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ABSTRACT

Of the plethora of parasitic diseases that afflict mamhkimalaria remains the most
significant with 100300 million cases reported annually and 600,000 fatalities. Treatment
and control measures have been hampered by the emergence of drug resistance to most
antimalarial therapies. Early signs of drug resistatc the current frontline option, the
artemisinins, make it imperative that novel drug candidates are discovered. One possible
shortterm solution is drug repositioningia screening existing FDApproved (Food and

Drug Administration agency) drug libias for antimalarial activity. Towards this goal,

two, fast, simple, and reliabla vitro SYBR Greerbaseddrug susceptibility assays were
optimised. The first, the SYBR Green microplate method offered a medium throughput
option that was used to screenotwDA-approved libraries (Z score = 0.68.006),
LOPAC and ENZO (~700 compounds). Approximately 60 hits, defined as > 50 %
inhibition at 2.5 pM, were identified by the preliminary screen. The SYBR Green flow
cytometer method, capable of providing directasitaemia estimates and stagecific
information, was used for secoptiase characterisation of the hits. From these; anti
amoebic compound emetine dihydrochloride hydrate was identified as a potent inhibitor of
the multidrug resistarlasmodium falcipgrum, strain K1, with an 16 of 47 nM (95 %
confidence interval 44.929.17). Further characterisation of the compound involved
analysis of the parasite killing profile, to determine the parasite reduction ratio (PRR) and
parasite clearance time (PCT)wsll drug interaction analysis with existing antimalarials.
Emetine was shown to have a similar killing profile to atovaguone inferring a similar
mitochondrial mode of action, corroborated by fluorescence staining with the JC
mitochondrial probe. Takerotg et her |, emetinebdbs pharmacokin
with atovaquone provide an exciting drug combination for further investigation. The
relatively high hit rate presented in the study, anditro workflow outlined for emetine,

also showed drug repdsining to be a promising option for antimalarial drug discovery.

XVi



CHAPTER 1

INTRODUCTION

1.1 Malaria: a historical perspective

Despite decades of effort to eradicate or at least control malagenains one of the most
widespreadand devastating sieases tafflict mankind. ts history extends to antiquity
(Balint, 2001; Cox, 2002 Krungkrai et al, 2010) Indeed, it has been said our primate
ancestors were recognisably malarious before they were recognisably human (Harrison,
1978). Earliest evidene of the disease comes from Chinesépts datingoack to 2700

BC. Other ancient references appearMesopotamia clay tablets (2000 BC) and Egyptian
papyri (1570 BC) (Cox2010).Since then, the hallmark characteristics of malaria, namely:
paroxysmal irgrmittent fevers, enlarged spleens and a tendency of epidemic occurrence,
have been reported every civilised societyExtending fromthe Hippocrates in ancient
Greee (400 BC)to the Romans throughout their empire, and in the writings of Assyrian,
Indian, Arabic, and European physicians (€arand Mendis 2002; Cox, 2002)In
addition to ancient symptomatic descriptionscentempirical evidence has showvihe
existence ofPlasmodium dlciparum malaria in Egyptian mummies from the Fayum
depression in @ BC (Lalremruatat al, 2013)and in amber preserved mosqui{osthe
Dominican Republic) from the midlertiary period25400 million years ago (Poinar,
2005).Extending through Darwinian descentalaria has therefore had a huge impact on
human explaation, colonisation and development of the world as we know it today
(Harrison, 1978). Even ref err egmanythistoricak t he
figuresincluding, Alexander the greaEmperor Titus Ceaser, Oliver Cromwell, Otto Il
and Pope @&gory V are thought to havaiccumbed to the disea@@arter and Mendis
2002, Harrison1978) More recently malariaalong with other diseases has had a huge
impact on the world warsvhere it is said that for every man lost in batleother was lost

to malaria.Commonly,the conditions of war encouraged the spread and resurgence of the
diseas€Cox, 2002;Harrison, 1978)

The name malaria originated from the associaticin@fdisease with marshy areas and the
misguided belief that it was causedmiassmasé bad ai r 6 i n,ridingfaomi an o N
the swampsScientific understanding of malarend its association with the mosquito
vectordid not begin until the end of thetieentury The complex life cgle of the parasite

involving an insect vecor (females of Anopheine specis) and an intermediate
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vertebrate hosttook almost 70 years tolueidate (Cox, 2010; Harrison, 1978)our
species of malaria infect mar®. falciparum P. vivax P. malariae and P. ovale
(Biamonteet al, 2013; Greenwoodt al, 2008) the latter of which has now been divided
into two subspecied”. ovalecurtisi andP. ovale wallikeri(Sutherlancet al, 2010) More
recently it has been shown thie. knowlei, which is known to cause malaria in lotagl

macaques is adsfound consistently in maivythilingam et al.,, 2008)

1.2Life Cycle

Following the bite of an infected anopheline mosqusfmrozoites are inoculated into the
subcutaneous tisswé the invertebrate hasthis motile form rapidly migrates to the blood
stream where it circulates (~30mins) untiteaches andvades the hepatocytes. Within
the hepatocytepre-erythrocytic schizogony occurs whereby the parasites undergo asexual
multiplication. Subsequently5-10 days after the initial infectiothousads of merozoites

are released into the blood circulation where they invade erythrocytds. vivaxandP.

ovale infections some sporozoites differentiate into hypnozoites and remain dormant in
the hepatocyte cells for months until they aractvatal, causing a relapse of the malaria
infection. Once inside the erythrocytéise parasiteindergoes a further amplification step
where it transforms from a ring, to a trophozoite and finakya result of DNA replication

and schizogony,a multinucleatedschizont. Uponschizont rupture commonly 8-32
merozoitesare releasefrom each red blood cell agre capable of invading yet more red
blood cells (although oddnumbes of daughter merozoites caalso be produced)
Repeated erythrocytic cyclewhich occur every 48 hours in all human malaspecies
apart fromP. malariae(72 hour cycle) an@. knowlei (24 hour cycle), areesponsible for

the nonspecific clinicalsymptoms of the diseageertian and quartan fevers)A small
percentage (~1%) of merozed# transform into gametocytes (sexual form) and await
ingestion by a mosquitduring a subsequent blood meal. The asymptomatic gametocytes
can persist for weeks and are responsible for malaria transm{Bstnonteet al, 2013;
Delveset al, 2012 Flanreryet al, 2013;Jensen and Mehlhorn, 2009; Rosenthal, 2008)

In the mosquito,hte sexual phase of the parasite life cycle is initiated by the fertilization of
the male and female gamet#s create a zyge. This brief diploid stage allows sexual
recombiration, and isa key source of genetic variation (Gregson and Plowe, 2006
zygotedevelogs into a motile ookinet¢hat migrates and through the gut walldarms an
oocyst. Rurtherreplication in the oocyst results in thelease othousand®f spoozoites

that migrate to the mosquito salivary glan@he mosquito stageis complete in

2



Chapter 1: Introduction

approximately 2 weekgDelves et al, 2012 Jensen and Mehlhorn, 2009; Rosenthal,
2008. The next blood meal along with the complimentary inoculation sporozites

complees the parasite life cyc(&igure 1.).

%q\ N Liver Stage

Mosquito
Stage

Figure 1.1 Plasmodium life cycle showing the parasite development at the Liver, Erythrocyte
and mosquitoes stages. (Source: Biamonte et al., 2013)

1.3 Disease symptoms

Of the four human malaria®. falicparumis the most lethal angespnsible for over 90%

of malariarelated deaths (Hyde, 2007). This is the only species capable of causing severe
diseas, which is characterised by the parasites ability to sequester in various organs
including the brain (Greenwoodt al, 2008). This occurs during an overwhelming
erythrocytic stage infection and can lead to cerebral malaria (coma), vital organ
dysfunctio, acidosis, respiratory distress, and severe anemia. In children, hypoglycaemia,

seizures and severe anemia are common manifestations (Krueig&tal010).

1.4 Discovery of the malaria parasite and its complex ¢ifcle

Although theoutline of thelife cycle can be regurgitated almost effortlessly by a modern
malariologist the extensive body of wor#lefining the complex relationships between
man, mosquito and parasghould not be overlooked. Indetee discovery of the parasite
and the mode of matia transmission remain some of the most important and interesting
findings in the history of parasitology (Cox, 200Zhe story began in 1880 when French
army surgeon Charles LouisAlphonse Laveran identifiedand detaileda protozoan
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parasite inthe bbod ofa human malaria sufferéHarrison, 1978)The initial unanimous
resistancdo the finding is not surprizing considering that this was the first report of a
parasite inhabiting a human erythrocyte. Furthermdne, dniasma theol t h a't had
reigned 6r almost 2500 yeangas not completely out of favo(€ox, 2010). It was only a
recent ideawith the advent of the germ theory and the development of microbiology as a
discipline by Louis Pasteur and Robert Koch in 18889, that specific living micro
organisms could be causative agents of dis@asg, 2010; Harrison, 1978vestigatios

at the time were therefore intensified in the direction of findingdblaeteri® responsible

for malaria fever. IndeedEdwin Klebs and Corrado TommaSrudeli claimed as such
when they reported that a bacteriufacillus malariag, isolated fromthe Pontine
marshlandwas capable of causing febrile infections and enlarged spleens in rabbits (Cox
2010; Smith and Sanford 1983)ndeterredL aver an ¢ o ntwi rttheed ptiag me M-
and described varioustagies of the erythrocytic cycle, documenting quinine induced
parasite clearance and the associatibncorpuscle (schizont) rupture and fevétis
eventual visualization of the exflagellation process became hardgndceiandn 1890

d a v e rgarmbdvas finally acceptedy the majority of the community. éeHwaslater
awarded the Nobel Prize for Medicine in 19®¥arrison, 1978)Further definition of the
erthrocyticstage cycle and species characteristics was catiabgséechnical advances in
staining procedureteading to the use of i@nsa stainingmethyleneblue eosin stain,
Dimitri Leonidovitch Romanowskyl891) and the development of tlo# immersion
microscopgCarl Zeiss 1882), (Cox, 2010).

Disease @nsmision however, remained a mystemtil Patridkk Manson after showing
filarial worms weretransmitted by mosquitpsuspected the same to be truerfalaria
Postulated by the coincidently high prevalence of mosquitoes in the massbgiated

with malara, Manson recruiteBritish army surgeomRonald Ross to workrothe project
Based in India, Rob lavei@d exflaggelatianprovedioslythatvha t 1 o n
mosquito midgut envimament did not kill the parasite as the same could be observed in
infected blood on a microscope slidélowever, on 28 August 1897 (mosquito day)
Ross discoveredn oocyston the wall of the mosquito midguand in doing so provided

the first empirical evidence that the parasite could undergo further developmest in th
mosquito (Harrison, 1978). In the meantime Canadian William MacCullum, had described
a sexual recombination event in a related avian parbkanoproteus columbaéie

proposed that the formation of a vermicule (ookinete) through the fusing of twoctdistin
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bodies, one flagellated and motitee other sessile and elige was alsdikely to occur in

malaria (Cox, 2010 Both Ross and Mansomere more concerned with what happened
post oocyst formation anekpected to findin the mosquitpa hardened freleving form of

the parasite ready to be discharged into the external environfHantison, 1978)
Circumstance favoured Ross, afmrced to work oran avian(pigeon)model of malaria

in 1898he discoverethe presence malaria parasi@lasmodium relitum) in the salivary

gland ofa culicinemosquito(Cox, 2010) He later shoved that uninfected birds could be
experimentdy infected by malarious osquites. Hot on his heelsheé Italians Giovanni

Battista, Grassi, Amico Bignami and Giuseppe Bastiapelioved Ross® i ncl i
the same cycle occurred in the human systech that mosquitos of the gendisopheles

were specifically responsible faumanmalaria transmissio(Cox, 2002; Harrison, 1978).
Fortunately, Ros s 0 p a sistende alid inot go umreoticel ando r k
deservedly he claimed the Nobel Prize for the discovery of Malaria transmission in 1902
(Harrison, 1978). In fact, the life cycle 8lasmodiunmwas incompletely understood for
almost another 50 years, until Henry Shortl &yril Garnham (1947) showed that the 10

day lag phaséollowing mosquito inoculationwas due to théepatic stage prior to the
erythrocytic cycle. Their collaboration with an American, Wojciech Krotoski, in 1982
solved the final conundruni.vivaxwas @pable of producing dormant liver stages that
could recrudesce several months or eyearslater (Cox, 2002; Cox, 2010; Harrison,
1978; Schlitzer, 2007).

1.5 History of malaria prevention and treatment
1.5.1Mosquito Control

In the earlymid 20th centuryefforts to control the disease were aimed at eliminating the
Anopheline vectorBreeding sites situated close to residential areas were drained of
swamplandsand standing water sourceBuddles and pot holesere layered withoil to
prevent egg laying anthrval develpomentOverall, some improvements were maéde.
major breakthrough was the discovery ofhe insecticidal properties of
dichlorodiphenyltrichloroethan@®DT) in 1939. The military were firdb apply DDT for
public health purposes in Southermlyt 1944, as opposed to its development as an
agricultural pesticide. DDT then went on to play an important role during the yaties

of the Second World War in preventing malgsadasivaialet al., 2007).
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1.5.2Quinine and its synthetierivatives

For many years quinine was the only chemotherapeutic agent available for directly
targeting the malaria parasite during human infection. Quiriree bark extract othe
PeruvianCinchona tree species,was first discovered in the T7century by the Jesuit

priests, who learned of its potential from indigenous practices. Word soon spread
throughout Europe and other areas of the wrelghrdingthe medicinal properties of the
6Jesuit barkdéd for the treat ment datedfoogques. I
the bark along with other alkaloids such as quinidine, quingmenechonine and
cinchonidine. The gjnine content of cinchona trees varied not only between species but

also within the same plantatiofeading to inconsistent reports of therajpewefficacy.

