen plate. All the contents of the fluorescent dye terminator PCR was transferred into

corresponding wells of the filter plate and span at the same conditions.
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Tenmicro-litres (1O~1) of HI-DI fonnamide was added into each well across the 96 well plates

containing the big dye amplicons. The plate was then assembled and prepared for sequencing in

the24 capillaries ABI 3500xL Genetic Analyzer (Applied Biosystems, CA USA).

'-.
3.9. Data management

3.9.1. Determination of ICso

Data in form of relative fluorescence units (RFUs) was used for analysis of ICso. The data was

analyzed by non-linear regression (sigmoid dose-response/variable slope equation) to yield the

IC50. The drug concentrations (x value) was transformed using X=Log[X] and plotted against

the counts (y values). Results in form of ICso per sample was entered on an excel spreadsheet and

analysis performed by Graph pad Prism software, version 5.0; Inc., San Diego, CA (Bacon et al.,

2007; Johnson et al., 2007). Data from individual isolate was compared with ICso for laboratory

strains (sensitive 3D7 andW2 resistant) to describe susceptibility status.

3.9.2. Statistical Analysis

Part of statistical analysis was performed with Graph Pad prism 5.0; Inc., San Diego, CA. Drug

concentration inhibiting parasite growth by 50% (ICso) was calculated using non linear

regression analysis of log based dose- response curve. Variations in micro satellite repeats were

established after aligning individual isolate sequence against the reference strain 3D7 using

clustal W multiple alignment (BioEdit v7.2.5). Association between molecular markers with QN

and DHA ICso values were assessed as continuous variables. The non-parametric Kruskal-Wallis

and Mann-Whitney U tests were used to compare the differences between median ICsos for QN

and DHA with variation in the number of microsatellite repeats {Pfnhe-l M'i4760 and Pfmdr-6

(msRl and msR3)}. Association between QN and DHA ICso values with number variation in
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,
microsatellite of Pfnhe-l (Ms4760) and Pfmdr-6 (msRl and msR3) was investigated using

regression- bivariates assay in SPSS (version 20.0). The level of significance was defined at p <

0.05.

'-.
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CHAPTER FOUR

RESULTS

4.1. QN and DBA Chemosensitivity

First, IC50of QN and DHA against two clone reference strains 3D7 and W2 were established.

Against 3D7, the mean ± standard deviation (SD) IC50of 4 replicates in nM was 2.0 ± 1 for DHA

and 96 ± 12 for QN. Whereas against W2, the ICso in nM were 462 ±123 for DHA and 24 ± 14

forQN (Table 2).

Table 2: Drug sensitivity of control strains

Strain Geometric mean ± SD

QN DBA
3D7 96 ± 12 2.0± 1
W2 462 ±123 24± 14

SD- standard deviation, QN- quinine and DHA- dihydroartemisinin

The Chemosensitivity profiles of 87 and 34 culture-adapted clinical field isolates were

established against QN and DHA, respectively. The median (Interquartile range) IC50s values in

nM for QN and DHA were 65.56 (18.19-337.7) and 8.19 (3.315-13.48) respectively (Table 3).

Table 3: In vitro sensitivity of culture adapted isolates

Drugs Number of Geometric mean Median 00

isolates ±SDo

QN 87 320.1 ± 589 65.56 (18.19-337.7)

DBA 34 19.83 ± 41:73 8.19 (3.315-13.48)

°rCsoin nM, b Interquartile range ICso nM, QN- quinine, DHA- dihydroartemisinin and SD-
standard deviation.
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4.2. Pfnhe-l ms4760 polymorphism
Thegenetic polymorphism of ms4760 in Pfnhe-I gene was analyzed in the 93 culture adapted

isolatesof which their Chemo sensitivity against DHA and QN has been described. Information

onthe QN and DHA ICso and the genetic profiles is summarized in Appendix.S. These isolates

contained fifteen different genetic polymorphisms of ms4760 in Pfnhe-I gene. The genetic

polymorphismof ms4760 in Pfnhe-I gene in the culture adapted isolates contained 6 blocks

