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Abstract

The rise in resistance to current antimalarial drugs has led researcharsnider drug
repositioning as a quicker alternative for drug development and discovery. Preliminary drug
repositioning screens carried out at the University of Salford identified calcium channel
blockers (CCBs) as potential antimalarial agents. A growindy of evidence has
demonstrated the importance of calcium within tHelasmodiumlife cycle. Studies have
shown CCBs and calmodulin inhibitors to exhibit antimalarial activity. The research carried
out in this project aims to evaluate the antimalariafiedicy, safety profile, mode of action

and drug interactivity of the commercially available CCB and calmodulin inhibitor fendiline,

and a range of its synthetic analogues.

Initial screening of fendiline alone and in combination with commercially avaitiblgs was
carried out using a SYBR Green (SG) plate reader assay. Both Claémgslyoombination
studies and a chloroquine potentiation assay were carried out. This was succeeded by the
synthesis of fendiline analogues, which were carried out via ast@p synthetic route
starting with a palladium catalysed coupling reaction followed by a reductive amination. Both
the antimalarial activity and the cytotoxicity of the synthesised compounds were evaluated
which led to a lead candidate to be selectede( hydroxy fendiline analoguedc). Further
investigations into the activity, stage specificity and the effect compalaiths on the hERG
channel was carried out to develop a preliminary understanding of the mode of action of the
compound. Finally, optimisatioexperiments to develop a flow cytometbased assay that
would detect fluctuations in calcium levels within infected red blood cells (RBCs) were

performed.

The conducted research showed the commercially available fendiline to have activity towards
the muti-drug resistanPlasmodium falciparur1 strain within the micromolar range G

3.74 £ 0.64uM). CalcuSwhased combinations studies showed fendiline to have either an
antagonistic or additive effect with currently available drugs. Interestinglydifme was

found to reverse chloroquine resistance, similar to verapamil, however at half the

XVii



concentration required for verapamil. Furthermore, the range of synthesised fendiline
analogues identified several compounds that exhibited more activity towahds P.

falciparumA Y FSOG SR w. / a® ¢ KS H Q4oKvasFsNBIEnBote pokeity RA f A Y
than fendiline itself (165=0.67 £ 0.23uM) on theP. falciparunK1 strain with an almost one

hundredfold difference between antimalarial activity amgtotoxicity. The compound was

found to be slow acting that targets the schizont stages of the parasite blood stages. The hERG
channel inhibition assay gave ad@f 4.03 £ 0.52 uM, which is within the range that most

small compounds fall within {10 uM). Finally, the optimisation experiments showed the
developed method was only sensitive to dramatic calcium changes within RBCs and not within

the parasites themselves. Further work is required to improve the sensitivity of the assay.

In conclusion, the hydixy fendiline compound provides an interesting candidate to
investigate further as a combinatory partner with other antimalarials, and as a scaffold to

synthesise other potentially more potent fendiline analogues.
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Chapter 1
Introduction

1.1 Global impa®f malaria

Malaria is a major infectious disease that has affected the human population for thousands
of years(Hong, 2013)Despite efforts to treat and eradicate the disease it remaimnsagor
public health concernAccording to the World Health Organisation H), there was an
average of 216nillion mahria cags with an estimated 445,000 deaths in 2016, thajority

of which were irsub-Saharamfrica Approximately 70% of the deathstlmat yearoccurred

in children under the age of fiy®/HO, 2017c)

Despie ongoingefforts to treat the disease and control its spredbe situation remains
problematic According toWalker, Nadjmand Whitty (2018) in parts of Africa an average
person can become infected with malaria four times a year, if not more. The WHO states that
since 2010 there habeen progress in reducingcidences ofmalaria worldwide (WHO,
2017c) Cases of malariall from 243 million in 2010 to 210 million in 2014. Howevencsa

then progress has stalled and fact, reversed somewhat in 2016, when the number of cases
increasedcompared withthe previous yeafWHO,2015,2017c) The graphs in Figure 1(A

and B)how the number omalaria cases and deaths over a range of years between 2000 and
2015.

The effect of malaria is n@lelylimited to human health mortality and morbidityput also
affects the economi, productivity, national growth and development of the areas worst hit
by the diseaseandfrequently also the social aspects of lifen effect often overlooke@ones
and Wiliams, 2004; Ovadje and Nriagu, 2011; Hong, 2013)

The wide and unregulated use of effective drugs to treat infected peaplevell agxtensive
use ofinsecticides to kill thenosquito vectorhas led to one of the biggest problems faced

with tackling his disease; resistance(Cobo, 2014)There are two types of resistandbe



first is the LJ- NJ &dsidtéheeatochemotherapyand the second is resistance of the
mosquitoes to insecticidéCobo, 2014)
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Figurel.1¢ Estimated number of malari@ases (Aand deaths(B) between 2000 and 2015.
Sourceg(lWHO, 2015)

1.2 Biology of the parasite

Despite malaria beinm existencdor thousands of years, theausativePlasmodigprotozoan
was not identified atil the 1880s(Adityaet al., 2013) Amongstthe 120known speciespP.
malariae, P. falciparum, P. ovalB. vivaxand P. knowlesare linked to human malari&.
malariaeand P. knowlesare known to infect other animakss wellas humans whereas the
other malaria causing parasitese believed tanly infect humans(Adityaet al., 2013; Singh

and Daneshvar, 2013; Sutherland, 2016)

The paraite is transferred from one host to anotheia the Anophelesnosquito, whichwas
found to be the vector of malaria in the 189Qdrscher, Alisch and Deponte, 2018)alaria
occurs wheran infectedfemalemosquito injectghe parasites into &aumanduring a blood
meal. TKS LI N} aAaAdSa |4 dGdkAa adr3asS NS Ay GKS ¥
Y2aljdzAa(i2Qa &altA@FNE It yRad hy OSlivek ahdinfdRtS (G KS
the hepatocytes which devdop into exarythrocytic schizontafter an incubation period

which can last anything from a few days, a few months or even yParfmann and Troye

Blomberg, 2002)



It is important to note thatP. vivaxand P. ovale are two strains that have the ability to
hibernate in the liver for long periods of time in the form loypnozoitesbefore being
reactivated and released into the bloodstream. It is this dormant stage in these species that
cause relapses diie infectionevenafter the initial blood stage infection is clear@@erimann

and TroyeBlomberg, 2002; Sutherland, 2016)

Exoerythrocytic schizonts contain up to 30,000 merozoites which are released into the blood
stream and invade red blood ce [RBCs) starting the erythrocytic cy@ebo, 2014; Lerogt

al.,, 2014) This is the asexual stage in the para3itde cycle and the phase that results in the
pathology associated with malarigeroyet al, 2014) The parasites develop in the RBC
through three main stages; ring, trophozoite and schizont. Initially the parasite digests
haemoglobin present in the RBC during the ring stage; it camuotever, digest the toxic
heme part of haemoglobin and tis converts it to insoluble crystalline packadg@®wn as
hemozoin. The buildip of hemozoin signifies the trophozoite sta@&imberg, 2011)Finally
during the schizont stage the parasite begins DNA syntheassembles and packages a copy

of the genomento each merozoite and eventualige infected RBC ruptures and the cycle is

repeated(Grimberg, 2011)A schematic of the life cycle is shown in Figure 1.2.

Within the RBCs the parasites can sometimes differentiate into sexually reproducing cells
(gametocyts). If anAnophelesnosquito takes a blood meal when these cells are present the
aSEdz f adl 38 27F (K SMadus\2089)0nce Dside the\rfoSquifdhe Of S 6 &
parasites are released from the RBC and travel to the midgut where fertilization occurs to

form diploid zygotes. These then migrate to the intestine to undergo meisosis and form
haploid cells (oocytegWahlgren and Perlmann, 2003; Marcus, 20Q9) to ten oocytes can

be carried by an infected mosquito that continue dividing and eventually travel to the
Y2aljdAaG2Qa altA@FINE 3IflLYyRA AYy GKS F2N¥Y 27 a
infection kegins. It is important to note that thousands of sporozoites are released by each

oocyte(Strickland and Hoffman, 1994)
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Figure 1.2¢ A schematic showing the life cycle of the Plasmodium parasite.

Sourcehttps://www.cdc.gov/malaria/about/biol ogy/index.html

1.3Clinical gmptoms of malaria

Out of the malaria causingBlasmodiunspeciesP. falciparumand P. vivaxcause the most
infections worldwide with P. falciparumbeing the most deadlyOvadje and Nriagu, 2011;
Autino et al,, 2012) Clinical symptoms occur as a result of the asexual erythrocytic cycle of
the parasite. Symptoms of uncomplicated malaria include generalikBu sympoms,
encompassing headache, fever, vomiting, fatigue and dizziness. Whereas symptoms of severe
malaria include high fever, respiratory failure, lactic acidosis, progressing anaemia, cerebral
malaria and multiorgan dysfunctiqi€hen, Schlichtherle and Wahlgren, 2000; Trangbu.,

2003; Bartoloni and Zammarchi, 20Mjster, Mustaffa and Pradee@012; Eugend-zebilo

and Ezebilo, 2014}atality often occurdue to severe anaemia or cerebral malgiaitinoet

al., 2012; Eugen&zebilo and Ezebilo, 2014)



Severe anaemia due to malaria is multifactorial and complex. Infected Rip@ire for the
release of schizonts therefore naturally reducing RBCs in circulation. Reduction of infected
and noninfected RBCs by splenic removal or immune mediated lysis also contributes to
anaemia. Other causes include redueggthropoiesis redued erythropoietin, bone marrow
suppression and inadequate reticulocyte producti¢Rhillips and Pasvol, 1992; Chen,
Schlichtherle and Wahlgren, 2000; Kai and Roberts, 2008; Haldar and Mohandas, 2009; Autino
et al, 2012;Alister, Mustaffa and Pradee@012

Mature parasitizedRBCs can be removed from circulation and adhere to endothelial cells
(cytoadhesion) within the microvasculature of organs, a process known as sequestration.
They can adhere to the brain, lung, heart, kidney, liver and placéatinp et al., 2012). It is

thought sequestration helps infected RBCs avoid spleaimooval. TheP. falciparum
erythrocyte membrane protein 1PEMP1) and theP. falciparum histidinerich protein

Ot Flwto KFE@S t2y3 6SSy FTGdONROdziSR (2 GKS I RK
and tissuesReports have suggest&IEMPlinteracts withhuman endothelial proteins CD36

and intercellular adhesion molecu& (ICAM1) (Chen, Schlichtherle and Wahlgren, 2000;
Autinoet al, 2012; Tuikuet al,, 2017)

Cytoadhsion along with rosetting, which is the adhesion of infected RBCs tanfiected

RBCs, lead to vascular obstruction. These processes can result in local hypoxia, in addition to
the localised release of parasite toxins to the area causing a focused indf@mynesponse

which can lead to tissue damafféhen, Schlichtherle and Wahlgren, 2000; Auéhal., 2012;

Alister, Mustaffa and Pradee@012. Initially these effects were thought to be unique B
falciparuminfections but have since been extended Ro vivaxand P. knowlesinfections
(Carvalhcet al.,, 2010; Fatiret al., 2012)

1.4 Malaria control and prevention

Many factors influence the development and spread of malaneudng the three main
agents required for the disease to occur (humans, mosquitos and the parasites). Exaimples
other contributing factors includeclimate, vectorand human habitation, and most

importantly for the purpose of this reviegdrugs.



An overview of theéhree mainstrategiesto control the spread of malaria is shown irgkre
13.

Malaria Control ang
Treatment

Pre-
erythrocytic Liver stage
stage vaccines
vaccines

Insecticides Bed nets

Prophylaxisgs Treatment

Transmissio
blocking
vaccines

Figure 1.3 An overview of the main areas of research that are ongoing to control the spread of malaria.

1.4.1 Vector control

The ability of malaria to spread is directly linked to the survival of the veGiarate plays a
major role in mosquito survival and althoughat cannot beinfluenced- environmental
control measures, personal protective measures and use of effective insecticides are all
methods that have beeappliedin order toconstrainthe mosquito and thus the spread of

malaria(Ovadje and Nriagu, 2011)

A breakthrough in mosquito control occurred when the insectitidproperties of
dichlorodiphenyltrichloroethane (DDT) were discovered, and the effects were large scale
after WWII when the use of DDT was widely adogt@tivaet al,, 2014) Despite the positive
effect, DDT was banned in the 1970s in some countries due to its toxicity to the environment
and was replaced by pyretheroidsut the emergence of mosquitos resistant to pyretbils

and theurgentneed toreduce malaria incidencesddo DDT being reintroduced specifically
for Indoor Residual Spraying (IR&n Dylet al., 2010; van den Berg al., 2012)

Theuse of IRS and loAgsting insecticidal nets (LLINS) (commonlgwn as bed nets) has

helped greatly in reducing the incidences of malaparticularly in some regions of Africa

6



(Pinderet al., 2015) The spread of resistance to commonly used insecticidegeverhas led
researchers to exploralternative and noveVector controltools. Research isngoing into
developing novel insecticides and genetic modification of mosquitoes in addition to a variety
of mosquito odour baits and trag3akken and Knols, 2009; Barreatal., 2017; Benelli and
Beier, 2017)In the meantimell KS 21 hQ&a O2NX @SO0i2NJ O2y (i NP f
of insecticidetreated nets (namely LLINS) and (RBH0, 2017a)

1.4.2 Vaccines

The complexity of the diseassnd the complexity of immunity towards itreatesa major
hurdle in developing a vaccine for mala¢iarew and Beeson, 2015; Dunachkteal., 2015)
The WHQalong with Malaia Vaccines Funders Grqupvised a strategic plan in 2013 under
GKS GAGES a¢KS al fithkd khim af deDalbpiygSacaindy 126 Y thdtJs

GKFa F LINPGSOGAGS STFFTAOLFLOE 2F Y2NB (KIyYy pm:

than ag& S (\NBQ 2014)

There are three broad types of vaccines in development for malarisemtérocytic vacaies

to target the liverstage sporozoites which would decreadenot prevent the amount of

blood stage infection, blood stage vaccines which target infected blood cells by recognising
antigens present on their surfacand transmissiorblocking vaccinewhich would produce
antibodies that target the sexual or mosquito stages of the parasite life @Wicderthy et al.,

2007; Ballou and Vekemans, 201The latter type of vaccine would reduce the spread of
malarig but would not prevent malaria developing in the vaccinated per¢Ballou and

Vekemans, 201).

Despite the ongoing research, there is currently no registered malaria va(@alleu and
Vekemans, 202). The only leading vaccine candidate, RTS,S/AS01 (Mo84uESK), has
completed phase Il clinical trials and will enter a Malaria Vaccine Implementation Program in
three African countries (Malawi, Ghana and Kenya) this y@848). This is a WHO
coordinated pilot program that will closely monitor and evaluate the safety and efficacy of
the vaccine(WHO, 2017b) RTS,S/ASO1 is based on a fragment of Rhdalciparum
circumsporozoite protein, which is coexpressed and fused with Hepatitis B virus surface

antigen and combined with an adjuvafRTS/S Clinical Trials Partnership, 2013)e

N.



circumsporozoite protein is transmitted from the mosquito to the host during infection
(Ballou and Vekemans, 201

Reports have stated that RTS,S/ASCd psomising start for a malaria vaccinalthoughan
ideal candidate would ba multi-antigen vaccine that auld both protect individuals from
infection and block transmission of multiple species and str@fasunamoorthi, 2014; Drew
and Beeson, 2015; Hemingwatal., 2016; Ballou and Vekemans, ZQ1

1.4.3 Prophylaxis

Malaria clemoprophylaxis is most commonly used for travellers to malaria endemic areas
(Castelliet al., 2010; Walker, Nadjm and Whitty, 2018)eally there would be prophylaxis
programme for people living in malaria endemic ardas the reality is not so simple. The

rise of resistant strains to cheap and readily available drugs (such as chloroquine) and the
existence of parasite strains resistant to different drugs depending on the geographical
location, are among the reasons why a single prophylactic drug is not agditalalaria

endemic countriegFernando, Rodrigo and Rajapakse, 2011a)

The WHO does however recommend intermittent preventative treatment (IPT) for pregnant
women and seasonal rtaia chemoprevention (SMC) for children age®3 months in
malaria endemic countries. Sulfadoxipgrimethamine is the recommended drug
combination for IPT and sulfadoxingoyrimethamine in addition to amodiaquine is
recommended for SMGNVHO, 2017c¢)According to thaVHO(2017c), as of 2015 no country
had reported implementing an IPT strategy for pregnant wonwvdrereas 15 million children

in 12 countries were included in SMC programmes.