Numerous expeditions sought to obtain the seeds from the best plants to maximise yield.
Charles ledger and his native servavianuel Mamani discovered a species with
particularly high quinine content (4113%), Cinchona égderiana and succegslly
exported seeds to Britain. For this betray
monopoly on quinine production Mamani was severely beaten and later died as a result of

his injuries. The Britishfailing to realise the potential of this findold the seeds to the

Dutch in 1865 leading toa Dutch monopoly (97%) on the production giiinine in the

1800s (Kitcheret al, 2006).

The limited supplyand resultant high cost of quinine during World War | prompted the

search for cheaper, synthetiternatves n t he early 190006s (Jense
This led to the development of the quinod classes: the-d@minoquinolinesthe 8-
aminoquinolinesand the amino alcohols. Quinine itself was known to have toxic
liabilities, such that sustained eigould result in tinnitus, hypoglycaemia, abdominal pain,

visual impairments, vertigo, hepatic injury, asthma, and psyctsisanet al, 2011)

Investigations into tissue stainirdgntified the firstsyntheticantimalaria] methylene blue

(by Paul Ehlich 1891). Further work led to the developmt of pamaquine (plasmochin
1926/27 and later primaquinereatingthe 8aminoquiroline classof which, teferoquire

is a more recently identified memheHowever, oxicity associated with glucose- 6
phosphatedehydrogenase deficiency, methaemoglobinaemia, and severe gastrointestinal
disturbanceprecluded lte use of the early derivativ@Beters, 1999)RenewedAmerican
interestin primaquine(during the Korean Warwas a result of its particulaffectivenes

against liverstage parasiteand its potential téackle relapsingdp. vivaxinfections In 1932
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another dye, @amino acridine, atabrine, was also shown & & potent antimalarial.
Unfortunately like methylene blueatabrinediscoloured skin and eyesdrumours thait

caused impotence resultad compliance issues (Kitcheet al, 2006). The most
significant breakthrough came when Andersag andvaxdkers modified atabrine by
replacing its acridinging with a quinolne ring creating the minoquinolhe resochin

(later to be renamed chloroquine) in 1934. However, concerns about its toxicity in humans
meant that the drug didnot becomg oameyai | abl
1963; Kraftset al, 2012; Schlitzer, 2007)

1.5.3 The Malaria Eadication Programme

Dueto its therapeutic success, both as a prophylactic and curative drug, chloroquine was
soon included in the malaria eradication programme (1955) alongside DDT, to elicit a two
pronged attack against the parasite and mosquito (Donetogd, 2010; Jensen and
Mehlhorn, 2009). The unprecedented reduction in morbidity and mortality that ensued
resulted in elimination of the disease from Europe in 1878 its redefinition to tropical

and subtropical regions (Figure 1.2). Unfortunatéhe success of DDT andloroquine

was shorived. The intensified efforts were not financially sustainable in underdeveloped
countries. The disease remained, as it is todagxorably linked to povertyand he
prospect for eradication of Africanalariawas as unattainable aser.

Environmental concerns arose about the use of DDT instigated by the publication of
Rachel Carsonods 6Sil ent Springé in -1962,
accumulation irboth wildlife and human health. The use of Divas further hampered by

the onset of insecticide resistance. Consequently, although DDT was never, benned
usefulness was restricted. The situation was worsened by evidence of chloroquine
resistance (Figure 1.3), initially at the ThailandCambodia baoder (1957), then
independently in South America (1959) and finally in East Africa (1974) where it
dispersed rapidly to thevest of the continent Duly, the eradication campaign was
abandoned in 1972 (Greenwoetdal., 2008).

The next 50 years saw an @ssant downfall of chloroquine, from the most widely used
drug to the most ineffective (Dondogt al, 2010; Payne, 1987; Randrianarivelojosta
al., 2009; Valechat al, 2009). This instigated investigations into the mechanism of action

and causes ogsistance to chloroquine.
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Figure 1.3Antimalarial drug timeline.Numbers to the left of coloured bars indicate when the drug w
first in use and the first sign of resistance appeataldo represented by the dark shaded regions of t
barg. Coloured ovals dictate the geographical regions of resistance development. The dashed linec
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The drug was shown to kill the parasite indirectly by accumulating in the food vacuole
where it interfered with haeme sequestration. Haem is a toxiooduct of haemoglobin
digestion, a major source of ami acids for the parasiteft is usually detoxifiedvia
converson, through biecrystallization,to haemozoin (malaria pigment) (Djimas al,
2001; Hyde, 2007). In resistantfalciparumparasites, alterations in a transporter protein,
chloroquine reistance transporter (PfCRT), located on the membranthentligestive
vacuole ensures that the buil@ of chloroquine within th vacuole is progressively
diminished together with the killing properties of the drug (Djimeeal, 2001; Hyde,
2007). The esistance phenotype is attributable to multiple mutations ompftire gene
(encoding PfCRT) (White, 2004). A single mutation in fifert gene, where threonine
(T76) is substituted for lysine at position 76, has been shown to be responsible for
resistancgDjimde et al, 2001). The complexity of the trait arises from the finding that
this mutation can only occur on the baok several otherpfcrt mutations, which
themselves do not cause resistance (Dondbgd, 2010; Plowe, 2009). Additional copy
numbe polymomphisms in theP. falciparum multi-drug resistance genefmdr 1, have

also been associated with varying levels of chloroquine resistance. Howeveaalsthis

seems dependent on the presence gbfitremutations(Djimde et al, 2001)

The failureof DDT and chloroquine triggered resurgence and fresh outbreaks of the

disease. A period of despondency ensyedsultingin a unanimous acceptance that the
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burden of malaria would remain indefinitelplans foreradication were abandoned and
discussims turned to renewed efforts to treat and controldisease (Carter and Mendis,
2002).

1.5.4The impact of thantifolate drugs

Fortunately the rampant resurgence of the disease was stalled by the discovery of another
class of antimalarladrugs, the atifolates. Originallydeveloped for the treatment of
tumours, the success of the antifolates meant that they were soon applied to other systems
of rapidly dividing cells such as bacteria and parasites. Proguanil was the first antifolate
shown to be efféve againstPlasmodiumin 1945 during the Second World War (Nzila
2006) Structurally similar to proguanilpyrimethanine andcycloguanil were shown to

target the dihydrofolate reductase (DHFR) enzymthe folate pathwayThis enzyme is
present in bdt the parasite and the human host. Fortuitously;RHER drugs have a

much higher affinity for the parasite enzyme than the human ortholoBlie.antifolate

class was further expanded once it was discovered that sulfa drugsdbloxkofolate
synthess. The parasite can synthesise foldée nove thus it transpired that sulfadrugs
werealso effective at targeting the folate pathway in mal@izla, 2006) Sulphonamide

drugs and sulphones: namelgulfadoxine, sulfalene, sulfone, and dapsone inhibit
dihydropteroate synthetase (DHPS) activitythe folate pathwayUnique to the parasite,

this enzyme is essential for biosynthesis of coenzymes in the folate metabolic pathway.
Although proguanil and pyrimethamine have been used in monothdhepgulfadugs

(apart from dapsone) had poor efficacy an unacceptable toxicity. Success came when the
class | antifolates (DHPS inhibitors) and class Il antifolates (DHFR inhibitors) were
combined.Although not considered combination therapy, as both drugs act daolate
pathway, the combination was found to have synergistic activity and was more effective
than either drug used alone (Gregson and Plowe, 2005). Together the class | and class I
antifolates effectively block the folate pathway and the productiompbitant reduced

folate cofactorsThe folate cofactorare essential fothe syntheisis and metabolism of
certain amino acidgherefore, a consequence of antifolate treamettdsinhibition of

DNA synthesis(Hyde, 2005; Hyde, 2007). During the eryttybc cycle, the parasite
undergoes a huge amplification step for which DNA synthesis is -#equésite. The

parasi e 6 s hi g h udestidesmdthisfsagandits preference for endogenous
folate, make the folate pathway an excellent drug tamgtlze basis for the success of the

antifolates as anitmalarials. The most extensively used combination is fansidar (SP), a
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fixed-dose drug combination comprised of sulfadoxine pmwimethamineapproved by

the FDA in 1983 (Gesaset al, 2009;Kitchen, Vaighn and Skillman, 200&Ridley,
2002) Fansidar was largely employed to target chloroguasestant parasitpopulations

in the late 1980«nd for some years it effectively replaced chloroquine as a first line
treatment forP. falciparum malaria (Millerand Su, 2011). Unfortunately, resistance to
fansidar and consequently resistance to other antifolates engkigdire 1.3), and
developed fairly rapidly in response to drug pressure (Karaal, 2005; Ratcliffet al,

2007; White, 2004). Single mutati®m either of thelhpsanddhfr genes were enough to
provide some degree of pection against the drug andll¢o locali®d reduction in drug
susceptibility (Plowe, 2009). The current situation of widespread highly resistant parasite
populations is a atsequence of a stepwise acquisition of mutations, each bestowing a
further reduction in susceptibility to the drug (Gregson and Plowe, 2005; White, 2004).
Treatment failure is characterised by a double mutatiorthe dhpsgene and a triple
mutationone he dhfr gene. An additional forth mutation has also emerged ordhifre

gene inAsia which denotes a high level of resistance to SP as well as the chlorpreguanil
dapsone combination (Gesasteal, 2009; Plowe, 2009). It is suspectddt although

low level resistance can develop locally, high level resistance arose from only two
ancestral origins; once in South America and once in South East Asia, the latter of which
eventually disseminated to AfricéFigure 1.3). It is noteworthy that the pattern of
sufadoxine/ pyrimethamineresistance is akin to the spread of chloroquine resistance
(Plowe, 2009).

1.2.5 The amino alcohols and artemsinins

Malaria related impactsuting the Viethnamese w#t9541975) led to the intensification

of efforts into antimala&l drug discovery by both the Americans and North Viethnamese
(Milner and Su, 2001). The 15 year drug discovery programme {1988) initiated at

the Walter Read Army Institute of Resear@WRA), culminated in the discovery of two
aryl amino alcoholsmetoquineand halofantrineas novel antimalarials. The compounds
were shown to be effective against chloroguiesistant strains and were advanced quite
rapidly for public use. Mefloquine and halofantrine were granted FDA approval by 1989
and 1992 respeeotely (Croft, 2007). Unfortunately, their lifetime was limited as resistance
developed rapidlyFigure 1.3) particularly when the drugs were used alone (Ridley,
2002). This was noentirely surprising consideringheir relatedness to the quinadis.

Additional limitations associated with both mefloquine and halofantimauded

11



Chapter 1: Introduction

toleration issues, with increasing reports of neuropsychiatric disturbances and
cardiotoxicity (Croft, 2007; NdBangchang and Karbwang, 2009; Ridley, 2002). The high
cost of the compounds also prohibited their widespread use inSaltaran Africa (Ridley,
2002).