(BLK I - BLK VI) (Fig. I). Five of the genetic profiles have not been previously described. The

newprofiles were deposited in GenBank and were assigned new accession numbers: KF719I82,

KF719183, KF719184, KF7I9185 and KF7I9186. Previously described profiles that were

presentin our isolates include: ms4760-I, ms4760-2, ms4760-3, ms4760-4, ms4760-6, ms4760-

8, ms4760-9, ms4760-16 and ms4760-53 (Fig.I). The most common genetic polymorphisms

were as follows: ms4760-1, ms4760-3, and ms4760-9 in 24, 16 and 14 of the clinical isolates

analyzedrespectively. Combined, they represented 60% of the total isolates analyzed. The least

common genetic polymorphisms were ms4760-16, new-S and new-5, each present only in one

clinical isolate (Fig. 2). There was no significance difference on the QN ICso based on the

differentprofiles (p=0.5812).
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Figure1: Genetic diversity of Pfnhe-I ms 4760 microsatellite profile obtained in this study with

QN and DHA ICso.
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Figure 2: The distribution of Pfnhe-I profile according to the number of repeats in block IT, V

and VI.
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4.3. Association of QN and DBA in vitro sensitivity with Pfnhe-I ms4760 repeats
There was significant difference between QN and DHA lCso with the number ofDNNND repeats

(Fig. 3 and Fig. 4). The QN lCso of parasites with 3 DNNND repeats was significantly higher

compared to those with 2 repeats (p=O.039), while DHA ICsoofparasites witb 1 DNNND repeats

was significantly high compared to those with 2 repeat (p=O.034). There was no statistical

difference in QN lCso between parasites with 1 or 2 repeats and lor 3 repeats (p=O.54 and

p=O.12,respectively). On the other hand, there was no statistical difference in DHA lCsobetween

parasites with 1 or 3 repeats and 2 or 3 repeats (p=O.07 and p=O.75, respectively). Interestingly,

there was no significant different between QN and DHA lCso with DDNHNDNHNND and

DDNNNDNHNDD repeats (p=O.199 and p=O.57), respectively (Table 4)

38



Figure 3: Association between QN ICso and the number ofDNNND repeats. Analysis comparing

polymorphism in DNNND repeats was done using Mann-Whitney test. The horizontal (blue)

bars indicate the median. The median values and the number of isolates analyzed (in brackets)

are shown. P values comparing the repeats are as shown: 3 DNNND repeats had statistically

higher QN ICso compared to 1 and 2 repeats.
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Figure 4: Association between DHA ICso and the number of DNNND repeats. Analysis

comparing polymorphism in DNNND repeats was done using Mann-Whitney test. The

horizontal (blue) bars indicate the median. The median values and the number of isolates

analyzed (in brackets) are shown. P values comparing the repeats are as shown: 1 DNNND

repeats had statistically higher DHA ICso compared to 1 and 2 repeats.
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Table4: QN and DHA parasite susceptibility and polymorphisms in Pfnhe-I ms 4760 repeats

Characteristic Number Median a QN ICso Median a DBA QN.No DBA.
of repeats innM ICsoin nM (%) No(%)

DDNHNDNHNND nil p=0.199 p=0.57 '-. nil nil

1 95.38(18.71-589.5) 5.26 (4.618-9.59) 28(32.2) 8(23.5)
2 47.54(18.02-282.2) 10.4 (3.173-17.20) 57(65.5) 26(76.5)
3 948.7(118.4-1779) nil 2(2.3) nil

DDNNNDNHNDD nil nil nil nil
0 948.7(118.4-1779) nil 2(2.3) nil

1 62.95(18.01-334.4 ) nil 85(97.7) nil
a - Interquartile range, No - number of Isolates, nil-no value, p - p- value test of significance,

QN- quinine, DHA- dihydroartemisinin, nM- nanomoles and ICso- 50% inhibitory concentration

To further understand this observation, association between QN and DHA ICso with

microsatellite variation in Pfnhe-I ms4760 was tested using bivariate logistic regression analysis.