There have beerpreviousoccasions Wwere antimalarial drugs have been given to whole
populations (Mass Drug Administration, MDA) in attempts to eradicate makoraexample,

the Italian government in 1900 administered free quinine to be taken by the ptipulas a
prophylaxis and treatmentThis did result in reduced malaria numbers and mortaliyt
transmission was not stopped and elimination of malaria did not occur until after WWII when
strict DDT spraying, treatment and prophylaxis using quininegaleith organsed malaria

diagnosis occurre(Plonsoet al, 2011)



Another examplealbeit in a slightly different manner, was seen in the form of medicated salt
The method includedhe addition of antimalarial drugs, chloroquine or pyritn@mine, to
salt used for cookin@Nernsdorfer, 1994; Greenwood, 2008; Alors@l., 2011) The method
was carried out as part of a malaria eradication programme by the WH@as tested in
Brazil between 1959 and 1964nd parts of Africa in thenid-1960s(da Silva and Hochman,
2011; Talisunat al, 2015) Although some reports statereduction inthe prevalence of
malaria (Alonsoet al, 2011) the method was withdrawn and the overall results were
inconclusiveif not somewhat negativéGreenwood, 2008; Talisueaal., 2015) Theinability

to control administration due to drug leakage and variation in dasaas well as the rise of
NEaAadlyoOoSsz IINB |Y2y3a GKS NBI gAbnsdeta @B S & G SR
Talisunaet al,, 2015) In fact an article published in 1988 suggestib@ rise of chloroquine

resistantP. falciparummay largely be due to the medicated salt programfRayne, 1988)

1.5 Malaria chemotherapy

Treating malaria byhemotherapy is one of the most important methods relied on to control
the diseaseFor the purpose of this reviewrags used to treat malaribave beerbroadly
grouped intofour sections; quinline derivatives, antifolatesartemisining and antibiotics
and antiparasitic agentsA few examples of some of the major drugsdif®m each group

are discussed in this section.

1.5.1 Quinoline derivatives

The use of natural products to treat malaria has been around for thousands of e f
the oldest animalarial drugs that has been used in treatment since tHedehturyisquinine,
a natural product derived from the bark of tli@nchondree. Initially infusions of the bark of
the tree were used in treatmenhowever in 182@he acive ingredienquinine was extracted
from the Cinchonébark and soon after became the standeed malariatreatment (Saxena
et al, 2003; Achamet al., 2011; Adebayo and Krettli, 2011)

According to a published review Byghanet al. (2011) alkaloids from theCinchondree that
included quinine amongst others, were tested in one of the earliest recorded clinical trials
between 1866 and 1868 andiere all found to have antimalarial activitythe proportions of
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quinine in the bark weraigher than the other extract®nd thus it remained the maisource

of malaria treatment untithe 1920s(Achanet al., 2011)

It is thought the quinoline component of quinine is important for its antimalarial agtithius
several synthetic analogues of quinine have been made presetikiagchemical moiety
(Jones, Panda and Hafl015) Of the synthetic compoundshé most important was
chloroquine which wasynthesisedn 1934 by Hans Andersag and his group at Bayer AG
thoughnot used for malaria until 194(Mhoméet al., 2013; Mushtaque and Shahjahan, 2015)
From thenonwards chloroquine became the treatment of chqicefact it was the only drug
used for long perioslof time in some areas in Africkue to it being cheap aneffective with
acceptable side effectSaxenaet al., 2003; Thomét al., 2013; Mushtaque and Shahjahan,
2015)

Due to the great success of chloroquine at the tjmeng with the successful use of vector
control using DDTthe eradication of malaria was highly anticipatéiojab, 2012)
Regrettablythe expectation was diminished when resistance to both chloroquine and DDT
developed in the 196Qsand bythe 1980s strains of. fatiparumthat were multidrug

resistant had appeared in several countr{&fojab, 2012)

Sveral theoriedhave keen proposedor the mechanism of action of quinok-derived drugs.

The most acceptedf theseis that it interferes with the digestion of haemoglobin in the
digestive vacuole (DVAs previously describgdection 1.2)the parasite cannot digest heme

in haemogbbin and thus converts it tbemozoin crystalswhich are toxic to the human host.

It is thought thatthe basic drugdiffuses into the acidic environment of the D\heve it
becomes protonated ang unable to diffuse out agaifihe drug prevents tle conversion of
heme to hemozoin by binding to heme resulting in adbuib of toxic heme which kills the
parasite(Thoméet al., 2013; Jones, Panda and Hall, 2015; Mushtague and Shahjahan, 2015)

The accumlation of chloroquine in the DV is greatly reduced in chloroquine resistant strains
this is particularly seen iR. falciparun{Thoméet al,, 2013; Jones, Panda and Hall, 20T&g
inability of the drug to be transported into the DV is believed to be the reason behind the
resistarce. Therehave beenseveral theoriesoffered to explain the reduced chloroquine
levels such as reduced influx, increased efflard modified chloroquine binding site

(Lakshmanaet al.,, 2005) Asingle mutation found in th®. falciparunthloroquine resistace
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transporter PfCRYgeneis believedto be responsible for the resistan¢€homéet al., 2013;
Jones, Panda and Hall, 2015; Antony and Parija, 2818udy carried out bizakshmanaret
al. (2005)showed that replacing the mutateldlfCRGene with the widl type gene resulted in
the strains becoming chloroquine sensititteus supporting the theory. An important area of
research involves synthesizing compounds that would reverse chloroquine resistatite
PfCRT proteibeing a potential targefJones, Panda and Hall, 2015; Miséiral.,, 2017)

Reports of mutations found in the. falciparunmultidrug resistance protein Pfmdrl) gene

and theP. falciparummultidrug resistancessociated proteinRfmrp gene have also been
linked with resistance to chloroquine. However studies have suggested that mutations in
these genesloneare not enough to cause the resistan@imdeet al,, 2001; Muwet al.,, 2003;

Duraisingh and Cowman, 2005; Baal., 2009; Antony and Parija, 2016)

A number of modifications havebeen madeto the quinine skeleton which includes
substituting the hydroxyl group, vinyl groufhe quinoline and quinuclidine ringgones,
Panda and Hall, 2015%5o0me of the modified compounésther replaced bloroquine or are
given as secontine drugs,examples of which aramodiaquine, mefloquine, primaquine,
ferroquine and halofantring(Figure 14 shows the chemical structures aome of the
analogues)(Duraisingh and Cowman, 2005; van Schalkwyk and Egan,, 20063ross

resistance to some of these drugs has develofigaraisingh and Cowman, 2005)

The 8aminoquinoline, primaquine (Figure 1.4), should be mentioned due to it hbaagnly

drug capable of clearing hypnozoites in ed®lyvivaxand P. ovale The drug howevedoes

have the adverse side effect of haemolytic anaemia in patients with glt@pémsphate
dehydrogenase deficiency (G6PD). Screening patients before using the drug is therefore
necessary and its use is prohibited for pregnant women and chillRamos Junioet al.,,

2010; Fernando, Rodrigo and Rajapakse, 2011b; Mytiratl, 2011; Andrews, Fisher and
SkinnerAdams, 2014Ashley, Recht and White, 2018esearch into developing primaquine
analogues with reduced toxicity is ongoing, with the only prominent candidate to date being
tafenoquine, which is cited to be less toxic than primaquine but should also not be
administeed to pregnant womer{Zhuet al, 2007; Mishreet al, 2017) Another analogue,
known as elubaquine or CDRI 80/53, has completed Phase Il/lll clinical trials, but has only

been approved for marketing in Ira{Krudsoocet al., 2006; Mishraet al., 2017)
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Figure 1.4 Chemical structures of quinine and some of its analogues.

1.5.2 Antifolates

For the last 70 yearsantifolates have been used to prevent cell proliferation in cancer
bacterialand parasitic infections such as malataid, Jeffes and Weinstein, 1997; Saleedo
Sora and Ward, 2013; Kuhlmann aRtéckenstein, 2017)The term folateencompasses
several folate derivatives which includaut are not limited tq folic acid, dihydrofolate and

tetrahydrofolate(Nzilaet al., 2005)

Folic acid (vitamin B9) is essential in the folate pathwayumans folic acid is obtained
through diet,but organisms such as bacteria and parasites have the ability to synthesise it
themselves(Litwack, 2008) Furthermore, folate derivatives arinvolved in providing one
carbon units needed for the synthesis of purines, thymidylate and some amino(heki®n

and Cox, 2008)

Both the conversion of the vitamins and the inhibition of synthesis are an attractive pathway
for drug developmen{Nzila, 2006a)The two folate enzymes targed by antimalarial drugs

aredihydropteroate synthase (DHP&)ddihydrofolate reductase (DHERgents that act as

12



DHPS inhibitors and DHFR inhibitors are often given together in combination. Fi§ure 1.

shows a simple schematic of the folate pathwdyghlighting both enzymes.

In brief, DHPS is an enzyme involved in synthesising dihydropteroatgrecursor to
dihydrofolate Inhibiting DHPS activityitimatelyresults in reduced amounts of dihydrofolate

the substrate of DHFR. The decrease in substiédea the activity of the DHFR inhibitors to
increase, therefore blocking the pathway at two points results in a synergistic combination

(Yuthavong, 2002; Gregson and Plowe, 2005; Nzila, 2006a)

A ~

t I WIYAYy20Sy LA

Dihydropteroate * DHPSnhibitors

Synthase (DHPS) =9 gj?;ggzne

T IRA K@ RNR L

l

T IR/A K& RNJ

DHFR Inhibitors
Dihydrofolate e.g. Proguanil

Reductase (DHFF Pyrimethamine
pXcIT>Xy 0Si

Figure 1.5 A brief schematic oftie folate pathway, highlighting the sites of action of the arfiblate drugs.

DHFR Inhibitors

Interest in agents that targeted this pathway occurred during WWII when the supply of
quinine was reduced and research into synthetic antimalarials was becongogssary
(Gregson and Plowe, 2008round the same time cancer research showed that folic acid
played a major role in the pliferation of leukaemigand agents that block the folate pathway
could reduce the spread of canc@zila, 2006b; Milleand Hyde, 2013)The success of
antifolates in cancer treatment led to the developmenttbe prodrugproguanil in 1945,

which was the first reported antifolate (DHFR Inhibitor) used for ma(&lzaa, 2006h)
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The effectiveness of proguanil leal the development of analogues such as chtoguani. It

also led tointerest being taken inthe 2,4diaminopyrimidine familythat identified
pyrimethamine¢ which wasaccording to(Nzila, 2006b} (i K S Yd@\aused énkifolate
antimalarial- 3 S.)Ai@iagram showing the three mentioned drugs can be se€igimrel 6.

It is believed that the potency of these agents is in the chlorine(s) on the phenyl ring along
with the additional bond between the phenyl and the diaminopyrimidine gnehich can ke

seen in the aave form of proguanil and chlproguanil(Nzila, 2006h)

NH, NH,
)=N =N
CIONH JNH, CION )—NH,
/N NN
Proguanil Cycloguanil
(Prodrug)
NH2>_ NH,
—N =N
Cl—@—NH J—NH, CI@—N )—NH,
N )YN
cl /N o
Chlorproguanil Chlorcycloguanil
(Prodrug)
NH,
N
cl 7 H—NH,
=N
CaHs

Pyrimethamine

Figure 1.6- Chemical structures of pyrimethamine and the two prodrugs proguanil and chlorproguanil along
with their active forms.

As with other antimalarial agents, resasicealsooccurred with these DHFR inhibitors also.
Resistance to proguanil was reported rapidly. This may have been due to its heavy use as a
prophylactic drug in Southeast Asia in the 1940s and 1960sgson and Plowe, 2005)
Reports stated that a 100 mg dose in 1947 would have a 100% cure rate, whereas in 1949
failure rose to 25% after a 300 mg dq&=avey and Robertsod957) According taGregson

and Plowe(2005)both proguanil and pyrimethamanresistance were also reported during

the conflictin Vietham.
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combination with other drugs, although their use is strategically plan(&tHO, 2017c;

Walker, Nadjm and Whitty, 2018)For example, combination therapy that includes
pyrimethamine along with sultioxine (DHPS inhibitor) and artesunate (discussed in section

1.5.3) is given as first line treatment in In@i&HO, 2017c) Pyrimethamine combined with
sulfadoxine is given as IPT for pregnant women in parts of AfdO, D17c) The
combination of proguanil and atovaquone (Malar@eds recommended as a prophylaxis

drug for travellers to malaria endemic countries where resistance to chloroquine is high

(Waller and Sampson, 2018)

DHPS Inhibitors

A major class of DHPS inhibitors aresbhghonamides. The basic structure of sulphonamides
is similar toparaaminobenzoic aciqp@BA), a DHPS substrgtéatzung, Masters and Trevor,
2012) Althoughthey are important drugs in the treatment of malaria, the parasite has the
ability to salvage exogenous folate gmiiBAthus reducing the efficacy of these dru@elfino

et al, 2002; Yuthavong, 2002; Gregson and Plowe, 2005; SaBm@oand Ward, 2013;
Talawanichet al., 2015) As previously discussed, using them in combination with DHFR

inhibitors results in aynergistic effecfYuthavong, 2002; Nzila, 2006a)

Of the several DHPS inhibitors used dapsommésof the more important agents. Although
synthesised in 190&s antimicrobial activity wasot identified until the 19309Nzila, 2006h)
It was administered with pyrimethamine in a drug known as Malopr{iMuller and Hyde,
2013)and with chlorproguaniknown as LapdafLang and Greenwood, @8; Alkeret al.,
2005)

Another DHPS inhibitorsulfadoxine is also used in combination with pyrimethamine
OCIFYAARINMOD® ! f GK2dzZAK GKAA O2YO0AYylFGA2Y gl a o
years, the development of resistance to it and to maf the above mentioned antifolates

led to them being replaced by other antimalarials. Resistance is identified by mutations in

both dhfr anddhpsgenes(Kublinet al, 2002; Alkeet al,, 2005; Plowe, 2009; Delorat al.,

2010; Nzila, Ma and Chibale, 2011)

15



1.5.3 Artenisinins

Artemisinin, a natural product extracted from the Chinese herb gingh@teriisia annua),

is thought to have been used as a therapeutic to treat high fevers as far back as 2000 years
ago (Ploypradith, 2004; Krungkrat al., 2010) The compound was isolated and its chemical
structure detemined in 1972 by Chinese scientists who gave it the name Qinghaosu (now
known as artemisinin)lEngel and Straus, 2002; Ploypthd2004) The clinical importance of
artemisinin to treat malariavas reported in 1978y the Qinghaosu Antimalarial Coordinating
Research Group. The compound was subsequently distributed to the rest of the(&oddl

and Straus, 2002; Krungkegial., 2010)

Sincethe discovey of its antimalarial activity, several synthetic derivatives of artemisinin
have been produced which ermore soluble than artemisinin, examples of which are
dihydroartemisinin, artemether, arteether and artesungtengel and Straus, 200@hemical
structures can be seen in FigureZ)L.All artemsinidbased drugs are converted vivoto

dihydroartemisinin, which is the metabolically active foffastman and Fidock, 2009)

CHs

o}
“CHs
Artemisinin Dihydroartemisinin Artemether
(DHA)
HsC HaC
o) Yy
CHs
o)
HO/U\A”/
0
Arteether Artesunate

Figure 1.7- Chemical structure of artemisinin and some of its synthetic analogues.
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The artemisiniFbased compounds are faatting drugs with a veryhert halflife of one to
three hours(Liu, 2017)Due to their rapid elimination, the compounds cannot kill all parasites
during a short threeday treatment resulting in recrudescen¢8iaoet al, 2001; Liu, 2017;
Wanget a., 2017) The short haflfife also eliminates their use for prophylaxisu, 2017)In
order to reduce the rate of recrudescence, and in a bid to slow down the rate of parasite
resistance to artemisinibased drugs, the WHO recommends the drug is not given as a
monotherapy but as a eobinatory therapy (artemisinibased combination therapy, ACT)
typically with a slower acting drug with a longer Hél (Giaoet al, 2001; Eastman and
Fidock, 2009; Krungkrat al., 2010; Cheng, Kyle and Gatton, 2012; Tripathy and Roy, 2014;
Seveini and Menegon, 2015According tdkrungkraiet al. (2010)the WHO recommended
ACT as the first line treatment for uncomplicatedfalciparunmalaria in Africa in 2001. This

remains the case to this dgyvHO, 2018)