The North Viethamese took a different direction and sought help from their wealthy
Chinese neighbours, who set up an intensiveseapet project, Project 523. The aintlod#

project was to trawl ancient scriptures of traditional Chinese medicine with the hope of
finding an efficacious herbal remedy for the disease. After testing more than 2000 plant
compournls Artemesia annugginghao) was foun@Dondorpet al, 2010; Miller and Su,
2011). Following improved extraction procedures and elucidation of its sesquiterpene
lactone structuremore potent watersoluble (artesunate and artelinate) and oil soluble
(artemether and arteether) derivatives eveynthesisd (Meshnicket al., 1996; Ridley,
2002).Widespread drug resistantethe existing antimatals and the ensuing resurgence

in malariamortality led tothe artemimin derivativesbeingfasttracked for medicinal use.
Fortunately the neurotoxicity problems seen in aainstudies did not manifest clinically

and to this day the drugs remain safe, well tolerated, and highly effective in most areas of
the world (Meshnicket al, 1996; Rosenthal, 2008). Employed since the 1990s the
artemisinins have saved countless lived &ught back in what was otherwise a losing
battle (Figure 1.3) With no new alternatives available to replace the artemisimrise

way SP replaced chloroquingital reports of early signs ortemisinin resistance
appearingat the Thailan€Cambodiaborder set abhrm bells ringing. There wasonce a
perceptionthat the artemisinins were less prone to resistance development due to their
shorthalf life, rapid parasite clearantienes and the resultant short selective window for
resistance developmenHowever, at this historical epicentre fdihe emergence of
multidrug resistancedeal conditions of uniquely high drug pressure, propagated by the
use of suHethal doses, poor compliance with treatment regimes and low malaria
transmission have allowed resstant populations of chloroquine (1957),
sulfadoxine/pyrimethamine (1982) and more recently mefloquine (1990s) parasites to
originate and establisfAlker et al, 2007; Dondorpget al, 2009 Krungkrai et al, 2010

Plowe, 2008 After over 30 years of &&misnin monotherapgvidence ofesistance cae

from slower parasite clearance, persistence for more than 7 days alongside adequate drug
concentrations and +&mergencef parasites after 28 days wéatment (Krungkraet al,

2010; Noedl, 2008; WHO, 20}. A specific region of the kelch gene (K13) is now also
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used as a genetic marker to identfyemisininresistant parasites (Twt al.,2015).The
growing number otases reported in the fieldasaccompanied by the ability enerate
resistancen laboratory strainsn vitro (Krungkraiet al, 2010).As aconsequencesfforts

to contain the spread of artemisirresistance were intensifie®tratgies involved the
detecton of all artemisinin resistant casethe adopton artemisininbased combination
therapyregimes,the reductionof drug pressure in affected areas dahd education of
communities about the risk of using counterfeit drugs (loset and Kaur, 2009). Increased
used of personal protective equipment (impregnated bednets) and mosquito wastrol
also widely advocated (WHO, 201(ince the early reports in 2005/2Q0&her, less
severe casefthe proportionofpat i ent 6s st i | | parasitaemic
MyanmarThailand, ChinaMyanmar borders and in one province of Vietnaaae also

been reportedDondorpet al, 2009;loset and Kaur, 2009More worryinglyhowever,a
recentsurvey using the K13 markehas identified artemisin resistantP. falciparum
parasites in Myanmar, just 25 km from the Indian border @wal, 2015). Referred to as

the gateway to the global spread of dmagistance, these recent reports at the Indian
border providdurther evidence thdtajectory ofartemisinin resistance is following that of

the previous antimalarialsAs the artemisinins are curiyn the main component of
antimalarial treatment programmes throughout the waopldvention of the imminent
spread of resistance to high transmission areasvidently,vital (Bhattaraiet al, 2007;

Miller and Su, 2011; Obgm and Juma, 2012, WHO, 2010

1.6 Malaria today

The MalariaWorld report estimated that in 2012 there were 207 million casertainty
range 135 287 million)and 627000 deathguncertaintyrange 473,000 789000). Most
cases (80%) and deaths (90%) occurred in Afiitéh thetragedy is multiplied by the fact
that a majority of these preventable deatbsur in childrer(77%)under the age of 5
(Wells, 2A.1; WHO, 2013. Areas that achieved eradication in the 1970s and 1980s
maintain this statybutthe disease persists in thegpest areas of the world that span the
equator (See Fige 1.2 aand b where the situation fluctuates between worselsattér
(Cox, 2002).

1.6.1The status ofaccine development

The tools that we have available today, chemotherapy and insecticidése &@me as

those deployed over 60 years ago during the eradicatiarResistance to both is an
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ongoing challenge (NBangchangand Karbwang, 2009Vhite, 2004). Despitethe fact

that it has been over 40 years since sterile immunity was generatedang)jumresponse

to A bite from infectious irradiated mosquitoesete is stil no effective vaccine available
(Heppner, 2013)The manufacture and administration of an aied whole parasite
vaccine hagproved too challengingsubunit vaccines have ifad to achieve comparable
efficacy. The most promising candidate to date is theepydrocytic stage vaccine
candidateRTS/S/ASO01 This vaccine targets the sporozoite stage and is based on a region
of the circumsporozoite protein, fused to the surfaciggen of the hepatitis B virus and
combined with a potent adjuvanRTS/S/AS01 has now engaf clinical trials with
predicted licensuran 2015(Guerinet al, 2002, Seidlein and Bejon 2018)espite reports

of only 50% efficacythe malariacommunity ishopeful that the candidate could help save
countless lives. Otlesubunit vaccines target blosthge meroziote®r gametocytes for
transmission blocking purposes (Seidlein and Bejon 2013). Unfortunately there has been
poor immunogenicity in the bloesiage candidategossibly oving to the fact that the
vaccine would have to induce a stronger immune reaction than the merozoite itself during
a nor mal course of infection (Hill, 2011)
transmission blocking vaccinese that prevention at the community level manifests in no
immediate or direct benefit for the sufferer (Guesinal, 2002).1t is urlikely that any
candidate targeting a single antigen will provide complete protecimh a multistage
multicomponentvaccine would be thenost feasible option for success (Gueenh al,

2002; Heppner, 2013; Seidlein and Bejon 2013). The added complexity of such a
candidate obviously poses more challenges and is unlikely to materialise in the near future
(Hill, 2011).

1.6.2 Current nosquito controimeasures

In terms of mosquito control, indoor residual spraying (IRS) remains an important
component of control programmes. The most commonly used insecticide class for IRS is
the pyrethroids. There are a few other optionslalbkg but they are more expensive. The

use of insecticide treated bednets (ITN) and the more recently developelhdtng
insecticide treated bednets (LLITN), with a 3 year lifespan, have had a marked impact on
malaria prevention in recent years. A donation of these vector control interventions is
recommended. One problem is that all available mosquito nets are treated with
pyrethroids.Unfortunately there is already resistance to pyrethriods in the in the, field

therefore careful monitoring and secticide rotation for IRS are imperative cartail
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widespread resistance development until other effective insecticide classes are developed
(WHO, 2013).

1.6.3 Current chemotherapy recommendations

The history of malaria drug discovery has demonstidhat the parasite has been
effortlessly capable of developing resistance againdt mlrified single compound
antimalarials used to dat@igure 1.3. For this reasanthere has been a definitive
abandonmenbf monotherapy.The idea is that alongside thesynergistic or additive
activity conferred bya combination there will be mutual protection against resistance
bestowed to each of the partner drug$ie current recommendation by the World Health
Organisation for uncomplicated malaria is artemistvaised combination therapy (ACT)
(Grandessaet al, 2006; Valechaet al, 2009) One such combination ikimefantrine
artemether(For other examples seeflle 1.1). The combination has been shown to be
synergistic (Schlitzer, 2007.umefantrineis a more reag membe of the aminealcohol
class. It isstructurallysimilar to halofantrineless potentbut comparatively well tolerated
due to the absence of cardiac side effé€trak et al., 2009 Schlitzer, 200Y. Other nor
artemsininbased cmbinations are lao available (@ble 1.1) and deployed regionally
where necessary (Yela al, 2005) For the treatment of severe malagignine or one of
the artemisinin derivativegartemether or artesunatae recommende@WHO, 2013). For
the hgh risk groups namey, pregnant women and children 5 yrs intermittent
preventive treatment (IPTp and IPTi for pregnancy and infants, respectivelylheith
sufadoxinepyremethaminéSP) combination is recommended. The treatment is given at
the same time as the diphthet@ianuspertussisvaccination Surprisingly, SP remains
effective as a prophylacticespite a high level of resistance in the field (Craft, 2008).
Seasonal malaria chemoprevention (SMC) with amodiagplaoe SP is recommended for
children agd 3-59 months(Andrewset al, 2014; WHO, 2013). Amodiaquine is4a
aminoquinolinghat is closely related to chloroquine fituis effective against chloroquine
resistant strainsapart from those that display verygh levels of resistancddowever,
toxicity is a resrictive factor of the drugvith reports ofagranulocytosis, myelotoxity,
hepatotoxicty and immune toxicityts useis thereforereliant on whether the benefits eut
weigh the cost (N@8Bangchang and Karbwang, 2009; Oletaal, 2006; Ridley, 2002).
Malarore, the atovaguonproguanil combination is primarily used as a prophylactic for
travellers from developed countrjekie to its high cost. This restrictiam useis thought

to be the reason for a lack of widespread resistancelajgwent to the combinatio
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Although atovaquone is distinct from the existing antimalarial classesistance can
develop readily tadhe compound when used in monotherggydley, 2002). FolP. vivax
chloroquine is still effective in most areas (Andrews, 20¥#0O, 2013).

Artemisinin-based combinations Safety PKmatch Evidence ofield
resistance

Artemetherlumefantrine +/- - someno
Artesunate +mefloquine + - some/some
Artesunate + SP +/- - somdyes
Artesunate + amodiaquine +- - somdyes
Artesunate pyronaridine +/- - someno
Dihydroartemisinin + piperaquine +/- - someno
Artesunate + Chloroproguniddapsone  +/- - some/unknown/unknown

Non-Artemisinin combinations
SulfadoxinePyrmethamine (SP) +/- +/- yeslyes
Chloroquine + SP +- - yeslyes
Amodiaquine +B +/- - yeslyes
Quinine + SP +/- - somelyes
Mefloguine +SP +/- - some/yes
Quinine + tetracycline - +/+ some/no
Quinine + Clindamycin i + some/no
Atovaquoneproguanil + +- some/some

Chloroprogunildapsone ++ unknown/unknown

Tabke 1.1 Artemisinin and nofartemsinin contining drug combinations for malaria treatment
Abbreviations are as follows poor, +/= unclear, += acceptable, ++= desirable. Drugs giiththe title are
approved whilst drugs with + are not. Red text indicatesdetérmined assessment based onatibns read.
(After: Kremsner and Krishna, 2004 ;-Biangchang and Karbwang, 2009).

Antibiotics such as dxycycline and clindamycinT@ble 1.1) have also been used in
combination therapy in recent years (Andreavsl, 2014). Antibiotic activity against the
malaria parasite was initially unexpected due the specificity of antibiotics against
prokaryotic structures. However, the eukaryotic malaria parasite possesses two organelles
that have their own DNA and bactetike machinery namely, the mitochondria and the
apiclast, onwhich the druggremost likelyto act. Most usually causing a delayezhth
phenotypewhere antimalariahctivity is not detected until the second erythrocytic cycle
following drug exposure (Schlitzer, 2007). Although the use of antibiotics has increased
the number of combinatory options and diversifiedahailablechemotypes mostcurrent
treatments rely on either an artemisinin derivative or compounds related to ¢xaskimg

chemotherapies.

Furthermore, recent concerns about the phamkinetic mismatch of current
combinations have been expressedrticularly for hgh transmission settings (Kremsner
and Krishna, 2004; Nandakumetral, 2006; Ramhartest al, 2003). Disagreements as to
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whether the killing profile of each drug in the combination should be similar or dissimilar,
in orderto exert the greatest effetiave arisen. It as previously thought that fagtting
compounds should be combined with slaeting compounds to limit the chances of
recrudescent fiections. However, while a fasictingrapidly excreteccompoundsuch as

an artemisinin derivativeis potected by its partner drughe longer plasma hatlife
partner is left expose®@ub-lethal concentrationsf the partner compountdwards the end

of the treatment regimmay thereforencrease the risk of selectimgug resistant mutants
(Na-Bangchang rad Karbwang, 2009Dondorpet al, 2010; Koranet al, 2005; Walslet

al., 2007).

While eradication should ultimately be a long term goal, the foreseeable future should
focus on protecting existing treatments against impending fail@reeqwoodet al,
2008). The longevity of scondgeneration compounds ggestionableand a formidable
concern due to widspread resistance agairiee parent moleculesNa-Bangchang and
Karbwang, 200Q The desperate need for novel antimalarial drug classethereforanot

be overemphastsl. Unfortunately, antimalarial drug discovery has always been and

remains, to this day, a challenging endeavour.

1.7 Drug discovery

Active drug discoveryin general is not much older than a cenfuagd thehistory of
antimalarial drugdiscovery cannot be detached from contextual developments of
medicinal science. Traditionally, disease treatments relied on the serendipitous discovery
of natural product remedigsuch as digitalis (foxglove) for the treatmerf congestive

heart failure,ipecacuanha (cephaelis plant bark or root) for the treatment of dysentery,
aspirin (willow tree bark) for the treatment of fever and quinine (cinchona bark) for the
treatment of malaria (Ng, 2009). The earlier use of dried and ground preparatsns
followed by the isolation and purification of active components during the eafly 19
century. Indeed, quinine was extracted in 1820. In an attempt to synthesise quinine in
185 Wi I i am Henry Perkin created Omauvebd th
onwards synthetic dyes had a profound impact on drug discovery (Schlitzer, 2007). With
the advent othegerm theory (1870) and numerous observations that fungal contamination
had an antagonisteffect on bacteria, a haphazard observation that eventeatiyto the
discovery of penicillin by Alexander Fleming (1928), there was already an idea that such
interactions could be exploited pharmacologically (Rubin, 2007). A major breakthrough,

coined as the beginning of a revolution in drug discovery, was WhahEhrlich (1890)
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stained the malaria parasite withethylene blue. kadvertentlythis demonstrad the
selectivity of chemical dyes for biological tissues, prompting the development of the drug
receptor concept. Thereaftanedicinal chemistry was borout of the realization of a
connection between drug structure and biological activity (Degvas, 2000).

There was no greater impact on human health than antimicrobial therapy. History dictates
that even penicillin was an indirect consequence of ilgasins into the antibacterial
properties of synthetic dyes. Gerhard Domagk (1927) tested numerous dyesaagarest

in vivo mouse model ofStreptococcus pyogenesfection. Prontosi] a sulfonomide
derivative (sulphonamide active component discoveasda dye in 1909ynthesised by
Fritz Mietzsch and Josef Klarewas shown to be the most efficacio(l935). Most
importantly Domagk had induced a change of opiniothat the administration of a
substance systemically could cure a bacterial infectiaifRR 2007). Interestingly, during

its interval of popularity (193rontosilwasalsotested againg®. falicparumwith 100 %
cure rate (Gregson and Plowe, 2005t the time,the use of the sulfa drugs was limited
by their ineffectiveness against tubelosis and pneumonia atite potential for resistance
devel opment . thell9501968sthat interestiim thei compounds wasgeited

for an antimalarial indicatioriThe eventual systemic challenge of bacterial infections with
purified penicilln (Chain and Florg, 1938) led to the phenomenal success of a broad
spectrum, specific, potent antibiotic with low toxicity that is still in use today (Rubin,
2007).