As depicted in Table 5, there was a significant statistical association between 1 and 2 DNNND

repeat and parasite susceptibility to QN (p=0.014 and p=0.043, respectively). Significance

association was seen between DNNND single repeat and parasite response to DHA ( p=0.04)

(Table 5).
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Table5: Association between QN and DHA IC50(nM) with DNNND Pfnhe-I ms 4760 variation

DNNND , .QN
repeat OR 95%CI p- value
1 6 1.43- 25.19 0.014
2 3.11 1.04- 9.32 0.043
3 1.OO( reference)
DBA
repeat OR 95%CI P- value
1 0.08 0.01-0.90 0.04
2 0.7 0.15- 3.37 0.66
3 1.00 (reference)

DDNHNDNHNND
QN
repeat OR 95%CI P- value
1 1.00 (reference)
2 1.88 0.70-5.06 0.21
3 0.56 0.03-9.90 0.69
DBA
repeat OR 95%CI P- value
1 3.5 0.59- 20.68 0.17
2 1.OOCreference)

DDNNNDNHNDD
QN
repeat OR 95%CI P- value
0 1.00 (reference)
1 0.37 0.02 - 6.18 0.49. . ..
OR- Odds Ratto, 95% CI - 95% confidence interval, QN- qumme, DHA- dihydroartemisinin

and bold value - significant at 95% confidence interval.

4.4. Pfmdr-6 polymorphism

In this study 10 haplotypes were observed within this gene due to polymorphism in the three

repeats RI, R2 and R3 representing (N, NI and NIN amino acid), respectively. The R1 repeat
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variedfrom 5 to 13 representing eight different haplotypes. The R2 motif had two repeats in all

theisolates tested, same profile as the reference strain 3D7. The R3 repeat varied between 4 and

6 repeats (Fig. 5). The most common genetic polyrnorphisms in Rl repeat were as follows: RI-6
~

in24 and 7 of the culture adapted isolates analyzed against QN and DHA, .respectively and RI-9

in 29 and 11 of the isolates analyzed against QN and DHA, respectively. Combined, they

represented48% and 65% of the total isolates analyzed against QN and DHA, respectively. The

leastcommon genetic polymorphisms were RI-7 and RI-13 each present in less than 5 isolate,

exceptRl-ll which was not represented in any isolate tested against DHA (Fig. 5).On the other

hand,the most common genetic polymorphism in the R3 repeat was R3-6 present in 78 and 26 of

the isolates analyzed against QN and DHA, respectively. Representing 90% and 76% of the

isolatestested against QN and DHA, respectively (Fig.5).
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Figure 5: The distribution of Pfmdr-6 profile according to the number of repeats in Rl and R3 of

the isolate tested against QN and DHA.

4.5. Association of QN and DBA in vitro sensitivity with Pfmdr-6 polymorphism

For the 87 culture adapted isolates tested against QN, QN ICsos median between Pfmdr-6 Rl

repeat varies significantly (p < 0.0001) while for the 34 culture adapted isolates tested against

DHA, there was no significant difference between DHA ICsos and Pfmdr-I Rl repeat

(p=O.9322). On the other hand, DHA IC50s median values between Pfmdr-6 R3 repeat varies

significantly (p=O.0314), while there was no significant difference between QN median ICsos

between Pfmdr-ti R3 repeat (p=0.286). But an increase in the number of R3 repeat was

associated with increased QN and DHA ICsos (Table 6).

44



Table6: QN and DHA parasite susceptibility and polymorphisms in Pfmdr-6 repeats

Characteristic No. of repeat per Median QN a ICsos in Median DBA a ICsos in

isolate nM nM \
-c.,

Pfmdr-6 (Rt) nil p < 0.0001 p=0.9322

5 1508 (943.2-1784) 5.02 (3-29.14)

6 20.75 (9.71-43.31) 5.00 (2.32-10.46)

7 661.1 (162.5-684.6) 8.19 (8.1- 8.27)

8 91.28 (29.65-189.6) 7.44 (2.84-18.97)

9 50.77 (18.6-254.9) 10.72 (4.14-15.67)