The mechanism of action of artemisinin and its derivatives is notdallierstood however
compounds lacking the endoperoxide bridge lose their antimalarial acthvity highlighting

its importanceKrungkraket al., 2010; Mojab, 2012)A chemically engineered artemisinin that
allowed the fluorescent labefig of proteins covalently bound to the compound following
incubation with the parasites was synthesig@ilanget al, 2015) The proteins were tn
identified by mass spectrometry. The chemically engineered analogue was as effective as the
unmodified artemisinin when tested oR. falciparumparasites. The results identified 124
protein targets, suggesting artemisinin has a diverse mechanism ohaetigeting several
cellular activities. Furthermore the study also suggested that artemisinin is activated by heme
within infected RBCswhich ¥ dzNJ KSNJ & dzLJL2 NI & LINB QA 2dza & dz3 =
selectivity to infected RBCs is due to heme activatiithin the parasite(Kloniset al., 2011;

Klonis, Creek and Tilley, 2018ther groups have since supported these findifigmailet

al, 2016; Zhanget al, 2016; Zhou, Li and Xiao, 201&lthough studies have shown
artemisinin to target hundreds of proteins, the contribution of each target to parasite death

is unknown (Wanget al., 2017)

It is also thought that the activation of artemisinin by heme within the parasitophorous
vacuole (PV) triggers a series of reactions that result in the-bipilof oxygen centred and/or

carbon centred free radicals within the infected RBC which interfere with biomolecules
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leading to parasite deatfOlliaroet al, 2001; Krishna, Uhlemann and Haynes, 2004; &aifi
al., 2013; Severini and Menegon, 2015; Tidewl, 2016)

Efforts to slow the rate of resistance to artemisiiased drugs were made by providing
training for health care professionals in certainuotries, both in diagnosis and in
distinguishing between severe and uncomplicated malaria. The WHO also provided treatment
guidelines and recommendations to protect their efficgidglonget al., 2015) Nevertheless,
reports of delayed parasite clearance after treatment with artemistmsed drugs has
emerged. Initially this was reported in Cambodia but has since become widespogass

Southeast Asi@&rungkraet al., 2010; Cheng, Kyle and Gatton, 2012; &ual., 2015)

Initial studies byArieyet al.(2014)showed mutations in th&elchgene (K13) to be associated
with the delayed clearance. A study carried outNyuntet al. (2015)in Myanmar found K13
mutated parasites in the eastern side of the country. Myanmar provides the only route for
the resistance to travel from Southeast Asia through to India ando Africa, which is

believed to be the trajectory of previous antimalarial drug resistaflamet al., 2015)

wSaAradlryoS (2 '/ ¢ GKNBIFGSya (0KS garinvetRiQa ST7F2
2014; Paloqueet al., 2016) particularly as reports of artemism resistance spreading is
outpacing the implementation of new control measures and the development of new drugs

(Tunet al,, 2015)

1.5.4 Antibiotics and antiparasitic drugs

The spread of parasites resistant to chloroquine in the 1960s prompted investigations into
alternative treatrrents, such as antibiotiq@anet al., 2011) One of the most important class

of antibiotics used for malaria treatment are the tetracyclines, mainly doxycycline.
Doxycycline is a broaspectrum antibiotic synthetically derived from tetracycline which is
produced byStreptomycesp. As antnalarials, these drugs are slow acting. Infections take a
week to clear following administratigihis is known as delayedeath effect (DDE). Due to

the delayed effect, the recommendation for both doxycycline and tetracyclittatshey be
given in comation with quinine as a second line treatment for uncomplicated malaria
(Noedl, 2009; Tast al, 2011; WHO, 2017c; Walker, Nadjm and Whitty, 20D8kycycline

can also be given as a prophylactic drug, especially to travellare&s with chloroquine and
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pyrimethaminesulfadoxine resistant strainflanet al, 2011; Walker, Nadjm and Whitty,
2018)

The malaria parasite has an apicoplast organelle which is ghotosynthetic plastid that is
SaaSyaAart F2N G§KS LI NIpkompléandparasifiiia, &b and I y R d.
Chibale, 2011; Chakraborty, 201%his organelle cees out metabolic pathways in a manner

similar to that of prokaryotes. It has a circular genome, replicates DNA and carries out
transcription and translation in a prokaryeté&e manner(Chakraborty, 2016) It is believed

that doxycycline targets the translation proteins of the apicoplast in the pargsitelucing

a progeny with dysfunctional apicoplasts. The dysfunctional apicoplasts eventually result in
parasite deatlt hence the DDENzila, Ma and Chibale, 2011; Chakraborty, 2016)

Clindamycin isreother antibiotic used in malaria treatménThis drug is used as an antibiotic

to treat anaerobic and gram positive bacterial infections, as an antiparasititreat
toxoplasmosis and an adtingal to treatPneumocystis carippneumoniaObonyo and Juma,

2012). Clindamycin is another slow acting antimalarial believed to have a similar mechanism

of action to doxycyclinéChakraborty, 201&nd is recommended to be given in combination

with quinine to treat pregnant women with uncomplicatedalariad 5 QI f &tdah I y R NB

2018)

Another important class of drugs for malaria treatment are the naphthoquinones. These are
a group of naturally occurring compounds with reportadtibacterial, antiparasitic and
antifungal activity(Riffel et al., 2002) The most important compound from this group is
atovaquone Atovaquone is @ analogue of ubiquinone, which is a lipophilic molecolent

in the mitochondria of cells and is involved in the transfer of electrons in the mitochondrial
respiratory chair(Riffelet al., 2002; El Haget al., 2009; Muller and Hyde, 2010; Quinzii and
Hirano, 2010)Atovaquone is reported to inhibit the cytochromelf@?2 YL SE Ay G(GKS LI
mitochondria(Sutherlandet al., 2008; Siregaet al., 2015) The effect of the drug is believed

to result in the collapsig of the mitochondrial membrane potential amige inhibition of the
parasite specific enzyme dihydroorotate dehydrogenadach is involved in the synthesis of
pyrimidine The parasite is unable to salvage pyrimidine from the host, the drug therefore
depletes the parasite from its pyrimidine pool preventing replication and eventually leads to

parasite deatiEl Haget al., 2009; Gamo, 2014)\tovaquonas administered in combination
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with the antifolate proguanil (Malarone®) as a standalone treatment and as a prophylactic
drug for travellers (Kate et al., 2016; WHO, 2017c; Walker, NadjmdaWhitty, 2018)
adzi GA2ya A picyibgeBe i belieditdibé I ked with resistance to atovaquone
(Fivelmaret al., 2002; Sutherlandt al., 2008; Siregaet al., 2015)

1.6 Antimalarial dug discovery

1.6.1 Traditional drug development

The development of new antimalarial drugs eeded to combat the ongoing battle against
resistance(Lothariuset al,, 2014) Despite the urgent need to develop new drugs, not only
for malaria but for other diseases such as cancer and resistant bacterial infections, the
number of new drugs being released on to the market has ceduover recent years
(Proschak, 2013)According toMilardi and Pappalardq2015) for every 10,000 ne

candidates only one gets through per year.

The strict and complex process needed to develop a drug, the increase in cost needed to
discover and develop a candidaéad the lack of efficacy in addition to undesirable side
effects are among the variousasons that hege led to theattrition in approval of new drugs

(Williams, 2011; Proschak, 2013; Kenakin, 2014)

The drug development timeline of angie candidate can take anywhere between 10 to 17
years(Pronkeret al, 2011) Developing a target alone can take years of resedrtigheset

al.,, 2011) Once a target is identified, synthesising and identifying a lead compound, testing
its activity, followed by a series of rigorowmsvitro and animal testing in ordeo determine

its pharmacological dattakes a further several yeafPeterset al, 2012; Kenakin, 2014)

After preclinical tests the compound enters clinical trials which include three phases and can
last between six and seven years. These stages determine the efficacy, dosage, side effe
and adverse reactions of the drug. Once a compound passes all three clinical stages it can

then be submitted for approval from the Food and Drug Administration (FHEI2)\, 2018)

The process to develop antimalarial drugs is compelled to follow the same lengthy pathway,

however with further considerations: 1) drugs would ideally be taken orally to ease
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administration in a nothealth care stting; 2) drugs need to be well tolerated with minimal
side effects due to the large number of people of different age groups that require
antimalarials; 3) drugs need to be cheap due to the financial constraints in developing
countries that are most affded by malaria; 4) duration of treatment should be minimal, for
example three day therapy or less would be ideal, due to concerns with compliance and the
development of resistance; 5) combination therapy is essential for malaria to delay the
development & resistance which increases the number of drugs that require development
(Rosenthal, 2003; Gelb, 2007; Alortal., 2011)

Unfortunately, these fadrshave had a negative effect on producing new antimalarial drugs.
According toEkinset al. (2011)big pharmaceutical companies have historically not focused

on diseases that only affect small groups of people in developed countries due to the difficulty
in marketing thedrug sufficiently to recover development costs. As a reslelvelopment for
diseases such as malaria occurs in academic research institutions or smaller companies that
are not ideal for drug discoveryzelb, 2007; Ekinst al, 2011) In order to encouragé¢he
development of drugs for neglected diseases such as malaria, the US government
AYLE SYSYGSR I LINRPINFYYS 1Y 26y Ushgathislingedtived LINR 2 N
scheme means if a drug is developed for a neglected disease or rare paediatric disease and is
approved by the FDA then the developing company will be awarded a bonus priority voucher
for another drug (Ridley, 201 Additionally GlaxoSntiKline (GSK)ave dedicated a research

and development (R&D) facility in Spain to develop new treatments that affect people in the

developing world (Tres Cantos Open Lab Foundatior4)201

Furthermore Medicines for Malaria Venture (MMig)an example o& product development
partnershp dedicatedto malaria research. MMV bringsgether many organisations with the
vision of developing new antimalarial drugescribed under two Tget Product Profiles
(TPPs)The firstaSingle Encounter Radical Cure &ndphylaxis which would besingle dose
treatment that would be effective against resistant strains of malafiae second TPP, a
Single Exposure Chemoprotection (SEC) to protectimected people entering a malaria
endemic area. The SEC would havesdiifit mechanism of action to the compounds used for

treatment.
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1.6.2 Drug repositioning

Researchers have been looking to adopt new methods to develop dnugscheaper and
quicker manner(Baeket al, 2015) An alternative route is drug repositioning/regposing
which is when a compound has been developed for one condition but shows activity in
another (Andrews, Fisher and Skins&dams, 2014; Lothariust al, 2014) Sources of
repositioned drugs can be clinically/FDA approwrdgs (Andrews, Fisher and Skinner
Adams, 2014; Lothariut al., 2014) drugs that were approvethut are no longer usedr
clinical investigational compounds that were developed but withdrawn prior to approval or
did not achieveefficacy for their intended conditiofLotharuset al, 2014; Sun, Sanderson
and Zheng, 201650metimes the drug of interest is used as a starting point to produce new
compounds and therefore does not get repositioned directly into a new area, yet it still
reduces time that would have been spentvdéoping the first compoun@Andrews, Fisher
and innerAdams, 2014; Jin and Wong, 2014)

Examples of repositioned drugs inclugédenafil (Viagra) which was initially tested for
hypertension and has been repositioned for erectile dysfunc{ikinset al, 2011; Jin and
Wong, 2014)and thalidomidewnhich, although the cause obirth defects when taken by
pregnant women to alleviate nausgaasbeen repositioned to treat multiple myelon{&kins
et al, 2011) Some drugs have been repositioned for use in malapanaaryexample is the

previously discussed antibiotic, doxycycline.

Another exampleis a programme supported bMMV which saw the higihroughput

screening of approximately 4 million compounds by Novartis, GlaxoSmithKline (GSK) and St.
WdzRS / KAf RNByQa wSaSFkNOK 1 2aLlAdrt Ay GKS f
deposited over 20,006ompounds that showed antimalarial activity into the public domain

to be used by researchers as starting points for new antimalarial dgguemdeet al.,

2012; Fong, Sandlin and Wright, 2016ne of the main aims for drug discovery in malaria is

to develop novel drugs with new mechanisms of action in order to avogbsecesistance from

existing druggGuiguemdeet al,, 2012; Faret al.,, 2018)

The advantages associated with drug repositioning, in addition to reduced cost and time

needed to develop the drug, areduced risks of drug failure due to the fact that{oimical
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toxicology data, pharmacokinetics and dose range is sometimes already KBawket al.,

2015) Itis important however to point out the disadvantages as well. Repositioned drugs may
have anew mechanism of action which can lead to potential failure of the compound for the
new use(Baeket al,, 2015) Furthermore, legal issues can arise with regards to intellectual

property of the drug/Witkowski, 2011)

1.7 Calcium and calmodulin

Calciumand calcium channels along with calmodulin (a calcium binding protein) play major
roles inhuman cell{Bogdanovaet al., 2013)and within the Plasmodiunparasite(Enomoto

et al, 2012; Furuyamat al., 2014) Studies have shown that interfering with ciaim levels

can lead to parasite deatftnomotoet al., 2012) Additionally, several antimalarial drugs are
reported to have antcalmodulin activity(Noori et al, 2008) With this in mind the,
importance ofcalcium, calmodulin and their inhibitors with regardsfi@asmodiumnfections

are explored.

1.7.1 Importance of calcium

Calcium is found in abundance in eukaryotic cells and plays a major role withir{ltireemd
Jan, 2002)Levels of calcium regularly fluctuate within a cell's cytaffectingvarious cellular
functions and activitiesalthoughthe levels of fluctuation are tightly regulatgglapham,
2007; Pandewt al,, 2016)

Cdcium is an important tool in signal transduction. The addition and removal of calcium to a
protein changes the shape and charge of the protein allowing cellular activity to occur
(Clapham, 2007)This allows calcium to be involved in many impanttcellular functions such
as metabolism, cell cycle, secretion and neuronal signdlingmotoet al., 2012; Bogdanova

et al, 2013)

Studies have shown that parasit@ected RBCs have higherdéwv of calcium comparedith
non-infected RBC¢Desaiet al, 1996; Rohrbaclet al., 2005; Lourido and Moreno, 2015)
Rohrbachet al. (2005)carried out a series of tests using confocal fluorescence microscopy
which found levels of calcium in the @dted erythrocyte between 289 nM and 352 nM. The

variation was dependent on the strain of parasite tested. These levels are considerably higher
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than calcium levels imon-infected RBCs, which is normally between 30 nM and 60 nM
(Gazarinet al., 2003; Bogdanovet al., 2013)

According to Camacho (2003), eukaryotic cediguire approximately 1 mM extracellular

calcium in order to maintain cellular functions that require calcium. Therefore investigations
Ayi2 GKS LINIFarxdSQa lFoAfAaAGe G2 &adz2NBAGS dzy R
investigated byGazarinet al. (2003) First of all however, it is important to note that the RBC
membrane contains plasma membrane?CaTPase pumps (PMCA€amacho, 2003)They

are activated by calmodulin and are responsible for maintaining low levels of intracellular

calcium by expelling it from the cytosol of c€lBrtega, Ortolano and Carafoli, 2007)

During the invasion of RBCs, merozo#ssthougt to shed surface proteins, they potentially

also shd antibodies that have been attached to their surface by the hiass believed this
LINPOS&da Aad R2yS G2 RA &Il ®aronet ali gR031; Havéy[iGison A Y'Y dzy
and Crabb, 2012)The meozoite then invades the RBC via endocytosis with the RBC plasma
membrane which results in a membrane developing and forming a vacuole (the PV) around

the parasite. The close interaction between the merozoite and the host plasma membrane is
believed to albw an exchange of proteins and lipids between the host plasma membrane and

the PV membrane (PVM\Vard, Miller and Borak, 1993; Eksi and Williamson, 2011)

Gazariniet al. (2003) suggest that during the invasion some of the PMCAs on the RBC
membrane are integrated into the PVM, however they are now facing inwards and thus allow
calcium to enter the PV from the RBCs cyto3tlis proposed method aligns with another
method discussed in a review K§irk (2001) that suggestghere is a continuous flow of
calcium in and out of RBEsalcium is constantly being leaked into RBCs due to the high levels
present in the extracellular medium, and then PMCA pumps expel the leakeidina;

allowing the parasite to draw enough calcium for it to survive.

Desaiet al. (1996)suggest the parasite causes an increase in permeability of the infected

w./ Qad YSYONIYS (2 OFf OAdzY® ¢KS 3INRBdzZL) adza3Sai
into the RBC membrane allowing a flow of calcium into the cell iv@ontrolled by the

parasite. Another suggestion was that the parasite inhibited the activity of the PMCA present

on the RBC membranalthoughthis option was thought to be less likely due to the massive

increase in calcium levels. However work carnatiby Thomaset al.(2001)on chicken RBCs
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infected with P. gallinaceumfound there were no new channels present in infected cells.
LYyadSIR GKS@ F2dzyR |y dzLINB3Idz | GA2Yy Ay (KS K2
unknown the group suggested parasite activation of these channels or activation simply due

to the host cell expanding in size with the growing parasite inside it.