1.7.1 The golden era of drug discovery

Other breakthroughs followedind the mid part ofhie 20" century (19281962) was
considered the golden era of drug discovery. Medicinal chemistry advanced and treatments
became available for numerous indications including, malaria, tuberculosis, hypotension,
diabetes, psychosis, analgesia, and septieadBirger, 1983). The drug discovery
pipeline involvedn vivoanimal models to demonstrate biological activibfiowed by the
purification and synthesis of compoun@sibsequent lead optimisation invoh&ductural
modificatiors to enhance efficacy tbugh derivéization (Pinaet al, 2010. For malaria,
animal models consisted . relictum in canaries (1928935), laterP. gallinaceumin

either chicks, ducklings or turkeys (193948) and finally the roder®. berghel model|

that was first isolateffom the thicket rat (central Africa, 1948) and remains widely used
today (Burger, 1983). Eventuallyy vitro culture methodseplaced thereliminaryin vivo

investigations.Trager and Jensemadethis transition possibldor malariain 1976 by
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succesklly culturing P. falciparum parasites, isolated fromotus trivirgatusmonkey, in
human blood(Trager and Jensen, 1976\ ccompanied withthe genomics revolution

(1 9 8)0 these advancesstigated a more rational design approach to drug discovery
(Kotz, 2012. Optimism ensued from the idea that a greater understanding of disease
aetiology, molecular biology and cellular proaswould lead to the identification of
essential defined targe@®nd in due course anflux of novel chemotherpies Chatterjee

and Yeung, 2012; Jana and Paliwal 20@0%lls, 2010. For malaria this prospect was
promotedby the sequencing of th®. falciparumgenome (Gardnegt al, 2002) and the
discoverythat 60 % of the parasite proteins have no orthologues in humans (Guigeemde
al., 2012).

1.7.2Targetbased drug discovery

The framework fora targetbased drug ekign strategy is to identify a metabolically
essential target, most commonly from genomic analydeally, the target should be
specific to the disease causing amgmto help mitigate adverse effeqi€hatterjee and
Yeung, 2012)Once the target has been genetically validated, through {odcktudies,

an in vitro chemical assay is developed to permit Higtoughput screenin{Chatterjee

and Yeung, 2012Frearso et al, 2007) At this point either druggable small molecules
obeying the rule of 50r smaller fragments that conform to the rule of 3 are screened
against the target (Blaazet al, 2014). Subsequently, hit compounds undergo structural
optimisationto enhance the potency, selectivity and pharmacokinetic propégikert,

2013. X ray crystallography and computational 3D modelling can also be used to inform
structural alterations(Jana and Paliwal2007 Gilbert, 2013. Selectivity can b
determineé by subsequent screening of hit compounds against related human targets and in
cellular assays. Toxicology and resistance potential is also evaluated (GAOER
Chatterjee and Yeung, 2014.novel target is not considered fully validated until agdru
acting on that target is shown to be effective in the cli@itbert, 2013; Wells, 2010).

Since this approach has been adopted for malasiaerous putative targets have emerged

in the literature(See THBble 1.2)(Fidock et al, 2004;Jana and Paliwal007. These
include as the cysteine protesases, protein farnesyl transferases, dihydrofolate reducatase
and phospholipid biosynthest® name a few (Gelb, 2007; Fidoek al, 2004; Nwakaet

al., 2004; Winstanley, 2000).
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Target Location Pathway/ mecharism Target molecule Examples of therapies
Existing therapies New compounds
Pyrimethamine, Proguanil Chlorproguanil

Suladoxine, dapsone

Cytosol Folate Metabolism Dihydrofolate reductase

Dihydropteroate synthase

Parasite membrane

Food vacuole

Mitochondrion
Apicoplast

Extracellular

Pyrimtdine metabolism
Purine metabolism
Glycolysis

Protein Synthesis
Glutathione mé¢abolism
Redox system

Signal transduction
Shikimate

CDK

Unknown

Phospholipid synthesis
Membrane transport

Haem polymerization
Haemoglobin hydrolysis

Free radical generation
Electron transport
Protein synthesis

DNA synthesis
Transcription

Type Il fatty acidiosynthesis

Isoprenoid synthesis
Protein farnesylation
Erythrocyte invasion

Thymidylate synthase
HGPRT

Lactate dehydrogenase
Peptidedeformylase
Heat shock protein 90
Glutathione reductase
Thioredoxin reductase
GammaGCS

Protein kinases
EPSPS

Pfmrk

Ca2+ ATPase
Choline transporter
Unigue channels
Hexose transporter
Haemozoin
Plasmepsins
Falcipains

Unknown

Quinolines

Apicoplast ribosome

DNA gyrase Quinolnes
RNA polymerase Rifampin
FabH

Fabl/PfENR

DOXP reductoisomerase
Farnesyl transferase
Subtilisin serine proteases

Artemisinins

Chloroquine

Artemisinin
Cytochrome c oxidoreductase  Atovaquone
Tetracyclines, Clindamycit

5-Fluoroorotate

ImmucillinH

Gossypol derivatives

Actinonin

Geldanamycin

Enzyme inhibitors
5,8Dihydrooxyl,4-napthoquinone
Buthionine sulfoximine

Oxindole derivatives

Glyphosate

Oxindole derivatives, thiophene sulfonamic

G25

Dinucleoside dimers
Hexose ddwatives

New quinolines

Protease inhibitors pepstatin
Protease inhibitors]eupeptin
New peroxide

Thiolactomycin
Triclosan
Fosmidomycin
Peptidomimetics
Proteasenhibitors

Table 1.2The existing and novel drug targets iRlasmodium falciparumAbbreviations: EPSPBenolpyruvl shikimate hospate synthase; CDK, Cyclin dependent prote

kinases; DOXP;:deoxyD-xylulose5-5phosphate; GSC, glutamylcysteine synthetase; HGRT, hypoxaqttanamezanthine phosphoribosyltransferase; PfERRsmodium
falciparumenoytACP reductase. (After: Fiddock, 2004; Jana and Paliwal, 2007; Rbs20@3a
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Unfortunately the heralded breakthrough has been disappoiramglinical validation of

novel targets has proven more difficult than expected (W20i$0). Although potent hits

are readily identified and can be genetically validatieshdational problems often arise at

the whole parasite or animal model level. Referred tanagtro/ in vivo disconnect, this

has been the fate of numerous compound series produced against prospective novel targets
in recent years (Chatterjee and Yeung, 20G&ilbert, 2013). Indeed, enzyme inhibition
failed to correlate with wholparasite activity for the targetisctate dehydrogenageDH),
thioredoxin reductasgTrxR) and the fatty acid biosynthesis enzyme (FabBspite
extensive lead optimisation. Bweally, LDH and TrxR were deemed not druggable and
Fabl was shown to be dispensable during the intraerythrocytic cycle (Guigwtratle
2013). A number of reasons have been put forward for the issue, mostly concerned with
the lack of cellular contextybwhich the hit compounds are identified. This results in
unpredictable problems with cellular penetration, compound efflux, sequestration in lipid
compartments, neapecific binding, alterations in protonation state of the molgauléne
enzyme active i®) or undesirablekinetic properties (Gilbert2013) Despite our
understanding of parasite biology, target identification is constrained by our existing
knowledge base. Hindsight has led to the realisation that the parasite commonly uses novel
modes of metabolism, cell division and trafficking, signalling and communication
pathways. This means that the biological spectrum affecting a particular target is often
poorly understoodReaume, 2011 This incomplete knowledge results in unexpected
adverse evestand the poor attrition rates most frequently achieved (Jana and Paliwal
2007).

1.7.2.1 Validated antimalarial drug targets

Despite almost 30 years of targesed drug discoveryhe antimalarial development
pipeline has struggled to deviate frahreevalidatedtargets.Thesetargetsare based on

the action of preexisting antimalaria that were not developed in accordance with
modern fully rational, targdtasd drug discoveryframework (NaBangchang and
Karbwang, 2009). They includél) the haemmoin pathway (chloroquine) the folate
pathway, (antfolates Dihydrofolate reductase and dihydropteroate synthase inhibitors)
and the cytochromebcl complexof the mitochrondriareportedly the principle target of
atovaquone Ghatterjee and &ung 2012 Gilbert, 2013). In all casesthe antimalarial
activity of the drug was discovered prior the identification of the target and mode of

acton. Even the activity of arfolates, often considered axemplar class of targeted
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antimalarials, was recognised ihet form of Prontosil long before their development

specifically for the indicatioiRubin, 2007)

Furthermore, the majority of new antimalarials undergoing clinical development are
actually resurrected from previous discovery programs. The second orgémestation
compounds are rdesigned to be less toxic and retain efficacy where aggistto parent
compounds is establishé@elb, 2007). One prospective example is Isoquine, a second
generation aminoquinolinethat is active against chloroquine and atoiquinoline
resistant parasite strains (Nwadtaal., 2004). Howeverthe limited pool of refined targets

and the preexisting resistance capéibes of the parasite calls tim questionthe longevity

of such second generation compou(t@anfieldet al, 1995; Wells 2010).

1.7.2.2Problems withtargetbased drug discovery

The reduction in outpudf novel first class medicines is nastricted to malariag decline

has been seen across the disease spefisimburn and Thor, 2008oguskiet al, 2009

Reaime, 2011 Since the 19906s the <capital spent
increased while the number of chemical entities reaching regulatory approval has
decreasedBoguskiet al, 2009; Fidocket al, 2004) This has called into questiaver

reliance on the targdiased strategy and genetic approach to drug discovery (Kotz, 2012).

A recent review indicated that in total there are 1065 drugs targeting 324 targets, 266 of

these are human targets and the remainder constitute those targeting patBdgerts

2013). In realityselective compourstare rare due to conserved homold@atterjee and

Yeung, 2012).

Focus on the targdiased strategy has not been the only issue for malaria drug discovery.
A persistent problem is thalthough the malaridrug market is one of the largest in the
world, with half a billion people needing treatment per annum, the majority of patients that
require treatment cannot afford to pay fo(Qraft, 2008) Unsurprisingly, the discovery

and development of a drug pradt with a negligible profit margin is an unattractive
investment for pharmaceutical companies (Craft, 20@8thyala, 2011;Winstanley,
2000). The profit from prophylactic drugs for travellers from developed countries can in
no way compensate for the ctgbineededfor treatment of the underdeveloped world
(Craft, 2008) Forunately in recent years thigot-for-profitdarea has been subsidised by
the formation of nosprofit public, private andohilanthropic partnerships, such as the

Medicine for Malariaventure (1999)and the Bill and Melinda &es foundation
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substantially increasing efforts into malaria drug discovery (Fideickl, 2004).As a
result, the involvement of academia in drug discovery has become increasingly important
(Kotz, 2012 Opreaetal., 2011)).

Ultimately, these @ademic and industrial partnershipave been formed on the back of a
unanimous realization that the number of programs focussing on aowelalarials and
the predominantly targétased approach that was being adoptatl be insufficient to
sustain the antimalarial drug pipeline (Gelb, 20Gflbert, 2013;Wells 2010. The
corsiderably long development tinoé de novodrug discoverys further hampered by the
high failure rateof candidates, with compoundsthe leadoptimisationstage having only
a 7% chance of becoming a drudoreover, oce is usethere is a possibilityhe novel
drug may only have ahort window of effectiveness, demonstrated by the antifolates
Accompanied byinevitable spreadof artemisinin esistancethese factorspredict an
imminent potentially catastrophic void in the malaria drug markgtus makingit
imperative that faster development processes are sanghadoptedCraft, 2008;Gelb,
2007).