10 525.7 (239.1-843.6) 7.77 (3.4-71.2)

11 131.5 (118.4-348.2) nil

13 253.4 (216.1-321) 10.34 (10.34)

Pfmdr-6 (RJ) nil P = 0.2860 P=0.0314

4 19 (7.10-300) 3.80 (2.31-7.33)

6 69 (19.93-340.3) 10.19 (4.0-21.84)

a -Interquartile range, nil - no value, p- p -value test of significant, RI- repeat one, R2- repeat

two, R3- repeat three, QN- quinine, DHA- dihydroartemisinin, nM- nanomoles and ICso- 50%

inhibitory concentration

Association between QN and DHA ICso with microsatellite variation in Pfmdr-6 repeat was

analyzed using bivariate logistic regression. As shown in Table 7, there was a significant

statistical association between the 8, 9 and 13 Pfmdr-6 Rl and parasite susceptibility to QN

(p=0.02, p=0.012 and p=0.041) (Table 7). On the other hand, there was no significant association
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between Pfmdr-6 R3 repeat and parasite response to QN and DHA (p=0.71 and p=0.065,

respectively).

Table7: Association between the number variation of Pfmdr-6 Rl and R3 repeats with QN and

DHA parasite susceptibility.

Rl
QN
Repeat OR 95%CI p- value
5 1.00 (reference)
7 3 0.12- 73.64 0.5
8 24 1.74- 330.8 0.02
9 18.9 1.93-184.63 0.012
10 1.2 0.6- 24.47 0.91
11 12 0.49- 294.57 0.128
13 24 1.14-505.19 0.041
DHA
Repeat OR 95%CI p, value
5 1.00 (reference)
6 1.25 0.68- 22.88 0.88
8 0.5 0.02- 11.09 0.66
9 0.29 0.02- 4.24 0.36
10 0.5 0.03- 8.95 0.64

R3
QN
Repeat OR 95%CI P- value
4 1.00 (reference)
6 0.73 0.14- 3.78 0.71
DHA
Repeat OR 95%CI P- value
4 1.00 (reference)
6 0.12 0.01- 1.14 0.065

OR- odd ratios, 95% CI- 95% confidence interval, R1- one repeat of Pfmdr-6 indicating N

aminoacid , R3- three repeats of Pfmdr-6 indicating repetition NIN aminoacid, QN- quinine,

DHA- dihydroartemisinin and bold value - significant at 95% confidence interval.
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CHAPTER FIVE

DISCUSSION

5.1. Drug susceptibility
Inthis study, it is clear that significant association of polymorphisms in microsatellite repeats in

Pfnhe-I ms4760 to QN and DHA susceptibility in P. falciparum parasites from Kenya exist.

Furthermore, the diversity of microsatellite repeats in Pfmdr-6 within these isolates is

underscored and also shown to be linked to QN susceptibility. Three repeats of DNNND

polymorphismin Pfnhe-lgene significantly reduce parasite susceptibility to QN and DHA. Most

important,parasite genotype, 3 DNNND repeat of Pfnhe-I ms4760 with 7, 8 and 13 of Pfmdr-6

Rl repeat which is predominant in parasites with high QN ICsohave been described.

Two well characterized P. falciparum laboratory strains (3D7 and W2) served as a quality

control of drug coating plate's lots and for assessing assay performance within previously

validated acceptable range. They also served as a comparator of P. falciparum field isolates

ICsos.Their sensitivity varies, 3D7 is considered to be chloroquine sensitive, while W2 is

considered chloroquine and QN resistant strain. Quinine resistance chemo sensitivity threshold

values have not been clearly defined. However, the historical WHO QN ICsovalue against W2

clone is 315 nM (World Health Organization:, 2001). In a study conducted in Senegal, only 1%

of the samples tested against QN had ICso > 500 nM (Pradines et al., 1996). In another study

conducted in Cameroon, QN resistance threshold ICsowas established to be > 300 nM (Brasseur

et al., 1992). The minimum and maximum ICsofor the 87 isolates tested against QN in nM were