Not only are there increased levels of calcium in infected RBCs but various studies have shown
that blocking the flow of calcium in the erythrocytic stages of parasite infection leads
parasite death(Enomotoet al., 2012) It is important tonote that the endoplasmic reticulum

(ER) has high levels of calciutris known to be one of several calcium stores inscgdoth
mammalian cells andPlasmodiumparasites)(Lourido and Moreno, 2015)nositol 1,4,5
trisphosphate (IPor inositol trisphosphate) is a molecule present in diblég can bind to IR

gated calcium channels present on the ER, allowing the gates to open and a flow of calcium
to be released into the cel®elson and Cox, 2008)here is evidence to suggest tledease

of calcium by Iffrom calcium stores within the parasi{@lveset al, 2011)althoughthere is

no molecular evidence of anzlReceptor(Brochetet al,, 2014)

Nonetheless, studies carried out Bpomotoet al.(2012)have shown that the flow of calcium
can be blocked using anslReceptor inhibitor, 2aminoethyl diphenylborinate (APB), at
stagespecific inervals during the erythrocytic cycle of tlie falciparumnfection. The result

of this blockage, particularly in the trophozoite stages, led to degeneration and eventual
parasite death. The study also showed thalARB did not give these results due to
degeneration of the RBCs themselves. This was tested byrgatng RBCs with-APB,
removing the drug from the RBCs and then infecting them with parasites. Under these
conditions the parasites were able to grow normally, comparable with the controlstlitig
showed that the flow of calcium plays a major role in the paraSlifescycle and disrupting it

has a negative, if not deadly, effect on the paraQiterythrocytic life cycl¢gnomoto et al,
2012)

There is evidence that highlights the importance of calcium during the invasion and
development of the parasite within the RB&lleva anKirk, 2001; Camacho, 2003; Gazarini
et al, 2003; Borge®ereira, Campos and Garcia, 2014; WitHdestinezet al., 2014) Jeanet

al. (2014 cited that the interactiorbetween the membranes of the parasite and the RBC

during the invasion is calcium depesrd. The parasite encodes calcium dependent protein
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kinase (CDPK# group of proteins not found in the human genorb.orinet al. (2010)cited
that the protein PICDPK}p is transcribed during the egression and invasion of RBCs,
suggesting the protein is required for those stages in the parasite life.tyis believed that
calcium controls cellular signals that are important not only in invasiorataatin motility

and protein secretiorfFuruyamaet al.,, 2014)

The importance of calcium iRlasmodiunparasites has beerhbroughly documented; the
presented points are only a brief summary of a few published revi®esaiet al., 1996;
Garciaet al, 1996; Akva and Kirk, 2001; Kirk, 2001; Thoreasl., 2001; Camacho, 2003;
Gazarinet al,, 2003; Rohrbacht al., 2005; Dvoriret al., 2010; Enomotet al., 2012; Borges
Pereira, Campos and Garcia, 2014; Withdestinezet al,, 2014; Furuyamat al,, 2014; Jean
et al, 2014; Lourido and Moreno, 2015)

1.7.2 Importance of calmodulin

Calmodulin is a ubiquitous calcium binding protein found in all eukaryotiqBeltshtold and
Villalobo, 2014)It hasremained largely conserved over 1.5 billion years of evolution as noted
by Clapham(2007) and in humans calmdulin is transcribed from three genes found on

different chromosomegToutentoofd et al,, 1998; Clapham, 2007)

As previously discussedhany cellular proteins are activated by calcium. Some proteins

cannot bind to calcium themselves, instead a caleagaptor complex is formed first, such

as a calciuntalmodulin complex, which #&n binds to the protein. Thus calmodulin acts as a
mediator for various calcium signgMetter and Leclerc, 2003)s with other calcium binding

proteins, calmodulin is formed of a pair of EF hands. An EF hand motif is when a protein forms

a helixloop-helix structure 1 KS O2y F2NX I A2y NBaSyoftSa auKS
FAY 3ISNI FVettet andkllegeir,£2002)s shown in Figure 198 / | f Y2 Rdzf Ay Qa 9
have high affinity for calcium which is often increased when bound to the target protein
(Clapham, 2007)
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¥.4—E helix

Figure 1.8 A shematic showing the EF hand motif of calmodulin.

Sourcehttp://chemistry.umeche.maine.edu/CHY431/EHand.jpg

Saucerman and Be(2012)suggest that a cell has two pools of calmodulin, dedicated and
promiscuous. The former are fad bound to their targets, even when not activatedguch

as Ltype calcium channels (LTCEapd the latter are free calmodulin that bind to calcium
molecules in the cell and thus activate and interact with other cellular protg@asicerman
and Bers, 2012; Berchtold and Villalobo, 20MQreover,Nunomuraet al. (2000)cited that
there are high levels (micromolar) of calmodulin in RB@sis involved with PMCAs and the

remaining 95% interact with other proteins.

A study carried out b$cheibekt al.(1987)showed that levels of calmodulin ih falgparum
infected RBCs was higher than that in Aofected cells. Nofinfected RBCs contained 11.2
ng of calmodulin per 1ells, whereas ring stade falciparuminfected RBCs contained 17.8
ng and schizont stage contained 23.3 ng. During the same stidyodulin was found
randomly scattered in the trophozoite and schizatdges whereas it was concentrated in
the apex of the merozoiteiScheibeét al, 1987) The apex is the site of interaction between

the merozoite and a RBC during invagiPreiseret al.,, 2000)

There have been several reports of important antimalarial drugs such as quinine, chloroquine,
artemisinin and dihydroartemisinin having awstlmodulin activity(Scheibelet al, 1987;
Robson, @mble and Acharya, 1993; Noat al, 2008, 201Q)In factNoori et al. (2008)
showed that artemisinin had more anatalmodulin activity than Cyclosporin @da known

calmodulin inhibitor.
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Furthermore, calmodulin inhibitorésuch adrifluoperazine, calmidazolium and-W have
shown antimalarial activity by inhibiting RBC invasion and parasite maturation in blood stages
(Scheibeékt al, 1987; Tanabet al., 1989) Thus reinforcing the results seen $gheibekt al.
(1987)where calmodulin was found in the apex diet merozoite which is involved in RBC

invasion.

The importance of calmodulin cannot be underestimated; it is known to interact with several
hundred different proteingBerchtold and Villalobo, 2014hd can form a minimum of three
different conformations thus adding to its complexiijoeflich and lkura, 2002However

this also highlights the potential risk of developing drugs that specifically target calmodulin
(Berchtold and Villalobo, 2014)

1.8 Calcium channels and their blosker

1.8.1 Voltagegated calcium channels

There are various ways in which cells regulate calcium flow, one of these mdtleots

voltage3 | G SR Ol f OAdzy OKIyyStaod ¢KS&ESYPOKI YyRt & OFf
are encoded by different gene¢.K S Yilsubuyhit i8 approximately 19950 kDa(Ertelet

al., 2000, belongs to three separate subfamilies and exists in 10 different isoforms each
encoded by a different gengatterallet al, 2005; Chandra and Ramesh, 2013; Striessnig

al., 2014¥ ¢ 6ubunit contains the ion conduon pore and the gating structure and is the
1Yy26y &aAaidsS F2N) RNHZAA G2 Ay dSNI @rieletéah A0B0; | Y R N.
Chandra and Ramesh, 2048) ¢ KS | &dzdzyAd A& AYy(dNI OSft £ dzf I NJ
part of the channelwhilsttheh suby/ A i AYGSNF OGa 6AGK GKS SEGN.
subunits have only been found in skeletal muscle calcium char(&etsl et al., 2000;

Striessniget al., 2014) Figure 19 shows a schematiof the different subunits within the

calcium channel and where they are positioned with regard to the cell membrane and each

other.
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Figure 19 ¢ Schematic of a voltage gated calcium channel and its subunits within a cell membrane.
(Adapted fromStriessnig et al. 2014)

Figure 1.10 shows a diagram taken fron®striessniget al. (2014) who have used
crystallographic data fromgiassium and sodium channels to show the different domains
F2dzy R o MaKDYzy KD T KSNB | NB & Afsuband Bof &yhé & T 2 dzy
segments form the voltage sensing domains dredtwo other segmentsattached by linkers,

arethe poreforming domaingCatteall et al., 2005; Striessnigt al., 2014) There are several

of these gated ion channels located next to each other within a cell meml§&tnessniget

al., 2014) According taCatterallet al. (2005)it requires three amino acid changes in the pore

forming domain (segments 5 and 6) to convert the selectivity of the channel from sodium to

calcium.

According toSadaveet al. (2011)regardless of the signal that causes a calcium channel to

open the result is a massiveciease in cellular calciundi 2 YSGAYSa GKAa Oy
Kdzy RNBR T2t R AYyONBI &S @adaviehay, 2011) AsNdviened &y 2 F
Christel and Le€2012)calcium influx into cells via calcium channels (patidy LTCCs) is
regulated bycalmodulinvia a feedback systenmterestingly,Striessniget al. (2014)state in

another review thatalmodulincan be considered as another subunit for LTCCs as it is bound

to the GCterminus of the transmembrane protein. As calcium binds dalmodulin

conformational changes occur thatfects the influx of calcium into cellBenet al., 2013)
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The image is based on crystallographic diaten soium and potassium channels.
(Adapted from Striessnig eal. 2014)

Despite the crucial role of calcium channels in biological processes, interest and research into
them was slow to developTsien and Barrett, 2005)\ccording toTsien and Barretf2005)

one of the first reports of voltage gated calcium channels was in 19%athyand Katzyut it
wasnot until the 1970s that interest fully developed and until the 1980s for patch clamping

work to be carried out on calcium channels.

1.8.2 Calcium channel blockers

Despite there being several types of calcium chanfleldN, TP, Q and R) there is a lot of
interest in theLTCCdue tothe fact that they are one of the main targets for the majority of
calcium channel blocker€CBp(Bangaloreet al., 1994 Nawrathet al,, 1998; Chandra and
Ramesh, 2013; Whyte, Buckley and Dawson, 2016)

CCBsaragroupofdrugsiza SR (2 GNBFG + GFrNASGe 2F RAAa2NJT
angina pectoris, coronary artery spasm, supraventricular arrhythmias andimjg@¥sonet

al., 2005) There are three broad types of CGRsch are grouped based otheir chemical

structure; dihydropyridines &.g. nicardipine), phenylalkylaminese.g. verapamil) and
benzothiazepinese(g. diltiazem) (Nawrath et al, 1998) Once bound, CCBs reduce the
frequency in which channels open thus blocking the movement of calcium across cell

membranegKatzung, Masters and Trevor, 201Rhis in turrreduces heart contractions and
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reduces hypertensiofFleckenstein, 1983; Michiets al,, 2014; Chiba&t al,, 2015) A recent
study byTanget al. (2016) usng crystallographic analysis showed that dihydropyridines
(amlodipine) bind to the external lipithcing surface of the calcium channel at the interface
of two subunits, whereas phenylalkylamines interact with the central cavity of the pore,

blocking thechannel pathway.

In addition to targeting calcium channels, reports have stated that some CCBS such as
verapamil, nicardipine and fendiline bind to and inhibit calmodulin and act as calcium channel
and calmodulin antagonis{#idaka and Héshorne, 1985; Bayer and Mannhold, 198Vhe
different types of CCBs have varying selectivity to different tissuedsiaing siteswhich

may explain the clinical differences seen between the different groups of ¢i&kan,

Pepine and Bakris, 2005)

There have been several reports over the years of some CCBs and calmodulin antagonists
having antimalarial activityScheibekt al., 1987; Tanabet al., 1989; Alleva and Kirk, 2001,

Kirk, 2001) A study carried out on fresh ldnoquineresistantP. falciparunstrains isolated

in Brazil found antimalarial activity in CCBs such as verapamil, nifedipine and dilitiazem within
their therapeutic cardiovascular concentratiofddenezeset al., 2003) These reports align

with results produced at the University of Salford where two patexpired drug libraries,

ENZO and LOPAC (Library of Pharmaceutically Active Compounds), were screened for
antimalarial candidategMatthews, 2015) The screen showed that 2 (niguldipine and
nicardipine HCI) out of the 60 most potent compounds were C&Bsconcentration of 2.5

UM, the percentage of inhibition was 63.92 and 62.35 for niguldipine and nicardipine HCI

respectively.

Synergistic relations between CCBs and antimalarial drugs have also been reported
(Adovelande, Deleze and Schrevel, 1998; van Befikland Egan, 2008tudies have shown

that CCBsand chloroquine work synergistically against chloroquine resistant striayns
reversing chloroquine resistané®lartin, Oduola and Milhous, 1987; Basco and Le Bras, 1991;
Ye and Van Dgk 1994; Adovelande, Deleze and Schrevel, 198Ridies have however
shown that verapamil does not reduce the concentration of calcium in the parasite. It is
thought that the resistance reversal by verapamil may be associated with the PFCRT mutation

(van Schalkwyk and Egan, 2006)
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1.8.3 Fendiline

The CCB fendiline (eire 1110 = A& | O2YYSNOALFff& | @Hndelr I 6 S
Hoeveret al,, 2013)drug that is safe for human ugean der Hoevest al,, 2013; Voigt, Riddle

and Napier, 2014)Fendiline was used to treat angina and hypertension and has been
reported to inhibit both smooth muscle LTCCs and calmodiBeyer and Mannhold, 1987;
Tripathi, Schreibmayer and Tritthart, 1993)

Figure 1.1 - Molecular structure of fadiline.

ZT

Tests of fendiline on calcium channels of guinea pig ventricular myocytes showeg\aiu€

of inhibition of 17uM (Tripathi, Schreibmayer and Thart, 1993) Other tests carried out by

Wilkinson et al. (2007a) on the vasodilatory effect of fediline @ and R enantiomers

separately) on mesenteric and coronary rat arteries gave comparable results, sitrai@s

of 17.1uM and 26.7uM for Rfendiline andSfendiline respectively for mesenteric arteries.

This test was also carried out on synihda O I y I £ 2 3 dzS dhyd@xdfendil®g, RA £ A y ¢
molecular structures shown in Figure 2)1and showed that the hydroxy analogues
(Compounds 1 and 2) were more potent vasodilators than the fendiline isomers, with EC

values of 0.1¢uM for both compound®n mesenteric arteriesWilkinsonet al., 2007a).
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Figure 1.2 - Molecular structures of Sand Rfendiline along with four hydroxy analogue€Compounds 1, 2,
S and Rfendiline were tested on rat arteries. All 6 compounds were tested on K562 igkcells (Wilkinson
et al. 2007a, 2007b).

Wilkinsonet al. (2007) also tested the fendiline isomers along with four synthetic analogues
seen in Figure 1.12 on K562 leukaemia cells. All six compounds showdduka@mic
activity, with the highest I£g value being 6.JuM. However the two lowest Kgvalues were
2.5uM and 2.9uM for compounds 2 and 3 respectively. The hydroxy fendilines were seen
again to be more biologically active than the original fendilinenisxs (Wilkinsoret al.,
2007Db).

More recently,van der Hoeveret al. (2013)have shown that fendiline interferes with and
prevents KRas signalling. Ras GTPases are a family of proteins involved in cell proliferation.
Mutations in Ras are found in apptimately 15% of human tumours, particularlyRids,
making it an important target in cancer research. The results found that fendiline disrupted

various signalling pathways downstream elRKs. The Kgvalue reported for KRas inhibition
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was 9.64 uMvan der Hoeveet al,, 2013) The group also found thahe isomerRfendiline
was more potent in certain assays th&fendiline. However data from the study suggests
that activity of fendiline on ¥Ras was not related to calcium channel inhibifieading to the
assumption that fendiline may have biolodi@tivity other than the previously reported

calcium channel/calmodulin antagonigivan der Hoeveet al., 2013)

Furthermore, investigations into the antiprotozoal effect of four CCBs found fendiline to have
anti-leishmanial activity within the micromolar rangReiméacet al,, 2016) In another study,

a highthroughput screening of drugs to treat the opportunistic fungal infection caused by
Cryptococcus neoformaifsund fendiline hydrochloride as a potential candidé&amantaray

et al,, 2016) Alveolar macrophages in the body are the first line of defence against the fungus,
although the fungus survives within the macrophg@amantarayet al, 2016) The study
found that fendiline hydrochloride did not kill the fungus; instead it is thought that fendiline
increased levels of calcium in the cell by releasing it from intracellular stores suica B&t
thus disrupting the macrophage, which eventually lead to the fungus dg&dmantarayet

al., 2016) This aligns with results of tests carried out in human hepatoma cells (HA/22) which
showed fendiline increased levels of intracellular free calcium by releasing calcium from the
ER(Chenget al, 2001) However the study suggested that the effect was not due to
calmodulin inhibition(Chenget al., 2001)

Although clinically superseded, investigations into fendiline as a pharmacologically interesting
compound are still being reported, with studies suggesting fendiline having more activity than

the originally reported calmodulin and calcium channel antagonism.