1.7.3Phenotypic drug screening

Towards the above mentionagim, the drug discovery industry has turned to more
traditional approaches in order to surmount the innovation gap chyshd dependence

on targetbased approacheg¢Boguski et al, 2009; Reaume, 2011)Historically,
antimalarial drugdiscovery has benefited from phenotypic screening and the whole
organism basedpproach Chatterjee and &ung 2012. This topdown development
process involves testing against the whole pardsitewed by compound purification
according to potency. Drugrgets and mechanisms of action dedéined retrospectively
(Gilbert, 2013) Regardless of the vast amount of information known about the
Plasmodiuniife cycle, the nost important and by far most efficious antimalarial classes,
the quinolines andhe artemisining werediscoveed serendipitouly from ancient herbal
fever curesin this manner(Chatterjee and Yeung, 2012). Remarkahklye oldest
antimdarial agent, quinine, remainffective despite nearly 400 years of use (Ackaal,
2011). This is prticularly striking when compared with the targeted -foltite classof
drugsthat succeeded in retaining efficacy for relatively short 5 year p€@oaft, 2008.
While the action of the quinales has since been elucidatéie target or most likely
targets of the artemisinins, the most promising new class of antimalarials, are still in

dispute. Indeed evidence has been put forward implicating the involvemeht
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haemoglobin and haem (Klonet al, 2011; Zhang and Gerhard, 2009), free radicals
generagd by the reduction of the endoperoxide bridge (Meshnick, 2002), reactive oxygen
species generated by the activation on the mitochondrial electron transport chain (Mercer
et al, 2011) andhe involvement othe calciumpump PfATE (ortholog of endoplasmic
reticulum pump SERCA) (Valderramesal, 2010). It appears that tobemplex nature of

the parasite infectiorcannot be defeated by simple sintdegeted compoundsThe
superiority of planbased compounds is perhaps dde the complexity of their
promscuous binding and the benefits incurred by multiptéf-target effectsthat are
altogether lacking in the synthetically refined counterpartsSuch issues ofesistance
development towards existing antimalarials has prompted the obligatory adoption of
combination therapy for malaria in recent yedisis, in turn has inadvertently doubled the
guotafor a continued supplyfaaffordable new antimalarialgCraft, 2008). The modern
perspective of phenotypic screening aims to address these issues by adjingwieel
advances made in medicinahemistry over the past centuriReferred to asdrug
repasitioningdor Gepurposing (Figure 1.4, thisnovel strategy uses phenotypic screening

to identify novel indications for existing or abandoned pharmacotherggogsiskiet al,

2009 MedinaFrancoet al,, 2013.

1.7.4Drug repositioning

There have been numerous success stories of drug repositioning for othersdisease
instance Sildenfil (Viagra) was originally developed to treat cardiovascular diseasés but
now widely used for erectile dysfunctiofifk et al, 2002). Thalidomide was formally
developed to treat morning sickness but was withdrawn due to adverse severe birth defects
in children. The drug was later found to be uniquely effective for thentest of
Erythema nodosum leprosum and has more recently been patented for the treatment of a
type of cancerultiple myeloma) (Walkeet al, 2007). Buproprion (Wellbutrin) and
Duloxetine (Cymbalta) were both originally developed to treat depressionrdutoav
repurposed as a smoking cessation aid and for stress urinary incontinence respectively
(Boguskiet al, 2009). Clearly such fortunate medical triumphs highlight an opportunity
that should not beissed by the malaria community.
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Figure 1.4 Targebased and drug repositioning development timelineBe novadrug discovery, which in the last 30 years has focussed on a thaget strategy, can
take 1017 years with only a < 10 % probability of success. The drug repositioningnénse shorter (312). Frequently repositioned candidates have already be
evaluated at several phases of the pipeline for their previous indical®MET, absorption, distributiometabolism, excretion and toxicity information may already
availablefor the candidate and the drug may already be approved for human use by the EMEA or FDA. For parasitic disease when khohdetigget is not
essential, target identification can run in parallel to lead optimisation, clinical development and ragudggoroval. (AfterAshburn and Thor, 2004; Frearsenhal.,
2007 Wells, 2010)
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In the last 5 yes, the literature has been inundated with reports of drug repositioning for a
range of different human and infectious diseases (Ekia$, 2011; Nzila, 2011; Oprest

al., 2011). An approach that once relied only on serendipitous instances has been
transformed into a more systematic method of ddigcovery(MedinaFrancoet al,

2013) In effect the strategy encompasses the benefits of the previous drug discovery
methods; phenotypically, by using high throughjputvitro whole-cell screening and
phamacologically by exploiting diverse chemical libraries, the product of nearly 100 years
of medicinal chemistry.

1.7.5Phenotypic screening for malaria

Phenotypic screening for malaria has been made possible by recent developments of more
high-throughput whole-parasitescreeningechniquesgainst the erythrocyte stag&@hese
include the hypoxantine incorpoi@t assay, ELISA and SYBR Gred&ased methods.
More recently higkthrougtput liver stage assays have also been devel@petbyshireet

al., 2012) Demonstration of wholeell activity means that the aforementioned issues
often faced by targeted antimalariasch as permeability and cellular efflirave already

been addressed. Selectivity and toxicity can be determined by screening against
mammaliancell lines(Wells, 2011) One problem is that without prior knowledge about
the targetstructural alterations to improve compound activity are less informed (Gilbert
2013). However, advances have been made in target identification using chemical
proteamics, which could later be used to improve treatmenthéygreation of rationally
designed second generation molecyf@sbert, 2013; Kotz, 2012)Neverthelesshistory

has demonstratetihat the most successful antinaghls are most likelyto be thosethat
display promiscuous binding and have multiple targetsch are much more difficult to
elucidate and may have poor or narrow structural activity relations@ipattérjee and
Yeung 2012 MelindaFrancoet al, 2013. The overemphasis on the importee of
knowing the drug target prior to use has dominated opinion in the drug discovery arena in
recent yearsHowever in practicethis is not always possible. In many cases knowledge of
the target is not always a requirement for regulatory approval (R01£) MelindaFranco

et al, 2013. For diseastlike malaria, in particular, the need for the rapid deployment of
an effective affordable antimalarial outweighs the idealism and benefits of knowing the

target.
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1.7.6Drug repositioning for malaria

Drug repositioning has been made possible in recent years by the comnsardial
scholarly availability of chemically diverse compound repositoripspducedby the
pharmaceutical industry. The pharmacological advantages of screening such high quality
libraries ae thatthey permit quick access tonovatve chemical entities that may adta

novel and potentially multiple targets in the malaria parasite. The value of identifying
distinct multiple-targeted antimalarials that would inherently help circumvenstaestas
indisputable. Although devoid of target information, scaffolds of compounds that display
varied degrees of activity can be used to inform structopsimisation and improve
physiochemical properties. Early vitro pharmacokinetic profiling andelection of
compoung with favourable intrinsic properties will also enhance the chancriodess
(Chatterjee and&/eung 2012) Generally,and of umost importance for the discovery of
antimalarial drugs, the pace tife drug repositioningdevelopmentoute is much more
efficient (Figure 1.4) particularly if the selected compound libraries dnalready been
approved by the ¢od andDrug Administration gency or the Europeé Medicines
Agency Chatterjee and Yeun@012; Wells, 2010)

For diseasglike malaia, where timeand cost arsignificant factos, drug repositioning is
an attractive, alternat@pproach talrug discoveryFigure 1.4) Not only will it offer an
interim solution while novel targebased drugs are developédmay also help identify
sutable candidates for combitway regimes with existing ambialarials Ultimately, this
could helpbridge the gap betweethe eventuafailure of current antimalaria and future

drug developments.

1.8 Future directions

The adoption of a balance betweargetbased drug discovery and drug repositioning will
most likely be the best strategy (Gilbert, 2013). Existing tevgeed studies should be
ongoing with the hope that the benefits of the last 30 yafassientific enquiryshould
materiali® in the no too distant future. Novel drug repositioning approaches should
simultaneosly aim to identify drug targetdut such investigation should run in parallel

and not prohibit development and regulatory approval of much needed drugs (Kotz, 2012).

Drug repodioning is often viewed as less scientifisthen compared with the rational
design targebased approagchiue to its reliance on serendipity. Howewe underlying

hypothesis is that drugs amenately promiscuoysand accesso unexplored chemical
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spacefor a particular disease indication should permit the discovery of novel targets
(Reaume, 2011)This is exemplified by a common finding that the moiety required for
activity in the previous indication is often dispensable for the repositioned activity
seemingly the result ofoff-target effects (Gelb, 2007). Following this rationalée
hypothesis of the current study is that antimalarial hit compounds will be identified from a

preliminary screening of two FDA approved drug libraries.

Subsequently hit compounds should undergo more detailed characterisation in the
academic setting so that early-go and prioritization decisions can be made sooner
(Chatterjee and Yeung, 2012). Indeed, for parasitic diseaseljding malaria,
preliminary screens of cormpnd libraries, containing bioactive compounds with known
safety profiles, have already beguBafiecki,et al, 2007 Chonget al, 2006; Jonest al,

2010; Lucumiet al, 201Q Major and Smith, 2011)Despite the huge volume of hits
identified few havebeen taken beyontthe hit identification stagelevaluing the approach

as a fastrack strategyBaniecki,et al, 2007). The relatively refined compound screen (~
700 compounds) proposed here will permit a-sefitained workflow of hit identification,
prioritization and characterisation. Finally, the study will serve to further validate drug

repositioning as an effective paradigm for antimalarial drug discovery.

1.9 The objectives of the PhD

1. To identify compounds that display potentvitro antimalarialactivity against the
multidrug resistantP. falciparumK1 strain from mediurthroughput phenotypic
screens of two FDA approved drug libraries

2. To further characterise the action of selected hit compounds by defining thgeir IC
level of inhibition and kiling profile.

3. Investigae the interaction of hit compounds with existing antimalaria,
particularly artemisinin to determine suitabiliyd potentiafor artemisininbased

combination therapy.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.11n vitro culture of Plasmodium falciparum

All procedures were carried out in the pathogen laboratory (University of Salford) sterile
hood (ESCO class Il Biological safety cabine®ing aseptic techniques and-sterilised
equipment. Virkon (Antec International, UK) waised to disinfect waste material before
autoclaving and disposal. Adbutine culture method are consistent with those employed
by Read and Hyde (1993).

2.1.1 Preparation of complete madi

RPMI 1640 1x (+) EGlutamine (+) 25mM HEPES (4-(2-Hydroxyethy)piperazinel-
ethanesulfonic ac)d(Gibco, Life Technologies, UK) was used as the basis of the culture
medum. Four additives; 2.5 g Albumin bovine serum fraction V (Sigma, UK), 2.5 ml 1
mg/ml hypoxanthine (Sigma, UK) in phosphate buffered saline (PBShe&iFChemical,

UK), 2.5 ml 40% glucose (Dextrose Anhydrous, Fisher Scientifi€) id sterile vater and

0.5 ml 50 mg/ml gentaycin (Sigma, K) in PBS were transferred to a 50 ml falcon tube
along with approximately 20 ml RPMI 1640 from a newly openedéddthe contents of

the falcon tube were allowed to dissolve and were subsequently passed through a 0.22 pym
filter directly into the 500 ml bottle of RPMI 1640 medium using a 20 ml syringe.

Following gentle mixing, the complete mediunas stored at-8°C.

2.1.2 Washing Medm
A 500 ml bottle of presterilised RPMI 1640 1x (+)4Glutamine (+) 25mM Hepes (Gibco,
Life Technologies, UK ) without adlilves was used as washing meditimoughout the

study and stored at&C for up to 2 weeks.

2.1.3 Preparation ohuman blood for culture of Plasmodium falciparum

To remove leukocytes, O+ whole blood (obtained from the human blood bank) was
washed immediately before use. An equal volume of whole blood was added to two 50 ml
falcon tubes and centrifuged for 5 mins &)d00 rpm. Following centrifugation, blood
plasma and the pale layer (the buffy ecantaining white blood cells) that forms on top of
the red blood cells was removed. Blood was thesuspended in an equal volume of

washing medim and following centrifigation (as described previously) the supernatant,
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along with the buffy coat, was discarded. The washing process was repeatezh8urto
that all leukocytes wereemoved from the blood. For the latter bietthree washes,
complete medium not washing diem was used. Finally, full blood (100% haematocrit)
was resuspended inmequal volume of complete mediuim give a final haematocrit of
50% and stored at@C until further use.

2.1.4. In vitro Plasmodium falciparum culture

To begin a new culturd 0 ml of complete mediunand 0.5 ml of washed blood was added
to a 50 ml culture flask and warmed to°G7prior to the addition of the parasites.
Approximately 0.5 ml oparasitied blood (reieved from liquid nitrogen, refer teection
2.1.7) was then added the warmed culture meadn to give a final haematocrit of %.
Following inoculationthe parasite culture was gassed with% CO,, 5 % O, and 90%

N, gas mixture (BOC Limited, UK) and placed in the incubator (Leec culture safe touch
190 CQ Leec Limited, Uk) at 37C.

2.1.5 Routine maintenance of a Plasmodium falciparum culture

Parasites were routinely cultured at a final volume of either 10 ml or 30 ml in2&r ¢t
cm® flasks respectively. For experimental set smaller flasks (12.5 cth with a final
culture volume of 5 ml were used. For each of the varying flasks voldingesulture was
maintained at approximately% final haematocrit (foevery 10 ml of complete mediuin

ml of 50 % haematorit blood was added). The mediuvas changed at égr 48 or 72
hourintervals. In brief, spent mediumas removed and discarded without dislodging the
parasitied blood layer that formed at the bottom of the flask. Subsequent to the estimation
of parasitaemia (see section 2.1.6), the continuous culta® diluted to 08 %
parasitaemia with washed blo¢gD % haematocrit). &v complete mediurwasadded to
give a finalhaematocritof 5 %. Both washed blood and complete medidvad been
warmed prior to the dilution and-seispension procedure. The culturas then gassed and

placed in the incubator under conditions described previously.

2.1.6 Estimation of parasitaemia

One drop of concentrateparasitied blood (from the bottom of a culture flask) was
transferred to the outer margin of a microscope slitie. blood was thinly smeared across
the slide using a second slide and a single swift smooth action to obtain a monolayer of

cells. The slide was then air dried at room temperature and fixed by rinsing in 100%
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methanol. After an additional air drying stdpe slide was immersed in Giemsa stain at

room temperature for ~20 minutes. TheeBisa staining solution was prepared by diluting
Gurrdés Giemsa stain solution (BDH/VWR inte
buffer. To prepare the buffer solution eoablet pH 6.4 (BDH laboratory supplies,
England) was added to 1 litre of freshly distilled water. Following stajtiegslides were

rinsed with a gentle stream of tap water, dabbed dry and viewed under oil immersion (x

100) using a Leica DM 500 compalirmicroscope. Parasitaemia was estimated by
counting the total number of red blood cells per field of view (approx200) and noting

those containing parasites. Multiple infections were counted as one (as only one parasite is
expected to reach full delopment). For each slide, at least 3 fields of view were counted

from which the average percentage of infected cells was calculated.