0.208 and 3586 respectively. Based on the QN ICsoresistance thresholds previously established
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(Brasseur et al., 1992; Pradines et al., 1996; World Health Organization:, 2001), we defined and

established ICso ranges in this study as follows: ICso < 300 nM sensitive, IC50> 300 < 500 nM

intermediate, and ICso > 500 nM resistant. Based on this criterion, 68.97% (60/87) of the isolates,
were sensitive to QN, 19.54% (17/87) had intermediate sensitivity and 'W.34% (9/87) were

resistant. These results are in line with other report from Africa (Baliraine et al., 2010; Sinou et

al., 2011). Earlier studies carried out in Kenya reported quinine sensitivity to P. falciparum

parasites (Odhiambo and Odulaja, 2005; Okombo et al., 2010). The presences of strains with

high IC50s in this study may be attributed to culture adaptation conditions which may lead to

selection of specific phenotypes. the same was observed in a study carried out on drug

sensitivity in vitro of isolates before and after adaptation to continuous culture (Le Bras et al.,

1983).

Chemosensitivity drug threshold for DBA has not been defined. However, in one study DHA

ICsovalue against W2 clone was 15 nM among the P. falciparum isolates obtained in western

Cambodia from 2005-2010, this coincided with the isolates obtained from north Cambodia

assessed in 2009 and 2010 that showed an increase in DBA IC50s (Tyner et aI., 2012). In this

study a cutoff point of parasite DBA susceptibility was < 10nM. Based on this cutoff point 56 %

of the 34 cuIture- adapted isolates tested against DBA in this study were susceptible. In a recent

study, the mean ± SD for DBA ICso of 51 culture-adapted clinical isolates from China-Myanmar

border was determined to be 23.0 ± 7.4 (Wang et al., 2012). The mean ± SD for DBA IC50of the

34 culture-adapted clinical isolates from this study was 19.83 ± 41.73, which is well within range

of what has been previously reported (Wang et al., 2012).
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5.2. Pfnhe-l ms 4760 profiles
Thenumber of repeats in Pfnhe-I ms4760 influences the ratio of two charged amino acids,

histidineand aspartic acid which are reported to influence QN susceptibility. Based on this

geneticpolymorphism, there are 113 different ms4760 alleles that have been reported thus far'-.

(Menardet al., 20l3~ Pascual et al., 20l3). In this study, profiles were numbered based on the

numberingsystems of ms4760 alleles described by (Menard et al., 20l3). Among the 15 ms

4760 profile detected in this study ms 4760-7 which is a common profile in African isolate were

notobserved (Fig.1). This profile were observed in a number of studies carried out in Africa

(Baliraineet ai., 2011~Briolant et al., 2011~Okombo et ai., 201O~Sinou et ai., 2011).

Ms4760-4 (8.6%) and Ms 4760-20 (2.2%) profiles which had not been described in African

isolatesbut only in Asian was present. The same results were observed in Senegal and in isolates

collectedin Asian Djibouti, Comoros and other parts of West African countries (Henry et al.,

2009; Pelleau et ai., 2011). This is an indication that resistant genotypes from this region have

reachedKenya as it was in the case of chloroquine and antifolate resistant P. falciparum as

reportedearlier (McCollum et al., 2007).

5.3. Association of QN and DBA in vitro sensitivity with Pfnhe-I ms4760 repeats
Theresults of association between the QN and DHA in vitro susceptibility with Pfnhe-l ms4760

repeats (Table .5) demonstrate significant difference. According to the number of repeats in

block 2 (DNNND), block 5 (DDNHNDNHNNDD) and block 6 (DDNNNDNHNDD) which

have been associated to modulation of in vitro quinine resistant in previous studies

(Andriantsoanirinaet al., 201O~Henry et ai., 2009). A trend of isolates with increased number of