1.9 Aims and Objectives

The need to develop new drugs for the treatment of malaria, preferably with new
mechanisms of action, due to the rise of resistance to current treatment has betsdsta
(Guiguemdeet al., 2012; Faret al., 2018) The traditional drug discovery process is long and
costly therefore alternatives such as drug repositioning presents an attractive and promising
alternative.TheA YL NIi  yOS 2F OIF f OAdzy I'yR OFf Y2Rdzf A Y
to the potentially deadly affect interfering with either of these factors could have on the

malaria parasitg€Scleibel et al,, 1987; Tanabet al., 1989; Enomotet al., 2012; Furuyama
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et al., 2014) makes targeting them an attractive strategy. Subsequently an interesting class
of drugs to investigate are CCBs and calmodulin inhibitors especially due to reports of them
having antimalarial activit{Scheibekt al., 1987; Robson, Gamble and Acharya, 1993; Noori
et al,, 2008, 201Q)More importantly, the CCB and calmodulin inhibitor fendiline has shown
interesting biological activity with studies suggesting it affects more than one ttarge
Analogues of fendiline are shown to be more potent than fendiline itself both as vasodilators
and toxicity on leu&emic cellsthus further piquing interest into these compounds. With

these statements in mind the main aims of this research are to:

1. Invegigate the antimalarial efficacy of fendiline on the muftisistantP. falciparum
K1 strain.

2. Carry out combination assays with fendiline and other currently used antimalarial
drugs to look for a synergistic partner.

3. Synthesise and evaluate the antimal&@ativity of a range of fendiline analogues in
an effort to produce a more active lead compound.

4. Evaluate the toxicity of the tested compounds on human cells.

5. Determine the stage specificity amkdling profile of the lead compound(s) in order to
developan understanding afhe mode of action.

6. Optimise and develop a flow cytometbased method to detect calcium fluctuations
within infected RBCs with the objective of determining the effect fendiline has on

calcium levels within the parasite infected cell.
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Chapter?2
Materials and rethods

2.1In vitrocultivation ofP. falciparum

Parasites were cultured followirtge previously described method by Read and Hyde (1993).
Experimental work was carried out in the pathogen laboratory at the Universi8atiord
within a sterile hood (ESCO Infin@ass IBiosafety cabinet Virkon (2%, VWR, UK) was used

to disinfect waste material prior tautoclaving andalisposal

2.1.1 Parasite strains:

All cultures and experiments were carried out with the Rifalciparum strain which is

reported to be chloroquinepyrimethamineand sulfadoxineesistant(Rahman, 1997)

2.1.2 Complete media:

Parasites were cultured in complete media which consisted of REBMI0 supplemented with
L-Glutamine ad 25 mM HEPES (Gibco, Life TechnologiesRulk)ingredients were added
to the RPMI, the final concentrations wef®5% (w/v) lipid rich bovine serum albumin
(Albumax Il Gibco, Life TechnologiesUK) 360 puM hypoxanthine (Sigma, UK)104 uM
gentamcin (Sigma, UK)and 0.1 % D-Glucose (Dextrose anhydrqu$igma, UK The

supplemented RPMI was stored betwee 2C for up two weeks.
2.1.3 Wash media:
Wash media consists of RRIB40 with EGlutamine and 25 mM HEPES (Gibco, Life

Technologies, UK) withouhg furtheradditives. This was uséd wash blood andavas stored

between 28 °C.

36



2.1.4 Processing human RBCs for parasite culture

Fresh humarO+ whole blood wasbtained from theNational Health Service (NHSpod

bank and used to culte the P. falcipaum parasites.Buffy coat and plasma were removed

by centrifugation for 5 minutes at 3,400 rpm. The RBCs were then washed three times, twice
with wash media and once with complete mediantrifuging at 3,400 rpm for 5 minutesch

time. Following the finbwash, 100% haematocrit bloadas brought to 50% haematocrit by
adding an equaloalume of complete media. The $®haematocrit washetllood was stored
between 28 °C.

2.1.5 Maintaining parasite culture

Parasitesvere culturedin 25 cni flasks in a finalaMume of 10 mhat a 5% haematocrifThis

meant that br every 10 ml of complete media thenuld be 1 ml of 5% haematocrit blood.

The cultures were checked approximately every 48 hours; this was done by carefully removing
the old media without displacinie blood layer formed at the bottom of the flask, estirmag
parasitaemiasee section 2.8) and then diluting the parasted blood with washed blood
(50% haematodt) to maintain approximately % parasitaemia Complete media was then
added to the flak to obtain a 5% haematocrit culture. Fllyathe flask was gassed witl¥/®

CQ, 5% Qand 90% N (BOC Limited, UK) and incubated af@i aLEEC Culture Safe Touch
190s C@incubator.

2.1.6 Estimatingarasitaemia

A thin blood smear was performed omacroscope slide. The slide was air dried, fixed with
100% methanol and thestained for approximately 20 mines in freshly pepared Giemsa
stain. The stain used was &10 dilution of Giemsa stain solutiddCS Biosciences, UK)
Giemsa bufferGiemsabuffer consisted of one Bufféablet pH 6.4 (BDH/VWR, Ud#issolved

in 1 litre of freshly distilled water.

Following stainingthe slide was washed with tap water, air dried and then viewed under the
microscope (oil immersion, x10(arasitaemiavas esimated by counting the number of

total RBCsnd infectedRBCper field of view under the microscope. In total three fields of
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view or approximately 50(RBCswere counted and an average of infecte®@BCswas

calculated.

2.1.7 Preservation of parasitesiguid nitrogen

Preservation in liquid nitrogen was carried out on a majority ring stage culture of
approximately 1€20%parasitaemiaThe culture was centrifuged at 3,400 rpm for 5 m@s,

the complete media supernatant was discardeahd the pellet resuspended in an equal
volume of fresh wan complete media to obtain a 89 haematocrit. Then in a 2 ml cryotube,

0.5 ml of the mixture was added to 0.5 ml of 20% dimethyl sulfofSO]sterile filtered
DMSOSigmaAldriclE ! YO AY wA Yy 3 GINK2Zg KEIafddx25h pfyGA@bedpT b |

The cryotubenvasthen snap frozen in liquid nitrogen immediately.

2.1.8 Thawing of parasites from liquid nitrogen

Cryopreserved parasite vials wetlkawed in an incubator at 37°C for several munes,
transferredto a sterile microcentrifuge tube anthen centrifuged at 13,400 rpm for 90
semnds. The supernatant wadiscardedand the pellet was washed three timdsirst wash
was in 1 ml of 1% (w/v) sorbitol solution iphosphate buffered salind’@$, the second vash
was in 1 ml 55% (w/v) sorbitol solution in PB&ndthe final washwas in 1 ml of complete
media. The blood pellet was then-seispended in complete media and added to a flask
contaning 0.5 ml of washed blood (%® haematocrit) and 10 ml of completeedia (as

described in section 2.1.5).

2.1.9 Culture synchronisation

Predominantly ring stage cultusewerecentrifuged for 5 miates at 3,400 rpnfor pellet
recovery.A % (w/v) sorbitol solution in distilled water was prepared and filtered through a
0.22 um filter and then added to the culture pellet. Fevery 1 ml of culture 9 ml of%
sorbitol was added. Theesuspendednixture was left at room temperature for 5 mites
and then centrifuged as previously described, the supernatant was discardedhanmtiiet
was washed three times with complete media. Finatlye parasitized pellet was fe
suspendedn complete media to obtain a 80 haematocrit and a new culture was set up as
previously described (section 2.1.5).
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2.1.10 Percolpurification

Purifying latestage parasites from thi& vitro culture was carried out using a Percoll gradient
centrifugation method adapted frorivliao & Cu(2011) A 90% Percoll solution was obtained
by adding 18 ml of Percoll (Percoll®, Sigxthich, UK) to 2 ml of 10xPBS solution. The
solution was then filtered through a 0.2@n filter. Fromthis, 65% and 35% Percoll solutions

were prepared with wash media.

A Percoll gradient was set up by layering 3 ml of 65% Percoll solution, then 3 ml of 35% Percoll
and finally 3 ml of 5% haematocrit infected RBCs in a 15 ml Falcon tube. The layerddeere a
very gently on top of one another. The solution was centrifuge1z@00 rpnfor 15 minutes.

The top layer (media and debris) and the 35% Percoll solution were discarded. Tsiadpe
parasites were recovered from the 35%/65% Percoll interfaceteartsferred to a sterile
microcentrifuge tube, washed three times with PB&ch time centrifuging at 1,200 rpm for

5 minutes- before experimental use.

2.2 Drug susceptibility assays

Although the gold standard for detecting and estimating malaria tidacin RBCss the
microscopic examination of blood smed@Grimberg, 2011)ess tedious and labour intensive
methods were utilised during this study. The use of the fluorescent DNA dye SYBR Green (SG)
was used in doseesponse assays, relying on the laclodfA present in RBCs and therefore
fluorescence was attributed to parasitic DN8milksteinet al, 2004) Both a SG flow
cytometer method and SG plate reader methodsHaeen previouly optimised at the
University of Salfordaboratoiies (Matthewset al., 2013) however further optimisation of

the plate reader method was carried out.

2.2.10ptimisng thehaematocrit levels of SG plate reader assay

The initial optimisation experiment carried out was to determine the effect two fadtarse
on the SG plate reader assagie haematocrit level andhe medium used for the assay.

Therefore an egeriment was set up with two different haematocrit levels (5% and 2.5%)

using two mediums (wash media and complete media).
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Theparasitaemiaof a continuous culture was determined by blood smemrésitaemia2 ¥ X
3% was required). The infected blood was centrifuged at 13,400 rpm for @hdsedhe
supernatant was removednd theblood resuspended ireither wash mediaor complete

mediaat either 5%or 2.5%haematocrit.

Infected blood was then serially diludein a96-black well plate (flat bottom) with non
infected blood. Briefly 200l of infected RBCs was added to well 1 of the 96 well plate, a two
fold serial dilution was carried out leaving 1@0per well (columns -1.0). Negative controls
were also prepeed and consisted of noinfected blood inboth wash mediaand complete

media

One hundred microliters of SG solution (5x in PBS) was then added to each well. This gave a
final volume of 20Qul per wellandan adjusted SG concentration of 2.5%e platewas then
incubated in the dark at room temperature fo#5 minutes prior to measuring the
fluorescence intensityon a TECAN GENios Multifunction Fluorescence, Absorbance and
Luminescence Microplate Read&he plate readewas set to measure the fluorescenfrom

the top, with gain set to 70 aneéxcitationand emission wavelengths set td 485 nm and

535 nmrespectively

2.2.2 Optimiation ofmedia level$or SG plate reader assay

A second optimisation experiment was set up to determine whether reduciegfitial
amount of media in the plate would reduce the interference in the fluoresceAcénal

haematocrit of 2.5% only was tested during this experiment.

As previously described tavo-fold serial dilution of infectedRBCgparasitaemiax 3%) and
blood catrols were added to the 96 well plate. However this time ottloe serial dilution
was carried out100pl of media(wash and completeyas then added to each welhot G,

whichgave a final volume in each well of 200and fnal haematocrit of 2.% (only).

The 96 well plate wasentrifuged dr 5 minutes at 1000 rpm and thetb0 ul of media was
removed very carefully from each well without disturbing the blood at the bottom of the

plate. This was then replaced by 1f0of 3.336Gin PBS which gave dinal concentration
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of 25xSGin each well.The plate was then incubated in the dark #6 minutesprior to

measuring liorescenceby the plate reader as previously described.

Following the plate reader analysis, the samples were then analysed usingetieusly
optimised flow cytometer method which is described in detail elsewlfseetion 2.2.5)For

the purpose of this experiment the flow cytometry method began with the fixation with
formaldehyde step. Briefly, 100 ul from each well was placed iBppendorf tube with 250

pl of 0.3®%6 formaldehyde in PBfid incubated at 4C for 15 minutesThe samples were then
washed three times with PBS and thensgspended in 1 ml of PBS prior to analysis on the

flow cytometer.

2.2.3Doseresponse assay

For the doseresponse experiments 96 well (flat bottom) plates were used, specifically black
96 well plates were used for the plate reader assagdominantly ring stageultures were

usedfor 72-hour incubation experiments.

Initially, 100 pl of drug solutiofdouble the final concentration required) complete media
was added to each well. For desssponse experiments vere two drugs were combined 50
pl of each drug was added to each well and concentrations were adjusted accordinigly.
was followed by theaddition d 100 ul of infected blood at 5% haematocrit and 1%
parasitaemia For both positive and negative contrdl®0 pl of complete medianly was
added to each welfollowed by 100 ul of % haematocritinfected blood for the positive
controlsand nonrinfected blood for the negative controls. This brought the total volume per
well to 200 |k and final haematocrit level t@.5%. The 96 well plate was placed in a
humidifying chamber, gassed with 5% C&% Q@ and 9®6 N and incubated at 37Cfor 72

hours
2.2.4 Adopted SG plate reader method
Based on the results of the optimisation experiments, the final version of the plate reader

method was modified slightly in comparison wikhatthews et al. (2013) Following the

incubation of a doseesponse experiment, 150 ul of media was removed from each well and
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replaced with 15Qul of 3.33xSG in PBS. The plate was thenbated in the dark fod5

minutesprior to measuring fluorescence by the plate reader as previously described.

2.2.5 SG flow cytometer method

Following incubation with the drugs, 1Q0 of 2.3% haematocrit ctiire was removed from
each welland washed wh 1 ml of PBS, centrifuged at 13,400 rpm for 90ogees. Pellets
were resuspended in 1 ml of 2xSGn PBS and incubated in the dark at room temperature
for 20 mirutes. Samples were then centrifuged as previously described, supernatant was
discarded and amples were resuspended in 25Qul of 0.3®% formaldehyde in PBS
(Formaldehge 36.%%6, SigmaAldrich UK). Finally, samples were washed three times in PBS
prior to resuspension in 1 ml of PBS to be aredyssing the FITEluorescein isothiocyanate)

channelof aBD FACs Verse Waytometer system.

Fifty thousand events were recorded for each sample on the flow cytometer. The BD FACs
suite software automatically produced a density plot of forward scatter (FSC) versus side
scatter (SSCYhe data was obtainedsing the FITChannel,blue laser excitation laser line

488 nm(BD Biosciences, 20156y creating adot plot consisting of FITC fluorescence versus
FSC. Gating settings were conducted as describdthbyt al. (2009)and Matthews et al.

(2013) Percentaggparasitaemiafor doseresponse curves was calculated by obtaining the

fluorescent events from within the gated regions against total number of events recorded.

2.2.6 Validating the SG plate reader method

In order to validate the reliability and reproducibility of bqilate reader and flow cytometer
methods, three doseesponse experiments were set up using two antimalarial drugs
(artemether and mefloquine) in addition to emetine dihydrochloride (emetine). Although not
an antimalarial, emetine has shown interesting amiarial activityMatthewset al., 2013)
Results of the experiments were analysed using the traditional Gistasaed microscope
slide method along with i SG flow cytometer and the adopted plate reader methods.

Finally the obtained Bgvalues were compared to published results.
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2.3 Plate reader optimisation results

2.3.1 Optimiggthe haematocrit levels of SG plate reader assay

Results of the initiabptimisation experiment are shown in Figure 2.1. The graphs show the
parasite dilution on thezaxis and the relative fluorescence units (RFU) on thriy. Results
before (A and B) and after (C and D) subtracting the background fluorescence (negative
controls) are shown in the graphs. The results, particularly from the 5% haematocrit in
complete media, eches previous findings which reiterate the assumption that high
haematocrit levels as well as Albumax present in complete media interfere with fluo@sce

measurementgMatthewset al,, 2013)
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Figure 2.1- Initial optimisation results of infected RBCs diluted in different mediums with varying
haematocrit levels A and B) infected RBCs before subtracting the background fluorescence (negative control)
at 5% haematocrit and 2.5 haematocrit levelspectively; C and D) results after subtracting the background
fluorescence at 5% haematocrit and 2.5 haematocrit levels, respectively. WM: wash media and CM: complete

media. Error bars represent duplicate data points.
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2.3.2 Optimiation ofmedia levedfor SG plate reader assay

As a result of the initial optimisation experiment, a second experiment was set up and
maintained at 2.5% haematocrit in both wash and complete media. This time however, more
media (150 ul) was removed from each well and repthwith SG in PBS. The aim was to
attempt to reduce the fluorescence interference that arises from complete media. The results
were also analysed using the flow cytometer. The graphs in Figure 2.2 show the results from
both plate reader and flow cytometen wash media and complete media. The fluorescence
results were transformed into percentages, with the first dilution (highest parasite density)

being 100% and the rest relative to it.
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Figure 2.2¢ Comparison between the plateeader results and the flow cytometer data.