2.1.7 Preservation in liquid nitrogen

A predominantly ring stage culture at approximately203% parasitaemia was selected
for preservation in liquid nitrogen. In brief, the culture was centrifuged at 3,400 rpm for 5
min, the supernatant removed and the culture reconstituted to% B8ematocrit by
adding an equal volume of waeeh complete mediunmAliquots (0.5 ml) of the spension
were transferred into &l cryotubes and 0.8l 20 % dimethyl silphoxide (sterile filtered
DMS O, Si gma, UK) (9 Nai, W42 g K@ and 8.2bIg €alliteen

was added. The tubes were immediately snagen in liquid nitrogen fopreservation and

storage.

2.1.8 Retrieval from liquid nitrogen

Following an initial thawing period at 3Z the contents of the cryotube were transferred

to a microcentrifuge tube and centrifuged at 14,000 rpm fomiriLusing the minispin
(eppendorf, UK centrifuge. Once the supernatant had been discardefatiasitied

blood was gently rsuspended in 1 ml of 10% sorbitol (Fisher Scientific, UK) solution (in
PBS) with continuous mixing. This was then centrifuged and the process repeated twice
more wih subsequent rsuspensions in 86 sorbitol (in PBS) andirally, complete
medium Following the latte washing step in complete mediunthe culture was re
suspendedn complete mediunand inoculated into a culture flask containing 0.5aml

newly washed llood (50 % haematocrit) and 10 ml of complete medjsee 2.14).
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2.1.9 Sorbitol synchronisation

During continuous cultureP. falciparum parasites rapidly loose synchronisation. If
synchronisation was required prior to experimentalugetsorbitol synchnasation was

used to obtain a predominantly ring stage parasite culture. Sorb¥oiv&) was prepared

in distilled water and filtered through a 0.pfn filter. The sorbitol solution was then
added directly to pelleted parasite culturen(®o 1 ml of culture pdet) and incubated for

5 mins at room temperature. Following this, the culture was centrifuged at 3,400 rpm for 5
mins and the supernatawtas discarded. The parasitdigewas then subjected to three
washing steps in complete medi, beforere-suspension in complete mediuah 50 %
haematocrit. The synchronised parasite culture was used to set up a new culture as

described previously (section 2.1.4).

2.2 Drugsusceptibility assays
Initial optimisationexperiments for SYBR Gredmased assays adescribed in chapter 3.

The final versions of the assays are described here.

2.2.1 Preparation of existing antimalarial primary stock solutions

The four selected existing antimalarials used in the current study were obtained from
Sigma Aldrich, UK. Primar stock solutions were prepared in accordance with
manufaturer instructions. In brief.tavaquone (MW = 366.84) was dissolved an§/mil
(13.63nM) in DMSO. Fordihydroartemisinin (MW = 284.35) 1.4 mg of the powder stock
was dissolved in 1 ml of DMSO tobtin a primary stock concentration of 5 mM.
Proguanil was dissolved at 1 mg/ml in acetonitrile: water (60/40). All primary stock
solutions were passed through a 0.22 um porosity filter, aliquoted and ste2€tCauntil
further use. Chloroquine (MW = 5186) was prepared freshly on the day of use. An initial
stock solution was prepared at 5 mM (1003g/ 4ml) and sterile filtered. For experimental
set up the primary stock solutions were further diluted with complete medium to give
working solutions. Vaous amounts of the working solution were then transferred as

required to achieve final test concentrations.

2.2.2 SYBR Green microtitre plate assay for Plasmodium falciparum

For the SGMicroPlate assay a black bottom 96 well plate was used (Nunc, Denmark
Dependent upon the nature of the experiment treated infected blood, untreated infected
blood (positive control) and uninfected blood (negative control) samples were suspended

in complete medim, RPMI or PBS at a final volume of 100 pl and a haemato€&ither
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5 or 10 %. One hundred microliters of SYBR Green 1 (nucleic acid gel stain 10,000 x,
Sigma, UK) stainig solution (5 x SG in wash mediuon PBS) was added to each well.
This gave a final well volume of 200 pl and a SG concentration of 2.5 x| Fina
haematocrits were therefore also adjusted to 2.5 % and 5 % respectively. Following a 1
hour incubation period at room temperafihgorescence intensity was measuitenn the

top using a GENius plate reader (Tecan) set at 485 nm excitation and 535igsi0Em

wavelengths.

2.2.3 SYBR Green flow cytometry method for Plasmodium falciparum

Following the drug treatment procedures, 50 pl of 5 % haematocrit culture was transferred
from the infecteeblood control, the noinfectedblood control and each treatnidiask,

into separate eppendorf tubes (for plate experiments maintained at 2.5 % haematocrit the
transfer volume was adjusted to 100 pl). After a single washing step (in PBS,
centrifugation: 90 seconds at 14, 0000 rpm) each pellet wagspgended in 1 b x

SYBR Green 1 solution (in PBS) and incubated in the dark for 20 minutes at room
temperature. Subsequently, the samples were centrifuged for 90 seconds at 14,000 rpm,
the supernatant was removed and discarded and samples wgespeaded in 250 pl of

0.37 % formaldehyde solution in PBS (formaldehyde solution for molecular biology 36.5
%, Sigma, UK) After the addition of the fixative the samples were placed in the fridge at 4
°C for 1615 minutesFollowing fixation, the samples were washed 3 ®BSand finally
re-suspendedh 1 ml of PBS. Fifty thousand events were recorded for each sample using
the FITC channel of the BD FACsVerse flow cytometer system.

2.2.4 Calculation of Igg and 1Gg values

For all dose response data setslues were transferd from respective software
programmes into Microsoft excel. The infected blood controls were set at 100% and
percentage parasitaemia for drug treated samples was calculated relative to the infected
control. For IGy and 1G, calculations data was furtheprocessed using Gaphpad prism

5.0. Data was normalised so that the largest value in the data set corresponded to 100%
and the smallest value corresponded 0%.-tragsformed drug concentrations were then
plotted against the dose response and thg dfd ICy values were determined using
norlinear regression (Graphpad prism 5.0he log(inhibitor) vs. Normalised response
Variable slope option was selected forsdQalculation whilst the log(agonist) vs.
Responsdind ECanything with the F values set & Was used for the lgcalculations
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CHAPTER 3

OPTIMISATION OF FLUORESCEAEHD DRUG SUSCEPTIBIEBAYS
3.1 NTRODUCTION

A prerequisite for the screening &DA-approveddrug librariescorntaining hundreds of
compoundsjs the establisment and optimsation of mediurrhigh throughput screening
methoddor the malaria parasit®©ver the yearsnany drug screening assays have become
available Most focus on the erythrocyte stages of the parasite life chiotse include; the
WHO microtest, the radioisopic test, enzyniinked immunosorbent assays (ELISA) and
more recently, the fluorometric assays that utilise Biiding fluorescent dyes (Basco,
2007; Coet al, 2010). Details of each method will be discussed in the chronological order

of discovery anduitability for use in the current stuayill be determined.

3.1.1The WHO microtest

The traditionalmicroscopy testto determine the sensitivity éflasmodium falciparuno
antimalarial drugswas first announced in 1978 (Rieckmaeinal, 1978). After @rther
development by Wernsdorfet al (1980), tke test gained support from the World Health
Organisation (WHO). As a result, the WHO standard microtest kit was prodaredhe
procedurenamed accordingly (Payne and Wernsdorfer, 1989). The test us@scopic
evaluation & enumerate schizont maturatiéollowing growth in the presence ofna
antimalarial (Baconret al, 2007; Noedl, 2002). In brief Gemsa stained blood film is
examined and 200 parasites are counted. Parasites with three or meramucbnsidered

to have matured and are, therefore, not sensitiibadaest drug. For drugs thaffféct
nuclear division, such as pyrimethamine, three or more nuclei may develop evethevhen
drug is effective. For this reason, the threshold is raiselizonts with eight nuclei or
more are consideremhature. For adequate comparisotie figure in the control sample
must reah at least 10 % (WHO2001). The figures from the control and treated samples
can then be used to determine the drug concemtrgiat inhibits 5®b6 of parasite growth
(ICsg). This is a standard measurement used across disciplines to indicate the effectiveness
of a particular compound. Stith use today, for botn vivo andin vitro experiments, the
WHO microtest is a reliablesensitive, and inexpensive epidemiological tool. It can,
however, be subjective angd highly labour intensive (Bacoat al, 2007; Noedlet al,

2002; Rasoret al, 2008). Considering the large number of drugs to be tested, this method
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would be too tine-consuming. A more higthroughput method will therefore be

necessary.

3.1.2 Radioactive isotope incorporation

The isotopic technique quantifies parasite uptake of various radioactive substrates as a
measure of parasite growth (Smilksteinal, 2004). @mmonly used substrates include
(3H)-hypoxanthine (Desjardiat al, 1979) and (3HgthanolamineKlabbadiet al, 1992).

The former substrate is incorporated into nucleic acids whilst the latter is a precursor of
phospholipids (Desjardiet al, 1979 Elabbadiet al, 199J. The principle behind the
technique is that the parasite cannot produce these substrates itself and must, therefore,
obtain them from its environment. A second condition is that the parasite must not be able
to acquire a notabelled brm of the substrate from additional sow,ceuch as the blood

or medium.For this reasorthe hypoxanthine method is slightly flawed agpoxanthine is

a common component &f. falciparumculture medium. This problem has been overcome

by purine starvatio prior to pulsing with the radaxctivelabel (Smilksteinet al, 2004).

The ethanolamine method, on the other hand, is devoid of this problem; the erythrocytes
do not undergo phospholipid biosynthesis and the fatty acids and polar heads required are
entirely absent from the growth medium (Elabbatial, 1992). For both substrates, the
multistep procedure involves an initial 24 incubation period in the presence of the test
drug. After incubation, the samples are pulsed with the aatiieelabel and raurned to

the incubator for an additia@h24 h. At 48 h, the plates are removed from the incubator,
freezethawed, and each sample is harvested onto-fjlaes paper. The paper is then
dried and mixed with scintillation fluid. To determines§Gralues, ncorporation of the
radicactivelabel is measured by a liquid scintillation counter (Cerutti Juetoal., 1999;
Noedlet al, 2002; Rasomet al, 2008; Smilksteiret al., 2004).The isotopic method is the

most widely used technique for assessthdplciparumdrug sensitivity. IndeedBaconet
a.(2007) refer to it as the §theisotbpicsntethadd ar d 6
is extemely reliable. Its major shdatl is that it requires the handling of raduive
isotopes. Not only are they expsive to buy, but, the equipment needed to process and
dispose of them is also incredibly costly (Ba&tral, 2007; Noedket al., 2002; Rasoret

al., 2008; Smilksteinet al, 2004). Although the isotopic technique is a more -igh
throughput method tharhé WHO microtestit has a reduced sensitivity. To obtain
adequate readingmrasitaemianustreach 0.20.5%. This is a more serious problem far

vivo and ex vivorather thann vitro culture systems, where starting pam@sitias can be

35



Chapter 3: Optimisation of fluorescerisased drug susceptibility assays

controlled (Noedkt al, 2002). In view of the aforementioned problems, the handling of
radioactive waste being the most limitinlge isotopic technique woultbt be suitable for

use in our lab.

3.1.3 ELISAbased assays

The two enzymelinked immunosorbent asga (ELISA) for malaria drug screémy
purposeswere originally adapted from enzymatic assays é€@l, 2010) The more
recentmethod utilize two monoclonal @atibodies againsP. falciparum The two most
commonly used targets are histidine rich protein two (HRPII) Rni@lciparum lactate
dehydrogenase (pLDHBaconet al, 2007). As its name suggest HRPII is a histidine and
alanine rich protein that is assat@d with parasite development (Noedl al, 2002).
Localised to both the parasite, and the infected erythrocyte cytoplasm it is also found in
pockets on the infected erythrocyte membrane and has been recovered from culture
supernatantas a secreted watsoluble protein(Co et al, 201Q. The other targepLDH,

is an enzyme that catalyses the conversion of pyruvate to |aotatee glycolytic
pathway and is essential for energy production and parasite gro@tnveniently, the
parasite enzyme idistinct from the human form of LDH and can be usaindicator of
parasite growth (Kaddouet al, 2006; Makleet al, 1998; Coet al, 2010).