DNNNDrepeat was observed to be associated with increased QN lC50 (P < 0.05) while 3 repeats

ofDNNND was significantly associated to DHA lCso (p=0.04). This is in agreement with other
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studies(Ferdig et al., 2004; Henry et al., 2009; Meng et al., 2010; Pelleau et al., 2011; Sinou et

al., 2011). However, a study carried out in Kenyan coast showed that 2 DNNND repeat were

associatedwith decreased QN sensitivity compared to sensitivity of parasites with 1 and 2 repeat
l

(Okomboet al., 2010). In addition, the present study has shown that, isolates with increased

numberof block 5 DDNHNDNHNNDD were less susceptible to QN. This is in line with a study

carriedout on 83 clinical isolates obtained from different parts of Africa (Andriantsoanirina et

al., 2010). On the contrary, an increased number ofDDNHNDNHNNDD repeat was associated

withhigh in vitro susceptibility to QN (Henry et al., 2009; Meng et al., 2010; Sinou et al., 2011).

Association of number variation in block 6 DDNNNDNHNDD has not been reported before.

From these findings it shows that isolates with single repeat of the DDNNNDNHNDD were

highlysusceptible to QN compared to those without.

Association based on the ms 4760 profile, trends towards a decrease in QN and DHA activity

was observed in isolates carrying the second prevalent haplotype ms4760-9. This is the rare

haplotype in the Africa isolates, an observation that concurred with a study carried out in the .

Kenya coast where none of the 29 culture adapted field isolate carried this haplotypes (Okombo

et aI., 2010). On the other hand, there was no significant difference in the association between

DHA and both DNNND and DDNHNDNHNNDD repeat. Isolates containing 2 DNNND repeat

had high DHA IC50 but those with 3 DNNND restore susceptibility. However, increased number

of DDNHNDNHNNDD had increased DHA IC5o. The seemingly conflicting association of

polymorphisms in Pfnhe-I ms4670 microsatellite with in vitro susceptibility to QN and DHA

can be explained by difference in parasite genetic background, which could be attributed to

geographic origin of the isolates.
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5.4. Pfmdr-ti polymorphism

Pfmdr-6 microsatellite Rl repeat (number variation in N amino acid) corresponding to position

103-110 in 3D7, R2 (variation in NI amino acid) corresponding to position 267-270 in 3D7, R3

(number variation in NIN amino acid) corresponding to position 717-734jn 3D7. The three

repeats were all represented in the study isolates and these polymorphisms gave rise to a total of

10haplotypes (Table.6), 25.4% of the culture isolates had the same haplotype as 3D7. Rl repeat

varied from 5-13Ns; 9Ns and 6Ns in RI repeat were prevalent while 5Ns, 1INs and 13Ns in RI

repeat were rare represented by one or two isolates. The same was observed in 51 culture-

adapted clinical isolates from China-Myanmar border where there was no variation in R2 and all

isolates had 2NIs except one with 3NI out of the out of the 51 culture adapted parasites (Wang et

al., 2012). This is an indication that neither drug pressure nor culture adaptation condition affects

this part of the gene. Most of the isolate maintained their wild state compared to the reference

strain 3D7. R3 varied between 4 NINs and 6 NINs the later was the most prevalent repeat (> 70

%). The same was observed in the isolates from China-Myanmar border where majority of the

isolate had 6 NINs only 1 isolate had 4 NINs repeat. This is reminiscent that Kenyan isolate have

the same features as the isolates from this region.

5.5. Association of QN and DBA in vitro sensitivity with Pfmdr-6 polymorphism

There was significant association between parasite susceptibility to QN and 8, 9 and 13 Pfmdr-6

RI repeats (P < 0.05) (Table 7). Although, parasites with 7 Ns in Rl were associated with

reduced sensitivity to both QN and DHA, they were represented by only three isolates. This is in

line with the results from China-Myanmar border where 7 repeats in R1 were significantly

correlated with reduced sensitivity to LMF. QN and LMF are both are Aryl amino alcohols and

therefore their mechanisms of action are the same. On the other hand, the prevalent allele, 9Ns in
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(P > 0.05). This corroborates what was observed in 51 culture adapted parasite in China-

Rl was associated with decreased QN and DHA activity albeit the difference was not significant

Myanmar border where 9 Ns in Rl were associated with reduced sensitivity to DHA (Wang et,
al.,2012). Moreover, a trend towards a decrease in both QN and DHA activity in isolates carry

the 6 NINs in R3 repeats was observed although the difference was not significant (Table 6).