The data suggests that by carrying out this method, enough media has been removed from
each well to reduce background fluorescence to a negligible level. The results obtained from

both types of media are compavke with each other and with the results obtained from the

flow cytometer.

2.3.3 Validating the SG plate reader method

In order to confirm the validity of the plate reader method dose response experiments were

set up and results were analysed using thepted plate reader method, the flow cytometer
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method andGemsastained microscope slides meth@gigure 2.3)The 16 values obtained

from each methodvere compared to results found in the literatuf@able2.1).
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Figure 2.3 Comparison of results obtained using flow cytometry, plate reader and Giestsined
microscope slidesThe results of artemether (ART), mefloquine (MEF) and emetine (EME) are shown in graphs
A, Band C respectively.

7.6 (Otoguroet al. 2002)
8.3+4.2 7.6+4.7 9.3+43
1.8 (Akoachereet al. 2005)
8.6 (Fivelmaret al. 2002)
79+1.2 9.4+1.8 8.1+2.1
7.8 (Akoachereet al. 2005)
478+ 1.6 48.0 + 6.8 47.1 + 3.3 47.0(Matthewset al.2013)

Table 2.1- Comparison of three Kgvalues obtaired using different methods.
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The results obtained from the three different methods showed comparable results, with the
obtained 1Go values being similar to published data. Therefore this was the adopted method

used to carry out dose response experimeritsotighout this research.

2.4 Cytotoxicity test on mammalian cells

The cytotoxicity of the drugs was testedthe mammalian HepGepatocellular carcinoma)
cells(Bokhariet al., 2007)

2.4.1 Cell culture media

The media used to culture HepG2 cells consisted of RHBND supplemented with -L
Glutamine and 25 mM HEPES (@ibLife Technologies, UK). Added to this was; 10% (v/v)
foetal bovine serum (FBS, Gibco, Life Technologies, UK), 1% (wWe$sential amino acids
(NEAASigmaAldrich, UK) and 1% penicillin streptomycin (Fstrep, SigmaAldrichy UK).

2.4.2 Cultivatioof HepG2 cells

As with the parasite cultures, cell culture work was carried out inside an ESCO Cifasi|
Biosafety cabinetHepG2 cells were cultured in 25 Effasks in a final volume of 5 ml. The
cells were sulrultured every 48 or 72 hours. brief, media was discarded from the flask,
cells were washed with 81l of PBS and then incubated with 0.5 ml of Tryf=DTASigma
Aldrich UK)at 37°Cfor approximately 5 miates. Cells were monitored under the microscope
to confirm they had detached'he cells were then rsuspended in 4.5 ml of fresh celllture
media, centrifuged for Bninutes at 3,400 pm and supernatant was discarded, cells were re
suspended in a further 5 ml of cell culture media and then split into new flasks at an
approximatelyl:3 dilution. Cells were incubated at 3Z with 3 CQin aLEEC Culture Safe
Touch 190s COncubator.

2.4.3 MTT (Methylthiazol tetrazolium) assay

The MTT assay was used to determine the cytotoxicity ottdmpounds orhumanHepG2
cells The assayasrepeated several times as initial drug concentratigsame as the ones

tested on parasitesyere too low and did not attain kgvalues.Cells were plated onto a 96
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well plate, 100ul of cells in media were added to each well at a concentration of 5,000
cells/well. The plate was then incubated at 3€ and 5% Cvernight in order for cells to

adhere to the wells.

For each compound tested 1Q0 of drug solution was added to the wells, making the final
volume per well 20Qul. Thedrugs were diluted in deculture media, the final tested range
was between 16160 uM in a twofold series dilution. For the control wells 10 of cell
culture media was added. Additionallycantrol drug (cisplatin)was tested with a tweold
series range between 0.3%6 uM. This was carried out in order to confirm the validity of the

assay

After the addition ofthe drug, the plate was incubated for 5 days at 3¢ and 5% GO
Following the incubation, 50l of MTT solution (3 mg/ml in PBS) was added to the wells and

then incubated for a further three hours.

Following thethree-hourincubation solution fromeach well was carefully aspirated without
disturbing the purple crystals formed at the bottom of thnells The crystals were then

dissolved in 200ul of DMSO and the a&orbance of the wells was read using two
measurements 540 nm and 690 nom a Multiskan Ascent plate readefhe absorbance
FAIdzNBEEA 6SNB LINBaSYyidSR 2y GKS a! a0Syi az27Fiage
absorbanceat 690 nm is a background referen@and was deducted from the 540 nm

measurement to obtain the final results.

2.4 Drug Stocks

I 2YYSNOALIfte 200FAYSR 02YLR2dzyRa 6SNBE NBO2y
instructions, aliquoted into sterile vials at two concentrations (5 mM and 20 mi) a
maintained at-20 °C unless stated otherwise. Artemeth&igmaAldrich, UKMW: 298.37

g/mol), atovaquone $igmaAldrich, UKMW: 366.84g/mol), doxycyclineSigmaAldrich, UK,

MW: 480.90 g/mol), emetine hydrochlorid8igmaAldrich, UKMW: 553.563/mol), fendiline
hydrochloride (Alfa Aesar, UK, MW: 351.91 g/nmfeBL. 64176 (Biotechne Ltd, UK, MW: 347.41

g/mol), mefloquine hydrochloride igmaAldrich, UKMW: 414.77 g/mol) and nicardipine
hydrochloride (Alfa Aesar, UK, MW: 515.99 g/mol) were dissoineDMSO.Bay K8644
(Biotechne Ltd, UK, MW: 356.30 g/mol) and verapamil hydrochlo8agr(@Aldrich, UKMW:
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491.06 g/mol) were dissolved in ethan@hloroquine diphosphateS{gmaAldrich, UKMW:
515.86 g/mol) was prepared on the day of use, dissolunestarile water and sterile filtered
through a 0.22uM filter prior to use. Diltiazem hydrochloride (Alfa Aesar, UK, MW: 450.98
g/mol) was dissolved in water and sterile filtered through a uRPfilter prior to storing at-

20 °C. Proguanil hydrochloridéSigmaAldrich, UKMW: 290.19 g/mol) was dissolved in
acetonitrile: water (60: 40For dose response experimentsdrugs were diluted in complete

media and filtered through 0.2@m filter before use

2.5 Calculation of &values

All data was initlly tabulated using Microsoft Excel. For de@esponse experiments on
parasites, infected blood controls were set at 10@84asitaemian order to calculate parasite
reduction and determine Kgvalues. Similarly for the MTT toxicity assays, the-ineated
controls were set at 100% growth and used for determining cell reduction ajpd/altie

determination.

Subsequent analysis was performed on GraphPad Prism 6.0 by transforming drug
concentrations to logarithmic scale and plotted against the dose resgpd@» values were

calculated using nofinear regression (log (inhibitor) vs. normalized response).
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Chapter3
Investigating theantimalarial efficacy
of fendilineandcombinabrial regimes
with commercially available drugs

3.1 Introduction

Chemotherapy, along with chemoprophylaxis, is at the forefront of reducing morbidity and
mortality caused by malarigPradineset al. 200d). Various approaches are being
investigated to overcome the emergence of stance Of these approaches, one is to prolong
the shelf life of existing antimalarials through combinatorial regimes. Another approach is to
investigate mechanisms permitting resistance reversal to enable further use of existing

compounds. Both these appaches are explored in this study.

3.1.1 Combination therapy

The complexity of biological systems means they are more susceptible to a combination of
drugs rather than a single entitfhe concept of combination therapy has been in practice for
many yearsdating back to traditional Chinese medicinesiene mixtures of up to 20 herbs
could be combined to treat an illneg¥uan and Lin, 2000Advances in drug discovery and
cell biology hae heavily influenced and progressed drug combinations in enednedicine
(Chou, 2006)

Combination therapy is believed to increa$e therapeutic effect, overcome toxicity linked
to high dose of a single entity and impede the development of resist§Gt®u, 2006;
Foucquier and Guedj, 2015; Jaegesml., 2017) Drug combinations are well established in
several diseases such as cancer, diabetes, AlIDs and others as well as(@ialanermann,

Lehar and Keith, 2007; Bulustal., 2016) However there hee been inconsistencies due to
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the numerous methods and #ories surrounding the set up and interpretation of drug

combination experiments over the last centyBell, 2005; Chou, 2010)

Despite the variation in approaches there is an accepted concept amongst sciesitistsa
combination of two or more compounds is administered simultaneously the results could be
synergistic, additive or antagonistic. An additive effect is when the outcome of the
combination is similar to the expected outcome of each drug individually. Whereas if the
outcome is either better or worse than the additive effect it is said to be sysirgor
antagonistic, respectively¢ Kdza | dzyl yAY2dzateée I OOSLIISR RSTA

essential in order to have a unified definition of synergy and antago(@ru, 2006)

In a comprehensive rewe by Chou (2006) the common hazards and errors in drug
combinations are discussed. For example, two compounds A and B are considered, when
given alone dug A has an effect whereas drug B has none. When given in combination
however, if the outcome is greater than the effect of drug A alone the interaction would not
be synergistic, it would be classed as enhancement or potentigtitstcussed in section
5.12). Furthermore, it is too naive to state that synergy is when A+B>A or ABReBeret

al. (2016)echoed this by statinghat the growth of a pathogen decreases in a sigmoidal
manner rather than éinear one and thus the additive effect of a drug cannot be simply added
mathematically. That is to say if both drugs inhibited 60% of growth, the added effect could
not be 120%Chou, 2006)

As discussed byoucquier & Guedj (28) commonly used methods for testing drug
combinations can be divided into two sectioe$fectbasedmethods anddoseeffectbased
methods. Although there haebeen several approaches over the yedng two most popular
are the Bliss Independence appobagffectbasedmethod) and Loewe Additivity approach

(doseeffectbased method).

TheBliss Independengrethod assumes that drugs have different mechanisms of action and
do not interact with one another, all the while achieving a common result. Usiagrtéthod,

the additivityfor two drugs, A and B, administered in combination would equate[{d-A)(1-

B)] Therefore if both drugs had an effect of 50%, additivity would §€110.5)(2:0.5)] = 0.75
(Yehet al, 2009) In other words, when combined an effect of 75% is classed as additive.

Combination results above or below this are classed as synergy or antagonism respectively

50



(Chou, 2006; Fengf al., 2009; Yelet al,, 2009; Foucquier an@uedj, 2015Matthewset al.,
2017) This method however does not consider the shape of the curve (for example
sigmoidal), which consequently could lead to contradictory conclusions from the combinatory
effect of drugqChou, 2006; Yeét al, 2009 Foucquier and Guedj, 2015)

Loewe Additivityn the other hand advocates that a drug cannot interact with itself. If a drug
is given in combination with itself the effect is always additive. Using this method a
combination of two drugs is compared the effect each drug has individua(fyenget al.,
2009; Yetlet al, 2009; Yiet al,, 2015; Baedeet al,, 2016; Buluset al., 2016)

This approach also considers the slope of the cuBazderet al. (2016)discussed that at
both low and high concentrations of drug the slope is small, whereas the concentrations in
between have a high slope value. Thus, when maximal effect has alreadydaeted (small
slope) adding a second drug will not produce a better overall effect. Using the Loewe

Additivity approach this would not be classed as an antagonistic éBaetderet al., 2016)

It is assumed using this approach that if thentonation is additive then there are several
ratios from each drug that can be administered in combination to exhibit a similar effect.
Examples of these ratios would be; 0.5 of both drugs, 0.25 of drug A and 0.75 of drug B or
0.33 of drug A and 0.67 ofuly B(Bulusuet al.,, 2016)

By measuring each drug individually, the dose required to produce a given effect can be
plotted on a graph. Whereby, concentration from drug A is plotted on ta&is with the y

axis coordinate being zero, and vice versatfe concentration of drug B. Once this is
complete, the two points can be connected by a line to present a line of additivity (isobole).
Combination results are indicated on the same plot, depending whether the results fall below,
on or above the isoboleletermines whether the combination is synergistic, additive or
antagonistic respectivelf¥Yehet al, 2009; Zhao, Au and Wientjes, 2010; Tallarida, 2012)

Figure 3.1 gives a basic representationhaf described isobologram.

The isobologram method gives a graphical approach to the Loewe additivity method. The
combination index (CI) approach on the other hand provides an algebraic method to
complement the isobolograniFoucquier and Guedj, 2015)0 calculate the CI, the dose

required to produce the l§g effect in combination is divided by the dose required alone.
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Therefore, Cl = —wereaandb are the doses required in combination aA@ndBare the

doses required to produce the same effect alone. If the combination is additive the Cl would
equal 1, values below or above 1 mean a synergistic or antagonistic effect, respdGhaly

2006; Yiret al,, 2014; Foucquier and Guedj, 2015; Bulesal.,, 2016)
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Figure 3.1¢ Example of an isobologranPoints on the axe®present the single dose of each drug (A and B)
required to achieve effect (X). The single doses are used to connect the line of additivity. The combination
results to produce the same effect (X) are plotted on the graph. Depending where they lie pétit teshe
line of additivity can be translated into synergy, antagonism or additivity.

The lack of consistency in testing drug combinations is evident by the variety in published
experiments and the differences in presentation of res(ftsll, 2005; Harasym, Liboiron and

D, 2010) Numerous published studies have reported antimalarial combination analysis using
GKS CNIOGA2YIlIf LYKAOAGZ2NE [/ 2cCanfediPulingyradd) 6 CL
Gutteridge, 1995; Fivelman, Adagu and Warhurst, 2004; Bell, 2005; Gorka, Jacobs and Roepe,
2013; Desgrouast al, 2014 ¢ KS * CL/ A& Fylf232dza G2 GKS /
to 1 meaning additive effect, and above or below 1 are antagonistic or synergistic
respectively. According t8ell (2005)¢ KSy < CL/ @t dzSa | N’ YdzOK f
difficulty in assuming a synergistic interaction. When results are not as straightforward
though, stating synergy or antagonism is more complicated. For this reasonoéf amatiue

has been commonly used, KA OK A& “ CL/ f ndp A& a@ySNBEAAG]
value in between as having no interacti@@ell, 2005; Vivaat al, 2008; Cet al,, 2009; Tahar
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et al, 2011) These values are arbitrary hower (Bell, 2005; Meletiadist al., 2010)and are
not used by all researche(®hrtet al,, 2002)

Discrepancies in setting up, analysing and interpreting drug combinations led to research by
Chou and Talalay to devise a unified method for drug combinations. The outcome of years of
work was the revised nwan effect equation, which is the unified form of four separate
equations; the Michaelidlenten equation, the Hill equation, the Hendersblasselbalch and
Scatchard equationgChou, 2006) Moreover, Chou and Talalay produced commercially
available software programs (such as CalcuSyn and CompuSyn) which incorporate a series of
complex algorithms and equations including the median effect equation, the combination
index equation, the equation for the isobologram amongst others for eeffect analysis

(Chou, 2006)

By inputting the doses used and the fraction unaffected (fu), or fraction of live cells, the
software produces a median effect plot. Tl® transformation of the doseffect curve into

a linear regression line by plotting the log value of doses against the log value of the ratio of
dead/live cells. Thénear correlation coefficient (R), also produced by the software, gives an
estimate b the conformity of the overall regression. This is carried out for each drug
individually and in combination. The software takes into account the shape of the curve of

each drug for the analys{€hou, 2010)

Due to the emergence of resistance to current antimalarddug combinatons, the
complicated process of drug discovery and the limited number of new drugs being approved
ideally, a novel combination with an already existing antimalarial would be attainEde
availability of software programmes such as the ones produced loy @hd Talalay has
provided a unified platform for scientists across the world to analyse combination data in an

automated and unbiased manner.