The ELISA is now a widely used method for malaria drug susceptibility testing (Bécon

al., 2007). The assay wks by measuring changes the levels of either targgbl(DH or

HRPII) as an indicator of parasite growtfarious groups have adapted different ELISA
protocols using the different targets. For example, Drudhal (2001) developed the
double enzymdinked LDH immunedetection assay (DELI) usingLDH, Noedl et al

(2002) on the other hand developed the HRPII ELISA using HPRIL. Although
modifications have been made to improve assay performance for malaria drug screening
purposesall of the assays availabffollow thebasic capturdcLISA procedure. Initially,

the plates are coated with the primary antibody, specific for either HRPLRIH, and
incubated overnight af’@. Following the incubation period, the plates are wadeasling

only the immobilisedantibodies in the wells. Haemolysed infected blood can then be
added to the preoated wells and incubated for 1hour at room temperature. This allows
any antigen, for example HRPII, within the sample to bind to the antigen specific antibody.
Subsequent tavashing the antibodyenzyme conjugate is added. Any unbound conjugate

is then washed away and a colourless substrate is added to the wells. In the presence of the

enzyme,which at this point is attached to the antib@ahigenantibody sandwichthe
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colouless substrate is converted into a coloured product. albkerbance can then either
be read immediate)yor at a later time point following the addition of a stop solution to
prevent any further reactions. The intensity of this colour changasured by microtiter
plate readercorresponds to the level of parasite multiplication.

The ELISAbased methods offérigh throughput sensitive, notsubjectivescreening tests
(Noedlet al, 2002; Rasort al, 2008) In addition, the more recently optimised IDEnd
HPRIlI methods have been shown to correlate well with the traditigvBiO microtest
and radioactivesotope methods (Grimberg, 2011). However, the multistecedare is
time consuming, staggpecific andrequires a minimum incubation time beforetettédle
effects can be observed, while only providingirect information about the response of
the parasite to a test drug (Bacet al, 2007; Grimberg 2011Noedl et al, 2003.
Furthermore, theanmmercial test kitavailable for both the pLDH andg¢HPRII ELISAs
are expensivéNoedl et al, 2005 Rasonet al, 2008) The individualassaycomponents
can be purchased separately H#RPIl ELISA, but not for pLDHbased assay8aconet
al., 2007) Thedownfall is that the iFfhouse procedure needs todtendardiseavhich can

be time-consuming and labour intensi(idoel et al., 2005).

3.1.4 SYBR Greeélmased microtitre plate assay

The use of SYBR Greeim screening akes advantage of Hoste f act
cells (human erythrocytgsare devoid of DNA. For this reasanthe majority of
fluorescence observed in a sample can be attributed to parasite DNA. SYBR Green is one
of the most sensitive DNA stains available. It is a cyanine dye that binds to double
stranded parasite DNA and once intercaldbecomes highly fluorescent (Vossetal,

2010). For the purpose of drug screeniaglower fluorescence intensity reading
comparison with theontrol sample reflects a lower amount of DNA presemthich in
turninfers a decrease in parasite growfhe main advantages of the SYBR Green assay
are that it is relatively simple, quick and inexpensive to perform (Rasah, 2008).
Indeed, the onstep procedure involves the addition of dilute SYBR Green to the sample
followed by a 1 hour incubationepod in the dark at room temperature. The sample can
then be read immediately (Smilkstezhal, 2004). Apart from a fluorescent plate reader

no specialised equipment is required for the assay. In some studies the lysis of the
erythrocytes prior to oruting the staining procedure iiscluded as an additional step to
reduce background fluorescence (Johresoal, 2006; Monerizt al, 2009 One problem

is that theSYBR Green dyecan indiscriminately bindo nonparasite DNA as well as
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parasite DNA Thepresence of any remnant white blood cells in the sample may therefore
interfere with the resuli®r cause a high background. The dye is also capable of binding to
single stranded DNA and RNA but at a much lower affinity than double stranded DNA
again cotributing to background interference (Smilksteth al, 2004). However, the
results obtained by the relatively novel SG approach are comparable to thosedokitain

the moretraditional methodsRasonet al, 2008. Vossenet al. (2010 on the other hah
suggest that for drug susceptibility assays a relatively high starfiagasitaemiais
required indicating that the assay may be more suitablenfertro culture systems, rather

thanasa field application, where such parameters can be controlled.

3.1.5 SYBR Greebased Flow cytometric method

Like the plate reader assays that use a fluorescent DNA stain, the flow cytonedtrad
exploits the fact thatirculating red blood cells predominantick DNA (Grimberg 2011).
There are a multitude of fluescent nucleic &t dyes available for use with #ow
cytometer, each of which has varying spedigs for DNA and/or RNA (Table 3)1
(Bianco, Battye and Brown, 1986; Hare and Bahler, 1986; Jacksal 1977; Makler,

Lee and Recktenwald, 1987; Shapand Mandy, 2007; Van Vianest al, 1993) In
addition to the DNA stains, fluorescent antibodies against malaria blood cell surface
antigens can be used to gain a clearer image of antigen expression during the parasite life
course. Stains specific tauman blood cellsan also be employed to excludawanted

cells from the analysis. This toolbox of dyes can be used individually conjunction

with other dyeghat have different wavelengths to gain more information about parasite
response to drug expore. Indeed, Malleredt al (2011) used a trcoloured method with
which they wereable to determine parasitaenadacording to DNA content, using either
Hoechst 3382 or SYBR Green as a DNA staim addition, they calculatettie frequency

of leukocytes,normocytes and recticulocytes by using an -@45 antibody and
dihydroethidium which stains both DNA and RNA (Malleret al, 2011). Others suggest
that this exclusion procesadoptedo avoid the confounding effect$ cecticuloctyes and
white bloodcells, is not necessary, particularly when usingnaritro culture method. The
RNA present in recticulocytes (1.5% of human blood) degrades within a few days of
vitro culture and any remnant white blood cells, left behind after the blood washing
procalure can be easily identified on the flow cytometer outputtlansl eliminated due to

the differentialsize of human DNA relative to the parasite gen¢@@mberg 2011).
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Dye Class Specificity Wavelength Cell permeability
Hoechst Miscellaneous DNA ex345 em478 permeant
33258
Hoechst Miscellaneous DNA ex355 em465 permeant
33342
GFP Varies ex481 em507 permeant
SYTO-9 Cyanine stain DNA/RNA ex485/486 permeant
em598/501
SYBR Green Miscellaneous DNA ex488 em522 impermeant
SYTO 16 Cyanine stain DNA/RNA ex488/494 permeant
em518/525
YOYO-1 Cyanine stain Nucleic acids, ex491 em509 impermeant
high affinity for
DNA
Acridine Miscellaneous DNA/RNA ex503 em530 impermeant
orange
SYTOX Green Cyanine stain Nucleic acids ex504 em523 impermeant
Thiazole Cyanine stain Primarily RNA ex509 em533 permeant
orange
Ethidium Intercalating Nucleic acids ex510 em595 permeant
bromide stain
Propidium Intercalating Nucleic acids ex535 em617 impermeant
iodide stain
Hydroethidine  Intercalating DNA (live ex365/535 permeant
stain parasites only) em435/610
SYTO-61 Cyanine stain Nucleic acids ex628 em645 permeant

Table 3.1 A range of fluorescent dyes used to study malaria by flow cytometry. (After Grimberg, 2011)

The fluorescencbased options are an attractive alternative to e traditional

methodsused for drug susceptibility testing. They appeabe devoid of many of the

tedious technical complications that plague the microscopic, isotopic and HlaSAl

methods. The current study will aim to contribute to the growodytf evidence that the

SYBR Greerbased microtitre plate and flow cytometry methods are indeed reliable.
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3.2 METHODS
3.2.1 Optimisation of the SYBR Green Microtitre plate assayM@&@Plate)

An experiment was set up to determine the correlation leehfleorescence intensity and
parasie density. In brief, spent mediumas removed from a continuous culture Rof
falciparum strain K1, and He parasitaemia was determined by blood smear. The
parasitied blood (50 % haematocrit) was then diluted with RRd/a range of starting
haematocrits (2.5 %, 5 %, 10 %, and >10 %) before being transferred in duplicate (200 pl
per well) to column 1 of a 96 well plate. A norfected blood sample (5 % haematocrit)
was also added to columnit duplicate and servedsaa negative control. Twinld serial
dilutions were then performed using 100 pl of RPMI (columrs2]l leaving a final
volume of 100 pl per wellAdditional controls included wells contang 100 pl of either

wash medium or complete mediuirhe SGMicroPlate staining procedure was carried out

as described elsewhere (Chapter 2 section 2.2.2).

3.2.2 Optimisation of the SYBR Green Flow Cytometry assay (3@
In order to establish whether the $&M method described by Kaet al, (2009) vas

reproducible,an unsynchroned parasite culture (~2 % parasitaemia) was stained in
accordance with the methods described in chapter 2 (section 2.2.3). Comparisons were
made in paralle| between flow cytometric ata and confocal microscopy ofigensa
stained blood smesy slideswere stained with both @msa and SYBR Green and with

SYBR Green only$%ee Appendix for slide staining procedures).

3.2.3 Comparison of thei@nsa microscopic test, S@icroPlate and S&CM

The reliabilityof the SGMicroPlate and S&CM methals were evaluated in comparison
to the demsa microscopic testby determining the 50 % inhibitory values of
dihydorartemisinin against the K1 strain Bf falciparum Synchronisedring stage
cultures were diluted with fresh culture medi approximatelyl % parasitaemi& %
hematocrit) and divided ia 12.5ml culture flasks (5nl final culture volume)Doubling
concentrations (1.26M, 2.5nM, 5nM, 10nM, 20 nM and 40nM) were added to the
flasks in duplicateA drugnegative controlwas included anthe cultures werencubated
at 37°C. The first 7 ofl4 flasks were exposed to the various DHA concentrations fdn 48
whilst the replica flasks were expostd a 72 hr time period. The two time points were
selected to allow the analysisf the effects & DHA on parasite maturation and

multiplication respectivelySubsequent to drug exposutieg threeassays were completed
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in parallel using the optimised stainingrocedures Ghapter sections 2.1.6, 2.2.2 and
2.2.3).In brief, 4 ml of spentcomplete medim was removed andi@€msa blood smears

were prepared for each sample. The haematocrit was then restored (to 5%) with 4 ml of
warmed washing media. Triplicate samples were taken feM&@Plate (100 pl) and
SGFCM (50 ul) analysisThree experimental repts were completed. The percentage
fluorescence (S@®MicroPlate) or percentage parasitaemia {8GM and Giemsa
Microtest) comparative to the infected control samples were uszhtpile data, from the
separate experiments.sisalues were determined usirggression analysis (As described

in Chapter 2 section 2.2.4nhd comparestia oneway ANOVA (Graphpad prism 5)0

3.2.40ptimisationof 96 well plate culture of P. falciparum

Strain K1 @rasites were dilutetb ~1% parasitaemia, treated with a serieshdbroquine

(200 nM, 250nM, 300 nM) and dihydoartemisinifi2.5 nM, 5 nM and 10 nM)
concentrations. Triplicate samples (200 pl) were transferred to a 96 well plate at 2.5 % or 5
% haematocrit. Flask cultures were maintained at 5% haematodrgrawn in @rallel.
Following 48 h of incubation Giemsa stained blood smears were prepared for each sample
(see Chapter 2 Methods 2.16 for details)For SGMicroPlate analysis the previously
optimised method was engyed. In brief, 100 pl of mediurwas removed froneach well

prior to the addition of the S&taining solution to reduce background fluorescence. One
hundred microliters of the parallel flask culture treatments were also transferred to the
plate.The final volume of each well was therefd@0 pl, before he addition ofL00 pl of

SG (in RPMI 1640). (Note this means that the haematocrit from the flask cultures was
diluted 1:1 in the plate from 5 % to 2.5 % haematocfFitke original 200 pl final volume

of the plate cultures was restored with the additio®s@f staining solutionand thus the
same haematocrit was maintained. Staining and analysis procedures were comsistent
(Chapter 2Methods 2.2.2).

3.2.50ptimisationof a mediurrthroughput S@VicroPlate assay

The following experiment was conducted order to establish whether the previously
optimised SGMicroPlate protocol should be modified to include additional washings
steps following parasite growth in a 96 well plate format. A continuous cultur®.of
falciparumwas diluted to ~3 % parasiégemia. Three conditions were set ,upith both
infected and notinfected blood as follows: (1) 5 % haematocriidod suspended in
complete media and serially diluted with complete m¢@isl/CM P and CM/CM B for

parasiti®d and uninfected blood respectivelijote: this wasconsistent with previous
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experiments as theremains100 ul of completemedia h each wellprior to the addition

of SG.(2) 5 % haematocritlbod suspended in complete media and serially diluted with
RPMI (CM/RPMI P and CM/RPMI B). (3) Paasitieed and uninfected bloodiasted in

RPMI and re-suspendedn RPMI at 5% haematocrit before being serially diluted with
RPMI (RPMI/RPMI P and RPMI/RPMI B). Initially, 200 ul of each sample (in duplicate)
was transferred to the first column of a blmktom 96 well plateand serially diluted

(1:1) with either complete media or RPMI as indicated above. One hundred microlitres of
each mixture was discarded from the last well (leaving gD@er well). The SG

MicroPlate method was employed (Chaptgsegtion 2.2.2)

3.2.6 Timecourse analysis of DHA treatment using-BGM

In order to investigate the parasites response to DHA treaimemtre detailand further
validate the relihility of the SGFCM, for stagespecific detection, a timeourse analysis

of DHA exposure during erythrocytic cycle progression of K1 parasites was completed
alongside Giemsa imaging. The experiments were initiatedhatlate ring/early
trophozoite stage. The rét study compared untreated control samples with DHA
treatment for a short timecourse at regular intervals (4, 8, 24, 28, 32, 48 hours). The
secondstudy expanded the timeurse to 24, 48 and 72 hour intervals. Parasites were
treated with the previously determinedsdC€oncentratiorof DHA and analysed at each
time point using the S&CM method (Chapter 2gction 2.2.3).