This shows that R3 repeat have the least effect on QN and DHA parasite sensitivity.
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CHAPTER SIX

SUMMARY OF THE FINDINGS, CONCLUSION AND RECOMMENDATION

6.1. Summary of the findings "-.

The present study, has established the association of Pfnhe-l ms4670 and Pfmdr-6

polymorphisms in determining parasite response to both QN and DHA activity. Specifically,

Pfnhe-l ms4760 was highly diverse in parasite isolates in Kenya (15 different profiles). Three

profiles(ms4760-1, ms4760-3 and ms4760-9) were predominant. The number of repeat for block

II (DNNND) was significantly associated with both QN and DHA parasite susceptibility. On the

otherhand, Pfmdr-6 microsatellite repeats was diverse (10 different profiles), R1 (N repeat) was

highly polymorphic among the three repeats (Rl, R2 and R3). 6Ns and 9Ns in Rl repeat and

6NINs in R3 repeat were the most predominant alleles. Polymorphism in R1 repeats was

significantly associated with median QN ICso. Association between 8Ns, 9Ns and 13Ns in R1

repeat with parasite susceptibility to QN was observed. The study has further shown that these

geneticmarkers are only relevant in the context of the genetic background of the isolates.

6.2. Conclusion

1. An increase in median QN and DHA IC50 in vitro was observed, this may be an

indication of parasite resistance to these drugs in Kenya. Out of 87 and 34 isolates

tested against QN and DHA 29% and 44% contained high IC50s, which are

considered QN and DHA resistance based on World Health Organization cut-off

points of QN IC50> 315nM and DHA IC50> 10nM, respectively. .

2. The number variations in microsatellites of Pfnhe-l and Pfmdr-6 genes in the Kenyan

P. falciparum isolates circulating during 2010- 2011 was observed, Pfnhe-l ms4760
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gene was highly polymorphic among the isolates, 15 different genetic profiles were

observed, 5 of the genetic profiles have not been previously described. Ms 4760-4

a~d ms 4760-20 profile which had not been described in African isolates but only in,
Asian were present. On the other hand, Pfmdr-6 repeats varied between three repeats

(Rl, R2 and R3) but Rl was highly polymorphic.

3. The association between in vitro QN and DHA susceptibility profiles with number

variation in microsatellite of Pfnhe-l and Pfmdr-6 genes was observed. Specifically,

three repeats of DNNND polymorphism in Pfnhe-I gene significantly reduced

parasite susceptibility to both QN and DHA. Most importantly, parasite with

genotype 3 DNNND repeat of Pfnhe-I ms4760 with 7,8 and 13 of Pfmdr-6 R1 repeat

were predominant in parasites with high QN ICso.

6.3. Recommendation from current study

1. Considering the inconsistency in the number of isolates tested against the two drugs

more isolates collected in the current years should be analyzed to ascertain the

observed results.

2. Freshly collected isolates should be used in the analysis of the association between

these markers and the two drugs considering culture adaptation influence parasite

response to the antimalarial.

3. To further validate this observation and conclusions, isolates from different

geographical and malaria endemicity regions of Kenya must be analyzed.
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6.4. Recommendation for future studies

1. Delineating the contribution of Pfnhe-I , Pfmdr-6 and other parasite genes to QN

resistance will be increasingly important as this drug continues to be relied upon for

the treatment of severe malarial infections that are resistant tQ other antimalarial

agents.

2. To date no single mutation of set of polymorphisms has been shown to be a robust

marker for in vitro QN and DHA sensitivity of clinical isolates. New studies,

especially in vivo and whole-genome sequencing strategies are considered necessary

to better exemplify the molecular basis of these drugs sensitivity.

3. Global tracking of the contribution of these markers in QN and DHA parasite

sensitivity will aid both scientists and policy makers on deciding the type of drug or

combination of drugs to be used.
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