3.1.2 Chloroquine reversal drugs

Reversal of drug resistance by other drugs was first reporte@isoyuoet al. (1981) whee
verapamil was found to enhance thefficacy of the anticancer drugs vincristine and

vinblastine bothin vitroandin viva Slateret al. (1982)also showed verapamil to enhance the

anticancer drug daunorubicin. Soon aftdartin et al. (1987)reported verapamil to reverse
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chloroquine resistance itwo P. falciparunthloroquineresistant strains, however no effect
was seen on chloroquinrgensitive strains. Since thethere have beerseveral reports of
drugs reversing chloroquine resistanoevitroon differentP. falciparunstrains such as; other
CCBg; amlodipine, diltiazem and gallopan{iBasco and Le Bras, 1991; Ye and Van Dyke,
1994) thehistamine H1 receptor antagongthlorpheniramineand promethazingSowunmi

et al, 1997; Oduolat al., 1998, 2004; Gbotoshet al., 2008) the tricyclic antidepressant
desipramine (Bitonti et al, 1988) and the antipsychotic drugs chlorpromazine and

prochlorperazingBasco and Le Bras, 1992)

As previously discussed (Chapter 1, section 1.B.i)thoughtthat chloroquine resistance in

P. falciparums associated with mutations in the membrane protein (PfCRT) of the digestive
vacuole (DV). The physiological role of PICRT is still not under@@a&duhet al., 2017)
however, deleting the gene is not possible and thus ibéieved to be essential in parasite
growth (Sherlach and Roepe, 2018esearch has suggested it consists of 10 transmembrane
domains and belongs to drug/metabolite transporter superfar(ilisan and Saier, 2004)he

main mutation occurs at position 76 (K76T) in the first transmembrane helix which is located
near the DVend of the Nterminal (Peyton, 2012; Pulcimt al., 2015) The location of this
residue allows it to interact with drugs (and possibly other molecules) within the DV. Thus it
is thought hat losing the positively charged lysine residue allows the protonated chloroquine
to leak out of the D{Peyton, 2012; Pulciet al., 2015) Research byugeet al.(2015)showed
verapamil (and quinidine) to be competitive inhibitors of PFCRT which prevented transport of

chloroquine, regardless of sensitivity BfCRT to chloroquine.

Moreover, previous research carried out (Bhattacharge et al, 2002)concluded that the
pharmacophoreof a chloroquine resistance reversal agent would consist of two aromatic
rings and an aliphatic hydrogen bond acceptor (preferably a nitrogen). The majority of the
abovementioned chloroquine reversal agen fit into the description outlined by
Bhattacharjeeet al. (2002) Furthermore fendiline, a CCB like verapamil, diltiazem and other
CCBs that have shown chloroquine reversal activity, also fits the descrip&ratibcharjee

et al.(2002) Therefore, the chloroquine reversal activity of fendilinesvimvestigated during

this study.
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3.1.3 Aims

The aim of this study was to carry out novel combination studies between fendiline and
clinically available antimalarial compounds and CCB®.ofalciparumparasites using the
CalcuSy#based combination assayThe objective was to find a synergistically active
antimalarial combinatorial partner for fendiline. Additionally, a chloroquine potentiation
Faalreée gl a OFNNASR 2dzi Ay | 06AR G2 Ay@Sadaaidl

resistance.

3.2 Mehods

3.2.1 Doseaesponse assay forsi@etermination

Prior to carrying out combination studies, theid@alues of the individualcompoundswere
establishedusing the SG plate reader method (see Chapter 2, se2tibd). The compounds
tested were fendine hydrochloride, the antimalarial compounds; artemether, atovaquone,
chloroquine diphosphatedoxycycling mefloquine, proguanil and the CCBsrapamil,

diltiazem and nicardipine

3.2.2 CalcuSyn combination assay for malaria

To confirm the validity ofthe CalcuSysbased combination assay for malaria, a control
experiment was carried out with an already existing synergistic combination: atovaquone and
proguanil (Malarone®) Subsequently a series of combination experiments were set up

between fendiline ad existing antimalarial drugs and existing CCBs.

The CalcuSyn combination experiments were set up in such a way that seven concentrations
were tested for each druplone and in combination). Twfold serial dilutions were carried

out with the middle conentration being the previously determinedstGalue of the drug.

Thus three values above and below eack i&re tested. Ceadministration of drugs was
carried out & adilution series of aonstant ratio (16s: 1Go). Experiments werset upusing

the S5 plate reader methodrriplicate data frona minimum otwo independent experiments
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was converted to an average percentagel analysis carried out using the CalcuSyn software

The interpretation of the CI values followed the method outlined in Taldle 3.

+++++ Very strong synergism
++++ Strong synergism
+++ Synergism
+ Moderate synergism
+ Slight synergism
+ Nearly additive
q Slight antagonism
C¢ Moderate antagonism
CCC Antagonism
GGG Strong antagonism
CGCGCQ Very strong antagonism

Table 3.1- Interpretation of the Cl values that are produced by the CalcuSyn softwgalcuSyn manual,
Biosoft, 2006).

3.2.3 Chdroquine potentiation assay

To investigate whether fendiline would reverse chloroquine resistance in tfie #&lciparum
strain, a doseresponse experiment was set up with chloroquine alone and chloroquine in the
presence ofendiline at subinhibitory concentrationsVerapamil was also tested as a control.
Atwo-fold serial dilution of chloroquine ranging frob2.51000nM was usedFendilinewas
added attwo constant concentratioa 1000 nM andb00 nM, whereas verapamil was tested

at 1000nM. The SG pta reader method was used for this experiment.

3.2.4 Cytotoxicity assay

The chloroquine potentiation experiment was repeatbdwever this time on human HepG2
cells using the MTT assay to determine the cytotoxicity of the concentrations used. Details of

carrying out the MTT assay are described elsewl{€eapter 2, section 2.4.3)
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3.3 Results

3.3.1 Dos@esponse assay

The 1@ values of fendiline, the current antimalarial compounds and CCBs were established

and are summarised in Table23long with vales reported in the literature. The values

obtained were comparable to the published data.

3740+ 640 N/A N/A
8.94 + 113 7.60 (Otoguroet al.,, 2002)
1.76 (Akoachereet al., 2005)
2.41 (Fivelmaret al., 2002)
221+0.38
1.30 (Coheret al,, 2015)
133.29 (Fivelmaret al., 2002)
147.79 +
357.00 (Otoguroet al.,, 2002)
20.43
500.00 (Coheret al,, 2015)
9,935 + 5000 (Coheret al,, 2015)
2761 6000 (Gdliset al,, 2016)
8.55 (Fivelmaret al.,, 2002)
7.35+0.69
7.80 (Akoachereet al., 2005)
15,740 10240 (Fivelmaret al., 2002)
3163 34266 (Fivelmaret al., 2004)
20,310 + | 11995 on W2strain (Kyleet al., 1990)
6210 24549 on DBstrain (Kyleet al,, 1990)
2830+ 951 ~ 800- 1000 (Matthews, 2015)
10,700 £ | 28,530 on K1 strain (Wirjanataet al,, 2017)
3413 13200 on W2strain (Pradineset al,, 2002)

Table 32 - 1Go valuesof current antimalarial drugs and CCRBgainst P. falciparum K1 strain parasitealong

with the published valuesWhere values for the K1 strain were not found in the literature other P. falciparum

strains were reported®W?2 strain is restant to chloroquine, quinine, pyrimethamine, cycloguanil and
sulfadoxingRathod, McErlean and Lee, 1987y D6 strain is reported to be sensitive to common

antimalarials(Rathod, McErlean and Lee, 199n)x2).
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3.3.2 CalcuSyn combination assay for malaria

The combination results were analysed using the CalcuSyn softw#oh generates data
based on the effective dose (Ep ERois a termsynonymous with I45. Therefore throughout
the results and discussion section of the Calcd&sed experiments theetmswill be used

interchangeably.

Validatingthe combination assaysingan ATQPG control

Atovaquoneproguanil, a known synergistic antimalarial combination, was tested as a positive
control for the CalcuSyhased experiments, results are presented in Figure 3.2 and Table 3.
The compounds were tested at a constantiog ERo:ERo) and the results obtained by the
CalcuSyn software show synergy at all three pointso(EHRs and Elgo) with the results at

EDQyoand EDBs levels of inhibition showing strong synergy.
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Figure 3.2¢ Results of the pdtive control combination assay between atovaquone (ATQ) and proguanil
(PG), incubated at a constant ratio (¥500. The image shows, A) the raw data of the combination assay
along with the CalcuSyn output B) median effect plot and C) isobologram.

Table 3.3- The Combination Index (CI) values for the control experiment between atovaquaord
proguanil. The tabular data compliments the graphs in Figure 3.2 which was generated by the CalcuSyn
software. Dm is the median effect dose {8Dm represents the sigmoidicity of the curve (werem=1,>1or<1
indicates hyperbolic, sigmoidal pegative sigmoidal respectively) and R is the linear correlation coefficient of
the median effect plot.
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Combination of fendiline with existing antimalarial drugs

The combination of fendiline with six existing antimalarials was carried out and analysgd us
the CalcuSyn softwar@igures 3.8.8 and Tables 8-3.9). For each experiment seven
concentrations were tested, twdold serial dilutions were carried out with thesi§ for each
drug falling in the midpoint of the dilution. The combinations werentaned at a constant

ratio.
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Figure 3.3 The CalcuSybased combination assay between fendiline (FHCI) and artemether (ART).
Combinations were carried out at a constant ratio (468.75: 1). Graphs show the raw data @3/ah8yn
generated median effect graph (B) and the isobologram (C).

3844.138

N/A N/A N/A 7.468 1.292 0.941

1.709 1.658 1.686 3130.770 1.088 0.944

Table 3.4- The Cl values determined by the CalcuSyn software for the combination of fendiline and
artemether. The Dm, m and R values generated by the CalcuSyn software are also shown.
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Figure 3.4 The CalcuSyhased combination assay between fdiine and atovaquone (ATQ¥ ombinations
were carried out at a constant ratio (1875: 1). Graphs show the raw data (A), the CalcuSyn generated median
effect graph (B) and the isobologram (C).

5207.005
N/A N/A N/A 3.870 1.719 0.976

0.975 1.404 2.061 2955.041 0.952 0.983

Table 3.5 The ClI values determined by the CalcuSyn software for the combination of fendiline and
atovaquone.
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Figure 3.5 The CalcuSyhased combination assay between fendiline and chloroquine (@@mbinations
were carried out at a constant rati@%: 1). Graphs show the raw data (A), the CalcuSyn generated median
effect graph (B) and the isobologram (C).

5091.999
N/A N/A N/A 278.217 0.951 0.968

0.276 1174 5.031 811.027 0.409 0.911

Table 3.6- The Cl values determined by the CalcuSyn software for the combination of feedihd
chloroquine.
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Figure 3.6- The CalcuSybased combination assay between fendiline and doxycycline (DGXinbinations
were carried out at a constant ratio (1: 2.67). Graphs show the raw data (A), the CalcuSyn generated median
effect graph (B) and the isobologram (C).

2729.320
N/A N/A N/A 8009.520 0.772 0.916

1.557 1.165 0.882 2224.660 0.885 0.944

Table 3.7- The Cl values determined/tihe CalcuSyn software for the combination of fendiline and
doxycycline.
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Figure 3.7- The CalcuSybased combination assay between fendiline and mefloquine (ME®mMbinations
were carried out at a constant ratio (535.71: 1). Graphs showahedata (A), the CalcuSyn generated median
effect graph (B) and the isobologram (C).

3744.982
N/A N/A N/A 6.613 0.980 0.960

2.429 2.706 3.044 4265.842 0.834 0.937

Table 3.8 The ClI values determined by the CalcuSyn software for the combination of fendiline and
mefloquine.
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Figure 3.8 The CalcuSybased combination assay between fendiline and proguanil (RG)mbinations were
carried out @ a constant ratio (1: 4). Graphs show the raw data (A), the CalcuSyn generated median effect
graph (B) and the isobologram (C).

7176.180
N/A N/A N/A 20990.670| 0.776 0.913

0.811 1.233 2.125 2457.890 0.752 0.946

Table 3.9 The ClI values determined by the CalcuSyn software for the combination of fendiline and
proguanil.
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The combination of fendiline with existing antimalarial drugs showed either an additive o
antagonistic effect. The results of fendilipeoguanil and fendilin@loxycycline showed the
combinations to have slight synergistic interaction atsE@hd Elgo levels respectively,
whereas remaining combinations showed either nearly additive or antagoreffects with

Cl values ranging from 0.985044. The exception to this was fendikakloroquine; at EE

level the interaction between the two compounds showed strong synergism with the Cl value
being 0.Z26. However above Eblevel the drug interaitons showed less positive outcomes,
with both EDs (Cl=1.174) and Elgy (C1=5.031) showing moderate and strong antagonistic

interactions respectively.

Combination of fendiline with existing calcium channel blockers

CalcuSy+#based combination experinmes were set up between fendiline and three existing
CCBs. As with the previous experiments, a constant ratio dose was applied using the
previously established s&values. The results are presented in Figures3319 and Tables
3.10-3.12.
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Figure 3.9 The CalcuSybhased combination assay between fendiline and diltiazem (D@9mbinations were
carried out at a constant ratio (1: 5.33). Graphs show the raw data (A), the CalcuSyn generated median effect
graph (B) and the isobologra(t).

6157264
N/A N/A N/A 39111743 0.572 0.954

2.104 1.943 1.979 7045617 0.781 0.936

Table 3.10 The ClI values determined by the CalcuSyn softwarghe combination of fendiline and
diltiazem.
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Figure 3.10 The CalcuSybased combination assay between fendiline and nicardipine (NG@mbinations
were carried out at a constant ratio (1.25: 1). Graphs show the raw data (A), the Cafrigyated median
effect graph (B) and the isobologram (C).

2985.111
N/A N/A N/A 1371.585 1527 0.919

1.784 1.634 1.521 1942.951 1.527 0.928

Table 3.1 - The CI values determined by the CalcuSyn software for the combination of fendiline and
nicardipine.
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Figure 3.11- The CalcuSybased combination assay between fendiline and verapamil (MEmbinations
were carried out at a constant ratid: 2.67). Graphs show the raw data (A), the CalcuSyn generated median
effect graph (B) and the isobologram (C).

5245.450
N/A N/A N/A 24137.550| 0.655 0.961

1.802 1.501 1.252 5979.900 0.717 0.950

Table 3.12 The CI values determined by the CalcuSyn software for the combination of fendiline and
verapamil.
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The combination of other CCBs with fendiline did not show synergistic effect adainst
falciparum parasites. Theresults all gave an antagonistic effect witbmbinationindices
ranging from 1.32-2.104.

An overall summary of the tested fendiline combinations highlighting the combination indices

and their interpretation at the Ed9and EDBslevel of inhilition can be seen in Table 3.1

Strong synergismBlightantagonism

0.81 1.23 Slight synergism/Slight antagonism
0.98 140 Nearly additive/Moderate antagonism
1.71 1.66 Antagonism

1.5 1.17 Antagonism

Antagonism

Antagonism

1.78 1.63 Antagonism

1.80 1.50 Antagonism

Table 3.13 Summary of the Cl values of all combination assays carried out between fendiline and existing
antimalarials and CCBs.

3.3.3 Chloroquine potentiation assay

The results from the chloroquine potentiation assay are presented in Figure Behdiline
showed similar activity to verapamil at reducing thed@alue of chloroquine significantly at
both concentrations, 1000 and 500 nM. Verapamil reduced chloroquigebhC5.9fold,
fendiline reduced the ¥ by 6.37 and 6.88old at 500 nM and 1000 nM respeatly (Table

3.14). The results showiplicate data fronthree independenexperiments
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Figure 3.12; Results of the chloroquine potentiation assay of verapamil and fendiline.

2.5 3.0

Drug 1Gso (NM)

CQ 143.37 £6.17
CQ + 1000 nM VP 24.09 + 5.87
CQ + 1000 nM FHCI 20.85+0.72
CQ + 500 nM FHCI 22.49 + 2.05

Table 3.14 1Govalues of chloroquine alone and in combination with verapamil or fendiline.

3.3.4 Cytotoxicity assay

The MTT cytotoxicity assay was carried out on HepGg tretletermine whether the doses

used for the potentiation assay have a toxic effect on human cells. This was done as an initial
experiment to determine the safety of using fendiline and chloroquine in combination using
these doses. Figure 3.13 shows theaph of the results obtained. The doses required to
reverse chloroquine resistance with fendiline exhibited no cytotoxic effect on the human

HepG2 cells, with approximately 100% growth detected at the highest concentration of

chloroquine used.
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Figure 3.13 Results of the MTT assay of chloroquine in combination with either verapamil or fendiline at a
constant concentration.