3.2.7 Stagespecific effects of DHA using S&&M

Following the validation the S&CM technique this assaywas used solelyo determine
whetherstagespecific effects of DHAcould beanalysed During previous experiments

drugs were added when parasites were predominately at the ring stage. This meant that at
the 48 and 72 hour time points the parasites had entered a subsequent cycle and were
analysedt the ring and trophozoite stage respectively. Tdusine effectively missed any
effects on the schizont stage. As the cytometer is capable of discriminating between
mononuclear (ring and trophozoite) and multinuclear (schizont) parasieeaim of this
experiment was to analyze the parasites at theaut stage and establish whether DHA

had an effect on schizont formation. To ensure pasasiee treated with DHA for the
duration of an erythrocyte cycle,range of DHA concentratien(0.63 nM, 1.25 nM and

2.5 nM) were addedandanalysedat schizort stage(45 hr incubation). Parasitaemia was

estimated as described previousBhéapter 2section2.16).
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3.2.8 IGo determination of existing antimalarials against K1 parasites

Following preliminary screengdata not shown)refined dose ranges were stézl for
atovaquone,chloroquine dihydroartemisinin and proguantb permit accurate I
calculation againsthe P. falciparum strain K1. The doserange selected foreach

antimalarial isshown inTable 3.2.

Atovaquone (nM) Chloroquine (nM) Dihydroartemigin (nM) Proguanil (uM)

0.64 100 1.25 3.77

1.28 150 25 7.54

2.56 200 5 15.08
5.11 250 10 30.15
10.22 300 20 60.31
20.45 350 40 120.61
40.89 241.22

Table 3.2Drug concentration ranges selected to obtain dose response curves for atovaq
chloroquine, dihydroartemisinin and proguanil agaiRstalciparumstrain K1.

Trophozoite stage parasité8.5 1%) were treated for 48 houmsnd parasitaemia was
determinedusing theSG-FCM. Data wereanalysedn accordance witiChapter 2sections

2.2.3 and 2.2.4Cs estimates were compared with those reported in the literature
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3.3 EESULTS
3.3.1 Optimisation of the SMicroPlate assay for malaria

The fluorescace intensity 5SYBR Green 1 nucleic acid dye was measui@oa range of
parasite density dilutionausing the S@MicroPlate assay. The results showed that as
parasite density became more dilytdorescence intensity decreased. The results also
indicated that complete meuoin, not washing mediunor noninfected blood, had an
inherently high level of fluorescen¢Eigure 3.1)

—=#— Complete Media
100 - Wash Media
NI Blood 5% hematocrit
Infected Blood 10% Hematocrit
80 Infected Blood 5% Hematocrit
e :
8 60 1
c
o
[&]
S _
Q
G 40 -
= 1
T
204 T U
1 L L 1 ]
0 T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
Parasite density dilution

Figure 3.1the effect of parasite density dilution on fluorescence intensity of SYBR Gredpatasitied
blood (approx 3%) was dilutedith RPMI(wash media) to either a 1% or 5% starting haematocrit. The
infected samples were further (1:1) diluted 12 loregside a nosinfected blood control sample (%
starting haematocrit) and subjected to the $GcroPlate assay. Complete media and RPMI servec
controls. Error bars represent the standard error of two replica experiments

3.3.2 Optimisation of the SYBR Green Flow Cytometry assay (3@

A comparison of infected and namfected blood sampé showed that the SYBR Green 1
based flow cytometry assay can detect parasite DNA withipdhasitied rel blood cells
(Figure 3.2. As demonstrated previously by Katlal, (2009), the unsynchronised culture
presented two populations of varying fluecence intensity on the cytometer output
showing good labelling and differentiation of mononuclear andtinuclear parasites
(Figure 3.2 b. The BDFACSverse software can be used to accurately determine
parasitaemia by recording the percentage of infecé#ld relative to the total number of
events recorded (red blood cells) (Figur2 §.
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Unsynchronised parasite culture-

<1000 Uninfected RBC - RBC 1000 RBC
250 250
200 ) 200 )
Mononuclear Multinucleal Mononuclear Multinucleal
< < 150
(©] O
A ) o
b L 100 .
50
0 0
0 102 103 104 105 0 102 103 104 105
508, 140255 FITC-A 31, 213805 FITC-A
Name |Ew-_'an |er Parent |% Grandparenll % Total |
= W rec
= Il All Events 50,000 i s 100.00
= [ RBC 45,128 90.26 Pred 90.26

B tononuclear 23 0.05 0.05 0.05
B Multinuclear 0 0.00, 0.00 0.00

= ]j Unsynchronised parasite culture

= Il All Events 50,000 #iEH it 100.00
= Bl RBC 40,412 80.82 " 80.82

I Mononuclear 538 1.08 1.08

B mMultinuclear 429 0.86 0.86
Figures3.2 Comparison ofinfected and uninfected blood samples using $GM.Scatterplotsbased on
forward scatter (FS®B) and fluorescein isothiocyanate (FHAZ490/520)are examples of an uninfedle
blood sample (rand an usynchronised parasite culturebrhe gating stratgy, adapted from Kasdt al.,
(2009), was employed to distinguish between mononuclear (rings and trophozoites) and multint
(schizonts) parasite stageshe % grandparent represents the % of mononuclear and multinuclear
relative to the totol numier of events recorded. The % paraent reflects the % of gated, uniform red b

cells displaying mononuclear and multinuclear fluorescentée BDFACSVerse software program v
used to determine the peentage of parasitised cells)(c

a Figure 3.3Confoal microscopy of the
malaria parasite.Staining of parasite
DNA was confirmed by fluoresnce
confocal microscopy. A dual stainin

o assay for giemsa (a) and SYBR Gr
(b) was completed alongsidean
alternative SYBR Green stainir

method (c) as described iAppendix I.
Two SYBR Green stainimocedures
= *  were adopted in an attempt to reduce
background fluorescence.

10 pm
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Fluorescence confocal microscopy images confirmed that SYBR Green 1 stained parasite
DNA inside te erythrocytic cells (Figure 3.3). All samples were prepared from the same
culture of P. falciparumstrain K1 parasites. The dual giemsa and SYBR Green staining
procedure (Appendix | a and Ipermitted concurrent imagesidbre 3.3 a and b) but
showed a igh level of background fluorescence and staining artefacts. The SYBR Green
stainingmethod (Appendix | ¢) used foidgtire 3.3 ¢ reduced background fluorescence and

revealed parasitaemia estimates consistent with the giemsa staining (figure 3.3 a).

3.3.3 mparison of the msa microscopic test SK@icroPlate and S&CM

SYBR Green flow cytometri(SG-FCM), micro titre platd SG-MicroPlate)and traditional
Giemsa microscopic(Giemsa) assayswere compared by parallel analysis tfe
dihydroartemisinindoseresponsdor synchronisedring stageK1, P. falciparumcultures

(Figure 3.4. ICsq values for cultures sampled at 48 and T2bst drug exposure were
determined (Table.3) and comparedising a onavay ANOVA (Graphpad prism). There

were no significant ifferences between the three assays and although thevdlies
appear to be consistently higher at 72 hours than at the 48 hour time point for all 3 assays
(Figure 34), this difference was alsshownnot to be statistically significanteExemplar

Giemsaimages and flow cytometer outpean be foundn Appendicedl and Ill.

1001
901
807 — Giemsa 48 hrs
S 701 Giemsa 72 hrs
S 601 - SG-MicroPlate 48 hrs
g, 50+ SG-MicroPlate 72 hrs
2 40- == SG-FCM 48 hrs
(]
© SG-FCM 72 hrs
< 301
o
204
10+
0 L] L]
0.0 0.5 1.0 1.5 2.0

Log Cppa (NM)
Figure 3.4Dose response curves for dihydroartemisinin against the K1 stréirset of threeparallel assays:
namely, Giemsa microscopic test (Giemsa), SYBR Green microtitre platg&SstigroRate) and the SYBF
Green flow cytometer assay ($&M) Data is from three independent cultures exposed to DHA for 48 or 72

Time points Giemsa ICgo (M) SG-MicroPlate ICsq (nM) SG-FCM ICs (NM)
48 h 1.976 (1.60-2.45) 1.54 (1.12-2.11) 1.81 (1.30-2.53)
72 h 2.264 (1.85-2.78) 2.781 (2.26-3.42) 2.785 (1.87-4.14)

Table 3.3In vitro IG, (NM) sensitivity of the K1 strain to dihydroartemisinin at 48 and 72 Bhree assays
were used to determine parasitaemia (i) Giemsa Microscopic test (i) SYBR Green MicroPlate assay an
SYBR Green flow cytometer asddymbers in brackets aredicative of 95 % confidence intervals
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3.3.4 Optimisation of mediuthroughput S@VlicroPlate assay for malaria

The Giemsa results of the initial comparison between plate growth and flask growth
indicate that an equivalent growth rate can be achieva®6 wd plate format, compared

to the flask culture (Figure 3.5).a A clear dosgesponse for chloroquine and
dihydroartemisin was also observed. These findihgaever are not mirrored in the SG
MircoPlate assay results that wex@mpleted in parallel (Figar3.5 I). It appears that in

the latterassay, only media composition atie amount of haematocrit have an effect on
the absolute fluorescence reading obtajreetl not parasite growth. The niriected

blood control also displayed a relagly high levelof fluorescence.

a 8 -
mPlate 2.5% hct OPlate 5% hct OFlask 5% hct

7 -

[
1

Parasitemia (%)
I [4)]
=R
——

ye] w
I 1

—_
|

Infected 200nM 250nM 300nM 2.5nM 5nM 10nM
Control caQ cQ caQ DHA DHA DHA

20000 -
18000 -
16000 -
14000 -
12000 -
10000 -
8000 -
6000 -
4000 -
2000 - Y—‘ T
0

Infected 200nM 250nM 300nM 2.5nM  5nM 10nM Blood
Control CQ cQ cQ DHA DHA DHA only

Figure 3.5Comparison of parasite growth in a 96 well plate and 12.5dfasks following exposure to a 3
point dose series of chloroquine and dihydroartemisiniRarssites were growrD6 well plate format at
either 2.5 % or 5 % haematocrit or in a flask at 5% haematdbebility was analysed using thee@sa
microscopic test (a) and the S\icroPlate method (h)For S@VicroPlateanalysisthe flask culturewas
analysed at 2.5 % haematocféithough grown 85 %)

m Plate 2.5% hct O Plate 5% hct @Flask 5% hct (2.5% hct)

Absolute fluorescence
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In order to overcome background fluorescence problems associated with the complete
media, infected and nenfected blood was suspended and serially diluted in either
complete media or RMPI (Figure 3.6). In the CM/@bhditions(suspended in complete
media, diluted with complete mediff)ere was a relatively high level of fluorescence
irrespective of whether the blood was infected or-mbected. In the CM/RPMI condition
(suspended in complete media, diluted with RPMI)densiy dependent effect was
observed. However, although the infected blood displayed higher fluorescence in this
condition than the nemfected counterpart, a densigpendent effect was still apparent

in the noninfected blood condition. In the RPMI/RPMI dtition (suspended in RPMI,
diluted with RPMI)the parasite density dilution effect observed in the infected blood was

not seen in the neimfected blood.

50000 -
45000 - — —CM/ICMP e CM/RPMI P
40000 —— RPMI/RPMI P CM/CM B
e CM/RPMI B RPMI/RPMI B
€ 35000 - .
] I -
@ 30000 - I *,,AHL,*‘—-—T’ I
o | P I 1
225000 -
520000 | Lo e
o
215000 -
<
10000 -
5000
0 T T T T T T T 1
1 2 3 4 5 6 7 8
Dilution

Figure 3.6 The effects of complete media on the-Bi@roplate method Theserial dilution of infected
blood (p), starting at 3 % parasitaemia, and uninfected bloodw@d analysed using th8YBR Greer
MicroPlate assay. Comparisons were madeweein blood suspended and diluted in either comple
media /complete media (CM/CM), complete media/RPMI 1640 (CM/RPMI) or RPMI 1640/RPMI
(RPMI/RPMI) respectively.

3.35 SGFCM for detaikdin vitro investigationof parasite killing
3.3.5.1Timecourse analsis of DHA treatne
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Figure 3.7 Short time-course analysis
(48 h for DHA treatment of K1
parasites. DHA treated amples (2.5
nM) were analysed alongside control
using SGCM at 4 hourly intervalsFifty
thousand events were recorded for eac
sample. Giemsa image®f the control
sampks were used to confirm the
parasite stage at each time point.

B Multinuclear

O Mononuclear

-

Control Control

Oh

T T T
DHA Control

4h 4 h 8h

DHA
8h

Control
24 h

DHA Control DHA Control DHA
24 h 28h 28h 32h 32h

T T 1
DHA Blood
48 h only

Control
48 h

49



Chapter 3: Optimisation of fluoresceroased drug susceptibility assays
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Figure 3.8Extended timecourse analysis oP. falciparumstrain K1 exposure to DHAControl and DHA [Cireated samples were analysed att24

intervals for a 72 houtime-course. The percentage of mononuclear and multinuclear cells were recorded usiRGNBGError bars represen
standard error of the mean (SEM) for duplicasamples. Giemsa imaging was used to confirm the parasite stage at each analysis point
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