3.4 Discussion

3.4.1 CalcuSyn combination assay

The search for novel, safe and cheap therapies to treataria is a priorityffor malaria
endemic countriesThis has driven researchers to consider alternative routes to develop and
introduce novel drugs into the market such as; drug repositioningrolonging the efficacy

of existing drugs by combining themvith non-toxic, cheap resistance reversal agents
(Crandall, Charuk and Kain, 2000)

Moreover, CCBs as a classlaugs have demonstrated various biological activities in addition

to their clinical use of hypertension and angina. Studies have shown CCBs to possess
interesting activity with osteoarthriti§Takamatsiet al, 2014F  t | NJ A Y ARifz€@ & RA a S
al, 2010F ! £ T KSA Y &bibeit, WRiAnd&s SuhdaBSllard, 2018yd Ebolainfections

(Johanseret al,, 2015) to mention a few. Therefore the aim of this study was to investigate

the efficacy of fendiline, a previously developed CCB orPtHalciparunparasite and carry

out drug interacton experiments in a bid to discover a novel synergistic combination.

The CalcuSy#hased combinatiorassay presented in this studglies on predetermining

accurate Igp values of the component drugghe antimalarial activity of fendiline on the K1
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P. falciparumstrain resulted in an Kgvalue of 3.74+ 0.64 uM. At the time of this report,
there had been no published study of the antimalarial effect of fendiline. However recent
research on fendiline found it to have antifung8amantaragt al., 2016)and antileishmanial
(Reimacet al.,, 2016)activity both within the micromolar range. Therefore the value obtained
for its antimalarial parasitic activity appears to be in keeping with its biological activity on

other organisms.

Often during combination studies, the interaction atd{@vel is considered a good indicator

of the outcome of the combination, whereas sonrgae that interactions at the Bgor 1Gg

are more accurate indicators. It is thought that high doses correspond to plasma
concentrations that the parasite population would be susceptiblenteivo(Fivelman, Adagu

and Warhurst, 2004)On the ¢her hand it can be argued that when using fluorescent dyes
to carry out doseesponse experiments a margin of error should be allowed. Background
noise is inherent when carrying out fluorimetric and colorimetric based asgagisnsoret

al., 2007) Fluorescence from the media, haematibdevels or even some drugs can slightly
affect the values obtained when measuring parasite growth, particularly when reaching high
levels of drug activity such assd@nd I levels where differences iparasitaemiaare less
detectable(Smilksteiret al., 2004; Matthewst al.,, 2017)

Although the CalcuSyn software calculated the Cl afp,BEDs and Elg levels, in the
summarised table of results (Table 3)the El3oand EDRs levels of inhibition were selected
only. TheCl values were interpreted following the Choalalay method outlined in Table 3.1,

briefly Cl values <, = or > 1 denote synergistic, additive or antagonistic interaction.

The combination study of fendiline with existing antimalarial drugs and CCBs staowed
overall majority of antagonistic interactions. Combinations with proguanil and atovaquone
showed slight synergism and nearly additive interactions at the EDel, however the
remaining levels were antagonistic. The exception to this was chlorogainstrong
synergistic effect was seen at the dggDevel yet as with other samples the higher

concentrations showed an antagonistic effect.
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Combining fendiline with existing antimalarial drugs and CCBs has not been reported in the
literature therefore a drect comparison could not be drawn. HowevBgimaoet al. (2016)
carried out combination assays using the FIC method eetwfendiline and current
antileishmanial drugs which resulted in a similar outcome of indifferent and antagonistic

interactions.

It is possible that CCBs as a whole, and for this study fendiline specifically, interact with several
targets within a cell md thus interfere with the activity of other drug targets leading to an
antagonistic relationship. Investigations Bastmanet al. (2016)into the combination of
dihydroartemesinin and a selection of four commercially avalabCBs and a Nblocker
resulted in either additive or antagonistic interactions also. The study was carried out on two
P. falciparunstrains, Dd2 and HB3. The Dd2 strain is resistant to chloroquine, mefloquine and
pyrimethamine whereas HB3 parasites aesistant to pyrimethamine but not chloroquine
and mefloquine(Sunet al, 2014) The conclusion of the study yastmanet al. (2016)
suggested CCBs and *Nalockers shared transport pathways or mode of action with
dihydroartemesinin derivatives. The research suggested that the parasites genetic
information such as PfCRT and PfMDR1, and mutatiathin these genes, could affect the

combination outcomegEastmaret al., 2016)

3.4.2 Chloroquine potentiation assay

The fendilinechloroquine combination results were interesting, the synergistic interaction at
low dose warranting further investigation. Especialéychloroquine potentiation has been
reported when using low concentrations of the reversing addfdrtin, Oduola and Milhous,

1987; Matiney et al,, 1995; Wirjanataet al., 2017) These results in addition to the fact that
other CCBs have also acted as reversing agents led to the chloroquine potentiation assay

being carried out.

The results of the assay showed chloroquine reversal pt@sesimilar to those reported in
the literature. The 5.98%0ld reduction in chloroquine kKgin the presence of verapamil (1000
nM) is comparable to the 5.6fld difference reported byVirjanataet al. (2017)on the K1
strain. LikewiseMartiney et al. (1995)showedverapamilto reduce chloroquine I§5 by an

average of 73 = 6% chloroquineresistarn (Dd2)strain.Martineyet al. (1995)alsoproposed

75



that the reversal ofchloroquineresistance and thentimalarial mechanism of action of

verapamilwere not related.

Fendiline was more effective alS RdzOA y 3 O Ksh adPvéraizamyl, S&BFold L /
compared to 5.95, at half the concentration (500 nM). When fendiline was used at 1000 nM,
it reduced the Iy by 6.88fold. These concentrations of fendiline showed no toxicity on

human HepG2 cells.

Research carried out byugeet al.(2015)showed that verapamil and quinidine both inhibited
chloroquine transport by PfCRT from both chloroquine sensitive and resistant strains. The
authors suggested that verapamil and quinidine weoenpetitive inhibitors of PFCRJugeet

al., 2015) Moreover, research bellanceet al.(2014)studied interactions between quinine,
chloroquine and verapamil with PfCRT from BdZalciparunstrains. The results indicated
mixedtype inhibition, in other words the binding of one drug to the PfCRT reduced the
affinity, however did not fully inhibit the binding of a second drug. The study showed in the
presence of verapamil the PfCRT complex transported chloroquine at a rate that vi@d 30
lower than in the absence of verapamil. Thus reiterating the theory that some mutations,
such as K76T, that result in chloroquine resistance allow the protein to interact with a variety

of structurally diverse compound8ellanceet al,, 2014)

Fendiline, like verapamil, is an LTC&kér. Comparison between the two drugs has been
carried out using patclelamp tests omat ventricular cardiomyocytes'he study byNawrath

et al. (1998) showed fendiline to be a weaker CCB than verapamil under physiological
conditions. This was due to the fact that fendiline inhibits channels in the open state more
favourably than the closed state. In contrast, verapamil dab@ the closed state. Under
physiological conditions, channels are 90% more likely to be closed than open, hence the

difference in potency between the two dru@gNawrathet al., 1998)

Despite the differences in activitigoth fendiline and verapamil are believed to target the
subunit of the LTC(MNawrathet al., 1998) The present finding could suggest that fendiline
acts in a similar manner to verapamil; reversing chloroquine resistandsnoyng to the
PfCRT protein. Both compounds are believed to have similar mechanisms of action on calcium

channels, they fit the pharmacophore described Bjattacharjeeet al. (2002) of a
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chloroquine reversal agent. Additionally, the strain used in this study (K1) has beetetepo

to have the K76T mutatiofOjurongbeet al.,, 2007)thus further supporting the hypothesis.

It is important to note however, although the concept of chloroquine reakesgents is
interesting and does provide a positive aspect to the malaria resistance issue, according to
Ye, Van Dyke and Rosq@013)several of then vitro tested chloroquine reversing agents
were not successfuh viva An example of this was seen in a study carried olMaysame

et al. in 1992 where 53 patients divided into two groups received either chloroquine alone
or chloroquine in combination with desipramir{a tricyclic antidepressant)The outcome
showed no difference in parasite clearance between tfepgs and thus did not complement

the in vitro studies of chloroquine potentiation using desipramifBitonti et al, 1988) The

group suggested higher desipramine concentrations may be effective however toxicity woul

be a major concer@Warsame, Wernsdorfer and Bjorkman, 1992)

There are several potential explanations for the lack of success of reversing ageivg
primarily the complexity of biological systems in the absorption, distribution, metabolism and
excretion of a drug combination in comparison with thevitro testing. Additionally as
discussed byPereiraet al. (2011) the concentration required to potentiate chloroquine
activity with these agentsn vivois often within the concentration required for their own
pharmacological activitythus concerns for toxicity are a major obska Ye, Van Dyke and
Rossan(2013) conclude that the dose required for verapamil to reverse chloroquine
resistance in humans would exhibit cardiac toxicity thus ngkian unrealistic combinatory

agent.

It is noteworthy however that half the concentration of fendiline is required to exert a similar
effect to verapamiin vitro, in addition to the fact that under physiological conditions fendiline

is less active agast rat cardiomyocytegNawrath et al, 1998) These outcomes would
potentially favour fendiline to verapamil as a reversal agent candidate and thus warrant

further invegigation.

There have been alternatives suggested for chloroquine resistance reversing agents. One
example is the study carried out Byrges®t al.in 2006where hybrid compounds consisting
of a chloroquindike moiety linked to aeversing agent were synthesised. The rationale for

synthesising such a compound would be that the chlorolikee compound and the
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reversing agent would be delivered at a etmeone ratio to the site of action, it would reduce

the risk of drugdrug interactions, simplify the pharmokinetics and subsequently reduce the
dose required compared to when both drugs are given separdilygesset al, 2006;
Boudharet al., 2016) More recently Boudharet al. (2016)reported synthesising and $&ng

the biological activity of a range of hybrid compounds maintaining the chloroquine scaffold.
The study went on to test the solubility and permeability of the lead candidate, however
vivo toxicology studies are yet to follow. Despite the potentdl such compounds, the
likelihood of a candidate reaching the market and becoming a successful antimalarial drug is
still a long way off. According tagarwal, Gupta and Awastf2017)there is no report of
hybrid compounds in either clinical trials or preclinical development. Additiortaygroup
comment that the majority of published papers have not carried out control experiments
were a fixed dose combination assay between the two individual drugs has been carried out
alongside the hybrid compound. Furthermore, the group point out that hybrid compounds
would be bulkier compounds in general compared to individual compounds thus hindering
the passage into the parasi{@garwal, Gupta and Awasthi, 201Therefore, despite there
being alternatives to combining reversal agents with existing drugs they are a long way from

becoming tle routinely prescribed drugs to treat malaria.

3.4.3 Conclusion

The CCB fendiline exhibitéalv micromolar activityon the P. falciparummulti-resistant K1

strain. Combination studies with current antimalarial and CCB drugs showed mainly additive

and antgonistic effect except for the combination withhdoroquine which resulted in a

strong synergistic interaction at thestdevel of inhibition. The obtained results prompted

further investigation into the chloroquine resistance reversal properties oflifere, which
AK2gSR Al G2 aAr3ayArTadlevyl dsinghalie Rodw@rrationkeq@rdt? Ij dzA y
F2NJ OSNI LI YAT ® CdzNIKSNJ Ay@Sadaal dondrggainer y G2
potentiation properties is required. The idea ofadl 2 NAy 3 OKf 2NRIljdZAy SQa
resistant parasites without the need to develop a new drug entity has the potential to be an

effective strategy.
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Chapter4
Synthesis and evaluation of fendiline
analogues

4.1 Introduction

4.1.1Historical perspeate

In a rudimentary sensenedicinal chemistry has been in practice for thousands of years. Man
has foraged for substances to treat illness by eating herbs, barks or other plant extracts for a
very long time. There are records that go back 5100 yeatisédo¢hinese Emperor Shen Nung
that describe herbs used to relieve fevighen,2012. The prescription of these natural
products was largely based on folklore and tradition rather than scientific evidence. Despite
the fact that many of these medications are believed to have worked by placebo effect rather
than being pharmacologically active, in some instansash as quinine (cinchona tree) for
malaria and digitalis (foxglove plant) to treat heart failutee cho€n product turned out to

be an effective treatmen(Smith, 1992; Silverman and Holladay, 2014)

Around 100150 years ago the pharmacologically active constituents of natural products
started to become known and natural produasntinue to bean important source of drugs

to this date In fact between the early 1980s and early 1990s 40% of approved drugs were
natural productgSilverman and Holladay, 2014)

Quite often natural products are chemically modified before administratibese become
known as semsynthetic agents. This is carried out for various reasons such as to make the
compound more active, more soluble or itmprove its pharmacokineticand safety profile
(Smith, 1992)Newman and Crag@016)state that 21% of all new approved drugs between

the years 1981 to 2014 were natural product derivatives. The natural product artemisinin has
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had several sersynthetic derivatives produced in order to overcome its poor solubility
(Engel and Straus, 2002; Medthial., 2009; Li, 2012)

Artemisinin can be reduced by sodium borohgerto obtain dihydroartemisininwhich can

then produce artesunate by reacting with succinic anhyd(aied by: Wiet al.2001; Huang

& Aslanian 2012; Guo 2016A\rtemether can also be derived frodihydroartemisininby
reacting with methanol benzene in the presence of-Bfherate as aatalyst (cited by:Huang

& Aslanian 2012; Guo 2016)he mentioned deratives are all available as drugs and are only

a few examples of artemisinin derivatives; the chemical structures can be seen in Figure 4.1

with the modifications highlighted in red.

H.C"

Artemether

CH3

Artemisinin

Artesunate

Figure 4.1- Example of semisynthetic artemisinin derivatives.
Alterations have been to the lactone moiety with the differences highlighted in red.

For a large part of the twentieth century synthetic chemists were producing as many novel
compounds as possible in a bidgooduce new druggPatrick, 2015)particularly after the
making of the first fully synthetic (sulfa) drugs in the 1938snith, 1992) However
advancementin chemical and biological techniquesvieallowed drug degjn to reach new

levels(Smith, 1992; Silverman and Holladay, 2014; Patrick, 2@&i)er understanding of
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how drugs work and being able to propose theories as to why some compounds are more

active han others, allowed for rational drug design to come into play.

Medicinal chemistry is at the heart of a multitude of events that occur in the development of
new pharmaceutical candidate@Karpf, 2011) Often a high throughput screening of
compounds identifies a hit with interesting biological activity. When a compound is identified
as active, research is then focused on producing analoguttree afompound as a means of

producing a safer and more effective entity.

Despite technological development and advancement in drug design, a large number of
analogueg; sometimes hundredsstill need to be synthesised and tested before a potential
canddate is found that is worthy of being fully investigat@darpf, 2011; Silverman and
Holladay, 2014)The two main reasons behind synthesising analogueshar identification

2F AYLRNIIFYyG FdzyOlAzylf 3INRdzLJA NBalLlyaaiaofsS

structure with improved activity that can be economically synthes{§atrick, 2015)

Modification of the lead compound should be done in stages, making only simple changes on
one functional group at a time. By doing this, changes in activity can quicklgdoé&edto

the particular modificatior(Rick, 2009; Patrick, 2015n example of how this is carried out

can be shown with the modification of artemisirda changes to the peroxide moiagsulted

in loss of antimalarial activit{Krungkraet al., 2010; Mojab, 2012; Guo, 201&n example of

one of the produced analogues is shown in Figurg @1, 2016)

Artemisinin Reduced artemisinin

Figure 4.2- An example of one of the artemisinin analoguésat were synthesised modifying the peroxy
group. Differences are highlighted in red.
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Investigations of the antitumour activity of artemisinin ledsearchers at the Shanghai
Institute of Materia Medica to modify the lactone moiety with different groups than ones
previously reported. Li (2012) discusses the different analogues synthesised in detail,
however Figure 4.3 shows tvaimple examplesf analogues produced. The research showed
the newly modifed compound that preserved the peroxy group resulted in good activity
towards P388 and A549 cell lines, whereas altering the peroxy group resulted in loss of activity

(Li, 2012)

Figure 4.3 Two artemisinin derived compounds tested against cancer celig2012discusses these and
other investigated analogues in more detail.

Another point discussedyiPatrick(2015)with regard to synthesising analogues, particularly
with fully synthetic moleculesalthough it could also apply to sessynthetic agentg isthat

easily made or commercially available building blocks should be used in the synthesis. For
example, an easily obtained precursor molecule should be made or purchased and from that
different building blocks can be added to it creating a diverse libbaignalogues. Using a
common precursor molecule that can be produced on a lsqme speeds up the process

dramatically, rather than each analogue being synthesised individually from the beginning.

It is important to note, however, that the yield ampiantity of the synthesised analogues is
not the focus of a medicinal chemist; the synthesis of milligrams of new compounds to test
for biological activity is the focu@arpf, 2011) Once initialparameterssuch as efficacy,

toxicity and stagespecificityare established,compounds areprogressedas potential drug
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